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ABSTRACT

Symbiotic associations between animals and microbes are widespread in nature, 

yet the factors controlling the abundance and distributions of particular symbionts are 

mostly unknown. Vertically transmitted (VT) symbionts can invade host populations by 

providing net benefits to hosts. While mostbeneficial symbiotic interactions that have 

been characterized are nutritional, other major pathways likely exist that facilitate 

symbiont transmission within host populations. Natural enemies, for example, are 

important selective forces in shaping the life history of many invertebrates and hosts may 

benefit from collaborations with microbes to aid in their defense.

In this dissertation I have addressed the role of VT, facultative (= secondary) 

symbionts (SS) ofAcyrthosiphon pisum in mediating interactions with an important 

natural enemy, the parasitic wasp, Aphidius ervi.  I found that, in a common genetic 

background, two A. pisumSS (R- and T-type SS) confer resistance toA. ervi, by causing 

mortality to developing wasp larvae.  Defensive mutualisms with microbes provide a 

mechanism for the spread and persistence of VT symbionts.

A. pisum superinfected with both R- and T-type SS werefound to be more 

resistant to parasitism that those singly infected with either SS. Despite this added benefit 

to resistance, R + T-type superinfections were rare in a survey of A. pisum symbionts,

likely attributable to severe fecundity costs.R-type densities increased dramatically in 

superinfected hosts and over-proliferation ofSS may result in poor aphid performance.

Thus, interactions among the symbionts themselves also likely play a critical role in 

determining the distributions of symbionts in nature.
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I also found that four T-type isolates from A. pisum, and one from another aphid 

species, all conferred resistance to parasitism in the same A. pisum host background. The 

levels of resistance varied greatly among isolates, including one that conferred nearly 

complete resistance. A single T-type isolate was also found to confer similar levels of 

resistance in five A. pisum backgrounds. These results indicate that SS-mediated 

resistance is a general phenomenon in A. pisumand that the SS isolate is more important 

in determining the level of resistance than is the aphid genotype or interaction between 

isolate and aphid genotype.
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CHAPTER 1.

INTRODUCTION

1.1. Review of the literature

1.1.1. Overview and importance of symbiosis

Symbiosis is the intimate and prolonged association between two or more 

genetically distinct organisms (de Bary 1879). Historically, symbioses have been 

regarded as interesting exceptions to the norm, yet we now recognize that symbioses are 

ubiquitous in nature and are essential features of life (Sapp 2004). Eukaryotic cells, the 

components of multicellular life, are the products of ancient symbioses; acquiring the 

capacity to photosynthesize and respire aerobically from ancient symbioses with 

cyanobacteria and alpha-Proteobacteria, respectively (Bremer & Bremer 1989, Martin et 

al. 1993, Anderson et al 1998, Gray et al.1999). Today, numerous multicellular 

organisms and protists maintain symbioses with photosynthetic cyanobacteria and algae 

(as well as chemosynthetic bacteria), and these organisms are primary producers, 

especially in marine ecosystems (reviewed in Douglas 1994, Cavanaugh 1994). 

 Multicellular eukaryotes are also known to collaborate with bacterial symbionts 

to fix abundant, but unusable, atmospheric nitrogen (N2) into a form that can be utilized 

by hosts (e.g. NH4 or NO3), providing a crucial link in global nitrogen cycling. Examples 

include leguminous plants with bacterial rhizobia (e.g. Denarie et al. 1996) as well as 

wood-feeding marine and terrestrial invertebrates with diverse bacteria (e.g. Waterbury et 



11

al. 1983, Distel et al.1991,Okuma et al. 1996). In each of these cases (photosynthesis, 

respiration, chemosynthesis, and nitrogen fixation), the genes that synthesize these 

fundamental products have likely arisen few times in the history of life, but have been 

shared among numerous taxa through symbiosis (Moran 2002). 

Given that most multicellular organisms are metabolically constrained, relative to 

microorganisms, novel metabolic capabilities acquired or via symbiosis may greatly 

impact the evolution and ecology of host organisms (Margulis & Fester 1991, Douglas 

1994). For example, virtually all invertebrates that feed exclusively on nutritionally poor 

substrates (e.g. plant sap, blood, or wood) form symbioses with microbial partners that 

supply nutrients limiting in their diets (Douglas 1989, 1994).  In such cases, symbionts 

confer novel abilities that allow hosts to occupy new niches, which in turn, may drive 

diversification (Margulis & Fester 1991, Moran 2002). Symbionts may also contribute to 

host nutrient acquisition and facilitate transitions to previously unavailable environments. 

Roughly 80% of plants form associations with root-colonizing mycorrhizal fungi that 

transport minerals, especially phosphate, to the plant via specialized structures called 

arbuscules (reviewed in Strack et al 2003). Mycorrhizae may have played a critical role 

in the colonization of land by plants (Redecker et al. 2000).

In addition to facilitating new lifestyles, symbionts may also mediate interactions 

between organisms on an ecological timescale.  Symbionts are known to influence the 

outcome of diverse interactions, including plant-herbivore (e.g. Clay 1990, Goverde et al. 

2000), predator-prey (e.g. Lopanik et al. 2004), host-parasite (Forst & Nealson 1998), 

host interactions with pathogenic microorganisms (e.g. Gil-Turnes et al. 1989), and 
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competitive interactions (Clay & Holah 1999). By influencing such interactions, 

symbionts may affect the quality and quantity of resources available to higher trophic 

levels that have community-wide effects (e.g. Omacini et al. 2001).

1.1.2. Inherited symbionts of invertebrates

Symbiotic associations between invertebrates, especially insects, and inherited 

microorganisms are widespread in nature (e.g. Buchner 1965, Werren & Windsor 2000, 

Douglas 1989, Terry et al. 2004). For example, wide-ranging surveys, using diagnostic 

molecular techniques, have revealed that just two bacterial symbionts, Wolbachia and

Cardinium, are found in roughly 30% of certain arthropod taxa (Weeks et al.  2003, 

Zchori-Fein & Perlman 2004, Werren & Windsor 2000). In certain groups, Wolbachia 

prevalence is much higher; infection rates among fig wasps, for instance, have been 

reported to exceed 60% (Shoemaker et al. 2002, Haine & Cook 2005). 

Despite the prevalence of symbionts in invertebrates, the role of the symbiont in 

particular host-symbiont interactions is not known in the vast majority of instances.  

Vertically transmitted microbes can invade host populations by enhancing the fitness of 

their hosts or by manipulating host reproduction in ways that enhance their own 

transmission (Bull 1983).   The latter include the common reproductive parasites, 

Wolbachia and Cardinium, which have devised effective strategies such as cytoplasmic 

incompatibility, feminization of genetic males and parthenogenesis induction in 
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haplodiploid animals (e.g. Werren & O’Neil 1997, Weeks et al. 2001, Zchori-Fein et al. 

2001, Hunter et al. 2003)

The preponderance of benefit-conferring symbioses that have been characterized 

in invertebrates are nutritional (e.g. Douglas 1989, Campbell 1989. Buchner 1965). For 

instance, most sap-feeding insects house obligate mutualist bacteria in specialized cells, 

called bacteriocytes, which supply nutrients limiting in their diets (rev. Douglas 1989). 

Wilkinson (2001) estimated that 55,000 insect species have bacteriocyte-associated 

symbionts, and most are believed to play a nutritional role. Nutritional symbioses, 

however, represent only one of several potential types of beneficial symbioses that can 

permit a bacterium to invade and persist in a host population. Herbivorous insects, for 

example, may collaborate with microbial symbionts, which are less metabolically 

constrained than animals, to aid in their defense from pressures originating from both 

above  (predators, parasitoids) and below (plant secondary metabolites).   

1.1.3. Defensive symbionts of invertebrates

Given that endosymbionts are widespread in invertebrates, the diverse metabolic 

capabilities of symbionts, and that specific natural enemies are important selective forces 

in shaping the life history of many insects (Bernays 1989), we may expect to find many 

examples of defensive symbionts in nature. Invertebrates evolved and persist in 

environments with abundant microbial inhabitants. This is abundantly clear in marine 
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systems where a milliliter of seawater typically contains 107 viruses, 106 bacteria, and 103 

fungi, many of which are known pathogens that cause widespread mortalities in 

invertebrate hosts (Rheinheimer 1992). Not surprisingly, early reports of defensive 

symbionts in animals are from marine invertebrates with epibiotic bacterial symbionts 

that prevent the colonization of a common fungal pathogen of crustaceans (Gil-Turnes et 

al. 1989, Gil-Turnes & Fenical 1992). The shrimp Palaemon macrodactylus coats its egg 

with a bacterium, Alteromonas sp., which protects against the fungus Lagenidium 

callinectes (Gil-Turnes et al. 1989). The embryos of the American lobster Homarus 

americanus, are similar coated with a morphologically similar bacterium that defends 

against the same fungal pathogen (Gil-Turnes & Fenical 1992). The only other 

established defensive symbiosis in marine systems is the recent finding that the larvae of 

the bryozoan, Bugula neritina are chemically defended against predaceous fish (Lopanik 

et al. 2004a). An extracellular γ-proteobacterial symbiont, Endobugula sertula, produces 

three bryostatins (macrocyclic polyketides) that are unpalatable to fish (Haygood & 

Davidson 1997, Lopanik et al. 2004b). 

In terrestrial systems, the earliest report of symbiont-mediated defense in 

invertebrates, that I am aware of, was produced by Hsiao (1996).   He found that the 

braconid parasitoid, Microctonus aethiopoides, was unable to successfully complete 

development in the western strain of the alfalfa weevil, Hypera postica. The western 

strain of H. postica harbors the ubiquitous intracellular symbiont Wolbachia, and 

antibiotic treatment of H. postica resulted in the restoration of host susceptibility to 

parasitism (Hsiao 1996). This is potentially a very interesting result in that Wolbachia is a 
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well-known manipulator of host reproduction, yet there are very few examples of 

Wolbachia acting as a mutualist (Dedeine et al. 2001, Hoerauf et al. 1999). It is, 

however, premature to assign the definitive role to Wolbachia as other bacterial 

symbiontswould have also been eliminated with antibiotic treatment. A second example 

of symbiont-mediated defense in terrestrial systems is found in the staphylinid beetle, 

Paederus. Females sequester a polyketide toxin called pederin, derived from an 

extracellular symbiont closely related to Pseudomonas aeruginosa, whichaccumulates in 

eggs and protects the eggs and larvae from predaceous wolf spiders (Kellner & Dettner 

1996, Kellner 2001, 2002 Piel 2002).

Despite the paucity of established examples of defensive symbionts in 

invertebrate animals, several lines of evidence suggest that they may be much more 

common.  First, there are examples of symbionts producing compounds that could be 

used defensively, yet assays to demonstrate a defensive role have not yet been conducted. 

For example, the bryozoan B. simplex also harbors a γ-proteobacterium that produces 

statins, although a defensive role has not been demonstrated (Lim & Haygood 2004).  

Also documented are examples of defense, in animals and plants, by chemicals that are 

generally thought to be produced by bacteria, although the requisite studies to 

demonstrate that the chemicals are in fact derived from prokaryotes have not been 

undertaken. The common seaweed, Lobophora variegeta, for instance, is defended 

against harmful microorganisms by a complex cyclic lactone, lobophorolide; a unique 

structure that closely resembles cyanobacterial toxins (Kubanek et al. 2003).  In fact, a 

very large number of metabolites have been described that are either known or suspected 
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to be synthesized by symbionts (reviewed in Piel 2004). Some of these metabolites are 

structurally related to chemicals that are known to play a role in defense. For example, 

the marine sponge, Theonella swinhoei, harbors bacterial symbionts that produce

onnamides and theopederins, polyketidesthat structurally resemble pederin, the defensive 

compound found in Paederus (Piel et al. 2004a).  Finally, horizontal gene transfer (HGT) 

occurs frequently in prokaryotes via mechanisms such as plasmid exchange, 

bacteriophage and other mobile genetic elements (e.g. Cheetham & Katz 1995, Ochman 

et al. 2000), and HGT may allow defensive gene products to be shared among unrelated 

symbionts and pathogens, even if effective defensive compounds have arisen relatively 

few times. The pederin biosynthesis gene cluster, responsible for defense in Paederus 

beetles, for example, was almost certainly acquired horizontally (Piel et al. 2004b). Also, 

the discovery that pederin closely resembles the polyketides produced by bacterial 

symbionts of marine sponges suggests horizontal transfer of this complex (Piel et al. 

2004a, 2004b). 

There is also mounting evidence that a number of toxin classes known from 

pathogenic bacteria are also found in symbionts and these may possibly be used in host 

defense. For example, homologs of toxins found in the symbionts of entomopathogenic 

nematodes, Photorhabdus luminescens and Xenorhabdus nematophillus to kill their 

insect hosts (Forst & Nealson 1996, Bowen et al. 1998, Duchaud et al. 2003) have also 

been identified in the pathogensYersinia pestis, a bacterium that uses insects as vectors, 

and Serratia entomophila, which uses insects as hosts (Waterfield et al. 2001). Other 

toxins that target eukaryotic cells and result in apoptosis, such at cytolethal distending 
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toxins (cdt) and shiga toxins (stx) are found in numerous bacterial pathogens and are 

often encoded on bacteriophage, which may facilitate horizontal transfer among 

symbionts (reviewed in O'Loughlin & Robins-Browne 2001, Lara-Tejero & Galan 2002, 

Ohara et al. 2004).  

1.1.4. Bacterial symbionts of Acyrthosiphon pisum

While the specific roles of symbionts are known in relatively few instances, the 

symbionts of aphids, and of A. pisum, in particular, are relatively well-studied. In addition 

to the obligate association with the obligate primary symbiont Buchnera, which supplies 

nutrients limiting in the phloem diet, A. pisum (Insecta: Hemiptera: Aphididae) harbors 

five types of secondary symbionts (SS) at intermediate frequencies: three distinct γ-

proteobacterial lineages (Sandström et al. 2001, Chen et al. 1996, Unterman et al. 1989, 

Fukatsu et al. 2000, Tsuchida et al. 2002 Simon et al. 2003, Moran et al. 2005), a 

Rickettsia (alpha-proteobacteria) (Chen et al. 1996), and a Spiroplasma (Mollicutes) 

(Fukatsu et al. 2001).  The γ-proteobacterial symbionts have now been formally named 

(Moran et al. 2005), but until recently have been referred to by multiple provisional 

labels.   Serratia symbiotica has been called the R-type SS, S-sym, or PASS (Unterman et 

al. 1989, Chen et al. 1996, Chen & Purcell 1997), whereas Hamiltonella defensa has 

been called the T-type SS (Sandström et al. 2001) or PABS (Darby et al. 2001). While 

the nutritional function of Buchnera is relatively well understood (Douglas 1998, 

Shigenobu et al. 2000), the various roles of these SS in A. pisum are only recently coming 
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to light. Regiella insecticola (formerly the U-type or PAUS) has been implicated in host-

plant specialization in Japanese A. pisum (Tsuchida et al. 2004) but not N. American A. 

pisum (Leonardo 2004), and Serratia symbiotica (R-type or PASS in these studies) has 

been implicated in thermal tolerance in N. American A. pisum (Chen et al. 2000, Montllor 

et al. 2002). Appendix A of this dissertation reports that isolates of both S. symbiotica (R-

type) and H. defensa SS (T-type) confer partial resistance to parasitic wasps (Oliver et al. 

2003).  That such diverse roles as host-plant specialization, thermal tolerance and 

defense, have been documented in just one aphid species, A. pisum, the first to have its 

SS complement closely examined, indicates that a role for facultative symbionts in 

mediating ecological and abiotic interactions may be very common. 

The γ-proteobacterial symbionts are generally referred to by the R-, T- and U-type 

provisional labels throughout this dissertation, except for Appendix C, which uses the 

formal nomenclature established in Moran et al. (2005).
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1.2. Explanation of dissertation format 

The goal of this dissertation is to examine interactions among A. pisum, their 

bacterial symbionts, and an important natural enemy, the parasitoid A. ervi. 

In Appendix A, I explore the possibility that A. pisum secondary symbionts confer 

resistance to A. ervi.  A. pisum clones vary tremendously in resistance to parasitism by A. 

ervi, (Henter and Via 1995, Ferrari et al. 2001), and we investigated the role of SS in this 

variation. Parasitism assays were conducted in a controlled genetic background, so that 

differences in susceptibility to parasitism could be attributed to SS. I also examine 

whether differences in susceptibility are due to the suitability of aphid hosts or rather to 

wasp acceptance of uninfected over infected aphids. Using serial dissections of 

parasitized aphids, I explored the timing of resistance in aphids infected with R-type SS. 

In Appendix B, I examine the resistance phenotype of aphids superinfected with R + T-

type symbionts. I also examine cumulative fecundities of parasitized aphids singly 

infected with R- or T-type SS and superinfected A. pisum compared to parasitized 

uninfected aphids of same genetic background to determine if there are direct benefits to 

infections. In addition, I conducted cumulative fecundity assays of unparasitized

superinfected A. pisum compared to uninfected unparasitized aphids to determine if there 

are fecundity costs associated with superinfection.  I also conducted a survey of Utah A. 

pisum symbionts to assess frequencies of single and multiple infections. Finally, I 

performed real-time quantitative PCR (QPCR) to estimate symbiont densities to 
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determine how symbiont densities are regulated in singly versus superinfected aphids. In 

Appendix C, I explore the generality of SS-mediated resistance to parasitism in A. pisum.  

I examined multiple T-type isolates in a common genetic A. pisum background to 

determine if T-type SS generally confer resistance, and whether isolates differ with 

respect to levels of resistance conferred. I also examined the resistance phenotype of one 

particular T-type isolate in multiple aphid clones to determine if an interaction between 

symbiont and host genotype influences the expression of resistance. In Appendix D, I 

examine the influences of the A. pisum bacterial symbiont community on the host-

parasitoid interaction.  I estimated the densities of the A. pisum primary symbiont, 

Buchnera as well as R- and T-type SS, using real-time quantitative PCR. I also dissected 

parasitized T-infected A. pisum to ascertain larval wasp condition and the number of 

teratocytes, large cells derived from the extra-embryonic membrane that likely play a 

nutritional role for developing wasps. Finally, I consider whether superparasitism (> 1 

oviposition in a single host) affects the outcome of the A. pisum/A. ervi interaction. 
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CHAPTER 2.

PRESENT STUDY

The methods, results, and conclusions for my dissertation research are displayed 

in the papers attached to this dissertation. Here, I summarize the most important findings 

from each chapter.

2.1. Facultative bacterial symbionts in aphids confer resistance to parasitic wasps.

I investigated the possible role of aphid SS in defense against natural enemies.  

The dominant natural enemy of A. pisum in North America is the hymenopteran 

parasitoid A. ervi (Angalet and Fuester 1977). Previous studies (Henter and Via 1995, 

Ferrari et al. 2001) have demonstrated that A. pisum clones vary greatly in their resistance 

to A. ervi development following oviposition. To determine the possible contribution of 

SS to this variation, we established genetically uniform aphid lineages that differed only 

in their SS infection status. These lineages were used in parasitism assays to determine 

the consequences of R-, T- and U-type facultative symbionts for aphid susceptibility to A. 

ervi. 

The A. pisum lineage artificially inoculated with the R-type SS showed a 22.5 % 

reduction successful parasitism compared to the uninfected lineage of same genotype.  

The aphid lineage infected with T-type SS conferred an even greater reduction (41.5%) in 

successful parasitism compared to uninfected controls. In contrast, the U-type SS did not 
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appear to confer resistance; infected and uninfected aphids were similarly susceptible to 

parasitism. I also found no difference in the number of eggs deposited in uninfected, R-

infected, or T-infected aphids, indicating that A. ervi does not avoid ovipositing in hosts 

infected with SS.  However, despite receiving similar numbers of parasitoid eggs, pea 

aphids harboring the R- and T-type SS were less susceptible to parasitism than uninfected 

aphids.  Thus eggs were laid in equal numbers in uninfected hosts and hosts with the R 

and T-type SS, but fewer of those individuals survived to pupate in R and T-type aphids. 

I also conducted serial dissections to determine the timing of resistance in R-infected 

aphids.  I found that resistance appears 4 to 5 days after oviposition.  I found similar 

numbers of larvae in both R-infected and uninfected aphids, but the aphids inoculated 

with the R-type SS had significantly more moribund and dead larvae at this time than 

their uninfected counterparts. Finally, I performed light microscopy and real-time QPCR 

and found that locations and densities of R-type symbionts are similar in naturally and 

artificially infected aphids.  

These strong interactions among bacterial symbionts and a host natural enemy 

provide a mechanism for the spread and persistence of inherited symbiotic 

microorganisms. 
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2.2. Costs and benefits of a superinfection of facultative symbionts in pea aphids.

In Appendix A, I reported that isolates of R- and T-type facultative symbionts of 

A. pisum conferred resistance to the parasitoid A. ervi by causing mortality to developing 

wasp larvae (Oliver et al. 2003).  Here, I compared clonal lineages of A. pisum that were 

singly and doubly infected with both resistance-conferring symbionts (R + T-type) to 

study the interactions of the two symbionts in producing the parasitoid resistance 

phenotype.  I focused primarily on their effects on host fitness in the presence and 

absence of parasitoids, in an attempt to describe the costs and benefits of multiple 

infection under varying conditions.  I estimated the densities of the two symbionts in 

singly and doubly infected aphids, in order to examine interactions between symbionts.  

Finally, I screened over 100 field-collected A. pisum individuals for SS, estimating the 

frequencies of single and double secondary symbiont infections.  

I found that A. pisum infected with both R- and T-type SS are more resistant to 

parasitism that those harboring either R- or T-type SS. Despite this added benefit to 

resistance, superinfections of R- and T-type symbionts appeared rare in our survey of 

Utah A. pisum symbionts. This is likely attributable to the severe fecundity costs we 

found in unparasitized superinfected aphids compared to unparasitized uninfected aphids.  

QPCR estimates of symbiont densities indicate that while the T-type symbiont density is 

similar in singly and superinfected hosts, R-type symbiont densities increase dramatically 

in superinfected hosts. Over-proliferation of R-type symbionts or antagonistic 

interactions between symbionts may be harmful to the aphid host and result in the 
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dramatically lower fecundities we found. Our results indicate that in addition to host-

symbiont interactions, interactions among the symbionts themselves likely play a critical 

role in determining the distributions of symbionts in natural populations.

2.3 Generality of symbiont-mediated resistance to parasitism in Acyrthosiphon pisum.

In our previous report of SS-mediated resistance to parasitism, we only examined 

one particular isolate of T-type SS. Little variation within T-type SShas been found in 

the 16S rDNA sequence (Russell et al. 2003) or in two other protein-encoding genes 

(Moran et al. 2005), yet bacteria that display little divergence at orthologous genes often 

exert very different phenotypes on their hosts. The goal of this study was to determine if 

symbiont-mediated resistance phenotype is a general phenomenon in A. pisum/A. ervi 

interactions. I examined multiple T-type isolates in a common genetic aphid background 

to determine if the resistance phenotype is a general property of T-type SS in A. pisum, 

and whether isolates differ with respect to levels of resistance. I also examined the 

resistance phenotype of one particular T-type isolate in multiple aphid genetic 

backgrounds to determine if there is an interaction between symbiont and host nuclear 

background that influences the expression of resistance. 

I found that four T-type SSisolates originating from A. pisum conferred resistance 

to parasitism by A. ervi in a single A. pisum clone. Interestingly, the levels of resistance 

conferred varied significantly among different A. pisum-derived T-typeisolates. The T-
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type isolate from clone A1A, from Utah, in particular conferred extremely high levels of 

resistance. In another experiment, A T-type isolate (Tac) from a different aphid species, 

Aphis craccivora, also conferred resistance to parasitism by A. ervi in this same A. pisum 

lineage (5A).

 I also found that the same T-type isolate (from clone 82B) conferred similar 

levels of resistance to parasitism by A. ervi in all five A. pisum host backgrounds 

examined. Rates of resistance did not vary significantly within experiments. 

These results provide evidence that symbiont-mediated resistance to parasitism is 

a general phenomenon in A. pisum. It also suggests that the symbiont isolate is more 

important in determining the level of resistance than is the aphid genotype or interaction 

between isolate and aphid genotype. Thus, acquisition of a heritable symbiont appears to 

be a major mode of adaptation to natural enemy pressure in these insect populations. 

2.4 Influences of the pea aphid bacterial symbiont community on the host-parasitoid 

interaction.

Parasitoids that grow within their living host must create and maintain an 

environment suitable for wasp larval development. This may involve the manipulation of 

host development and redirection of resources from host functions, such as reproduction, 

to parasitoid nutrition (Vinson & Iwantsch 1980a, 1980b). Additionally, endoparasitoids 

must contend with the immune responses of an insect host that is still active and has 
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much to benefit by destroying the parasitoid (Godfray 1994, Strand and Pech 1995).  It 

has recently become apparent that bacterial symbionts of the host may add to the 

complexity of these interactions, and may be either enslaved for their own use by the 

developing parasitoid, or be active agents in host defense (Rahbe et al. 2002, Cloutier & 

Douglas 2003, Oliver et al. 2003). 

In this study, I explored the roles of aphid symbionts and wasp teratocytes (large 

cells derived from extra-embryonic membrane) in A. pisum/A. ervi interactions. I used 

QPCR to examine symbiont densities in parasitized versus non-parasitized aphids of 

equal age. I examined densities of Buchnera in parasitized and unparasitized A. pisum to 

determine if Buchnera densities increase as predicted by a previous report of an increase 

in the numbers and biomass of bacteriocytes in parasitized A. pisum (Cloutier & Douglas 

2003). Buchnera densities were also compared between aphids with and without T-type 

SS to determine if the presence of the T-type SS affects the ability of the wasp to 

manipulate Buchnera levels.  I also examined densities of the R- and T-type SS as well, 

to determine how their densities were affected by parasitism. I dissected parasitized A. 

pisum and compared the number of teratocytes in aphids containing healthy wasp larvae 

versus aphids with dead or moribund larvae. In order to test the importance of maternal 

and embryonic parasitoid contributions to the outcome of the parasitoid – host 

interaction, I examined if superparasitism affects the likelihood of successful 

development of parasitoids in aphids that are partially resistant due to their infection with 

T-type SS.   Superparasitism (defined here as two oviposition events) results in two eggs, 

twice the complement of teratocytes (Oliver, unpublished), and presumably double the 
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amount of venom and any other maternal factor injected during oviposition. Aphidius ervi

is a solitary endoparasitoid; regardless of the numbers of eggs deposited, only one 

parasitoid will emerge from an aphid host. A single developing wasp may gain an 

advantage in the host-parasitoid conflict from a double dose of venom and teratocytes. 

Finally, I estimated densities of T-type SS in superparasitized aphids to determine if 

densities differ from those found in singly parasitized hosts. 

I found that Buchnera densities were 3.5  to 5.0 fold higher in parasitized aphids, 

and that there were no significant differences in the number of Buchnera with respect to 

the presence of T-type SS. I also found that R- and T-type SS densities were nearly 

doubled in parasitized aphids compared to unparasitized controls. I dissected parasitized 

T-infected A. pisum to ascertain larval wasp condition and the number of teratocytes and 

found a 32.5% decrease in the number of teratocytes in aphids containing dead or 

moribund larvae compared to those with a healthy larva. Finally, I found that 

superparasitism dramatically increased susceptibility to parasitism in T-infected A. 

pisum. 
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APPENDIX A.

FACULTATIVE BACTERIAL SYMBIONTS IN APHIDS CONFER 

RESISTANCE TO PARASITIC WASPS

Reprint from Proceedings of the National Academy of Sciences of the United States of 
America 100 (4), 2003
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Symbiotic relationships between animals and microorganisms are common in 

nature, yet the factors controlling the abundance and distributions of symbionts are 

mostly unknown.  Aphids have an obligate association with the bacterium Buchnera 

aphidicola (the primary symbiont) that has been shown to contribute directly to 

aphid fitness. In addition, aphids sometimes harbor other vertically transmitted 

bacteria (secondary symbionts), for which few benefits of infection have been 

previously documented.  We carried out experiments to determine the consequences 

of these facultative symbioses in Acyrthosiphon pisum (the pea aphid) for 

vulnerability of the aphid host to a hymenopteran parasitoid, Aphidius ervi, a major 

natural enemy in field populations.  Our results show that, in a controlled genetic 

background, infection confers resistance to parasitoid attack by causing high 

mortality of developing parasitoid larvae.  Compared to uninfected controls, 

experimentally infected aphids were as likely to be attacked by ovipositing 

parasitoids but less likely to support parasitoid development.  This strong 

interaction between a symbiotic bacterium and a host natural enemy provides a 

mechanism for the persistence and spread of symbiotic bacteria. 

INTRODUCTION

Recent surveys using molecular diagnostic techniques have revealed that bacterial 

symbionts inhabit a large proportion of arthropod species (1, 2).  The ecological basis for 

these wide distributions, and the factors controlling the dynamics and distributions of 
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particular symbiont lineages are mostly unknown.  For symbionts transmitted vertically 

from mother to daughter, beneficial effects on hosts will enhance the fitness of an 

infected host lineage and increase the frequency of infection. In facultative symbioses, 

the effects of infection may be mediated by ecological interactions, such as those 

involving the food plants or natural enemies of the hosts. 

The mutualism between aphids (Insecta: Hemiptera: Aphididae) and their primary 

bacterial endosymbiont, Buchnera aphidicola, is well characterized.  Buchnera lives only 

within specialized aphid cells (bacteriocytes) and provides nutrients lacking in the 

phloem diet (3, 4).  Removal of Buchnera with antibiotics severely debilitates aphid 

performance and fecundity (5).  Thus, aphids and Buchnera are mutually interdependent. 

Many aphids harbor additional, facultative or “secondary” symbionts (SS) (3, 6, 7).  For 

example, Acyrthosiphon pisum (the pea aphid) can lack SS or contain combinations of at 

least five kinds of SS: three γ-3 Proteobacteria designated as the R-, T- and U-types (8, 9, 

10, 11), a Rickettsia denoted PAR (9), and a Spiroplasma (11). The normal route of 

infection for aphid SS is vertical (from mother to daughter), and the infection status of a 

particular parthenogenetic aphid lineage is stable in the laboratory (8).  However, in 

contrast to Buchnera, occasional horizontal transfer, including transfer between host 

species, is necessary to explain natural SS distributions (8).  Within hosts, SS are found in 

and near bacteriocytes, sporadically in other cell types, and free in the hemolymph (3, 6, 

8, 9, 11, 14).  Little is currently known about the effects of SS on their aphid hosts (11, 

15, 16).
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We investigated the possible role of aphid SS in defense against natural enemies.  

The dominant natural enemy of A. pisum in North America is the hymenopteran 

parasitoid Aphidius ervi (17). Previous studies (18, 19) have demonstrated that A. pisum 

clones vary greatly in their resistance to A. ervi development following oviposition. To 

determine the possible contribution of SS to this variation, we established genetically 

uniform aphid lineages that differed only in their SS infection status.   To eliminate any 

effects of genetic variation of the aphids in resistance to parasitism, we inoculated an 

uninfected A. pisum clone with SS from body fluids of clones harboring each of the γ-3 

Proteobacteria SS type, thus creating three genetically uniform lineages of aphids that 

differed from the original only by the presence of a particular SS.  These lineages were 

used in experiments to determine the consequences of these facultative symbioses for 

aphid vulnerability to an important hymenopteran parasitoid.  The major protective 

effects that we documented may contribute to the maintenance and spread of facultative 

symbionts in host populations.

MATERIAL AND METHODS

Symbiont nomenclature. Aphid SS have not been formally named, and other authors 

have used different names to refer to the same SS.  The R-type SS was the first aphid SS 

characterized using DNA sequencing (10) and has also been called S-sym and PASS (9, 

12).  The T-type SS is also known as PABS (13); the U-type has been called PAUS (20). 

The Rickettsiahas been called PAR or R (9).
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Study organisms.  A. pisum, accidentally introduced to North America from Europe 

around 1870 (21), is a polyphagous pest of herbaceous legumes, including clover and 

alfalfa (22).  This aphidis cyclically parthenogenetic. Reproduction is asexual during the 

summer, and in response to decreasing photoperiod, sexual forms appear in the fall that 

produce eggs that overwinter on host plants (23).  The A. pisum used in this experiment 

were laboratory reared, clonally produced offspring of parthenogenetic females.  The 

uninfected clone was collected in Madison, WI in 1999, the R-type SS donor clone was 

collected in Tucson, AZ in 1999, the T-type SS donor clone was collected in Cayuga Co., 

NY in 2000, and the U-type SS donor clone was collected in Tompkins Co., NY in 2000. 

Each clonal lineage consisted of descendants of a single parthenogenetic female kept in 

cages in a walk-in growth chamber. Diagnostic molecular markers were used to verify the 

integrity of the individual clonal cultures (8).  All aphid clones were maintained on Vicia 

faba (fava bean) at 20° C +/- 1° C, and 16:8 L: D.

A. ervi (Haliday) (Hymenoptera: Braconidae), also introduced from Europe, is a 

solitary endoparasitoid (17).  The adult female wasp lays an egg inside its aphid host and 

the resulting larva feeds and develops inside the living aphid over a period of 5-8 days, 

eventually killing the host.  This intimate physiological and biochemical association 

between endoparasitoid and aphid provides an opportunity for interactions between host 

defenses, SS and developing wasp larvae.  When the host viscera have been entirely 

consumed, the parasitoid larva causes the aphid’s cuticle to stretch, harden and dry, a 

process known as mummification.  An adult A. ervi emerges from an aphid mummy and 
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is free-living. Approximately 100 A. ervi wasps were collected as mummies in Tompkins 

Co., NY in 2000.  The wasp culture was maintained in the laboratory on the uninfected 

aphid clone at 20° C +/- 1° C and 16L: 8D. Honey and water were provided to adult 

wasps.

Microinjection procedure and verification of SS composition. We used a technique, 

pioneered by Chen and Purcell (12), to inoculate an uninfected aphid clone (i.e. 

containing no SS) with symbionts from infected clones, allowing us to study the effects 

of particular SS in a common genetic background. Curing SS with antibiotics has not 

been a viable option because of the concurrent harm to the primary symbiont, Buchnera, 

on which aphid survival and reproduction depends (9). We transferred body fluids from 

three donor aphid clones that were each singly infected with either the R-, T- or U-type 

SS into different individuals of the same uninfected  aphid clone to create three 

genetically uniform lineages of aphids that differed from original (i.e. uninfected) only by 

the presence of a single particular SS. All three singly infected lineages and the 

uninfected lineage were descendants of a single isolated parthenogenetic female and were 

maintained as separate parthenogenetically reproducing cultures. Microinjections for 

each SS-Type were accomplished as follows:Aphids were immobilized on a pipette tip 

attached to a vacuum on a compound microscope stage.  Body fluids were extracted from 

an apterous adult donor with a microinjection needle. Recipients were 2nd to 4th instar 

aphids from a single uninfected clone.  Body fluids from the donor were injected into the 

body cavities of the recipients, which were then placed individually on fava bean plants 
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in a small cup cage.  The cup cage was made from a modified inverted 473 ml transparent 

Solo cup (SOL#13) sealed to a planting pot (diameter = 9 cm) with parafilm and masking 

tape.  The cup was modified by removing the bottom and replacing it with organdy fabric 

for ventilation.  After 9 days, surviving injected aphids were transferred to new fava bean 

plants (one aphid per plant).  Offspring were then screened for SS using diagnostic PCR 

primers as described in Sandström et al. (8).  Diagnostic PCR was conducted at 10µl 

volumes using standard reaction mix (24) and a cycle of 94 °C for 1 min, 58 °C for 1 min 

and 72 °C for 2 min, repeated 35 times and then 72 °C for 6 min.  In cultures (individual 

cup cages) that tested positive for SS, single surviving offspring were placed on V. faba

and allowed to reproduce for several days.  At this time, these adults were removed and 

tested again for SS. Cultures with adults testing negative were discarded, while those 

testing positive (one for each of the three SS-Types microinjected) were maintained as 

separate parthenogenetically reproducing cultures in the lab at 20 ºC and 18L: 6D.  

Maintenance of aphid lines. To allow SS densities to approach equilibrium within the 

aphid host, parasitism assays were conducted a minimum of 10 generations after the 

artificial-inoculation procedure. Therefore, infections represent stable associations, and 

the artificially infected lines did not exhibit any obvious abnormalities of growth or 

morphology. The experimental lineages were maintained in a building in which no other 

aphid clones of the same SS infection status were present. However, to be certain that all 

of the experimental lineages were of the same nuclear genotype, we performed 

intersequence simple repeats (ISSR), a diagnostic fingerprinting technique, to verify 
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clone integrity (8, 25). To prevent contamination among experimental lineages (e.g. 

artificially infected T-type entering artificially infected R-type cultures), we regularly 

screened aphids with diagnostic PCR to ensure lineage identity and the persistence of SS 

in their new hosts.

Comparison of artificially inoculated aphids to naturally symbiotic aphids.  We 

performed real-time quantitative PCR using a Lightcycler (Roche Molecular 

Biochemicals, Indianapolis, IN, USA) to estimate and compare SS densities in naturally 

symbiotic and artificially inoculated aphids harboring R-type SS.  Aphids were flash 

frozen in liquid nitrogen at age 8h +/- 1hr and age 72h +/- 1hr and stored at -80°C until 

DNA extraction of single whole aphids (26).  Primers were designed to amplify a 192 bp 

fragment of the recA gene from R-type SS 

(recArtype172FGGAAATCTGTGATGCTCTGAC and 

recArtype364RCATACGAATCTGGTTGATGAAG). Buchnera lacks recA and aphids 

lacking SS give no PCR product with these primers.As a negative control, we performed 

quantitative PCR with the recA primers on an aphid with the T-type SS (lacking the R-

type) to ensure that these primers were R-type specific.The 20µl quantitative PCR 

reactions contained 0.5µM of each primer, 1x SYBR Green MasterMix (Qiagen, Inc., 

Valencia, CA, USA) and 10 pMol of template DNA.  Reaction conditions were as 

follows: one cycle of 95 °C for 15 min, followed by 35 cycles of 94 °C for 5 sec, 58 °C 

for 20 sec, and 72 °C for 17 sec.  At the end of each run, a melting curve analysis was 
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performed, which allowed us to confirm the identity and specificity of amplified 

products.A standard curve was generated using two independent serial dilutions of a 

TOPO TA plasmid vector (Invitrogen, Carlsbad, CA, USA) containing a single fragment 

of the R-type SS recA gene, generated on a regular thermocycler using the above recA

primers. Because recA is a single copy chromosomal gene in almost all bacterial 

genomes, the estimated copy gives an approximation of SS numbers. We also calculated 

the relative DNA concentrations of each sample using aphid EF1-alpha primers 

(ApEF1alpha 107F CTGATTGTGCCGTGCTTATTG and ApEF1alpha 246R 

TATGGTGGTTCAGTAGAGTCC) in Lightcycler reactions by generating a standard 

curve using two independent serial dilutions of aphid DNA. We then calibrated our recA 

copy numbers accordingly. An ANOVA was performed to compare values obtained from 

artificially and naturally infected hosts.

 Light microscopy of hemolymph and single bacteriocytes extracted from aphids 

artificially inoculated with the R-type SS was conducted to verify that SS reside in 

similar locations as those reported for naturally symbiotic aphids (9, 14). Single 

bacteriocytes were extracted from aphids dissected in insect Ringer’s solution and put 

through a series of saline washes to eliminate possible contamination from SS in the 

hemolymph. Samples were then placed on a microscope slide, heat-fixed, and stained 

with Gimenez stain (27). Primary and secondary symbionts are easily distinguished with 

this technique; SS are small and rod-shaped, Buchnera are relatively large and round.
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Parasitism assays. In three separate experiments, we compared the rates of successful 

parasitism of each of these artificially inoculated lineages of A. pisum against an 

uninfected control lineage of the same genotype.  In each experiment, thirty second instar 

pea aphids were placed on a potted V. faba plant in a cup cage 20–24hr prior to wasp 

introduction.  Aphid mummies were removed from the culture and enclosed in a separate 

holding container to ensure that experimental wasps were of similar age and had no prior 

oviposition experience.  Upon emerging, wasps were provided with water and honey ad 

libitum.  Wasps used in experiments were 3–5 days post eclosion and were assumed to be 

mated. Wasps were given oviposition experience by exposing them to 5 uninfected 

second-instar aphids in a Petri dish (diameter = 5 cm) just before the experiment.  Any

wasp that did not oviposit in an aphid within 5 minutes of introduction in the Petri dish 

was excluded from the experiment.  Females with oviposition experience were then 

individually assigned at random to either treatment (inoculated w/SS) or control 

(uninfected) arenas.  The wasps were removed from the arena after 6 hours. Arenas, 

incubated at 20° C +/- 1° C and 16L: 8D, were examined after 10 days and the numbers 

of mummies were counted to determine susceptibility to parasitism.  Arenas that had 

suffered no parasitism or had more than 6 missing aphids were discarded from the 

analysis. 

Host suitability versus host acceptability.  Observed differences in resistance to 

parasitism could reflect differences in the parasitoid’s acceptance of infected and 

uninfected aphids or differences in developmental success following parasitism. We 
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distinguished between these possibilities in trials in which 30 second instar aphids were 

singly parasitized in a Petri dish (diameter = 3.5 cm) by a 3-5 day old A. ervi. In each 

replicate, 15 of the 30 aphids were dissected in saline solution within 4 hours of 

parasitism, and eggs were counted to determine if A. ervi had oviposited in the aphid 

host. The other 15 aphids were incubated on plants at 20° C +/- 1° C and 16L: 8D for 10 

days, at which time mummies were counted to determine susceptibility to parasitism. We 

compared numbers of eggs deposited and numbers of mummies formed among R-

infected, T-infected and uninfected (control) aphids.  We conducted 12 replicates of the 

control and R-infected lineages and 10 replicates of the T-infected lineage.

Timing of resistance in R-infected A. pisum.  We performed serial dissections to follow 

the course of developing A. ervi individuals within the R-infected and uninfected aphid 

hosts.  Aphids were dissected in the following time intervals: 0-24hr, 3-4 d and 4-5 d. A. 

ervi eggs are found between 0-24hr and larvae are found after 3 days.  Dissected A. ervi 

eggs were fixed in a chloroform, ethanol, and glacial acetic acid mix (4:3:1, by volume) 

for 2-5 minutes.  Fixed eggs were then stained with a drop of 2% lacto-aceto-orcein for 

approximately 10 minutes to assess embryonic development.  In dissected aphids 

containing A. ervi larvae (post 72hr), we noted the presence and condition of larvae.  

Larvae were scored as healthy or as moribund or dead.  Aphids were not examined 

between 24-72hr because A. ervi embryos could not reliably be found during this 

developmental period of major morphological changes (28).
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RESULTS

Comparison of artificially inoculated aphids to naturally symbiotic aphids.  Using 

real-time quantitative PCR, we found no difference in SS densities between naturally 

symbiotic aphids and those artificially inoculated with the R-type SS in either 8hr old 

aphids (ANOVA, F1,18 = 0.044, P-value = 0.84, N = 10) or 72hr old aphids (ANOVA, 

F1,18 = 0.012 P-value = 0.91, N = 10).  Furthermore, light microscopy indicates that R-

type SS can be found in both the bacteriocytes and hemolymph of aphids artificially-

inoculated with the R-type SS, as has been previously described in naturally infected 

aphids (9, 14). These results indicate that SS appear to behave in a similar manner in 

naturally symbiotic and artificially-inoculated aphids, thereby validating the 

microinjection procedure as a useful tool to experimentally manipulate host symbiont 

compositions.

Do A. pisum SS confer resistance to the parasitoid A. ervi? A. pisum inoculated with 

the R-type SS showed a 22.5 % reduction in mummy formation compared to uninfected 

controls (ANOVA,F1, 38 = 6.9, P-value = 0.013).  In twenty replicates, each with 30 

aphids exposed, parasitoids produced a mean of 17.1 mummies (95% CI = 14.8 to 19.3) 

on the R-infected aphids compared to 22.0 mummies in uninfected aphids (95% CI = 

20.3 to 24.9) (Figure 1).  Pea aphids inoculated with the T-type SS conferred an even 

greater reduction (41.5%) in mummy formation compared to uninfected controls 

(ANOVA, F1, 28 = 20.0. P-value = 0.0001).  In this case, a mean of only 12.1 T-infected 

aphids were successfully parasitized (95% CI = 9.4 to 14.9, N = 15) (Figure 1) compared 
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to a mean of 20.6 mummies in uninfected aphids of this clone (95% CI = 17.9 to 23.3).  

In contrast, the U-type SS did not appear to confer resistance; infected and uninfected 

aphids were similarly susceptible to parasitism (ANOVA, F1, 22 =0.2, P-Value = 0.66, N = 

12) (Figure 1). 

Host suitability versus host acceptability. We found no difference in the number of 

eggs laid in uninfected, R-infected, or T-infected aphids (ANOVA, F2, 31 = 0.02, P-value 

= 0.98) (Figure 2), indicating that A. ervi does not avoid ovipositing in hosts infected 

with SS.  However, despite receiving similar numbers of parasitoid eggs, pea aphids 

harboring the R- and T-type SS were less susceptible to successful parasitism than 

uninfected aphids (ANOVA, F2, 31  = 13.38, P-value < 0.0001) (Figure 2).  Thus eggs 

were laid in equal numbers in uninfected hosts and hosts with the R and T-type SS, but 

fewer of those individuals survived to pupate in R and T-type aphids.  As in the previous 

experiment, R- and T-infected aphids showed approximately a 20% and 40% reduction in 

mummy formation, respectively, compared to uninfected controls.  

Timing of resistance in R-infected aphids. Uninfected and R-infected aphids did not 

differ significantly in the number of parasitoid eggs laid, nor in the initiation of 

embryogenesis in eggs in the period between 0 and 24hr post-oviposition (data not 

shown).  We also found no effect of infection on the number or condition of larvae that 

were between 3 and 4 days post-oviposition (Figure 3).  From 4 to 5 days after 

oviposition, we found similar numbers of larvae in both treatments, but the aphids 
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inoculated with the R-type SS had significantly more moribund and dead larvae than their 

uninfected counterparts (Fig 3, ANOVA, F1, 351 = 18.2, P-value < 0.0001).  This 

mechanism of resistance is different from that described by previous studies (18, 19), in 

which A. ervi eggs remained visible, but did not appear to initiate embryogenesis in 

resistant A. pisum clones.

DISCUSSION

In A. pisum artificially inoculatedwith the R- and T-type SS, successful parasitism was 

reduced by 22.5% and 41.5%, respectively, compared to parasitism rates in uninfected 

controls (Figure 1).  That two of the three SS strains we examined conferred resistance to 

parasitism by A. ervi indicates that bacterial symbionts may play an important role in 

mediating interactions between A. pisum and their natural enemies.  A strong interaction   

for the persistence and spread of symbiotic bacteria and indicates that symbiont dynamics 

must be evaluated in the context of the ecological conditions of particular populations. In 

particular, we predict higher frequencies of R- and T-type SS in populations of A. pisum

in which A. ervi is prevalent.

Why have lineages infected with SS not spread to fixation in A. pisum

populations?  Another study (15), that also used artificially inoculated pea aphids, 

revealed that those with the R-type SS (called “PASS” in that study) suffered reduced 

longevity and fecundity at 20° C compared to uninfected counterparts.  This suggests that 

a tradeoff may exist between resistance to parasitism and fecundity and longevity at 

temperatures commonly found in aphid habitats.  Balancing selection might then 
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maintain the variety of SS compositions found among aphid clones, with the infection 

frequencies dependent on temperature and the prevalence of parasitoids within particular 

populations. It is important to note, however, that our study only considered the effects of 

single ‘isolates’ of particular SS ‘types’ (e.g. U-type). A symbiont type is designated 

based on 16S rDNA molecular phylogenetic analysis (8) and it is possible that different 

isolates of a particular symbiont type exhibit different phenotypes. For example, other 

isolates of the U-type SS may confer resistance to parasitism. 

We found that observed differences in resistance reflect differences in 

developmental success of A. ervi following parasitism rather than differences in 

acceptance of infected or uninfected hosts (Figure 2).  Infection confers resistance to 

parasitoid attack by causing high mortality in developing parasitoid larvae in R-infected 

aphids four to five days after oviposition (Figure 3).  Further work is needed to determine 

the specific mechanism of resistance in SS-infected aphids.  The mechanism of resistance 

may simply reflect a heightened generalized immune response to invaders following a 

recent association with SS.  If this is the case, then this heightened immune response 

varies with the particular SS association (e.g. U-type SS do not confer resistance) and the 

immune effect persists for many generations after inoculation. For example, R-infected 

aphids assayed for resistance approximately 60 generations post-inoculation showed the 

same pattern of resistance as those assayed 10 generations post-inoculation (K.M. Oliver, 

unpublished data).  Alternatively, SS may harm or kill the developing wasp larva directly 

via toxic secretions, or indirectly by altering the host metabolism balance.  Others 

researchers have proposed a physiological model of host regulation in this system, in 
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which wasp venom and teratocytes (large cells derived from the extraembryonic 

membrane of the wasp larva) function in tandem to redirect nutritional resources from 

aphid embryos to the developing parasitoid larva (29).  One intriguing possibility is that 

A. pisum SS function to interrupt this process, possibly by suppressing the development 

of teratocytes such that developing wasp larvae cannot meet their nutritional needs.  In 

support of this hypothesis, a recent study indicates that the absence of functional 

teratocytes in a resistant A. pisum clone accounts for the reduction of successful A. ervi 

larval development (30).  In any case, it is apparent that the response is graded: not all 

parasitoids succumb to SS-mediated defense, and levels of resistance are different for all 

three SS. Aphidius ervi individuals show genetic variation in virulence (31) when 

attacking pea aphids, which may explain why some parasitoids are able to overcome SS-

mediated defenses. Our wasp culture was initiated from approximately 100 aphid 

mummies and approximately 100 wasps are allowed to reproduce each generation; this is 

likely a large enough population size to expect variation in virulence.

To invade a host population, vertically transmitted endosymbionts must increase 

host fitness or manipulate host reproduction in ways that increase their own transmission 

(32).  Parasitized aphids infected with SS will benefit directly if they produce more 

offspring on average than parasitized aphids that are not infected. Preliminary evidence 

indicates that parasitized R- and T-infected A. pisum are more fecund than parasitized 

uninfected controls (K.M. Oliver, unpublished data). Further, resistance may confer 

indirect benefits; fewer parasitoids emerging reduces the risk of parasitism for nearby 
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clone mates.  Kin selection has been well-documented in other aphids with high genetic 

relatedness within colonies (33).

Mutualisms in which one partner species provides shelter or nutrition, while the 

other provides defense against natural enemies include such well-known examples as ants 

and acacias (34), yet a defensive role of microbial endosymbionts in insects has rarely 

been considered (but see 35, 36).This discovery of an insect herbivore harboring bacterial 

symbionts that provide defense against parasitoids nicely parallels the finding that many 

grasses are chemically protected from herbivores by fungal endophytes (37).  Given that 

endosymbionts, including facultative SS, are widespread in insects, and that specific 

natural enemies are important selective forces in shaping the life history of many insects 

(38), the role of endosymbionts in the defense of herbivorous insects should be more 

generally explored. 
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Figure 1.  Effect of secondary symbiont infection on susceptibility of A. pisum to 

parasitism by Aphidius ervi. Each value is the mean number of mummies (= successful 

parasitism) out of a possible 30, +/- SE. In all experiments, the same aphid clonal lineage 

served as a source of uninfected aphids, and as a recipient for artificial infection with the 

U, R, or T-type SS. Aphids infected with either the R- or the T- type SS were 

significantly less likely to succumb to parasitism. Numbers above columns are replicates 

(N). *P < 0.05, ***P<0.001

Figure 2.  Comparison of the mean number of A. ervi eggs found (within 4h of 

oviposition) and the mean number of mummies formed (10d post-oviposition) in singly 

parasitized R- and T-infected A. pisum vs. uninfected controls. A. ervi were as likely to 

oviposit in aphids infected with the R- and T-type SS as in uninfected controls (CON), 

but significantly fewer progeny developed to pupation (P - value < 0.0001).  Numbers 

above columns are replicates (N). 
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Figure 3.  Percent of A. ervi larvae found in singly-parasitized hosts and the percent of 

found larvae that were healthy in R-infected A. pisum vs. uninfected controls. Dissections 

were performed during the interval between three and four days (3 - 4 D) and between 

four and five days (4 - 5 D). Significantly fewer larvae in R-infected aphids were healthy 

at 4-5 d; the remainder were dead or moribund. For R-infected aphids, N = 177 for 3-4 d 

and 223 for 4-5d while for uninfected aphids N =180 for 3-4 d and 215 for 4-5 d. ***P < 

0.001

0

5

10

15

20

25

30

M
ea

n
 N

o
. P

ar
as

it
iz

ed

Treatment

w/SSUninfected

12 20 15

*** *

U R T

Fig. 1



57

0

5

10

15

M
ea

n
 n

u
m

b
er

 f
o

u
n

d

MummiesEggs

12 12 10

Fig. 2

TRCON



58

0

25

50

75

100

w/R-Type SSUninfected

3 - 4 D 4 - 5 D

***

P
er

ce
n

t 
fo

u
n

d

Larvae Healthy
Larvae

Larvae Healthy
Larvae

Fig. 3



59

APPENDIX B.

COSTS AND BENEFIS OF A SUPERINFECTION OF FACULTATIVE 
SYMBIONTS IN PEA APHIDS
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ABSTRACT

Symbiotic associations between animals and inherited microorganisms are 

widespread in nature. In many cases, hosts may be superinfected with multiple 

inherited symbionts. Acyrthosiphon pisum (the pea aphid) may harbor more than 

one facultative symbiont (called secondary symbionts) in addition to the obligate 

primary symbiont, Buchnera aphidicola. Previously we demonstrated that, in a 

controlled genetic background, A. pisum infected with either R- or T-type 

secondary symbionts were more resistant to attack by the parasitoid Aphidius ervi. 

Here we examined the consequences of A. pisum superinfected with both 

resistance-conferring symbionts. We found that A. pisum co-infected with both R-

and T-type symbionts exhibits even greater resistance to parasitism by A. ervi 

than either singly infected clones. Despite this added benefit to resistance, 

superinfections of R- and T-type symbionts appeared rare in our survey of Utah A. 

pisum symbionts, likely attributable to severe fecundity costs. QPCR estimates of 

symbiont densities indicate that while T-type symbiont density is similar in singly 

and superinfected hosts, R-type symbiont densities increase dramatically in 

superinfected hosts. Over-proliferation of symbionts or antagonistic interactions 

between symbionts may be harmful to the aphid host. Our results indicate that in 

addition to host-symbiont interactions, interactions among the symbionts 

themselves likely play a critical role in determining the distributions of symbionts 

in natural populations.
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1. INTRODUCTION

Symbiotic associations between animals and inherited microorganisms are 

widespread in nature (e.g. Buchner 1965, Werren & Windsor 2000, Douglas 

1989, Terry et al. 2004). For example, molecular diagnostic surveys have 

revealed that just two bacterial symbionts, Wolbachia and Cardinium, are found 

in nearly 30% of certain arthropod taxa (Weeks & Stouthamer 2003, Zchori-Fein 

& Perlman 2004, Werren & Windsor 2000). It is also clear that many invertebrate 

hosts are superinfected, that is infected with multiple inherited symbionts (e.g. 

Buchner 1965, Unterman et al. 1989, Chen & Purcell 1997, Hypsa & Aksoy 

1997, Fukatsu & Nikoh 1998, Fukatsu et al. 2000, Subandiyah et al. 2000, 

Werren & Windsor 2000, Dubilier et al. 2001, Sandström et al. 2001, von Dohlen 

et al. 2001, Tsuchida et al. 2002, Zchori-Fein & Brown 2002, Distel et al. 2003, 

Weeks et al. 2003, Haynes et al. 2003, Moran et al. 2003, Simon et al. 2003, 

Zchori-Fein & Perlman 2004). Recently, molecular identification of symbionts in 

invertebrates has greatly outpaced our understanding of the biology of the 

symbionts in the host environment. While earlier microscopic work detailed the 

location and transmission patterns of insect symbionts (e.g. Buchner 1965), these 

bacteria cannot be assigned phylogenetic affinities and relatively few recent 

studies (e.g. Fukatsu and Nikoh 1998, Fukatsu et al. 2000, von Dohlen et al. 

2001, Fukatsu and Nikoh 2000) have correlated microscopic observation with 

molecular diagnostics.
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 We know even less about interactions of multiple symbionts within hosts. 

Several factors should limit the diversity of symbionts in a single host, including 

competition among symbionts, increased virulence, and bottlenecks experienced 

by symbionts during vertical transmission (Mira and Moran 2002). On the other 

hand, there are mechanisms that may allow for coexistence of multiple symbionts, 

such as selective tissue tropism, and differential growth dynamics (Ijichi et al.

2002) or complementarity with regard to host needs. In the case of symbionts 

causing cytoplasmic incompatibility (CI), superinfections are generally predicted 

to invade in populations of single infections (Frank 1998).  Yet the interactions of 

multiple symbionts in producing a host phenotype have been scarcely explored 

outside of CI symbionts.  Some vertically transmitted (VT) microbes, like 

Wolbachia, invade by manipulating the reproduction of their hosts in ways that 

enhance their transmission. In CI, for example, symbionts in males depress the 

fitness of females of a different infection status by engineering the failure of 

fertilization.  Other VT symbionts invade by providing benefits to hosts, such as 

nutritional supplementation (see Douglas 1998 for review). In the case of 

beneficial symbioses, coexistence of multiple lineages is likely to be maintained 

when hosts receive a net benefit that exceeds the extra costs of superinfection.

 The pea aphid (Acyrthosiphon pisum) harbors several VT facultative 

(=”secondary”) symbionts in addition to Buchnera aphidicola, the obligate 

primary symbiont. While Buchnera is necessary for successful aphid reproduction 

(Prosser and Douglas, 1991), the role of these secondary symbionts (SS) in A. 
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pisum has only just begun to be explored. Already we can attribute a diverse array 

of interesting phenotypes to these symbionts. For example, the U-type SS has 

recently been implicated in host-plant specialization in Japanese A. pisum 

(Tsuchida et al. 2004), and the R-type has been implicated in thermal tolerance in 

N. American A. pisum (Montllor et al. 2002).  Further, and most relevant to the 

current study, isolates of R- and T-type facultative symbionts of A. pisum have 

been shown to confer resistance to an important natural enemy, the parasitoid 

Aphidius ervi, by causing mortality to developing wasp larvae (Oliver et al. 2003).  

The pea aphid- symbiont system may be manipulated in such a way that the effect 

of symbiont infections may be compared in a common host genetic background.  

Here we compared clonal lineages of pea aphids, A. pisum, that were singly and 

doubly infected with R & T-type SS.  We studied the interactions of the two 

symbionts in producing the parasitoid resistance phenotype. We focused primarily 

on their effects on host fitness in the presence and absence of parasitoids, in an 

attempt to describe the costs and benefits of multiple infections under varying 

conditions.  We also estimated the densities of the two symbionts in singly and 

doubly infected aphids, in order to examine interactions between symbionts.  

Finally, we screened over 100 field-collected A. pisum individuals for SS, 

estimating the frequencies of single and double infections.  Interestingly, we note 

that our experimental findings can be used to explain patterns of single and 

double infections in the field, thus, we have identified a force that likely shapes 

the diversity of symbiotic flora harbored by single aphids.
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2. METHODS

(a) A. pisum symbionts  

In addition to the obligate association with Buchnera, A. pisum (Insecta: 

Hemiptera: Aphididae) harbor five types of secondary symbionts (SS) at 

intermediate frequencies: three distinct gamma-proteobacterial lineages, 

provisionally referred to as the R-, T- and U-types (Sandström et al. 2001, Chen 

et al. 1996, Unterman et al. 1989, Fukatsu et al. 2000), a Rickettsia (alpha-

proteobacteria) (Chen et al. 1996), and a Spiroplasma (Mollicutes) (Fukatsu et al.

2001).  In this study, we examine just two of these symbionts, the R- and T-types, 

which are occasionally found in the same A. pisum individuals in field 

populations. Here, we use superinfection to refer to an aphid lineage infected with 

more than one SS (i.e. not to one SS plus Buchnera). These symbionts have not 

been formally named, and have been referred to by multiple provisional labels.   

The R-type SS has also been called S-sym or PASS (Unterman et al. 1989, Chen 

et al. 1996, Chen & Purcell 1997), whereas the T-type SS is also known as PABS 

(Darby et al. 2001).

(b) Study organisms

Acyrthosiphon pisum, a polyphagous pest of herbaceous legumes (Eastop 1966), 

was accidentally introduced to North America from Europe around 1870 

(Mackauer 1968).  This aphid is cyclically parthenogenetic allowing clonal 
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lineages to be maintained indefinitely in the laboratory. Each clonal lineage of A. 

pisum used in this experiment consisted of descendants of a single 

parthenogenetic female kept in cages in a walk-in growth chamber (See Oliver et 

al. 2003 for aphid and wasp collection information).   All aphid clones were 

maintained on Vicia faba (fava bean) at 20° C +/- 1° C, and 16:8 L: D.

A. ervi (Haliday) (Hymenoptera: Braconidae), was introduced to the North 

America in efforts to control aphid populations from Europe, and is an important 

natural enemy of A. pisum in N. America (Angalet and Fuester, 1977). This wasp 

is a solitary endoparasitoid. The adult female lays an egg inside an aphid nymph. 

The wasp larva then develops within the living aphid, eventually killing the host.   

When the host viscera have been entirely consumed, the aphid cuticle transforms 

into a characteristic ‘mummy’. The wasp pupates within the mummy, and a free-

living adult A. ervi emerges.  The wasp culture was maintained in the laboratory 

at 20° C +/- 1° C and 16L: 8D, on an A. pisum clone found to be free of secondary 

symbionts. 

(c) Establishment of experimental lineages

We used a microinjection technique, modified from Chen and Purcell (1997), to 

experimentally manipulate SS infection status allowing us to study the effects of 

particular SS in a common genetic background (see Oliver et al. 2003 for details). 

Parasitism assays were conducted a minimum of 15 generations after the 



66

artificial-inoculation procedure to allow SS densities to approach equilibrium 

within the aphid host. We previously found that the location and densities of R-

type SS in artificially infected aphids is similar to that found in naturally infected 

aphids (Oliver et al. 2003) and we expect this to hold for inoculations with other 

SS-types. In this study, we used the singly-infected R- and T-type lineages 

established in Oliver et al. (2003), and created a new lineage co-infected with the 

same R- and T-type isolates. To verify that all experimental lineages were of the 

same nuclear genotype, we performed a diagnostic fingerprinting technique 

(intersequence simple repeats or ISSR) (Sandström et al. 2001, Abbot 2001). We 

also regularly screened the experimental lineages with diagnostic PCR to ensure 

correct SS composition (Sandström et al. 2001). The diagnostic PCR primers used 

for T-type SS were (T1279F CGAGGGAAAGCGGAACTCAG and 35R 

CTTCATCGCCTCTGACTGC) and the R-type SS (R1279F 

CGAGAGCAAGCGGACCTCAC and 35R). Diagnostic PCR was conducted at10 

µl volumes using a standard reaction mix (Moran et al. 1999) and PCR conditions 

as in Sandström et al. (2001).

(d) The resistance phenotype in superinfected aphids

Previously, we reported that isolates of R- and T-type facultative symbionts of A. 

pisum conferred a 42% and 23% reduction, respectively, in successful parasitism 

by A. ervi compared to uninfected controls (Oliver et al. 2003). Given the benefit 
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conferred by each SS in singly infected hosts, we were interested in the resistance 

phenotype of this same A. pisum genotype (clonal lineage) simultaneously 

infected with both resistance-conferring SS.  Here, we compared the rates of 

successful parasitism of each of the three artificially inoculated lineages (single 

R-infection, single T-infection, and superinfection with R- and T-type SS) of A. 

pisum against an uninfected control lineage. Thirty second-instar A. pisum were 

placed on a potted V. faba plant in a cup cage 20–24hr prior to wasp introduction. 

Just prior to the experiment, wasps were given oviposition experience by 

exposing them to uninfected aphids. Females with oviposition experience were 

then individually assigned at random to the control or one of the experimental 

lineages.  We removed wasps from arenas after 6 hours. Arenas were incubated at 

20° C +/- 1° C and 16L: 8D (see Oliver et al. 2003 for details). We examined the 

arenas after 10 days and counted the numbers of mummies and surviving aphids 

to determine susceptibility to parasitism. We analyzed the proportion of 

successfully parasitized aphids in a logistic regression framework. All statistical 

analyses were performed using JMP-IN 4.0 software.

(e) Direct fitness benefits to resistance-conferring infections

We previously reported that the timing of resistance in R-infected aphids occurs at 

4 -5 days after wasp oviposition (Oliver et al. 2003). We have subsequently 

conducted serial dissections to follow the course of developing A. ervi in T-

infected A. pisum and found a similarly late expression of resistance (Oliver, 
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unpublished). Given this late timing of resistance, which corresponds to a 

relatively large parasitoid in the aphid hemocoel, we wondered if there could be 

direct benefits to infection with resistance conferring SS. In other words, do 

parasitized aphids with resistance-conferring SS produce more offspring than 

parasitized uninfected controls? To address this, we performed fecundity assays 

of singly parasitized aphids in each of our three artificially inoculated lineages 

and an uninfected control. This experiment was first performed with the two 

singly infected lineages (R- and T-type SS) compared with an uninfected control. 

A second experiment was conducted using the same protocol, adding only the 

superinfected lineage. In both trials, individual 3rd instar aphids were singly 

parasitized by A. ervi in a Petri dish and then placed in groups of four aphids onto 

a single Vicia faba plant in a cup cage (see above) and incubated at 20° C +/- 1° C 

and 16L: 8D. Cup cages were examined at day 6 (after parasitism) and then every 

four days. The total number of offspring from each container was recorded. 

Offspring were removed at each time point to avoid confusion with later born 

progeny. Results for single infections and uninfected controls did not differ 

significantly between trials and data are pooled. In addition to depositing an egg, 

female A. ervi also injects venom that degenerates aphid ovarioles, resulting in 

host castration (Digilio et al. 2000). Frequent host castration was observed in our 

results, yielding non-normal fecundity distributions.  We therefore use non-

parametric Wilcoxon rank sum tests to analyze these data.
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(f) Fitness costs to superinfected aphids

Aphids superinfected with SS may suffer costs associated with increased densities 

of SS or due to competitive interactions between SS. Casual observations in the 

laboratory (KMO) suggested that A. pisum doubly infected with R- and T-type SS 

performed poorly relative to uninfected and singly infected aphids. To address the 

severity of this cost, we performed fecundity assays of unparasitized

superinfected (R and T-type SS) and uninfected A. pisum to quantify fecundity 

costs. For each replicate, four 4th instar aphids were placed on a single Vicia faba

plant in a cup cage and incubated at 20° C +/- 1° C and 16L: 8D. Offspring were 

counted every four days after the onset of reproduction.

(g) Survey of A. Pisum SS collected from alfalfa in Northern Utah

We surveyed A. pisum SS, collected from alfalfa near Logan, Utah (USA) in 

August 2003, using diagnostic PCR. Approximately 40 aphids were collected 

from each of three alfalfa fields at intervals of approximately 60m. All three 

alfalfa fields were within 5km of one another. Aphids were collected and stored in 

100% ethanol until DNA extractions took place (Engels et al. 1990).  There were 

no differences among fields with regards to SS frequencies and the data shown 

are pooled. All clones were screened for known A. pisum SS (R-, T-, U-type SS, 

Rickettsia, and Spiroplasma). Each aphid was also screened for Buchnera as a 

positive control to ensure DNA extractions were successful. Clones testing 

negative for all known SS were screened with universal primers designed to 
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amplify bacteria other than Buchnera (Sandström et al. 2001).  Thirty clones, 

chosen haphazardly, were screened for the presence of Wolbachia (O’Neill et al.

1992), Cardinium (Zchori-Fein & Perlman 2004), and Arsenophonus. Diagnostic 

PCR primers were as follows: U-type SS (U1279F 

CGAACGTAAGCGAACCTCAT and 35R), Spiroplasma (TKSSsp 

TAGCCGTGGCTTTCTGGTAA and UNIV10F 

AGTTTGATCATGGCTCAGATTG)  Arsenophonus (ARS1015F 

ATCCAGCGAATCCTTTAGand 35R) and Rickettsia (PAR4F 

GGCTCAGAACGAACGCTATC and PAR1213R 

CACCGTCTTGCTTCCCTCTG).  Reaction conditions for the U-type SS, 

Rickettsia and Arsenophonus consisted of a cycle of 94 °C for 1 min, 58 °C for 1 

min and 72 °C for 2 min, repeated 35 times and then 72 °C for 6 min.  Reaction 

conditions for Spiroplasma consisted of a cycle of 94 °C for 1 min, 54 °C for 1 

min and 72 °C for 2 min, repeated 35 times and then 72 °C for 6 min.

(h) Densities of R- and T-type symbionts in singly versus doubly-infected 

aphids. 

To determine if SS numbers are regulated independently in superinfected aphids, 

we performed real-time quantitative PCR using a Lightcycler (Roche Molecular 

Biochemicals, Indianapolis, IN, USA) to estimate and compare SS densities in 

aphids singly and doubly infected with R- and T-type SS.  Aphids at age 72+/-

4hr were stored at -80°C until DNA extraction from single individuals (Engels et 
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al. 1990).  We used primers designed to amplify a 244 bp fragment of the gyrB

gene from R-type SS (gyrB-R-type402R CGCTGAACAGCTACATGGAA and

gyrBR-type158F GCCGACCACAATTTTAGCAT) and a 201 bp fragment of 

gyrB gene from T-type SS (gyrBT-type484F TTCCTGAAATCCATCGTTCC 

and gyrBT-type685R CAAACGCAACGATCAAGAAA). Neither of these primer 

combinations amplifies DNA from Buchnera. As a negative control, we 

performed quantitative PCR with the R-type gyrB primers on aphids with T-type 

SS type to ensure that primers were SS specific (and vice versa). Another negative 

control consisting of the reaction mixture and water instead of DNA accompanied 

each lightcycler run. The 20µl quantitative PCR reactions contained 0.5µM of 

each primer, 1x SYBR Green MasterMix (Roche) and 10 pMol of template DNA. 

Touchdown QPCR Reaction conditions were as follows: one cycle of 95 °C for 

10 min, followed by 40 cycles of 94 °C for 5 sec, 68 °C for 15 sec (-1°C every 3 

cycles down to 55 °C) , and 72 °C for 5 sec.  At the end of each run, a melting 

curve analysis was performed, which allowed us to confirm the identity and 

specificity of amplified products. Separate standard curves for R- and T-type gyrB

were generated using two independent serial dilutions (each) of a TOPO TA 

plasmid vector (Invitrogen, Carlsbad, CA, USA), one containing a single 

fragment of the R-type SS gyrB gene, the other containing a single fragment of 

the T-type SS gyrBgene. We calculated the relative DNA concentrations of each 

sample with aphid EF1-alpha primers (Oliver et al. 2003) and calibrated SS 

densities accordingly. 
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3. RESULTS

(a) What is the phenotype of aphids infected with both (R & T-Type) 

resistance conferring SS?

A. pisum infected with both R- and T-type SS are more resistant to parasitism that 

those harboring either R- or T-type SS (figure 1). Logistic regression analysis 

indicates a 17% reduction in successful parasitism for R-infected aphids, a 29% 

reduction in successful parasitism for T-infected aphids, and a 42% reduction in 

successful parasitism for A. pisum superinfected with R- and T-type SS, compared 

to the uninfected control lineage.  All treatments are significantly different from 

one another. 

(b) Are there direct fitness benefits to harboring single or multiple resistance 

conferring SS isolates?

Despite the late timing of resistance found in T-infected aphids, we found direct 

fitness benefits of infection, measured as cumulative fecundity, in the presence of 

parasitism.  3rd instar nymphs infected with T-type SS produced considerably 

more offspring when parasitized compared to parasitized uninfected controls (0 –

18 d post-parasitism, Wilcoxon rank sum test, p = 0.68) (table 1). Aphids with R-

type SS produced similar numbers of offspring, 0 – 18 days post-parasitism, to the 

uninfected lineage (Wilcoxon rank sum test, p = 0.48) (table 1). However, 
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considering cumulative offspring only thru day 10, there is a clear trend of greater 

fecundity in R-infected aphids compared to uninfected controls (Wilcoxon rank 

sum test, p = 0.08). We found no direct fitness benefit associated with 

superinfected aphids. Doubly-infected A. pisum produced comparable numbers of 

offspring relative to uninfected aphids in the presence of parasitism (Wilcoxon 

rank sum test, p = 0.68) (table 1). 

(c) Fecundity costs associated with double infections

We found severe fecundity costs associated with double-infections in the absence 

of parasitism. At 16 days post reproductive onset, the mean number of offspring 

(per cup cage = 4 aphids) produced by uninfected aphids (in absence of 

parasitism) was 258, compared to only 51 produced by superinfected aphids 

(ANOVA F1,11 = 32.4, p = 0.0002) (figure 2).

(d) Are their differences in SS density between singly and doubly-infected 

aphids? 

Densities of T-type SS were similar in singly and superinfected A. pisum (figure 

3) (ANOVA of Log Density/uL F1,18 = 0.018, p = 0.9). Average T-type SS 

densities were approximately 3000 SS/µL in singly (N = 9) versus superinfected 

hosts (N = 10).  Densities of R-type SS, however, were 20 fold greater in doubly-
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infected aphids compared to singly infected aphids (figure 3) (ANOVA of Log 

Density/uL F1,16  = 61.4, p < 0.001). Densities of R-type SS averaged 200 SS/µL

in singly infected hosts (N = 10), but jumped to 3800 S/uL in superinfected A. 

pisum (N = 8).  Qualitatively, it is interesting to note that the resistance rank 

(R<T<R&T) corresponds broadly to total SS densities; increasing densities lead 

to increased resistance.

(e) Distributions of A. pisum SS in N. Utah

Table 2 shows the prevalence of SS associated with 120 pea aphid clones 

collected from alfalfa in N. Utah.  All genotypes tested positive for the aphid 

primary symbiont Buchnera. In clones that tested negative for all described SS of 

A. pisum, we screened with universal bacterial primers that amplify bacteria other 

than Buchnera, but we did not detect any other bacteria. A sub-sample of 30 

aphids was screened for Wolbachia, Cardinium, and Arsenophonus; none were 

detected.  A. pisum superinfected with both R- and T-type SS were less prevalent 

in our survey than expected by chance (G2 Likelihood Ratio Test, p = 0.002) 

(table 2). Other superinfections occurred within expected prevalence ranges: PAR 

+ R-type (G2 Likelihood Ratio Test, p = 0.60) and PAR + T-type (G2 Likelihood 

Ratio Test, p = 0.21) (Table 2).
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4. Discussion

In this study, we found that the same clonal lineage of A. pisum co-infected with 

both R- and T-type SS exhibits even greater resistance to parasitism by A. ervi 

than clones singly infected with either R- or T-type SS (figure 1). The greater 

resistance phenotype may be the result of total higher densities of SS that we 

found in superinfected aphids (figure 3), or it could reflect the combined action of 

distinct defensive mechanisms of each symbiont type. The added benefit to 

superinfection appears surprising, however, in light our survey of A. pisum SS in 

N. Utah, which found a lower prevalence of aphids superinfected with R- and T-

type SS than expected (table 2). The lower than expected prevalence of these 

double infections may occur if superinfections are unstable, resulting in a 

winnowing to single infection status. However our superinfected A. pisum lineage 

has been maintained in the laboratory for a minimum of 40 generations.

Instead, multiple infections with R- and T-type SS are almost certainly 

rare due to the severe fecundity cost associated with double infection compared to 

uninfected controls (figure 2).  There are no or only slight costs associated with 

single infection with either R or T-type SS (J. Russell unpublished, Chen et al. 

2000). Even in the presence of parasitism there appears to be no benefit to 

superinfection (table 1). This contrasts with our finding that there are clear 

benefits to infection in the presence of parasitism with single infections of T-type 

SS (figure 2).  Given the severity of the cost associated with double infections, it 

may be surprising that we find them at all. One explanation is that the cost to 
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superinfection may not be as severe in other host backgrounds. Likewise, 

different isolates of R- and T-type SS may differ in degree (or kind) in regard to 

effects exerted on hosts, such that certain pairs of R- and T-type isolates may not 

be as detrimental to hosts.  Another possibility is that we are sampling doomed 

transient superinfections resulting from frequent horizontal transfer events in the 

field. While A. pisum SS are primarily transmitted vertically, phylogenetic 

evidence indicates that occasional horizontal transfer is necessary to explain 

current SS distributions in natural populations (Russell et al. 2003). 

Q-PCR estimates of SS density indicate that numbers of T-type SS do not 

differ between singly and superinfected lineages (figure 3). This finding is similar 

to reports that Wolbachia densities are regulated independently in superinfected 

hosts (Rousset et al. 1999, Mouton et al. 2003, Ikeda et al. 2003, Mouton et al.

2004).  R-type SS densities, in contrast, increased 20-fold in superinfected aphids 

compared to aphids infected with R-type SS only. The severe fecundity cost 

found in superinfected aphids may be the result of this over-proliferation of R-

type SS in doubly-infected hosts. Alternatively, this cost in superinfected lineage 

could result from hostile interactions between SS or some combination of over-

proliferation and antagonistic interactions. A correlation between virulence and 

bacterial density has been documented for Wolbachia infecting Drosophila and 

Asobara (McGraw et al. 2002, Mounton et al. 2004). There may be competing 

selective pressures between maintaining high enough densities to ensure vertical 

transmission, while reducing fitness costs to hosts (Mouton et al. 2004). 
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To invade a host population, vertically transmitted (VT) microorganisms 

must cause their hosts to produce more infected daughters than the number of 

daughters produced by uninfected females (Bull 1983, Werren & O’Neill 1997). 

In the presence of parasitism, T-type SS confer resistance to A. ervi and T-

infected aphids produce more offspring than uninfected aphids, indicating that 

these symbionts can invade and persist in host populations. Despite the added 

resistance conferred by superinfection with R- and T-type SS, greatly reduced 

fecundities would prevent invasions of the superinfection into A. pisum

populations. These results indicate that while we have focused almost exclusively 

on the host-symbiont interaction, interactions among the symbionts themselves 

likely play a critical role in determining the distributions of symbionts in natural 

populations.Such interactions would not be surprising in that interference among 

bacterial clones is known to be common within the gamma-Proteobacteria. 

Interference could result from any of several well-characterized mechanisms, such 

as quorum sensing and bacteriocin production (Lerat & Moran 2004, Parret &, De 

Mot 2002).
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Figure 1.Effect of SS infection status on raw proportion of A. pisum successfully 

parasitized by A. ervi. Numbers above columns represent the total number of 

aphids counted as alive or parasitized.

Figure 2. Cumulative fecundities of uninfected versus superinfected unparasitized 

A. pisum.Mean number of offspring per cup cage (= 4 aphids) +/- SE (* p, 0.05, 

** p < 0.01, *** p, 0.001).

Figure 3. Comparison of SS densities in singly versus superinfected A. pisum.

Columns corresponding to (A) represent the densities of T-type SS in singly T-

infected aphids (light bar) and superinfected aphids (dark bar), whereas those 

corresponding to (B) represent the densities of R-type SS in singly R-infected 

aphids (light bar) and superinfected aphids (dark bar). 

Short title: costs and benefits of superinfection
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Table 1.  Fecundities (0 – 18 D post-parasitism) of parasitized A. 
pisum Wilcoxon rank sum tests comparing fecundities per arena ( = 4 
aphids) for each artificially inoculated lineage (T-only, R-only, R + T) 
to the uninfected control lineage. 

infection Status

uninfected T-only R-only R + T 

n 34 34 34 12

mean; 
median
Fecundity 

28.0; 0 87.9; 

73.5

34.2; 10.0 13.7;7.0

Wilcoxon 
rank
sum test

N/A p=0.000

3

p=0.48 p=0.67
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Table 2.  Frequency of A. pisum SS collected from N. 
Utah. (n = 120)

symbiont frequency expected G2 

Likelihood 
Ratio test

uninfected 32.5%

R-Type 18.3%

T-type 40%

U-type 0%

PAR 5.8%

R + T-type 0.8 % 7.3 % p = 0.002

T-type + PAR 0.8% 2.3% p = 0.21

R-type + PAR 1.7% 1.1% P = 0.60
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APPENDIX C.

GENERALITY OF SYMBIONT-MEDIATED RESISTANCE TO PARASITISM IN 
ACYRTHOSIPHON PISUM
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ABSTRACT

While insect-microbe associations are widespread in nature, the effects of particular 

symbionts on the phenotype of the host are rarely known. Pea aphid populations are 

known to harbor several vertically transmitted facultative (= “secondary”) symbionts in 

addition to the obligate primary symbiont, Buchnera aphidicola. Previously we found 

that, in a controlled genetic background, single isolates of the symbionts Hamiltonella 

defensa and Serratia symbiotica (formerly under the informal names “T-type” and “R-

type”) confer partial resistance to the parasitoidAphidius ervi. In this study, we explored 

whether variation in symbiont-imposed effects are a potential basis for variation in 

resistance of A. pisum to A. ervi. We examined multiple H. defensa isolates in a common 

genetic A. pisum background to determine if H. defensa generally confers resistance, and 

whether isolates differ with respect to levels of resistance conferred. We also examined 

the resistance phenotype of one particular H. defensa isolate in multiple aphid clones to 

determine if an interaction between symbiont and host genotype influences the 

expression of resistance. We found that multiple H. defensa isolates all conferred 

resistance irrespective of host genotype. Further, the levels of resistance expressed were 

highly variable among aphids infected with different isolates, ranging from 19% to nearly 

100% resistance. We also found that a single isolate of H. defensa from A. pisum

conferred similar levels of resistance in five distinct aphid genetic backgrounds. These 

results provide evidence that symbiont-mediated resistance to parasitism is a general 

phenomenon in A. pisum and that, for the set of isolates and genotypes considered, the 

symbiont isolate is more important in determining the level of resistance than aphid 
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genotype or than the interaction between isolate and aphid genotype. Thus, acquisition of 

a heritable symbiont appears to be a major mode of adaptation to natural enemy pressure 

in these insect populations. 
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INTRODUCTION

Vertically transmitted bacterial symbionts are widespread in insects (e.g. Buchner 1965, 

Werren & Windsor 2000, Douglas 1989, Weeks & Stouthamer 2003, Zchori-Fein & 

Perlman 2004), but, in the vast majority of instances, we do not know the role of the 

symbiont in particular host-symbiont interactions.  Since vertically transmitted microbes 

are entirely dependent on host reproduction for transmission, any benefit conferred to the 

host that increases host survival or fecundity relative to their uninfected counterparts 

enhances symbiont transmission within host populations (Bull 1983).   Most benefit-

conferring symbioses that have been characterized in invertebrates are nutritional (e.g. 

Douglas 1989, Campbell 1989. Buchner 1965). For instance, insects that feed only on 

nutrient-limited substrates (e.g. plant sap, blood) often harbor mutualistic microorganisms 

that supply nutrients lacking in their diets. Nutritional interactions, however, represent 

only one of several potential types of beneficial symbioses. Among other roles, 

symbionts can confer ability to avoid or overcome attack from natural enemies. Relative 

to microorganisms, animals are metabolically constrained, and they can benefit from 

microbial synthesis of substances that aid in their defense. Two recently discovered 

examples of symbiont-mediated defense are found in the staphylinid beetle Paederus, and 

the marine bryozoan, Bugula; in both, bacterial symbionts produce polyketides that 

confer protection against predation (Kellner 2001& 2002, Piel et al. 2002 Lopanik et al. 

2004).   
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Recent studies of the symbionts of Acyrthosiphon pisum (the pea aphid) also 

support the idea that symbionts may exert diverse effects on their host’s phenotype 

(Douglas & Prosser 1992, Chen et al. 2000, Montllor et al. 2002, Oliver et al. 2003, 

Tsuchida et al. 2004).  Pea aphid populations around the world are known to harbor at 

least five vertically transmitted (mother to offspring) facultative (=”secondary”) 

symbionts (SS) in addition to the obligate primary symbiont, Buchnera aphidicola. While 

the nutritional function of Buchnera is relatively well understood (Douglas 1998, 

Shigenobu et al. 2000), the roles of these SS in A. pisum are only now coming to light. 

Regiella insecticola (formerly the U-type or PAUS) has been implicated in host-plant 

specialization in Japanese A. pisum (Tsuchida et al. 2004, but see Leonardo 2004), and 

Serratia symbiotica (R-type or PASS in these studies) has been implicated in thermal 

tolerance in N. American A. pisum (Chen et al. 2000, Montllor et al. 2002). Most relevant 

to the current study is the finding that isolates of both S. symbiotica and H. defensa (T-

type or PABS) SS confer partial resistance to parasitoids (Oliver et al. 2003). 

Resistance of insect hosts to parasitoid attack is widespread (Vinson 1990). 

Resistance is often mediated by insect host hemocytes that encapsulate parasitoid eggs 

(e.g. Dunn 1986, Lackie 1988, Strand & Pech 1995), but encapsulation is not required for 

the expression of resistance. Aphids rarely encapsulate parasitoid eggs, yet Acyrthosiphon 

pisum (pea aphid) clones have been observed to vary greatly in resistance to parasitism 

by an important natural enemy, the solitary endoparasitic wasp, Aphidius ervi (Henter and 

Via 1995, Ferrari et al. 2001, Losey et al. 1997, Hufbauer and Via 1999, Hufbauer 2001, 

Hufbauer 2002, Liet al. 2002). We found that single isolates of two A. pisum SS, S. 
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symbiotica and H. defensa, conferred resistance to parasitoid attack in a single common 

genetic background by causing mortality of developing A. ervi larvae (Oliver et al. 2003). 

This finding indicates that at least some of A. pisum’s variation in resistance to parasitism 

is attributable to vertically transmitted (mother to offspring) symbionts rather than to the 

aphid nuclear genome. This view is corroborated by the work of Ferrari and colleagues 

(2004), who found a correlation between the presence of H. defensa (called PABS in that 

study) among A. pisum clones and resistance to attack from both A. ervi and its congener

A. eadyi. 

These results do not indicate the extent to which variation in pea aphid resistance 

is caused by variation in the symbiont isolate, the host nuclear background, or 

interactions between isolate and host background.  Little variation within both  S. 

symbiotica and H. defensa has been found in the 16S rDNA sequence (Russell et al. 

2003) or in two other protein-encoding genes (Moran et al. in press), yet bacteria that 

display little divergence at orthologous genes often exert very different phenotypes on 

their hosts. For example, isolates of the arthropod reproductive parasite Wolbachia that 

are identical at 16S rDNA have been shown to exhibit very different phenotypes (Zhou et 

al. 1998). In well-studied systems of pathogenic bacteria infecting humans, such as 

Escherichia coli and Salmonella enterica, it is known that horizontally transferred genes 

are the primary basis for pathogenic effects in hosts and that a large proportion of such 

elements arrive via bacteriophage (e.g., Welch et al. 2002). All tested isolates of H. 

defensa possess such bacteriophage (van der Wilk et al. 1999, Sandström et al. 2001), and 

these are a possible basis for genetic heterogeneity among isolates.  Such variation has 
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been noted in another system in which the symbiont provides defense: the particular 

isolate of fungal endophyte in perennial ryegrass determines the level of resistance to 

weevil herbivory (Bultman et al. 2003).  It is possible, then, that different isolates of H. 

defensa vary substantially in the degree to which they protect hosts from parasitism.

We might also expect interactions between symbiont isolate and host genetic 

background.  For example, transfer of the same Wolbachia isolate between Drosophila 

simulans and D. melanogaster reveals host-symbiont interactions that affect the intensity 

of CI expression (Boyle et al. 1993, Poinsot et al. 1998). In fact, transfections of the same 

Wolbachia isolate may exert completely different reproductive manipulations in different 

host backgrounds (Sasaki et al. 2002).

In this study, we seek to determine if the symbiont-mediated resistance phenotype 

is a general phenomenon in A. pisum/A. ervi interactions. We examine multiple H. 

defensa isolates in a common genetic background of A. pisum to determine if the 

resistance phenotype is a general property of H. defensa in A. pisum, and whether isolates 

differ with respect to levels of resistance. We also examine the resistance phenotype of 

one particular H. defensa isolate in multiple aphid genetic backgrounds to determine if 

interactions between symbiont and host genotype can influence the expression of 

resistance. 
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METHODS

Study system

Acyrthosiphon pisum, accidentally introduced to North America from Europe around 

1870, is a polyphagous pest of legumes, including forage crops such as clover and alfalfa, 

and vegetables such as peas and lentils (Eastop 1966, González et al. 1995). This aphidis 

cyclically parthenogenetic in much of its range.  Reproduction is asexual during the 

summer, and, in response to decreasing photoperiod, sexual forms appear in the fall that 

produce eggs that overwinter on their host plants (Lamb & Pointing 1972). In US 

populations, genetically distinct host races of A. pisum on clover and alfalfa have been 

identified (Via 1999).  Our A. pisum cultures are maintained as separate clones, each 

descended from a single parthenogenetic female. All clones are maintained on caged 

Vicia faba (fava bean) and held in an environmental chamber at 20° C +/- 1° C, and 16:8 

L: D.

The five types of SS that are found at intermediate frequencies include three 

phylogenetically distinct gamma-proteobacterial lineages, provisionally referred to as the 

R-, T- and U-types (Sandström et al. 2001, Chen et al. 1996, Unterman et al. 1989, 

Fukatsu et al. 2000), a Rickettsia (alpha-proteobacteria) (Chen et al. 1996), and a 

Spiroplasma (Mollicutes) (Fukatsu et al. 2001).  The γ-proteobacterial symbionts have 

now been formally named, but until recently have been referred to by multiple 

provisional labels.   Serratia symbiotica has been called the R-type SS, S-sym, or PASS 
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(Unterman et al. 1989, Chen et al. 1996, Chen & Purcell 1997), whereas Hamiltonella 

defensa has been called the T-type SS or PABS (Darby et al. 2001).

Aphidius ervi (Haliday) (Hymenoptera: Braconidae), also introduced to N. 

America from Europe, is a solitary endoparasitoid (Angalet & Fuester 1977).  The adult 

female wasp lays an egg inside its aphid host.  The egg hatches, and the resulting larva 

feeds and develops inside the living aphid over a period of 5-8 days, eventually killing 

the host and causing the aphid cuticle to stretch and harden, a process known as 

mummification.  This intimate physiological and biochemical association between 

endoparasitoid and aphid provides an opportunity for interactions between host defenses, 

SS and developing wasp larvae. Aphidius ervi was collected in Tompkins County, NY in 

2000, and is now in continuous culture in the M. Hunter laboratory (University of 

Arizona) on A. pisum clone 5A, which does not harbor SS.

Establishment of experimental lineages. 

We used a microinjection technique (Chen and Purcell 1997, Oliver et al. 2003), to 

experimentally manipulate SS infection status, thus allowing us to study the effects of a 

particular SS in comparison with others or with uninfected aphids, all with the same host 

genetic background. The densities and location of S. symbiotica in artificially infected 

aphids are similar to those found in naturally infected aphids (Oliver et al. 2003), and we 

generally expect artificially inoculated lineages to be very similar to natural counterparts 

with respect to SS density and localization.  To ensure that aphid cultures were not 

contaminated, we verified the nuclear genotypes of experimental lineages with a 
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diagnostic fingerprinting technique (intersequence simple repeats or ISSR) (Sandström et 

al. 2001, Abbot 2001). Diagnostic PCR was used to verify stability of SS composition 

(Sandström et al. 2001). Diagnostic PCR primers and reaction conditions for H. defensa

can be found in Oliver et al. (2005, submitted). Parasitism assays (see below) were 

conducted a minimum of 15 generations after the artificial-inoculation procedure to allow 

SS densities to approach equilibrium within the aphid host.

Generality of SS-mediated resistance in multiple A. pisum clonal lineages. 

To determine whether the same H. defensa isolate generates similar resistance effects in 

multiple aphid backgrounds, we artificially inoculated five uninfected A. pisum clones 

with H. defensa isolate obtained from aphid clone 82B (New York). We previously found 

that this 82B H. defensa conferred a 43% reduction in successful parasitism by A. ervi in 

a single aphid clone (5A) (Oliver et al. 2003). In addition to this 82B→5A lineage, which 

has been maintained in the lab for four years without loss of SS (verified with diagnostic 

PCR), we infected four additional clonal lineages of A. pisum (7A, A2A A2E, and BID) 

with H. defensa from aphid clone 82B. These artificially infected lineages are named 

82B→7A, 82B→A2A, 82B→A2E, and 82B→BID, respectively (Table 1A). For 

logistical reasons, resistance assays for the five treatments were conducted in two 

experiments. In experiment one, 82B→7A and 82B→5A were assayed in comparison 

with their corresponding uninfected clonal lineage (i.e. 7A & 5A). In the second 
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experiment, 82B→A2A, 82B→A2E, and 82B→BID were assayed in comparison with 

their corresponding uninfected clonal counterparts (i.e. A2A, A2E and B1D). 

Resistance effects of different H. defensa isolates in the same A. pisum clonal lineage. 

We also investigated the role of different H. defensa isolates transferred into the same 

aphid genetic background (clone 5A). In addition to the 5A clonal lineage already 

artificially inoculated with the H. defensa  isolate from clone 82B, we created three 

additional 5A clonal lineages with H. defensa isolates from three additional A. pisum

clones (A1A, A2C, and A2F), resulting in experimental lineages A1A→5A, A2C→5A, 

and A2F→5A, respectively. We also inoculated clone 5A with H. defensa isolated from 

another aphid species, Aphis craccivora, to yieldclone HdAc→5A (Table 1B). Again, for 

logistical reasons, we conducted two experiments to perform the resistance assays for all 

five treatments. In the first experiment, we compared the resistance phenotype of the 

A1A→5A, A2C→5A, and A2F→5A lines to that of SS-free lineage 5A. In the second 

experiment, we compared 82B→5A and HdAc→5A to their uninfected counterparts.

Resistance bioassays.

The susceptibility of our artificially inoculated lineages to parasitism was measured using 

an assay modified from Henter and Via (1995) and used in Oliver et al. (2003).   Using a 

consisting of a modified polystyrene cup inverted over a potted V. faba plant, we 

confined thirty second-instar A. pisum nymphs 20–24hr prior to wasp introduction. Just 

prior to the experiment, wasps were given oviposition experience by exposing them to 
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uninfected aphids. Females with oviposition experience were then individually assigned 

at random to the control or one of the experimental lineages.  We removed wasps from 

arenas after 6 hours. Arenas (caged colonies of exposed aphids) were incubated at 20° C 

+/- 1° C and 16L: 8D. After 10 days, we counted the numbers of surviving aphids and 

mummies to determine susceptibility to parasitism. Using JMP-IN 4.0 statistical 

software, we analyzed the proportion of successfully parasitized aphids in a logistic 

regression framework.  
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Results

Does a single H. defensa isolate confer resistance to parasitism in multiple A. pisum

clonal lineages?

The 82B H. defensa isolate conferred similar levels of resistance to parasitism by A. ervi 

in all five A. pisum host backgrounds (Figure 1 (A & B), Table 2A). Reductions in 

successful parasitism for H. defensa infected aphids ranged from 32 -41% in experiment 

one, and from 45 -56% in experiment two. Further, in each of the two experiments, 

degrees of resistance did not vary significantly among clones infected with the 82B 

isolate (Table 2B). Mean resistance varied by 9% among infected line in the first 

experiment and by only 3% in the second experiment. In addition, levels of resistance to 

parasitism by A. ervi did not vary significantly among uninfected clones in each of the 

two experiments (Table 2B). The greatest mean difference in resistance between 

uninfected clones in the same experiment was 13%.

Do different A. pisum H. defensa isolates confer resistance to parasitism by A. ervi in 

a common aphid genetic background?

All four H. defensa isolates originating from A. pisum conferred resistance to parasitism 

by A. ervi in A. pisum clone 5A (Figure 2 (A & B), Table 3A), with reductions in 

successful parasitism ranging from 29 – 82%.  Interestingly, the levels of resistance 

conferred varied significantly among different A. pisum-derived H. defensa isolates in the 

same aphid background (Figure 2B, Table 3B). The H. defensa isolate from A. pisum 
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clone A1A, from Utah, in particular conferred extremely high levels of resistance. In the 

second experiment, the H. defensa HdAc isolate from a different aphid species also 

conferred resistance to parasitism by A. ervi in this A. pisum lineage (5A) (Figure 2B). 

The HdAc isolate and 82B isolate also conferred significantly different levels of 

resistance (Table 3B).

DISCUSSION

Symbiont-mediated resistance to parasitism appears to be a general phenomenon 

in the herbivorous insect, A. pisum. We found that a single isolate of H. defensa from A. 

pisum conferred resistance to parasitism by A. ervi in five distinct aphid genetic 

backgrounds (Figure 1, Table 2). In addition, four different H. defensa isolates, acquired 

from distinct A. pisum clones, all conferred resistance to parasitism by A. ervi in a single 

aphid clonal background (Figure 2, Table 3).  The same result was found for a fifth H. 

defensa isolate transferred from a different aphid species, Aphis craccivora (also attacked 

by aphidiine braconid parasitoids), suggesting that the defensive role of H. defensa may 

be found in other hosts as well. Thus, multiple H. defensa isolates confer resistance, 

irrespective of genetic background of the A. pisum clone in which they are found. This 

finding complements a correlative study by Ferrari et al. (2004) in which clones with H. 

defensa (called PABS in that study) were more likely to be resistant to parasitism by both 

A. ervi and its congener A. eadyi. While the H. defensa isolates all conferred resistance in 

our study, levels of resistance were highly variable, ranging from 19% to nearly 100% 
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resistance (Table 3B, Figure 2A).  In contrast, the levels of resistance conferred by the 

same H. defensa isolate (82B) were similar in different aphid genotypes (Table 2B). 

These results indicate that the symbiont isolate is more important in determining the level 

of resistance than either aphid genotype or the interaction between isolate and aphid 

genotype, at least for the sample of aphid genotypes in this study. 

Although our experimental design does not allow us to compare the resistance 

levels of all uninfected clones used in this experiment, there do appear to be some 

differences in resistance to parasitism between the uninfected clones assayed in the first 

experiment (Figure 1B, clones 5A (NY) and 7A (WI), raw mean = 86% susceptible) and 

the uninfected Utah clones assayed in the second experiment (Figure 1A, clones A2A, 

A2E. B1D, raw mean = 66% susceptible). However, even if these differences are real, 

they are small compared to the differences attributable to presence/absence or isolate of 

H. defensa. Differences in resistance also occur between species of SS that infect pea 

aphids; the previous study showed differences in level of resistance conferred by the 82B 

isolate of H. defensa (T-type in that study) and by an isolate of another symbiont species, 

S. symbiotica (R- type) (Oliver et al. 2003). 

Given these results, one might speculate that the bulk of the tremendous variation 

in resistance to parasitism by A. ervi found in A. pisum populations in nature (Henter & 

Via 1995, Ferrari et al. 2002) may be due to aphid SS rather than aphid nuclear genes. 

This could be further explored by measuring the resistance of numerous H. defensa-

infected A. pisum clones before and after selective antibiotic curing of the SS (Koga et al.

2004). 
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Little is known about the physiological mechanisms of parasitoid resistance in 

aphids, and nothing is known about the mechanism by which bacterial symbionts 

contribute to this resistance. It is interesting to note that unlike many model systems in 

insect immunity such as Drosophila, aphids rarely encapsulate parasitoids. In A. pisum, 

an encapsulation response to A. ervi appears very weak or non-existent (Oliver, personal 

observation). To describe A. pisum − A. ervi interactions, Falabella et al. (2000) proposed 

a model in which the survival and growth of the parasitoid larva depends on the wasp 

successfully shifting the nutritional balance of the aphid host to favor the developing 

wasp larva. In susceptible aphids the parasitoid manipulates the bacteriocytes (aphid cells 

that harbor both primary and secondary symbionts) in ways which favor wasp growth 

(also see Cloutier and Douglas 2003). According to this model, then, resistant aphids may 

be those in which the manipulation is blocked and the parasitoid larva simply fails to 

thrive. Aphids may use defensive mutualisms with bacterial symbionts in lieu of or in 

combination with nuclear resistance mechanisms. Host resistance via encapsulation in 

Drosophila is often costly (Kraaijeveld & Godfray 1997, Fellowes et al. 1999, 

Kraaijeveld et al. 2001), but no clear costs to infection with H. defensa have been 

demonstrated in A. pisum (Russell, PhD dissertation). Symbiont-mediated defense may 

explain why encapsulation is rare in aphids. As yet, nothing is known of genes underlying 

possible immune responses in aphids. Indeed, although more than 40,000 expressed 

sequence tags are now publicly available for A. pisum, none show detectable homology to 

genes known to be involved in innate immunity, although such homologies can be found 

between the genes from humans, Drosophila and nematodes. This raises the possibility 
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that aphids exhibit reduced or greatly modified immune systems and that symbiont-

mediated defense is especially important in aphid biology. 

A role of symbionts as agents in host defense is not limited to the A. pisum-A. ervi

system. Examples of defensive mutualisms involving microorganisms can also be found 

in plants (Clay 1990, Arnold et al. 2003) and both marine and terrestrial arthropods (Gil-

Turneset al. 1989, Hsaio 1996, Kellner 2001& 2002, Lopanik et al. 2004). The A. pisum

− H. defensa− A. ervi interaction is well-suited to become a model system for studying 

symbiont-mediated resistance to natural enemies. The symbionts of A. pisum are among 

the best-studied and the A. pisum − A. ervi interaction has already been studied from 

multiple perspectives, including behavior (Battaglia et al. 2000, van Veen et al. 2001, 

Sloggett & Weisser 2002), population and community ecology (Morris et al. 2001, 

Rauwald & Ives 2001, Pope et al. 2002, Snyder & Ives 2003) and the physiological 

aspects of the interaction (Digilio et al. 1998 & 2000, Falabella et al. 2000, Rahbe et al. 

2002, Giordana et al. 2003). Understanding and appreciating symbiont-mediated 

resistance to parasitism also have important implications for biological control of 

herbivorous pests. The success of such programs clearly depends on the host population 

being susceptible to parasitoid attack.  The variation in A. pisum  resistance to parasitism 

due to SS may explain periodic failures of parasitoids to limit aphid abundance and 

damage in agricultural settings (González et al. 1995) .

In this study, the primary source of the large observed variation in parasitoid 

resistance is the result of symbiont infection. Another study (Oliver et al. submitted) 

showed that such variation in resistance does coincide with variation in reproductive 
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output. Thus, acquisition of a particular secondary symbiont can be seen as a mode of 

adaptation by which A. pisum lineages can lessen effects of attacking parasitoids. 

Although we have not excluded the possibility that other A. pisum genotypes differ in 

resistance to A. ervi or other natural enemies, these results provide additional evidence 

that symbiosis can act as a source of adaptive change during evolution.  
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Figure 1. Proportion of A. pisum parasitized by A. ervi. Each treatment in these two 

figures represents different A. pisum clones, each harboring the same H. defensa isolate 

(82B), Figures 1A and 1B correspond to separate experiments with different A. pisum 

clones. Numbers above bars indicate total number of aphids examined.

Figure 2. Proportion of A. pisum parasitized by A. ervi. Each treatment in these figures 

represents different lineages of the same A. pisum clone(5A), each with a distinct H. 

defensa isolate. Figures 1A and 1B correspond to separate experiments with different H. 

defensa isolates. Numbers above bars indicate the total number of aphids examined.
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Table 1: Creation of experimental lineages
A: Same H. defensa isolate infecting multiple uninfected A. 
pisum clones
A. pisum 
Donor Clone 
Name 
(Location)

Secondary
Symbiont

Uninfected 
Recipient 
Clone 
(Location)

New Clonal 
Lineage

5A (Wisconsin) 82B→5A
7A

(New York)
82B→7A

A2A (Utah) 82B→A2A
A2E (Utah) 82B→A2E

82B (New York) H. defensa

B1D (Utah) 82B→B1D

B: Multiple H. defensa isolates infecting same uninfected clone
A1A (Utah) A1A→5A
A2C (Utah) A2C→5A
A2F (Utah) A2F→5A
82B (New York) 82B→5A
Aphis 
craccivora 
(Arizona)

H. defensa 5A (Wisconsin)
HdAc→5A
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Table 2:  Logistic regression analyses of resistance effect of the 82B H. 
defensa isolate in different A. pisum genotypes. 
A: Comparing artificially inoculated lineage to their genetically 
identical counterparts
Assay Regression equation β1 β2

82B→5A vs. 5A Y = 1.66  + 0.84Hd82B  p<0.0001;
95% CI:
0.63 to 1.05

82B→ 7A vs. 7A Y = 1.12 + 0.60Hd82B p<0.0001; 
95% CI: 
0.43 to 0.77

82B→A2A  vs. 
A2A

Y = 0.20+ 0.45Hd82B p<0.0001; 
95% CI: 
0.24 to 0.66

82B→B1D vs. 
B1D

Y = 0.21+ 0.40Hd82B P = 0.0007
95% CI: 
0.17 to 0.64

82B→A2E vs. 
A2E

Y = 0.27+ 0.53Hd82B p<0.0001; 
95% CI: 
0.34 to 0.72

B: Comparing resistance effects among H. defensa infected lineages and 
among uninfected lineages
5A vs. 7A Y = 1.86+ 0.147A p = 0.21; 

95% CI: 
-0.08 to 0.36

82B→5A vs. 
82B→ 7A

Y = 0.42 - 0.0982B-7a p = 0.25; 
95% CI: 
-0.25 to 0.07

B1D vs. A2A vs. 
A2E

Y = 0.69 - 0.04A2A + 
0.12A2E

p = 0.78
95% CI: 
-0.28 to 0.20

p = 0.33 
95% CI: 
-0.12 to
0.36

82B→B1D vs. 
82B→A2A vs. 
82B→A2E

Y = -0.23 - 0.01882B-A2A

- 0.0382B-A2E
p = 0.89
95% CI: 
-0.26 to 0.22

p = 0.80
95% CI: 
-0.27 to 
0.21
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Table 3:  Logistic regression analyses of different H. defensa isolates on A. pisum
survival in a single aphid clonal lineage
A: Comparison of resistance effect of the artificially inoculated lineages to 
genetically identical counterparts
Assay Regression 

equation@
β1

* β2
* β3

*

Multiple A. pisum 
H. defensa isolates 
into clone 5A

Y = -2.04  + 
1.66HdA2F + 
1.70HdA1A  + 
0.35HdA2C

 p<0.0001;
95% CI:
1.44 to 1.88

 p<0.0001;
95% CI: 
1.50 to 1.93

p=0.0003;
 95% CI: 
0.16 to 
0.54

82B-5A and HdAc-
5A vs. 5A

Y = 0.61 + 0.64HdAc

+ 0.9382B
p<0.0001; 
95% CI: 
0.47 to 0.81

p<0.0001; 
95% CI: 
0.76 to 1.1

n/a

B: Comparison of resistance effect among H. defensa isolates
A2F→5A vs. 
A1A→5A vs. 
A2C→5A

Y = -0.83  -
0.90HdA1A + 
1.80HdA2C

p<0.0001; 
95% CI: 
-1.14 to -
0.66

p<0.0001; 
95% CI: 
1.57 to 
2.04

n/a

82B-5A vs. HdAc-
5A

Y =  0.61  -0.28Hd82B P = 0.001
95% CI: 
-0.46 to -
0.10

n/a n/a

@Regression equation is Y = β0 + β1X1+ ….βp Xp

           (statistics reveal whether β parameter estimates differed significantly from zero 
representing the relative difference in survival of H. defensa infected aphids

       compared to uninfected aphids)
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APPENDIX D.

INFLUENCES OF THE ACYRTHOSIPHON PISUM (PEA APHID) BACTERIAL 
SYMBIONT COMMUNITY ON THE HOST-PARASITOID INTERACTION
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ABSTRACT

Parasitoid wasps that grow within living insect hosts must create and maintain an 

environment suitable for larval development. This entails the redirection of resources 

from host functions to parasitoid nutrition while contending with host defenses. Bacterial 

symbionts of insect hosts add to the complexity of these interactions and may shift the 

outcome to favor either participant. Acyrthosiphon pisum (the pea aphid) is obligately 

associated with Buchnera aphidicola, a bacterium that supplies nutrients limiting in a 

phloem diet. In addition, A. pisum are often infected with facultative bacterial symbionts, 

called secondary symbionts (SS). The R- and T-type SS of A. pisum have been shown to 

confer resistance to parasitism by A. ervi by causing mortality to developing wasp larvae. 

We performed quantitative real-time PCR to estimate symbiont densities in A. pisum 

parasitized by Aphidius ervi and compared these todensities in unparasitized aphids of 

equal age. We estimated densities of R- and T-type SS in parasitized and unparasitized A. 

pisum of the same age to determine the effect of parasitism on SS numbers. We found 

that the densities of all of the bacterial symbionts of A. pisum increased when aphids were 

parasitized. Buchnera densities were 3.5 to 5.0 fold higher, and R- and T-type SS 

densities were nearly doubled in parasitized aphids compared to unparasitized controls. 

We also dissected parasitized T-infected A. pisum to ascertain larval wasp condition and 

the number of teratocytes, large cells derived from the extra-embryonic membrane.  We 

found a 32.5% decrease in the number of teratocytes in aphids containing dead or 
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moribund larvae compared to those with healthy larvae. Finally, we examined whether 

superparasitism affects the likelihood of successful development of parasitoids in aphids 

that are partially resistant due to their infection with T-type SS.  We found that 

superparasitism dramatically increased susceptibility to parasitism in T-infected A. pisum. 
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INTRODUCTION

Parasitoids that grow within their living host face two major physiological challenges. 

They must first create and maintain an environment suitable for wasp larval development. 

This may involve manipulation of host development and redirection of resources from 

host functions, such as reproduction, to parasitoid nutrition (Vinson & Iwantsch 1980a, 

1980b). Secondly,  endoparasitoids must contend with the immune responses of an insect 

host that is still active and has much to benefit by destroying the parasitoid (Godfray 

1994 & 2000, Strand 1986, Strand and Pech 1995).  It has recently become apparent that 

bacterial symbionts of the host may add to the complexity of these interactions, and may 

be either enslaved for their own use by the developing parasitoid, or be active agents in 

host defense (Rahbe et al. 2002, Cloutier & Douglas 2003, Oliver et al. 2003).

Large parasites, including endoparasitoids, normally invoke the host cellular 

response of encapsulation (Schmidt et al. 2001, Lavine & Strand 2002), but 

encapsulation is not required for a successful immune response. Encapsulation appears 

very rare in aphids, yet Acyrthosiphon pisum (pea aphid) clones have been observed to 

vary greatly in resistance to parasitism by the solitary endoparasitoid, Aphidius ervi

(Henter and Via 1995, Ferrari et al. 2001, Losey et al. 1997, Hufbauer and Via 1999, 

Hufbauer 2001, Hufbauer 2002, Li et al. 2002).  The susceptibility of A. pisum to 

parasitism by A. ervi may be contingent upon intricate interactions involving aphid 

immune responses, bacterial symbionts and both maternal and embryonic wasp factors, 

especially venom and extra-embryonic wasp cells called teratocytes. 
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Virtually all aphids are obligately associated with bacterial symbionts, Buchnera 

aphidicola. These vertically transmitted symbionts are housed in specialized host cells, 

called bacteriocytes, and supply amino acids and other nutrients limiting in the phloem 

diet (Buchner 1965, Munson et al. 1991, Lai et al.1994, Douglas & Prosser 1992, 

Shigenobu et al. 2000). Several recent studies of A. pisum/A. ervi physiological 

interactions suggest that the aphid obligate symbiont, Buchnera aphidicola, may have a 

role in determining the outcome of this interaction (Pennacchio et al. 1995 &1999, Rahbe 

et al. 2002, Cloutier & Douglas 2003). Rahbe and associates (2002) found that the 

biosynthetic capacity of Buchnera may be enhanced in the presence of parasitism (Rahbe 

et al. 2002). Parasitized A. pisum exhibited a significant increase in total free amino acids 

(AA) compared to unparasitized controls of the same age. Interestingly, only specific 

amino acids were upregulated, most strikingly the Buchnera dependent essential AA 

Tyrosine (Rahbe et al. 2002, Shigenobu et al. 2000).  Tyrosine is a precursor for melanin 

and large quantities may be required for wasp melanization (Brunet 1980, Zhou et al. 

1995). Another study found that parasitized A. pisum had more bacteriocytes with greater 

biomass (and embryos of lower biomass) than unparasitized aphids (Cloutier & Douglas 

2003). In general, bacteriocytes do not divide after birth and their numbers decline by 

apoptosis over the lifespan of the aphid (Douglas & Dixon 1987, Wilkinson & Douglas 

1998).  Thus, A. ervi appears to prevent bacteriocyte decay in A. pisum, resulting in 

increased nutrient availability for developing wasp larvae, although the mechanism of 

this phenomenon remains unknown.
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Parasitoid venom and extra-embryonic cells called teratocytes appear to both be 

important in the conversion of aphid resources to wasp nutritional demands. Using a 

microinjection technique, Digilio et al. (2000) discovered that A. ervi venom, normally 

injected by the mother during oviposition, resulted in rapid and dramatic degeneration of 

apical germarial cells and younger aphid embryos.  Negative effects of parasitism on A. 

pisum ovarioles was found to occur within 24 hours of parasitism by A. ervi (Polaszek 

1986) and aphids parasitized as 1st or 2nd instar nymphs are totally castrated (Digilio et al 

1998). Host castration, mediated by A. ervi venom, appears to be a strategyto shift host 

resources from aphid reproduction to developing wasps. Upon larval hatch,teratocytes, 

large cells that derive from the extra-embryonic membrane, are released into the aphid 

hemocoel. Teratocytes are generally thought to play a nutritional role in the development 

of the larval parasitoid (Dahlman 1990). In A. ervi, teratocytes associate closely with 

aphid bacteriocytes (Falabella et al. 2000). Two studies have found a correlation between 

the number and condition of teratocytes and the outcome of A. pisum/A. ervi interactions. 

Li et al. (2003) described a particular A. pisum clone in which, following parasitism, A. 

ervi teratocytes could not be found. This clone was highly resistant to parasitism. The 

second study described another partially resistant A. pisum clone, which contained fewer, 

smaller teratocytes, bacteriocytes with a reduced biomass and a higher biomass of aphid 

embryos compared to a susceptible clone (Cloutier & Douglas 2003).

 Falabella et al. (2000) proposed a model of A. pisum/A. ervi interactions (Figure 

1) in which the survival and growth of the parasitoid larva depends on the wasp 

successfully shifting the nutritional balance of the aphid host to favor the developing 
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wasp larva. In susceptible aphids, the parasitoid injects venom that degenerates the 

aphid’s ovarioles and results in partial or complete host castration. After teratocytes 

dissociate from the extra-embryonic membrane, they closely associate with aphid 

bacteriocytes, absorbing amino acids that would normally have been directed to aphid 

embryos, possibly serving as a nutrient sink to prevent a negative feedback mechanism 

from shutting down bacteriocyte production. The teratocytes use symbiont-derived amino 

acids to synthesize and excrete proteins the wasp larvae consume. According to this 

model, then, resistant aphids may be those in which the manipulation is blocked and the 

parasitoid larva simply fails to thrive. 

A further complexity in A. pisum/A. ervi interactions arises from the discovery 

that, in addition to Buchnera, A. pisum are often infected with non-essential, vertically 

transmitted symbionts, called ‘secondary symbionts’ (SS).  SS are found in bacteriocytes 

and other host tissues as well as in the aphid hemolymph (Unterman et al. 1989, Chen et 

al. 1996, Fukatsu et al. 2000 Fukatsu et al. 2001, Sandström et al. 2001). In a common A. 

pisum genetic background, single isolates of either R- or T-types SS (γ-Proteobacteria) 

were shown to confer partial resistance to parasitism by A. ervi by causing mortality of 

developing wasp larvae (Oliver et al. 2003). An A. pisum lineage superinfected with both 

R- and T-type SS exhibited even greater resistance to A. ervi than lineages singly infected 

with either R- or T-type SS (Oliver et al. 2005, submitted). Finally, a single isolate of T-

type SS conferred similar levels of resistance in multiple A. pisum host backgrounds, 

while different isolates of T-type SS conferred dramatically different levels of resistance 

in the same A. pisum background. Thus, SS genomes may play a larger role than those of 
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their hosts in determining resistance rates (Oliver et al. 2005b, submitted).  The 

mechanism of SS-mediated resistance to parasitism is unknown, but could be 

accomplished by any action that blocks the manipulation of the aphid host by A. ervi.

In this study we further explored the potential roles of aphid symbionts and wasp 

teratocytes in A. pisum/A. ervi interactions. We used real-time quantitative-PCR (QPCR) 

to examine symbiont densities in parasitized versus non-parasitized aphids of the same 

age. We examined densities of Buchnera in parasitized and unparasitized A. pisum to 

determine if Buchnera densities increase as expected by the previous report that numbers 

and biomass of bacteriocytes increase in parasitized A. pisum (Cloutier & Douglas 2003). 

Buchnera densities were also compared between aphids with and without T-type SS to 

determine if the presence of secondary symbionts affects the ability of the wasp to 

manipulate Buchnera levels.  We examined densities of R- and T-type SS as well, to 

determine how their densities are affected by parasitism. We also dissected parasitized A. 

pisum and compared the number of teratocytes between aphids containing healthy wasp 

larvae and those containing dead or moribund larvae. In order to test the importance of 

maternal and embryonic parasitoid contributions to the outcome of the parasitoid – host 

interaction, we examined whether superparasitism affects the likelihood of successful 

parasitoid development of parasitoids in aphids that are partially resistant due to their 

infection with T-type SS.   Superparasitism (defined here as two oviposition events) 

results in two eggs, twice the complement of teratocytes (Oliver, unpublished), and 

presumably doubles the amount of venom and any other maternal factor injected during 

oviposition. Aphidius ervi is a solitary endoparasitoid; regardless of the numbers of eggs 
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deposited, only one parasitoid will emerge from an aphid host. A single developing wasp 

may gain an advantage in the host-parasitoid conflict from a double dose of venom and 

teratocytes. Finally, we estimate densities of T-type SS in superparasitized aphids to 

determine if densities differ from those found in singly parasitized hosts. 

METHODS

Study organisms

Acyrthosiphon pisum is a pest of numerous herbaceous legumes including clover and 

alfalfa (Eastop 1966). This aphid was accidentally introduced to North America from 

Europe around 1870 (Mackauer 1968).   A. pisum is a cyclical parthenogen, and by 

mimicking summer conditions, clonal lineages can be maintained indefinitely in the 

laboratory. In these experiments, each clonal lineage of A. pisum consisted of 

descendants of a single parthenogenetic female kept in cages in an environmental 

chamber (See Oliver et al. 2003 for aphid and wasp collection information).  All aphid 

clones were maintained on Vicia faba (fava bean) at 20° C +/- 1° C, and 16:8 L: D.

Aphidius ervi (Haliday) (Hymenoptera: Braconidae) is an important natural 

enemy of A. pisum in North America (Angalet and Fuester, 1977). This wasp was also 

introduced from Europe in an effort to control A. pisum populations. An adult wasp 

deposits an egg, usually in an aphid nymph, and the resulting larva develops within the 
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living aphid, eventually resulting in the death of the aphid.  At the conclusion of wasp 

larval development (6 – 8 d), the aphid’s cuticle is transformed into a characteristic 

‘mummy’, in which the wasp pupates. A single free-living adult A. ervi emerges from the 

mummy. We maintained the wasp culture in the laboratory at 20° C +/- 1° C and 16L: 

8D, on an A. pisum clone uninfected with SS. 

Experimental A. pisum lineages

The clonal lineages of A. pisum used in these experiments were created using a 

microinjection technique (Chen and Purcell 1997, Oliver et al. 2003) to manipulate SS 

infection status in a way that allows us to examine the effects of particular SS in a 

common genetic background.  In this study, we used the singly-infected T-type lineage 

(82B→5A) established as described in Oliver et al. (2003) and the superinfected (R + T-

type SS) lineage (2BB + 82B →5A) established as described in Oliver et al. (2005a, 

submitted). We used a diagnostic fingerprinting technique (intersequence simple repeats 

or ISSR) to verify that experimental aphid lineages were of the same nuclear genotype 

(Sandström et al. 2001, Abbot 2001). We also regularly screened the experimental 

lineages with diagnostic PCR to ensure correct SS composition (Sandström et al. 2001, 

Oliver et al. 2005a). 

Density estimates of symbionts in parasitized and unparasitized A. pisum.

We performed QPCR using a Lightcycler (Roche Molecular Biochemicals, Indianapolis, 

IN, USA) to estimate and compare densities of three A. pisum symbionts in parasitized 
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versus unparasitized aphids of the same age. Individual A. pisum were singly parasitized 

by A. ervi in a Petri dish 48 hrs after birth (+/- 3 hr), then incubated at 20° C +/- 1° C and 

16L: 8D for either 24 hrs ( =72 hr treatment) or for 72 hrs (= 120 hr treatment) and were 

then stored at -80°C until DNA extraction (Engels et al. 1990). We used primers 

designed to amplify a 176 bp fragment of the HS70 (= dnaK)gene from Buchnera 

(HS70F2 ATGGGTAAAATTATTGGTATTG and HS70R2 

ATAGCTTGACGTTTAGCAGG). Primers designed to amplify fragments of the gyrB 

gene from R- and T-type SS can be found in Oliver et al. (2005a, submitted). As a 

negative control, we used a sample consisting of the reaction mixture and water instead 

of DNA accompanying each QPCR run. QPCR reaction concentrations and conditions 

can be found in Oliver et al. (2005, submitted). A melting curve analysis was performed 

at the end of each run, allowing us to confirm the identity and specificity of amplified 

products. Separate standard curves for the HS70 (= dnaK) Buchnera and R- and T-type 

gyrB fragments were generated using two independent serial dilutions (each) of the 

respective cloned fragments in a  TOPO TA plasmid vector (Invitrogen, Carlsbad, CA, 

USA). We calculated the relative DNA concentrations of each sample with aphid EF1-

alpha primers (Oliver et al. 2003) and calibrated SS densities accordingly. Density 

estimates are absolute copy numbers per µL of aphid. 

We estimated densities of Buchnera in a clone that was uninfected with SS and in 

a T-infected lineage with the same nuclear background.  For each A. pisum lineage, 

densities were estimated for aphids that had been singly parasitized by A. ervi and 

compared to those from unparasitized controls of the same age (= 72 hr).  We also 
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estimated densities of T-type SS in singly parasitized aphids and compared them to 

estimates of T-type densities in unparasitized controls of the same age at two time 

intervals (72 and 120 hr). In addition, we examined the densities of T-type SS in doubly 

parasitized (i.e. superparasitized) aphids. Finally, we estimated densities of R-type SS in 

singly parasitized aphids compared to unparasitized controls of the same age (= 120 hr).

Numbers of teratocytes and wasp larval condition in T-infected and superinfected 

(R + T-type SS) A. pisum 

We counted teratocytes in parasitized T-infected aphids to determine if there were 

differences in the number of teratocytes in aphids containing healthy wasp larvae 

compared to those found to contain a dead or moribund wasp larva. Second to early 3rd

instar A. pisum were singly parasitized by A. ervi in a Petri dish. Once parasitized, aphids 

were transferred in groups of 20 to 30 to V. faba plants in cup cages (Oliver et al. 2003) 

and kept at 20° C +/- 1° C and 16L: 8D until dissections were performed. Parasitized 

aphids were dissected between 4 -5 d after parasitism in a saline solution. We counted the 

number of teratocytes and noted whether the wasp larvae were healthy or dead/moribund. 

Superparasitism in A. pisum infected with T-type SS

We previously reported that A. pisum infected with T-type SS (isolate 82B) exhibited a 

42.5% reduction in successful parasitism by A. ervi compared to uninfected aphids of the 

same genotype (Oliver et al. 2003). We performed parasitism assays to determine if 

superparasitized aphids received the same protection from SS as singly parasitized 
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counterparts. We compared rates of successful parasitism in singly verses doubly 

parasitized isogenic A. pisum lines that were either uninfected with SS or infected with T-

type SS, but sharing a common genetic background.  In a Petri dish, aphids were either 

singly or doubly parasitized and then placed on a V. faba plant in a cup cage and 

maintained at 20° C +/- 1° C and 16L: 8D for 10 days. Mummies were then counted to 

assess rates of successful parasitism. Ten replicates, containing 10 aphids each, were 

conducted for all four treatments. We analyzed the proportion of successfully parasitized 

aphids using logistic regression. Statistical analyses were conducted using JMP-IN 4.0 

software (SAS Institute).

RESULTS

Does parasitism affect densities of Buchnera in A. pisum?

Buchnera is polyploid and chromosome number can vary with developmental stage 

(Komaki & Ishikawa 1999, 2000). Therefore, our QPCR estimates correspond to the 

number of chromosome copies, which will generally correlate with the number of 

symbiont cells.  In an A. pisum clone uninfected with SS and singly parasitized by A. ervi, 

copies of the Buchnera HS70 (= dnaK) gene increased dramatically 24 hrs after 

parasitism (ANOVA of Log densities, F1,14 = 28.9. P-value = 0.0001).  In these 72 hr old 

aphids, we found a mean of 159,500 copies of the Buchnera HS70 gene per µL of aphid 

(95% CI = 135,000 to 189,000, N = 7), a nearly 3.5 fold increase over the number in 
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unparasitized aphids (46,200 copies/µL of aphid 95% CI = 39,000 to 54,000, N = 8). We 

also found a similar increase in the number of copies of the Buchnera HS70 gene, 24 hr 

after parasitism, in the same aphid clone infected with T-type SS (ANOVA log densities, 

F1,14 = 36.9. P-value < 0.0001). In this case, we found a mean of 167,700 copies/µL in 

singly parasitized aphids (95% CI = 139,000 to 203,000, N = 7) a nearly 5-fold increase 

over the numbers of the Buchnera HS70 genein unparasitized aphids of the same age 

(34,200copies/µL: 95% CI = 28,600 to 37,000, N = 8). The presence of the T-type SS, 

however, did not influence Buchnera HS70 copy number.  Buchnera HS70 densities in 

T-infected and uninfected aphids did not differ in unparasitized aphids (ANOVA of Log 

densities, F1,154 = 1.16. P-value = 0.3) or in parasitized aphids (ANOVA of Log densities, 

F1,3 = 0.06. P-value = 0.8).

Does parasitism affect densities of T-type SS n A. pisum?

Densities of T-type SS increased significantly in 72 hr old A. pisum parasitized for 24 hrs 

(ANOVA log densities, F1,14 = 11.2 P-value = 0.005) (Figure 3). T-type SS increased 

from a mean of 3,600 copies/µL in unparasitized aphids (95% CI = 3,090 to 4,200, N = 

8) to 7,700 copies/µL in parasitized aphids (95% CI = 6,540 to 9,090, N = 7), 

representing a more than 2-fold increase. Densities of T-type SS also increased in 120 hr 

old aphids, parasitized for 72 hr (ANOVA log densities, F1,18 = 4.53 P-value = 0.048) 

(Figure 3). In unparasitized aphids we found a mean of 489,000 copies/µL (95% CI = 

417,000 to 574,000, N = 10) compared to a mean of 891,000 copies/µL in parasitized 

aphids (95% CI = 715,000 to 1,000,500, N = 9), a 1.8 fold difference. We note that the 
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nearly two fold difference in T-type SS densities between unparasitized and parasitized 

aphids stayed constant during the time interval of 72 – 120 hrs when T-type densities 

increased tremendously (about 125-fold) in both types of aphids.

Does parasitism affect densities of R-type SS in A. pisum?

Densities of R-type SS were also higher in 120 hr old aphids, parasitized for 72 hr 

compared with unparasitized aphids of the same age (ANOVA log densities, F1,19 = 9.18 

P-value = 0.007) (Figure 4). In unparasitized aphids we found a mean of 43,000 

copies/µL (95% CI = 38,200 to 48,500, N = 10) compared to a mean of 72,400 copies/µL

(95% CI = 64,200 to 81,600, N = 10) in parasitized aphids, a 1.7 fold increase. It is also 

interesting to note that densities of T-type SS in 120 hr old unparasitized A. pisum are 

over 11-fold higher than R-type SS densities in aphids of the same age (ANOVA log 

densities, F1,18 = 167.2 P-value < 0.0001).

Numbers of teratocytes in T-infected A. pisum  with healthy versus dead or 

moribund wasp larvae.

We found a 32.5 % decrease in the number of teratocytes in dissected aphids containing 

dead or moribund wasp larvae compared to those found with healthy larvae (ANOVA, 

F1,180 = 71.2 P-value < 0.0001) (Figure 5). A healthy wasp larva was found in 77 of 181 

aphids dissected, and these aphids had a mean of 23.7 teratocytes (95% CI = 23.0 to 

24.4). Aphids with a dead or moribund wasp larva contained a mean of 16.0 teratocytes 

(95% CI = 15.4 to 16.6). 
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We found a much sharper decrease in the numbers of teratocytes in superinfected 

A. pisum (R + T-type SS) containing dead or moribund larvae compared to those found 

with healthy larvae (ANOVA, F1,36 = 56.7, P-value < 0.0001) (Figure 5). A healthy wasp 

larva was found in only 10 of 37 aphids dissected, and these aphids had a mean of 19.0 

(95% CI = 17.4 to 20.9). Aphids with a dead or moribund wasp larva contained a mean of 

3.6 teratocytes (95% CI = 2.6 to 4.7). This represents an 81% decrease in teratocytes in 

aphids containing a dead or moribund wasp larva.

Does superparasitism allow wasps to overcome symbiont-mediated resistance in A. 

pisum?

In T-infected A. pisum, we found that superparasitism resulted in much higher rates of 

successful parasitism compared to singly parasitized aphids (Logistic regression estimate 

-1.27, +/-0.33 SE, P-value = 0.0001) (Figure 6).  In contrast, superparasitism did not 

significantly affect rates of successful parasitism

in the uninfected lineage of the same genotype (Logistic regression estimate -0.12, +/-

0.22 SE, P-value = 0.57) (Figure 6).  As expected, the T-infected lineage was more 

resistant to parasitism by a single wasp than was the uninfected lineage of same genotype 

(Logistic regression estimate 0.98, +/-0.42 SE, P-value = 0.021) (Figure 6). Surprisingly, 

the T-infected lineage appeared slightly more susceptible when superparasitized 

compared to superparasitized uninfected controls (Logistic regression estimate 0.65, +/-

0.33 SE, P-value = 0.051).
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We also estimated densities of T-type SS in singly versus doubly parasitized 72 hr 

old A. pisum to determine if superparasitism affects densities differently than single 

parasitism. We found no difference in the densities of T-type SS in singly versus doubly 

parasitized aphids (ANOVA log densities, F1,14 = 0.03 P-value = 0.86) (Figure 7).

DISCUSSION

The densities of all of the bacterial symbionts of A. pisum that were examined in 

this study increased when aphids were parasitized. We found that densities of Buchnera,

the obligate primary symbiont of A. pisum,were dramatically elevated 24 hr after 

parasitism by A. ervi compared to unparasitized controls (Figure 2). This finding 

corroborates an earlier report that the number and biomass of bacteriocytes are increased 

in parasitized aphids relative to unparasitized controls (Cloutier & Douglas 2003). This 

result is also consistent with the Falabella et al. (2000) model of A. pisum/A. ervi

interactions in that more Buchnera copies likely result in enhanced nutrient availability 

for developing wasps. We did not find that Buchnera densities differed between lineages 

with and without T-type SS. In parasitized aphids, this suggests that SS do not disrupt 

wasp manipulation of hosts by interfering with the wasp’s ability to prevent the 

degradation of bacteriocytes. However, the possibility remains that that T-type SS 

interfere with the production of particular amino acids (or other nutrients) essential for 

wasp development, while not affecting Buchnera copy number. In unparasitized aphids, 

this result indicates that T-type SS do not proliferate at the expense of Buchnera. 



134

We also found that parasitism induced significant increases in the densities of the 

facultative R- and T-type SS (Figures 3 & 4). Densities of T-type SS were nearly doubled 

in 72 hr-old aphids (24 hr after parasitism) compared to unparasitized controls. In all 

aphids,  T-type SS in all aphids increased dramatically between 72 and 120 hr, but 

parasitized aphids still maintained twice as many symbionts relative to unparasitized 

aphids. As withBuchnera, QPCR estimates of SS density may reflect ploidy differences 

rather than cell number differences. It is unclear which participants, wasps or aphids, 

benefit directly from the increase SS numbers. A recent study found that R-type SS 

(called PASS in that study) could partially compensate for Buchnera in A. pisum cured of 

the primary symbiont (Koga et al. 2004), suggesting that R-type SS can produce amino 

acids used by the host. Another consideration is that proliferation of SS may somehow 

block the redirection of host resources to the developing wasp. Cloutier & Douglas 

(2003) found more bacteriocytes of greater biomass in parasitized aphids, but 

proportionally more were S-bacteriocytes (those containing SS in addition to Buchnera) 

rather than G-bacteriocytes (those containing only Buchnera). It is conceivable that 

teratocytes associated with these S-bacteriocytes are unable to acquire sufficient nutrition 

resulting in fewer teratocyte-secreted proteins available for wasp consumption.

We found significantly fewer teratocytes in parasitized A. pisum containing dead 

or moribund larvae compared to aphids containing a healthy wasp larva (Figure 5). This 

finding is also consistent with the Falabella et al. model (2000) in that fewer functional 

teratocytes are available to absorb bacteriocyte-produced nutrients and subsequently 

secrete proteins available for wasps. At this time, however, it remains unclear whether 
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this decrease in teratocyte number is the cause of dead or dying larvae, or whether the 

same host environment in which the wasp larva fails to thrive also prevents the 

development of the full complement of teratocytes. In either case, this finding is 

consistent with the idea that teratocytes are important factors in determining the outcome 

of the A. pisum/A. ervi interactions. 

We also found that superparasitism dramatically increased susceptibility to 

parasitism in A. pisum clones that are normally partially resistant due to the presence of 

T-type SS (Oliver et al. 2003). This may result from an increase in maternal factors, such 

as venom and extra-embryonic derived teratocytes, in superparasitized aphids. We did 

not find that densities of T-type SS were different in superparasitized versus singly 

parasitized aphids, suggesting that the shift in susceptibility in superparasitized hosts is 

not due to wasp manipulation of secondary symbionts. Superparasitism may be an 

adaptive strategy that wasps employ to overcome SS-mediated resistance. It is unclear 

why T-infected aphids are more susceptible to superparasitism than their uninfected 

superparasitized counterparts.

The mechanism of SS-mediated resistance to parasitism in A. pisum is unknown. 

One possibility is that T-type SS directly target wasp larvae, possibly via delivery of a 

eukaryotic toxin. The symbionts of entomopathogenic nematodes, Photorhabdus 

luminescens and Xenorhabdus nematophillus, utilize a family of insecticidal toxins and 

other virulence factors to kill their insect hosts (Forst & Nealson 1996, Bowen et al. 

1998, Duchaud et al. 2003). Homologs of these toxin complex genes have already been 
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identified in Yersinia pestis, a bacterium that uses insects as vectors, and in Serratia 

entomophila, which uses insects as hosts (Waterfield et al. 2001). These bacteria are all 

found in the Enterobacteriaceae, a clade that also contains the R- and T-type SS of A. 

pisum (Moran et al. 2005).

Another possibility is that SS interrupt the complex physiological manipulation of 

aphid hosts by A. ervi.  In Figure 8, we present a model, modified from Falabella et al. 

(2000) that suggests possible ways that T-type SS may affect A. pisum/A. ervi 

interactions. The venom injected by A. ervi at oviposition normally results in host 

castration (Digilio et al.1998, 2000). In our partially resistant T-infected lineage, 

however, fecundities of parasitized aphids are much higher than those of parasitized 

uninfected controls of the same host background (Oliver et al. 2005a). We also observed 

many more embryos in parasitized T-infected aphids compared to uninfected and R-

infected lineages of the same aphid genotype (Oliver, personal observation). Thus, T-type 

SS may confer resistance by disarming A. ervi venom, leading to increased embryo 

survival and impaired diversion of resources from host reproduction to larval 

development.

 T-type SS could also target teratocytes. In other studies, two resistant clones were 

found to have reduced teratocyte complements following parasitism (Li et al. 2002, 

Cloutier & Douglas 2003). We found fewer teratocytes in a dissected parasitized T-

infected lineage containing dead or moribund larvae compared to aphids containing 
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healthy larvae (Figure 5). Teratocytes may be targeted directly with symbiont derived 

toxins, or indirectly by developing in hosts without adequate nutrients available.

 In parasitized aphids, we found that Buchnera copies increased dramatically 

compared to unparasitized controls, suggesting that wasps manipulate bacteriocytes to 

enhance nutrient availability for developing wasps (Figure 2). This strategy may be less 

successful in A. pisum harboring T-type SS. Bacteriocytes containing T-type SS may be 

less suitable nutrient producers, and teratocytes associated with these bacteriocytes may 

not develop fully or be capable of generating a hospitable environment for developing 

larvae. Aphids or symbionts may even recoup some degree of control by tolerating 

(allowing, permitting) a selective increase in S-bacteriocytes rather than G-bacteriocytes. 
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FIGURE CAPTIONS

Figure 1. A physiological model of A. pisum/A. ervi interactions describing the roles 

played by aphid bacteriocytes, wasp venom and teratocytes. Replicated from Falabella et 

al. (2000). Used with permission.

Figure 2. A comparison of Buchnera densities (copies/µL) in singly parasitized (SP) A. 

pisum and unparasitized (NP) controls of the same age. Densities were examined in 72 hr 

old (+/- 3 hr) aphids, and those parasitized were done so 24 hr earlier. Left columns 

represent Buchnera densities in A. pisum without SS (clone 5A) and the right columns 

representdensities in T-infected A. pisum of the same nuclear background (82B→5A). 

(*** = p < 0.001)

Figure 3. A comparison of T-type SSdensities (copies/µL) in singly parasitized (SP) A. 

pisum and unparasitized controls (NP) of the same age. Column A represents densities 

examined in 72 hr (+/- 3 hr) aphids, and those parasitized were done so 24 hr earlier. 

Column B represents in 120 hr (+/- 3 hr) aphids, and those parasitized were done so 72 hr 

earlier (** p < 0.01, * p < 0.01)

Figure 4. A comparison of R-type SSdensities (copies/µL) in singly parasitized (SP) A. 

pisum and unparasitized controls (NP) of the same age. Densities were examined in 120 

hr (+/- 3 hr) aphids, and those parasitized were done so 72 hr earlier.  (** p < 0.01)
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Figure 5.  Condition of A. ervi larvae and number of teratocytes found in T-infected and 

superinfected (R + T-type SS) A. pisum of same host nuclear background. Left columns 

represent T-infected lineage, right columns the superinfected lineage. (*** = p < 0.001)

Figure 6. Raw proportions of successful parasitism by A. ervi in singly (SP) versus 

doubly parasitized (DP) A. pisum.  The left columns represent the proportion parasitized 

in aphids uninfected with SS, and the right columns represent the proportion parasitized 

in T-infected aphids of same nuclear background. SP = singly parasitized, DP = doubly 

parasitized. 

Figure 7. A comparison of T-type SSdensities (copies/µL) in singly (SP) and doubly 

(DP) parasitized A. pisum and unparasitized controls of the same age. Densities were 

examined in 72 hr (+/- 3 hr) aphids, and those parasitized were done so 24 hr earlier. NP 

= unparasitized, SP = singly parasitized, DP = doubly parasitized. (** p < 0.01, * p < 

0.01)

Figure 8. Physiological model of Falabella et al. (2000) modified to illustrate potential 

effects of T-type SS on A. pisum/A. ervi interactions. 



145

Figure 1
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