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ABSTRACT 

 

 Endosymbiosis is a pervasive phenomenon that has been a powerful force in 

insect evolution. In many well studied insect-bacterial associations, the bacteria can serve 

as reproductive manipulators, nutritional mutualists or defenders of their hosts. Fungi are 

also frequently associated with insects, and initial estimates suggest that these fungi are 

hyperdiverse. Saving a handful of examples, however, the functions of these fungi within 

insect hosts are largely unknown. 

 This dissertation begins with a review that lays the conceptual groundwork for 

understanding bacterial and fungal endosymbiosis in insects. I make predictions about 

why one versus the other microbe might serve the insect, given any unique physiological, 

ecological or evolutionary conditions. I then aim to derive insights about microbial 

symbiosis by focusing on a particular system, that of brownbanded cockroaches, Supella 

longipalpa (Blattaria: Blattellidae) and their specialist wasp parasitoids, Comperia 

merceti (Hymenoptera: Encyrtidae). Here, I identify the symbiotic community of these 

two insects by using both culture-dependent and independent methods to characterize the 

vertically transmitted bacterial and fungal associates. Finally, I show that a heritable 

fungus in C. merceti, long presumed to be a mutualist, is parasitic under laboratory 

conditions: infected wasps incur fitness costs for housing the fungal symbiont relative to 

uninfected wasps. Additionally, although the fungus is not horizontally transmitted 

sexually, it is readily horizontally transmitted from the offspring of infected females to 

those of uninfected females that are using the same host. 
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INTRODUCTION 
 
1.1 Literature review 

 

 Symbiosis has been a crucial force in the evolution of Earth’s diversity. However, 

this now widely accepted understanding represents a dramatic shift that has occurred over 

the last 50 years. Bacteria were first noted in human lice by the medical community in 

1665 (Buchner 1965), but it was 200 years later that Anton de Bary (1879) coined the 

term “symbiosis” to mean the living together of unlike organisms; terminology that is 

followed in this dissertation. I contend that the reasons for this slow recognition of the 

importance of symbiosis are fivefold. The evolutionary synthesis of the 1930s and 40s 

focused on chromosomal genes as the sole unit of inheritance, and stepwise, gradual 

change brought about by natural selection (Sapp 2004). This stands in contrast to 

infective heredity via symbiosis, and the dramatic changes in host phenotypes quickly 

wrought by symbionts. Second, the notion that microbes could be beneficial mutualists 

clashed with the pervasive paradigm of their status as pathogenic germs, a sentiment that 

largely persists even now. Third, over the past 100 years, the ability to study microbes in 

detail has advanced with developments in both microscopy, and, in the last 30 years, 

molecular genetic techniques. Finally, both in the past, and continuing through to the 

present day, symbiosis research demands an interdisciplinary approach and synthetic 

thinking, challenging endeavors in the face of ever increasing specialization (McFall-

Ngai 2008; Sapp 2004). 
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 A recent meta-analysis of symbiotic bacterial infections in insects suggested that 

65% (i.e., ca. 106) insect species are infected with the Wolbachia bacterium 

(Hilgenboeker et al 2008). Wolbachia is just one type of symbiotic bacterium found 

within insects. Given that a plethora of other microbial symbionts are being discovered, it 

is clear that insect endosymbiosis is a pervasive phenomenon that has been integral to the 

evolution of this speciose animal class (Moran & Telang 1998). Bacteria can benefit their 

insect hosts nutritionally, on deficient diets such as sap (Shigenobu et al. 2000), wood 

(Gaudermann et al. 2006) and blood (Akman et al. 2002). In other cases they may 

manipulate their hosts’ reproduction (Werren 1997; Zchori-Fein et al. 2004), in addition, 

they may provide heat tolerance (Russell & Moran 2006) and protection against 

parasitoids (Oliver et al. 2003) and pathogens (Scarborough et al. 2005).  

Fungi, like bacteria, are also very frequently associated with insects, yet there has 

been comparatively little research regarding their diversity or the roles that they play as 

symbionts. There are some well-studied examples of insects associated with 

ectosymbiotic (externally associated) fungi, such as leafcutter ants and termites and their 

respective basidiomycetous fungi (Aanen & Boomsma 2005; Currie 2001). However, 

fungal endosymbionts, internal associates that are found either between (inter-) or within 

(intra-) host cells are much less well understood. Fungal endosymbionts are often 

compact yeasts or yeast-like forms (Vega & Dowd 2005), with the bulk of fungal 

associates currently being found within the Saccharomycotina (Ascomycota) (Suh et al. 

2005). Researchers often refer to ‘yeast-like symbionts’ (YLS) for those fungal taxa that 

are not within the Saccharomycotina. I also follow this convention. Until now, most 
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investigators have simply noted various insect-yeast associations, but have not explored 

whether or not the relationships have functional consequences. 

 Buchner (1965) reported that fungi, in addition to bacteria, could also augment the 

nutrition of insects with deficient diets. To date, only a handful have been documented in 

a few well-studied, obligate insect-fungal associations. For example, anobiid beetles 

Lasioderma serricorne and Stegobium paniceum harbor YLS (Ascomycota: 

Pezizomycotina: Symbiotaphrina spp.) that provide sterols and also function in substrate 

detoxification (Noda & Kodama 1996; Shen & Dowd 1992). Clavicipitaceous YLS 

(Ascomycota: Pezizomycotina: Sordariomycetes: Hypocreales) infect three species of 

planthoppers and occur in the abdomens of four aphid genera. In planthoppers, YLS live 

in fat body cells and are involved in sterol biosynthesis and nitrogen-recycling (Noda & 

Koizumi 2003; Sasaki et al. 1996). In aphids YLS have apparently replaced the aphids’ 

primary bacterial symbiont, Buchnera (Hongoh & Ishikawa 2000), however, the exact 

nature of their relationship with aphids is unknown. 

 

 The current study is centered around a vertically transmitted yeast-like symbiont 

in Comperia merceti (Hymenoptera: Encyrtidae) first noted by LeBeck (1985). Comperia 

merceti is a parasitic wasp that specializes on the brownbanded cockroach, Supella 

longipalpa (Blattaria: Blattellidae). LeBeck (1989) showed that the YLS was passed from 

mother wasp to her offspring via the pedicel of eggs during oviposition into cockroach 

egg cases. She suggested that the YLS was a Candida sp. yeast and hypothesized that it 

might be a nutritional mutualist for the young wasp larvae. The current work aims to 
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explicitly test the nature of this relationhip. First, I lay the groundwork for understanding 

bacterial versus fungal symbiosis in general. Next, I characterize the vertically 

transmitted microbial community within both wasps and cockroaches and finally, the 

contribution of the C. merceti wasp YLS is addressed in particular. 

 

1.2 Explanation of dissertation format 

 

 The goal of this dissertation is to expand our knowledge regarding the nature of 

heritable microbial symbiosis in insects. This introduction and the present study section 

introduce this dissertation research and the results are included as three appendices. Each 

of these appendices is either intended for publication or has been published as a discrete 

paper.  

 In Appendix A, I lay the conceptual groundwork with a synthetic review about 

what is currently known about bacterial versus fungal endosymbionts of insects. In this 

review I propose a series of predictions about why one versus the other microbe might 

serve the insect given its potentially unique physiological, ecological and evolutionary 

conditions. 

 In Appendix B, I focus on characterizing a particular insect symbiotic community 

by using both culture-dependent and independent methods to determine the vertically 

transmitted bacterial and fungal associates of Supella longipalpa and its wasp parasitoid, 

Comperia merceti. 
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 In Appendix C, I show that an inherited fungus in C. merceti, presumed to be a 

mutualist, may in fact be a parasite. Infected wasps incur a fitness cost for housing the 

fungal symbiont relative to uninfected wasps. Additionally, although the fungus is not 

sexually transmitted, it is readily horizontally transmitted from the offspring of infected 

females to those of uninfected females that are using the same host. 
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PRESENT STUDY 

 

 The methods, results and conclusions from this research are presented in the 

appended manuscripts. Below, I summarize the most important findings from each.  

 

2.1  Comparative biology of endosymbiotic bacterial and fungal mutualists of 

insects 

 

 This review highlights the differences between our current understanding of 

bacterial and fungal mutualists of insects and encourages further empirical work with 

fungal endosymbionts. I explore the evolutionary implications of insect-microbial 

symbiosis within the framework of vertical versus horizontal transmission. Additionally, 

I discuss the differences in insect-fungal versus bacterial endosymbiosis based on what 

we know about the physical and metabolic capabilities and requirements of each group. 

Finally, I address the reasons for the bias toward insect-bacterial endosymbiosis research 

and try to provide suggestions for what would advance our knowledge of insect-fungal 

associations.  
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2.2 Inherited fungal and bacterial endosymbionts of a parasitic wasp and its 

cockroach host 

 

 In this research, I characterize the vertically transmitted microbes in the 

brownbanded cockroach, Supella longipalpa, and its parasitic wasp, Comperia merceti. I 

used both culture-dependent and culture-independent methods as well as phylogenetic 

analyses to identify the bacteria and fungi that are passed from mother to offspring in 

these two insect species. I found two fungal associates in the cockroaches. To my 

knowledge, this is the first record of vertically transmitted fungal symbionts in the order 

Blattaria. The wasp was found to house a close relative of one of the cockroach fungi, 

but no bacterial symbionts. This research shows that C. merceti wasps that do not have 

the fungal infection are not infected with any other readily observable symbionts, which 

is pertinent to my subsequent research. Finally, in addition to the fungal symbionts the 

cockroaches also harbored three lineages of bacteria: Blattabacterium and at least two 

Wolbachia spp. The number of vertically transmitted symbionts in these cockroaches is 

therefore as many as five. 

 

2.3 Negative fitness consequences and transmission dynamics of a heritable 

fungal symbiont in a parasitic wasp 

 

 This work investigated the fitness consequences of the fungus in C. merceti. I also 

explore the transmission dynamics of the fungal endosymbiont within these wasp hosts. 
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The C. merceti fungal symbiont was previously thought to be solely vertically transmitted 

and to serve as a mutualist of its hosts (Lebeck 1989). Under controlled laboratory 

conditions, however, I found that the fungal symbiont provided no clear fitness benefit to 

wasps in either the larval or adult stages. Instead, I documented clear fitness costs: 

infected wasps attacked fewer hosts and had longer development times. These fitness 

costs translated into the uninfected wasps developing 1.3 times faster than the infected 

wasps. Additionally, I calculated that the fungus is faithfully vertically transmitted with 

success rates of upwards of 90%. I also found that horizontal transmission rates exceed 

95% among larvae in the same host. In instances of superparasitism, where eggs are 

deposited by an infected and an uninfected mother into a single host, the majority of the 

progeny from the uninfected mother become infected. Horizontal transmission provides a 

compelling mechanism by which a detrimental fungal symbiont could be maintained in 

these wasp populations. 
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“…[I]n clear-headed, unassuming work, the science of endosymbiosis has laid stone upon 

stone…”     Paul Buchner, 1965 p. 74 

 

Introduction 

 Microbial symbionts are ubiquitous in insects. One conservative estimate by Wilkinson 

(2001) suggested that at least ~55,000 insect species harbor symbiotic bacteria in specialized 

cells. More recently a meta-analysis of Wolbachia bacterial infections suggested that 65% (i.e. 

106) insect species are infected (Hilgenboeker et al 2008). The best-characterized associations are 

those of bacteria that benefit their hosts nutritionally, e.g. Buchnera (Shigenobu et al. 2000), 

Blochmannia (Gaudermann et al. 2006), and Wigglesworthia (Akman et al. 2002), and those that 

manipulate their hosts’ reproduction, including Wolbachia and Cardinium (Werren 1997; Zchori-

Fein et al. 2004). However, symbionts may play other roles in their insect hosts’ biology; for 

instance, some provide heat tolerance (Russell & Moran 2006), or protect against parasitoids 

(Oliver et al. 2003) and pathogens (Scarborough et al. 2005). 

 Fungi, like bacteria, also frequently associate with insects, yet there has been comparatively 

little research investigating either their diversity or the roles they play as insect symbionts. There 

are some well-studied examples of insects associated with ectosymbiotic fungi, such as leafcutter 

ants and termites and their respective basidiomycetous fungi (Aanen & Boomsma 2005; Currie 

2001), but insect-fungal endosymbionts are much less well understood. Here and throughout we 

follow de Bary’s original use of the term “symbiosis” as the persistent living together of unlike 

organisms (de Bary 1879). This is an interpretation now favored by the majority of symbiosis 

researchers (Reiman 2008). Further we use the term endosymbiont as an internal associate of the 

insect (the host), and we qualify whether the symbiont is located between cells (inter-) or 
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intracellular within host cells. Given their habitat, it is not surprising that these fungal associates 

are often compact yeasts or yeast-like forms (Vega & Dowd 2005). Ten orders within three 

fungal phyla (Basidiomycota, Ascomycota, Zygomycota) have converged on the yeast form 

(Alexopoulos et al. 1996). Researchers often refer to ‘yeast-like fungi’ or ‘yeast-like symbionts’ 

(YLS) for those fungal taxa that are not within the Saccharomycotina. For the purposes of this 

review, we follow this convention and provide more precise taxonomic information where 

possible.  

Currently, there is growing interest in yeast diversity associated with insect hosts. In a 

literature survey, Vega and Dowd (2005) reported that 143 insect species, spanning eight orders, 

are infected with asymptomatic or beneficial yeasts. Suh et al. (2005a) isolated 650 yeasts, 

including 200 undescribed taxa, from the guts of beetles in 27 different families. This last report 

represents a 20% increase in the number of described yeast species. Most of the taxa discovered 

were true yeasts (Ascomycota: Saccharomycotina), however, some were yeast-like 

Basidiomycota (Tremellaceae). In another study, Nguyen et al. (2007) isolated yeasts from the 

guts of lacewings, fishflies, and craneflies, and found apparent yeast to insect host species-

specificity in some lineages. Although this suggests that diverse fungi have intimate associations 

with insects, investigators typically document insect-yeast associations, and only rarely research 

transmission routes or the fitness consequences of these fungal infections. 

 Over eighty years ago, Buchner (1921) noted a remarkable array of both endosymbiotic 

fungal and bacterial associates of arthropods. In the English translation of his original work, 

Buchner (1965) suggested that fungi, in addition to bacteria, could augment the nutrition of 

insects with deficient diets (e.g., blood, phloem, and wood). This has been demonstrated in a few 

well-studied, obligate insect-fungal associations. The beetles Lasioderma serricorne and 
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Stegobium paniceum (Coleoptera: Anobiidae) harbor YLS (Ascomycota: Pezizomycotina: 

Symbiotaphrina spp.) that provide sterols and also function in substrate detoxification (Noda & 

Kodama 1996; Shen & Dowd 1992). Clavicipitaceous YLS (Ascomycota: Pezizomycotina: 

Sordariomycetes: Hypocreales) infect three species of planthoppers. These fungal symbionts live 

in fat body cells and are involved in sterol biosynthesis and nitrogen-recycling (Noda & Koizumi 

2003; Sasaki et al. 1996). Yeast-like symbionts closely related to those of the planthoppers (also 

Ascomycota: Pezizomycotina: Sordariomycetes: Hypocreales) occur in the abdomens of four 

aphid genera. These aphids do not house the typical primary bacterial symbiont, Buchnera, as 

other aphids do, and it is supposed that the YLS have replaced Buchnera (Hongoh & Ishikawa 

2000). The specific role of these YLS is unknown. Finally, more recent studies are finding yet 

more ambiguous relationships: Gibson (this dissertation) found that a heritable yeast in a parasitic 

wasp, long presumed a fungal-insect nutritional mutualism, was shown instead to incur a fitness 

cost for its host. 

 

 Our goal is to highlight how our current understandings of bacterial and fungal mutualists 

of insects differ, and to encourage further empirical work with fungal endosymbionts. First, we 

explore the evolutionary implications of insect-microbial symbiosis using the established 

theoretical framework of the dynamics of transmission. Next, we speculate about what we expect 

will be the overarching differences in the nature of fungal versus bacterial endosymbiosis with 

insects based on what we know about the physical and biochemical properties of each group. For 

instance, are there particular conditions under which we expect to find a fungal rather than a 

bacterial partner? In the last section we address why we think there has been a lag in the study of 

fungal associates of insects, in hopes of explicitly elucidating the kinds of work that will light the 
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path ahead. Finally, we briefly touch on the current methods that are certain to transform this 

field in the near future.  

 

Part I – Modes of symbiont transmission and their evolutionary and ecological implications: 

 The method by which symbionts are transmitted has important implications for the nature 

of host symbiont relationships. Strictly vertically transmitted symbionts, theory predicts, must 

either contribute to host fitness or manipulate host reproduction to invade and persist in host 

populations. Specifically, the symbiont must cause the host to produce more infected daughters 

relative to the daughters produced by uninfected females (Bull 1983). Vertical transmission thus 

implies symbiont reliance on the success of the host; even reproductive parasites tend to cause 

little or no pathogenicity in their host (Werren & O'Neill 1997). Some features of microbes may 

make them too costly to transmit vertically, however. For instance, there could be physiological 

constraints, symbiont cells may be too large to package in or on oocytes, or microbes might 

interfere with host development, consume limiting nutrients or otherwise be of too highly 

variable a benefit to hosts within heterogenous habitats (Douglas 2008).  

 Horizontal transmission is the spread of symbionts among individuals that are not 

necessarily related. Horizontally transmitted symbionts are not reliant on the reproductive success 

of any individual host and instead can achieve greater fitness by infecting many unrelated 

individuals. This feature can select for virulence in the symbiont, and is often associated with 

pathogenesis (Werren & O'Neill 1997). However, there are also examples of horizontally 

transmitted bacteria that perform beneficial services, e.g. Erwinia sp. can increase oviposition 

rates and reduce time to maturity in western flower thrips (de Vries et al. 2004).  
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 Transmission modes can also influence the genetic variability of the symbionts that are 

transmitted. For example, a single host of a vertically transmitted symbiont can transmit clones, 

identical strains of the symbiont, or multiple symbiont strains (Oliver et al. 2006), where 

recombination among symbiont types can occur. Coinherited symbionts could also compete, 

although coinheritance tends to select for cooperation among strains (Takiya et al. 2006). 

Conversely, horizontal transmission allows for greater opportunities for the exchange of genetic 

material among symbionts. 

 Associations of either transmission type or degree of dependence can have important 

effects on and either promote or restrict speciation within their hosts (Janson et al. 2008). For 

instance, insects might directly consume microbial associates, symbionts could detoxify plant 

allelochemicals (Shen & Dowd 1992), or provide particular compounds such as sterols (Fermaud 

& Lemenn 1992), all of which could buffer the host during expansion into a novel habitat (Janson 

et al. 2008). Horizontally transmitted symbionts could also expand the ecological opportunities 

for their hosts with their potential to move among insect genotypes, in some cases by potentially 

transferring genes directly to the host (Hotopp et al. 2007), or by moving among nonhost 

environments and engaging in gene exchange with other free-living microbes (particularly 

bacteria). These last effects could limit host specialization and prevent strict concordance 

between insect host genotype and that of the microbes (Janson et al. 2008). 

 

 Our current picture of insect-bacterial symbiosis suggests an overall pattern of vertically 

transmitted, obligate bacteria (Ruby 2008). Insect-fungal symbiosis, in contrast, is emerging as 

primarily horizontally transmitted and facultative (Suh et al. 2005a). Here we provide some 

examples that are consistent with these patterns for bacterial and fungal symbionts. We also 
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document exceptions for bacteria that are likely to become more commonplace as additional data 

accumulates. 

 Interdependent symbiont-host systems can result from restricted gene flow or selection for 

specialization, for example, through irreversible gene loss in symbionts that render them 

dependent on host metabolites (Janson et al. 2008). Paradigmatic examples have accumulated 

recently owing to the ability of molecular techniques to both characterize fastidious microbes and 

to resolve historical relationships. For instance, a variety of obligate, transovarially transmitted 

symbionts have been shown to exhibit strict cocladogenesis with a diverse array of invertebrate 

hosts: nematodes (Wolbachia) (Werren et al. 2008), psyllids (Carsonella ruddii) (Spaulding & 

von Dohlen 2001), mealybugs (Tremblaya princeps), aphids (Buchnera aphidicola) (Baumann 

2005; Moran et al. 1993), sharpshooters (Baumannia cicadellinicola and Sulcia muelleri) (Takiya 

et al. 2006), carpenter ants (Blochmannia floridanus) (Sauer et al. 2000), termites and 

cockroaches (Blattabacterium cuenoti) (Lo et al. 2003), and tsetse flies (Wigglesworthia 

brevipalpis) (Chen et al. 1999). In these intracellular symbionts there is evidence of degenerative 

genome evolution with the loss of regulatory genes. This degeneration is likely due to genetic 

bottlenecks and the restricted habitat inside host cells which leaves few opportunities for the 

acquisition of new genes (Moran & Wernegreen 2000). An extreme example of this is of the 

gammaproteobacterial endosymbionts that are sequestered within the betaproteobacterial 

symbionts (Tremblaya princeps) within bacteriocytes within their mealybug hosts (von Dohlen et 

al. 2001). Further there are also other recent accounts of symbionts that are housed within host 

nuclei (Arneodo et al. 2008; Grandi et al. 1997). In the few well studied examples of intracellular, 

transovarially transmitted fungal symbionts (i.e. YLS of planthoppers, aphids and beetles), there 
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is currently no research on whether they have codiversified with their hosts or lost genes (see Part 

III below) in a manner similar to bacteria (Suh et al. 2001). 

 On the other side of the spectrum are horizontally transmitted bacteria that remain 

autonomous and independently cultivable. These symbionts can also exert important influences 

as mutualists on their host’s ecology. For instance, in house crickets, bacteria break down 

polysaccharides in the host gut, and in silkworm larvae the bacterial associates serve to resist 

colonization by pathogens (Dillon & Dillon 2004). In locusts, a symbiotic complement of 

Pantoea agglomerans, Klebsiella spp., and Enterobacter sp. are required for production of 

phenolic compounds that inhibit fungal pathogens (Dillon & Charnley 1995) and the pheromone 

that promotes social cohesion (Dillon et al. 2002). Finally, Enterobacter aerogenes, an 

opportunistic pathogen of humans, can produce a toxin in the saliva of antlions to quell its prey 

(Yoshida et al. 2001). 

With respect to fungi, there are numerous facultative or unknown associations being 

discovered. Endosymbiotic yeasts have been isolated from the parasitoid wasps (Hymenoptera): 

Adelura (=Dapsilarthra) apii (Braconidae) (Keilin & Tate 1943), Pimpla turionellae 

(Ichneumonidae) (Middeldorf & Ruthmann 1984), and Comperia merceti (Encyrtidae) (LeBeck 

1985). Only in the last case have we recently come to understand that this is indeed a facultative 

association (CMG, this dissertation). Curiously, there appear to be some endosymbiotic yeast 

species that can form relationships with a diverse number of insect taxa. For instance, laboratory-

reared adults of Anagyrus pseudococci and Leptomastix dactylopii (Hymenoptera: Encyrtidae) 

yielded cultivable Candida fermentati (100% sequence large subunit rDNA sequence similarity, 

CMG unpublished) as did mushroom-feeding beetles (Suh & Blackwell 2004) and scolytid coffee 

berry borer beetles (Vega et al. 2003). Similarly, Candida (Pichia) guilliermondii has been 
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recovered from cerambycid beetles (Nardon & Grenier 1989), scarab beetles (Vishniac & 

Johnson 1990), buprestid beetles (Phaff & Starmer 1987), fire ants (Ba & Phillips 1996), and both 

adrenid bees and a mushroom-feeding heleomyzid fly (Zacchi & Vaughn-Martini 2002). In 

cerambycids, C. guilliermondii exhibits tissue specificity (Nardon & Grenier 1989); however, it 

is not understood whether either of these yeasts are performing particular, or perhaps a range of, 

functions as endosymbionts. 

 

Polysymbiosis, context dependency and reversions to autonomy – coordinating efforts toward a 

new symbiosis framework: 

 Buchner coined the equivalent terms “polysymbiosis” or “plurisymbiosis” (1965) for 

hosts that harbor multiple symbionts that can be either heritable or horizontally transmitted. There 

are insect hosts that are polysymbiotic with various bacteria (Gottlieb et al. 2008; Meyer & Hoy 

2008; Takiya et al. 2006), a consortium of several fungi (Adams et al. 2008) or in some cases, 

mixtures of both bacterial and fungal associates (Buchner 1965; Gibson & Hunter in press; 

Sacchi et al. 2008). Few investigators consider the full range of symbiotic complexity within their 

study system. Further we now recognize that orchestrating these suites of guests may require 

special orchestration by the host. Symbiont strains might war for sole victory of the host, 

especially horizontally transmitted virulent strains. The host in turn might “bet hedge” and select 

microbes based on competing features of specialization (various obligate bacteria) versus 

flexibility (facultative fungi) (Janson et al. 2008). The dynamism of the response of the host to 

genetically variant symbiont lineages is just beginning to be explored (Riegler & O'Neill 2007). 

To further understand the degree to which a host can delimit their facultative relationships, a host 

rendered symbiont-free (aposymbiotic) insect host could be supplied with the compounds or 
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digestive enzymes conferred by their normal complement of facultative associates, precluding 

their role within the host. One could then subsequently create “transfections” via artificial diets or 

microinjection of symbiotic consortia (Weiss et al. 2006; Werren et al. 2008) to determine 

whether they invade, to what extent, and the degree to which particular partners complement one 

another, compete or recombine.  

 Complex symbiont communities appear especially common in the Hemiptera (the ‘true 

bugs’). Although one lineage of Hemiptera, the Coleorrhyncha, has no known intimate microbial 

endosymbionts, and another, the Heteroptera, has few (though see plataspids, Hosokawa et al. 

2006, alydids, Kikuchi et al. 2005, reduviids, Hypsa & Dale 1997, and cimicids, Sakamoto et al. 

2006 for exceptions) two lineages stand out for the diversity of their microbial associates: the 

suborders Auchenorrhyncha (cicadas, leaf-, tree-, froghoppers and fulgoroids) and the 

Sternorrhyncha (plantlice, whiteflies, aphids, and scale insects). These lineages have many 

economically-important plant pests and plant pathogen vectors (Johnson & Triplehorn 2004) and 

their diversification has clearly been reliant on association with diverse microbes (Ishikawa 1994; 

Moran & Telang 1998). 

 An early attempt to characterize auchenorrhynchan and sternorrhynchan symbiont 

diversity was made by Buchner and his student Müller (1965). They developed “symbiotic 

formulas”, where letters stand for recurring morphotypes. In addition, they noted that only certain 

combinations seemed to be prevalent, for example, ‘a’ + ‘t’ or ‘a’ + ‘x,’ the latter being a 

combination that they thought was repeatedly replaced evolutionarily by ‘x’ + ‘f’ and then 

subsequently by ‘x’ + ‘H’. The ‘a’ symbiont is now known as Sulcia muelleri (Moran et al. 

2005), and the ‘t’ symbiont is likely Baumannia cicadellinicola (Takiya et al. 2006). Although 

(Steinhaus 1955) found a black yeast, Dematium pullulans (Ascomycota: Pezizomycotina: 
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Dothideomycetes) in Lecanium and Saissetia spp. coccids and Schwartz (as in Buchner 1965, p. 

236) also suggested that it was D. pullulans present in Lecanium spp. coccids, it is unclear 

whether these are indeed the ‘H’ fungal symbionts. These, as well as the other bacterial 

associates, ‘x’, ‘f’, ‘W’, ‘St’, ‘B’, B1, B2 and Bc, await characterization with modern molecular 

methods. 

 Buchner (1965) also noted that the arrival of the ‘H’ symbionts within insect hosts in fact 

“seems to favor the reduction of polysymbioses and very often renders superfluous the 

companion [bacterial] symbionts” p.757 and Figs 364, 365. Currently there is some support for 

this replacement model with bacterial partners that may replace one another in dryoptherid 

weevils, (Lefevre et al. 2004), aphids (Koga et al. 2003), and cedar aphids (Perez-Brocal et al. 

2006). Given the diminishing genomes of most obligate bacterial mutualists, it is not surprising 

that they might degrade to nonfunctional remnants within hosts (Perez-Brocal et al. 2006). This 

supports the trajectory proposed by Buchner of bacterial enslavement, loss of bacterial functions 

and subsequent secondary infection by a more complementary bacterial or fungal partner. It 

would be valuable to understand whether it is the same fungus that colonized all of these 

auchenorrhynchan and sternorrhynchan groups or whether the ‘H’ symbiont is in fact multiple 

different fungal species with independently derived associations with each insect host. 

Phylogenies for these insect groups with ancestral state reconstruction of their associations would 

further resolve our understanding of symbiotic replacement. Additionally, the detection of 

genomic differences among the bacterial associates that either do or do not share a host with 

fungal symbiont could also indicate “syntrophic” complementation as is the case in sharpshooters 

with two bacterial symbionts (McCutcheon & Moran 2007). 
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 As symbiosis researchers add additional examples to the field, our understanding of the 

nature of the relationships between host and microbe becomes more sophisticated. For instance, 

in different environments, a particular interaction may appear to be mutualistic, parasitic or 

commensal. Examples of such conditional interactions are arising with greater frequency in the 

literature: pea aphids infected with Hamiltonella defensa (Oliver et al. 2008), black flies infected 

with trichomycetes fungi (McCreadie et al. 2005) or eumenine wasps infected with mites (Okabe 

& Makino 2008). Further, we are beginning to understand the importance of diffuse or indirect 

microbial symbiont relationships. For example, an additional YLS closely related to Phialophora 

sp. (Ascomycota: Pezizomycotina: Dothideomycetes) was recovered from the cuticle of leafcutter 

ants (Little & Currie 2007). This yeast inhibits the actinomycetous bacteria that are responsible 

for suppressing the ants’ garden fungal parasites in in vitro studies and may have an important 

indirect effect on the ant-fungus garden-garden fungal parasite- garden bacterial mutualist 

association (Little & Currie 2008).  

 Mutualistic symbiotic relations may also break down, as is the case for nematodes that 

lose their Wolbachia symbionts (Casiraghi et al. 2004), or symbionts may revert to being 

autonomous, as in the free-living cyanobacteria that arise within clades of lichen symbionts 

(O'Brien et al. 2005). Given their ease of cultivability relative to bacterial-insect associates 

(Pontes & Dale 2006; Suh et al. 2005a) and the absence of intracellular symbionts with reductive 

genomes from fungi (see below), insect-fungal symbionts appear to maintain greater autonomy. 

This understanding may shift, however, as further work categorizing gut microbes, such as that of 

the cranefly, (Joint Genome Institute: http://www.jgi.doe.gov/sequencing/allinoneseqplans.php) 

or termites (Warnecke et al. 2007), are bound to reveal additional facultative bacterial associates 

that may also retain the ability to live independently of their hosts. Further, as researchers gather 
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the appropriate molecular genetic methods, more specialized fungal partners may be recovered 

from as yet undiscovered insect niches (Suh et al. 2005a). In either case, facultative microbial 

associates represent a new frontier for symbiosis research. As Buchner (1965) himself pointed 

out, “…we should not be intimidated by the complexity of the effects of the interrelations” (p. 

822). 

 

Part II – Contrasts between bacterial and fungal-insect associations 

(A) Why are there fewer obligate fungal-insect associations? 

 Surprisingly, Buchner’s (1965) curiosity about symbiont transmission to host cells did 

not extend to why an insect might host a fungal rather than a bacterial symbiont. He simply 

suggested that fungal symbionts were not as highly adapted, as they tended to be found free in 

the hemolymph or fat body rather than housed in particular host cells (p. 388). Fungi are indeed 

often housed externally, as in bark beetles (Harrington 2005), and siricid woodwasps (Srutka et 

al. 2007), or within co-opted organs, such as the diverticulum of green lacewings (Woolfolk et 

al. 2004) or the poison gland reservoir of the encyrtid, Comperia merceti (Lebeck 1989). 

However, the mycangia (external sacs that house fungi during host dispersal) of insect hosts 

represent dramatic changes to the external morphology of the insect’s cuticle and internally, they 

often include glands which maintain an axenic culture of the fungal mutualists (Harrington 

2005). Buchner’s presumption that the age of association between bacteria and insects has 

spanned a greater length of time is not well supported. From molecular phylogenetic estimates, 

obligate bacterial associations date to the Permian, 280 MYA, e.g., Sulcia muelleri, (Moran et al. 

2005). However, there is fossil evidence of fungal spore from microarthropod (mites and 

collembola) feces from the Silurian, 420 MYA (Alexopoulos et al. 1996; Labandeira 2007). 
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Further, bark beetle fungal associations, Ceratocystis sp. and Ophiostoma sp., have been dated to 

40-85 MY (Harrington 2005). Therefore, insects and fungi likely had similar opportunities to 

develop relationships throughout deep time, suggesting that some other feature is an obstacle to 

intracellular life. 

 One might suspect that there are fewer obligate, transovarially transmitted fungal 

associations due to differing symbiont cell sizes, with fungi generally being regarded as larger, 

eukaryotic cells. However, Buchner (1965) noted transovarially transmitted bacteria (his ‘x 

symbionts’) in fulgoroids were up to 200 um long (p. 692) and Sulcia muelleri (the ‘a’ symbiont) 

can be up to 100 um long (Moran et al. 2005). In contrast, the YLS of planthoppers range from 5 

to 13 um (Cheng & Hou 2001). Buchner (1965) also noted many other fungal symbionts that are 

sufficiently small to be transovarially transmitted: for example, in the fulgoromorphs, Ledra 

aurita (p. 351) and a megameline (p. 392, Fig 215), the coccids (p. 232), the kermesiid, Kermes 

quercus (p. 236), a lecaniodiaspidid, Lecaniodiaspis africana (p. 237), the pseudococcids, 

Rastrococcus spp. and Stictococcus sp., (p. 239), and hormaphidine aphids (p. 328). Given that 

cell sizes of symbiotic bacteria and fungi overlap and that they can both be transovarially 

transmitted, we suggest that physiological size constraints are also not the major impediment for 

fungal intracellular life within insects. 

 The bulk of all fungal associates are being recognized in the Saccharomycotina (Suh et 

al. 2005a). However those fungi that are involved with insects in intimate (even if not 

intracellular) associations more akin to those of obligate bacteria are found instead within the 

Pezizomycotina (e.g. the YLS of planthoppers, aphids, and anobiid beetles). The known 

exceptions to this are Candida spp. (Ascomycota: Saccharomycotina) symbionts of cerambycids 

(Nardon & Grenier 1989) and the intracellular yeast symbiont, Coccidiascus legeri 
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(Ascomycota: Saccharomycotina), of Drosophila, that can speed development time and increase 

eclosion success rates (Ebbert et al. 2003). In contrast to bacterial symbionts that are in close 

contact with host cells however, these yeast symbionts are sequestered within host vacuoles 

(Lushbaugh et al. 1976; Nardon & Grenier 1989), an additional indication that housing symbiotic 

Saccharomycotina within host cells is somehow problematic. 

 Contrary to Buchner’s (1965) supposition that fungi represent relatively recent or less 

well-adapted partners of their hosts, we suggest instead that the kinds of metabolic advantages 

that are typically conferred to insects by their fungal partners are likely better collected at arms 

length. This is in contrast to the relative ease with which obligate bacterial “inmates” are 

domesticated (Baumann 2005; Buchner 1965).  

 

(B) Are there conditions under which fungi are more likely to be insect associates than bacteria? 

 Here we focus on the general metabolic requirements and byproducts of each of the three 

groups: fungi, bacteria and insects. Both fungal and bacterial symbionts of insects require 

external sources of nutrients. As a group, fungi in general rely on the secretion of enzymes into 

their surroundings and subsequent absorption of nutrients (Alexopoulos et al. 1996). Fungi can 

use a wide range of carbon sources such as methane (least complex) to lignin (most complex) 

(Deacon 2006). Bacteria in general also exhibit diverse nutritional ecologies: some are 

autotrophs, deriving energy from light, while others can use inorganic compounds (Heritage et al. 

1996). The bacteria associated with insects, however, appear to require organic materials from 

their hosts. In return, like fungi, bacteria have a wide range of potential metabolic offerings for 

their hosts.  
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 Insects have nutritional requirements much like those of vertebrates in that they require an 

exogenous source of 10-14 amino acids, several B vitamins and specific fatty acids (Vega & 

Dowd 2005), as well as sterols (Slansky 1982). What follows is a treatment of how our current 

understanding of bacteria and fungi can differ as “microbial brokers” (Dillon & Dillon 2004). We 

explore the dietary compounds that each can specifically provide for their insect hosts as well as 

the byproducts and / or enzymes for the degradation of recalcitrant carbon sources.

 Although Buchner thought that fungi were routinely leaking amino acids, they do in fact 

secrete sugars and glycerol to maintain a hypertonic state (Heritage et al. 1996). Bacteria, in 

contrast, maintain hypertonicity by secreting amino acids (Heritage et al. 1996). Therefore, one 

might expect that fungi could readily provide sugars and fats for their insect hosts in byproduct or 

cost-free mutualisms and bacteria, amino acids (Douglas 2008). Interestingly, these roles seem to 

dovetail with our current picture of endosymbiotic mutualism in insects (see Table 1). In most 

instances of sap-feeding symbiosis, the obligate bacteria are providing amino acids which may 

have been initiated as byproduct mutualisms.  

Both bacteria and fungi could provide nitrogen when their hosts consume them. Bacteria 

could potentially provide more nitrogen owing to their peptidoglycan cell walls, which are 11.5-

12.5% nitrogen by dry weight (Martin & Kukor 1984). This is in contrast to fungi, as yeast are 

7.5-8.5% nitrogen by dry weight and filamentous fungi are 2.0-8.0% (Martin & Kukor 1984). 

Bacteria can also service their hosts by recycling nitrogen, as Blattabacterium does for 

cockroaches (Wren & Cochran 1987) or Blochmannia in ants (Degnan et al. 2005). However the 

fixing of atmospheric nitrogen is restricted to protists and the microbial associates of termites and 

cockroaches, as far as is currently known (Hogg 2005; Nardi et al. 2002). Fungi cannot fix 

nitrogen (Deacon 2006), but they are able to aid in its uptake from the insect host’s diet or 
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directly provide amino acids for their hosts, as in the anobiid-symbiont examples (Pant et al. 

1960; Sasaki et al. 1996). 

 Bacteria and fungi are both able to make vitamins for their hosts. Although vitamins are 

typically considered the primary factors provided to insect hosts feeding on blood diets, e.g. tsetse 

flies (Chen et al 1999) and others (see Table 1), fungi also produce vitamins for their hosts on 

non-blood diets. For instance, (Gusteleva 1975) suggested that fungi can more readily synthesize 

B vitamins (e.g. B3 and B5) than bacteria associated with xylophagous (xylem-feeding) insects. 

In (Jurzitza 1969) experiments with the anobiid cigarette beetle (Lasioderma serricorne), he 

showed that the YLS could provide vitamins, but required at least 9 of the 10 essential amino 

acids from their hosts. Candida species yeasts are able to provide vitamins for various 

cerambycid beetles (Nardon & Grenier 1989), and this is also the likely role for some 

trichomycetes (Zygomycota) associated with black flies (McCreadie et al. 2005), which can be 

transovarially transmitted in some cases (Strongman 2007). 

 Fungi and other eukaryotes use endogenously produced sterols for membrane lipids, as 

hormone precursors and for regulating development genes (Behmer & Nes 2003). Bacteria differ 

in this regard, as only the mycoplasmas use sterols for cell membrane construction, and other 

bacteria use a functionally equivalent, but distinctly different class of compounds, hopanoids 

(Hogg 2005). Although Wigglesworthia of tsetse flies and Blochmannia of ants retain genes for 

fatty acid metabolism (Gil et al. 2003), it is not clear how hopanoids might be used by insects (S. 

Behmer, pers. comm.). The sterols produced by fungi, in contrast, are clearly prized by their 

insect associates, as there are a number of examples of this type of provisioning in the literature. 

(Ba et al. 1995) found that yeasts synthesized sterols for Solenopsis ant larvae. Sterols are 

provided by YLS for anobiid beetles (Noda & Kodama 1996) and planthoppers (Noda et al. 
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1979) and by Botrytis cinerea, the “noble rot” fungus (Ascomycota: Pezizomycotina: 

Leotiomycetes) for Grape berry moth larvae (Fermaud & Lemenn 1992). Insects that make the 

transition to direct consumption of plant tissues can use phytosterols to construct their own 

cholesterol (Behmer & Nes 2003); however, it is reasonable to assume that insects with 

insufficient access to dietary sterols (such as parasitoids) might associate facultatively with fungi 

to fulfill any additional requirements. 

 Given their heterotrophic lifestyle and absorptive nutrition, it is not surprising that there 

are numerous records of fungi producing enzymes to aid in insect host nutrition. Brues & Glaser 

(1921) found that fungal associates in soft scales produce a proteolytic enzyme and a lipase, and 

Shen & Dowd (1992) showed that the YLS of anobiid cigarette beetles are able to produce a wide 

range of detoxification enzymes that degrade a variety of compounds such as plant 

allelochemicals, mycotoxins, insecticides, and herbicides. Starmer & Fogleman (1986) showed 

that yeasts can aid in toxin breakdown in the diets of cactus rot-feeding Drosophila. While there 

is some evidence that some termites, cockroaches, and silverfish are able to generate their own 

cellulases (Martin 1987), the majority of wood-feeding insects must rely on microbes for 

digestion. The lower termites and the wood cockroach (Cryptocercus sp.) rely on protists for the 

digestion of cellulose; however, in higher termites, other cockroaches, beetles, crane flies and 

millipedes, cellulose is broken down by hindgut bacteria (Martin 1987). Filamentous fungi or 

YLS might more readily provide digestive enzymes for their hosts than yeast symbionts, as the 

latter are sessile unicells that do not secrete complex polymer degrading enzymes as they would 

be trapped in their own “erosion zones” (Deacon 2006).  
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(C) The evolution of microbial symbiosis 

 What can phylogenetic affinity tell us about the origins of symbiosis? Currently, intimate 

obligate fungal associates of insects are found in the Pezizomycotina, where other filamentous 

plant and insect pathogens are found (Suh et al. 2001). In contrast, the vast majority of what 

appear to be facultative associates are being recovered in the Saccharomycotina. This suggests 

that the origins of insect-fungal symbiosis could represent a dichotomy along these subphyla of 

the Ascomycota, with symbionts arising from pathogenic ancestors in the Pezizomycotina and 

from commensal associations in the Saccharomycotina. Here we discuss fungal and bacterial host 

invasion by pathogens and interactions with commensals of both microbial types. 

 Fungal pathogenicity and subsequent host invasion is dependent on a variety of 

mechanisms, such as host environment sensing, fungal cell wall surface features, biofilm 

formation, penetration by infection structures and the secretion of toxins or degradative enzymes 

(Yoder & Turgeon 2001). Yeasts can form biofilms either as unicells or as pseudohyphae and 

these biofilms exhibit increased resistance to antifungals (Kumamoto & Vinces 2005). Fungal 

pathogen research is primarily focused on mammalian pathogens, however, and only infection 

structure penetration is currently well understood within insects (Samson 1988). Arbuscular 

mycorrhizae secrete compounds that prepare the plant root for the symbiosis (Reiman 2008). It is 

not known whether insect associates have any similar mechanisms for negotiating the 

relationship. It seems that at least some bacteria behave similarly regardless of whether they are 

mutualists or pathogens (Dale et al. 2002). That is, they maintain secretion systems for the 

delivery of proteins or toxins for invasion of host cells (Dale et al. 2002).  
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 Are there general patterns of association with particular habitats that lend themselves to 

acquiring bacterial versus fungal symbionts? Five thousand species of fungi attack economically 

important plants (Willey et al. 2007) and some of these are associated with insects, such as the 

bark beetle associates, Ceratocystis sp. and Ophiostoma sp. fungi (Harrington 2005) or the fungus 

from siricid wood wasps (Srutka et al. 2007). In contrast, there are many fewer bacterial 

pathogens of plants (Bradbury 1986). The YLS from planthoppers and aphids arose within a 

lineage of entomopathogenic fungi (Pezizomycotina: Sordariomycetes) (Suh et al. 2001) and at 

least one bacterium (Serratia insecticola) is found within a genus of ubiquitous bacteria that are 

also pathogenic to insects (S. marcescens) (Miest & Bloch-Qazi 2008). 

 Microbes that are commensal with insects such as those in sap (endophytes) or soil 

(saprobes) could also be progenitor mutualists. Both bacteria and fungi can exist as non-

pathogenic intercellular associates of plants, known as endophytes (Arnold & Lewis 2005), and 

sap fluxes are locations of high microbial densities (Deacon 2006) particularly of fungi, given 

that high sugar content typically excludes bacteria (Koren & Bisesi 2003). Buchner (1965) noted 

that the orthezid ensign coccid, Newsteadia floccosa, made the transition to directly feeding on 

the endophytic fungi within its host plant (p. 798) and (Arnold & Lewis 2005) point out that at 

least one insect pathogenic fungus, Beauveria bassiana (Ascomycota: Pezizomycotina: 

Clavicipitaceae), can be recovered as an endophyte from maize. (See Vega (2008) for a recent 

review of other fungal entomopathogens that can live as endophytes). Soil saprotrophs might also 

become insect mutualists. However, currently, there is no evidence for this in fungi and it seems 

that only particular lineages of bacteria (Alpha-, Beta-, Gamma-proteobacteria, and 

Bacteroidetes) are found commonly as intimate mutualists of insects (Table 1). The features that 
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restrict these ecological relationships and transitions among them may be revealed in the coming 

decade with the increasing use of molecular genetic techniques. 

 

Part III - Methods for the study of microbial symbionts 

 Some of the earliest work on symbionts was conducted by researchers interested in insect 

development. For example, Blochmann, more than 120 years ago (1884), noted the presence of 

bacteria in both Camponotus and Formica ants (Buchner 1965) but was hesitant to definitively 

suggest that they were bacteria. The first description of fungal symbionts of insects was in 1854 

by Leydig who noted them in scale insects (Buchner 1965). Given that insect-fungal symbioses 

were being discovered contemporaneously with bacterial associates, why have the latter been so 

much more thoroughly studied? As we have addressed above, part of the answer may lie in the 

fact that many bacterial associates of insects tend toward obligate associations, a feature that 

clearly circumscribes their relationships with their hosts. In this section we consider two 

additional points: First, the methods for the manipulation and characterization of bacteria have 

been better resolved, due in large part to their greater divergence from their insect hosts, relative 

to fungi. Second, the insights that have amassed from genomic data are favoring bacteria, given 

that they represent much more tractable sequencing projects. 

 In general, microbes are morphologically homogenous, but identical strains can also 

exhibit differing phenotypes under varying environmental conditions or during the development 

of sexual (fungi) or asexual spores (Alexopoulos et al. 1996). Recent advances in molecular 

techniques, therefore, have vastly increased our ability to understand microorganisms. For 

amplifying bacterial partners of insects, 16S rDNA primers are widely used and there is little 

contamination from host DNA to confound sequencing results. Fungal amplification from insects, 
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in contrast, can present great challenges. Insects and fungi share a more recent common ancestry, 

and consequently a high degree of similarity in the small, 18S, and large, 28S, subunit rDNA 

genes. To circumvent this issue, most researchers use culture-dependent methods for their work 

on fungi within insects (Benoit et al. 2004; Mankowski & Morrell 2004; Pimentel et al. 2005; 

Suh et al. 2005b; Weir & Blackwell 2001). Unfortunately, this approach is likely to exclude 

fastidious, intimate associates (Zhang et al. 2003). Further, although some investigators have had 

success with direct amplification of the standard rDNA genes (Gibson & Hunter, in press; Hoy & 

Jeyaprakash 2005; Van Borm & Boomsma 2002; Zhang et al. 2003), these methods may not 

work for some host-associates because of low or variable densities of the fungi.  

 To conduct a general molecular methods-based survey for in vivo fungal symbionts, 

primers for an ergosterol synthesis gene could be developed. This sterol is unique to fungi and 

these methods have some precedent in the medical community (Bammert & Fostel 2000). 

Unfortunately, these data would not be useful at the inception of their use for taxonomic 

affinities, because this gene is not widely used at present, but they would clearly denote the 

presence or absence of fungal associates. For insect samples that are positive for the presence of 

the ergosterol gene, further work could be done to dissect particular tissues thought to contain 

fungi, or more stringent PCR conditions for rDNA genes could be used. 

 Comparing aposymbiotic or uninfected hosts with symbiont-containing hosts remains the 

accepted standard for determining phenotypes in insect symbiosis research. Generating symbiont-

free lines of fungally infected insects is more difficult than for bacteria given the lack of specific 

antifungal agents. For bacteria, the approach is relatively straightforward and a variety of 

methods are available that generally exhibit few side effects on the host (Hosokawa et al. 2008; 

Kenyon & Hunter 2007). There are some similar general methods for treating fungi within insects 
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and these include surface sterilization (Jurzitza 1966), heat (Olsen & Hoy 2002), and antifungals 

(Gibson & Hunter 2005). Many antifungals are largely designed for human use and target fungal 

sterols or chitin (Behr 2003). As chitin is the primary constituent of both fungal cell walls and 

insect cuticle, chitin-targeting compounds are likely to have detrimental consequences for the 

insect host, especially during development. Still others attack membrane components and, as 

such, are toxic for eukaryotes as a whole, e.g. amphotericin B and azoles (Benko et al. 1999). 

However there are some promising compounds from other in vitro trials or in vivo systems: In 

vitro trials with 2% sertaconazole nitrate (Ertaczo, OrthoNeutragena, Skillman, NJ 08558) (CMG 

unpublished data) or a plant secondary compound, such as tea tree oil (CMG unpublished data) 

showed successful antifungal activity against the yeast symbiont isolated from Comperia merceti 

wasps. In vivo work with 0.01% cycloheximide (Gibson & Hunter 2005), bald cypress extract 

(Jones 1981), and antifungals secreted by various bacteria, such as Bacillus, Burkholderia, 

Micrococcus, Pseudomonas, Serratia, or Staphylococcus (Cardoza et al. 2006), have been 

successful in other systems. 

 Another major obstacle that has hindered insect-fungal symbiosis research is the current 

fungal nomenclatural system, especially with respect to unicellular or uncultivable fungal 

symbionts. Yeasts must be grown on traditional fermentation and assimilation media and given a 

Latin diagnosis before they can be formally named. In contrast, bacteriologists no longer require 

that a specimen be deposited with a Bacteriology Culture Collection and have recently opted for 

the system of using ‘candidatus’ for fastidious bacteria that have distinctive phenotypes (e.g., as 

insect symbionts) and for which we only have sequence data (Murray & Schleifer 1994). Given 

the diversity of yeasts and YLS being recovered from insects (Suh et al. 2005a), and the unlikely 

event that all of these organisms will be cultivable, a similar strategy for fungi would be timely.  
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 Lastly, newcomers to fungal research should note that some methods commonly used for 

bacteria also suffice for at least some fungi. For instance, gram-staining is a straightforward and 

effective means of determining whether particular cells are bacterial or fungal, as fungal cells 

stain tan rather than pink or purple. Further, glycerol stocks can be made with great efficacy for 

some unicellular fungal samples (CMG unpublished). Finally, any cultured samples should be 

made into longer term storage stocks as soon as possible (as some cultivated fungi decline shortly 

after isolation) and archived with the National Center For Agricultural Utilization Research, 

Peoria IL 61604 with as much additional data (e.g. GenBank accession numbers) as possible. 

 

 Ruby (2008) suggested that the community organize around genomic and molecular 

genetic tools for advancing the field of symbiosis. However, more fundamentally we need a 

systematic compilation of symbiont data. A framework for uniting whole systems through time 

and space as well as disparate fields of symbiosis research, e.g. marine symbioses, or vertebrate 

and invertebrate guts, is in order. Investigators could document key features of their systems and 

catalogue them in an ecological database not unlike GenBank. Smith & Douglas (1987) provided 

a table with some of the relevant features: first, the physical sizes and locations of the participants 

over the duration of their contact, which may change under varying nutrient conditions or over 

different host developmental stages; second, the number of, and relationships among, host 

individuals that test positive for symbiont association; and finally, the manner in which symbionts 

are transmitted and the degree of fidelity, as this last has important implications for both the 

specificity and the extent of host-symbiont integration.  
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Methods, theory, computational ability 

 Currently, 2746 bacterial, 353 fungal, and 90 arthropod (49% of them dipteran, many 

Drosophila or mosquito species) genome sequencing projects are in progress (accessed: October 

20, 2008, http://www.genomesonline.org/). Clearly there is a disparity among these numbers. 

Eukaryotic genomes are less gene-dense than those of bacteria, and both genes and genomes are 

much larger, in part due to introns (Keeling and Slamovits 2004). In contrast to bacteria, lateral 

gene transfer appears less common in eukaryotes. In the fully sequenced fungal genomes of 

Yarrowia lipolytica, Kluveromyces lactis, and Debaryomyces hansenii (all Ascomycota: 

Saccharomycotina), lateral gene transfer appears to account for < 1% of total gene number 

(Dujon et al. 2004). Researchers instead cite gene duplication as playing a large role in the 

versatility of fungal genomes (Scannell et al. 2007), a factor which could promote larger genome 

sizes in fungi. The genomes of YLS of planthoppers were estimated at 17,000-20,000 Kb (Noda 

& Kawahara 1995) and those of the beetles, Lasioderma serricorne and Sitodrepa paniceum 

(Anobiidae) were estimated at 20,900 and 15,100 Kb, respectively (Noda & Kawahara 1995). 

This is not surprising, as all save the planthopper YLS can be cultivated in vitro. These obligate 

mutualist fungal genomes are therefore orders of magnitude larger than those of sequenced 

bacterial symbionts (see Table 1). Interestingly, however, two obligate fungal pathogens show 

some similarities to obligate bacterial symbionts. These are the microsporidian, Nosema locustae, 

an intracellular parasite of insects with a genome size of 2,900 Kb, and Pneumocystis jiroveci (= 

carinii), a pathogen of human lungs, with a 7,700 Kb genome. In the first case, the 

microsporidian demonstrates gene densities that are comparable to those of obligate intracellular 

bacteria, (one gene/ Kb, as in Buchnera aphidicola, Moran & Plague 2004), in contrast to the free 

living Saccharomyces cerevisiae or E. gossypii, which have one gene/2 Kb) (Keeling & 
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Slamovits 2004). Microsporidia are their own separate phylum of the Fungi and P. carinii is in 

the Taphrinomycotina of the Ascomycota. Therefore, it is unclear whether reductions in genomic 

architecture will hold for other symbiontic mutualists or pathogens in the Pezizomycotina or 

Saccharomycotina, though it seems unlikely, given that they typically maintain cultivability and 

autonomy. 

 

 In the last two decades microbial ecology has been and continues to be transformed by 

molecular methods: (Lemos et al. 2003) point out that in silico (computer aided) design of 

culture media is now possible for previously fastidious bacteria. Further, high-throughput 

sequencing (e.g., pyrosequencing) is enabling relatively small teams of collaborators to sequence 

whole genomes (Nakabachi et al. 2006), thus permitting the accumulation of huge tracts of 

genomic data. Contemporary phylogenetic methods now facilitate the identification of novel 

strains and species more readily (Nguyen et al. 2007), and microarray analyses allow for the 

comparison of expression profiles under various conditions (Mahadav et al. 2008). Further, 

differing transcript abundances can readily be assessed (Vinuelas et al. 2007), RNA interference 

technology allows for genome-wide loss of function screens (Haynes et al. 2007) and ChIP-on-

chip assays are allowing us to explore the relationship between DNA and protein in vivo (Liu et 

al. 2007). These new ways of understanding microbes allows their characterization as distinct 

entities and functional information about their dynamics within their hosts and as community 

assemblies – we can take a systems-wide approach as never before. Further, theory, methods and 

computational ability have developed such that we are now able to reconstruct large-scale 

ecological networks among organisms and using a “reverse ecology” approach, infer the 

interactions among them both presently, as well as historically (Borenstein et al. 2008).  



 

 

45 

 To date, methodological abilities have hindered or forced the lion’s share of symbiosis 

research toward obligate bacterial symbionts which is clearly not a complete picture of insect-

microbial symbiosis. The methods listed here are bound to expand or to be employed in creative 

ways beyond our current imaginings within the next decade. These will parlay into not only a 

more balanced view of both the facultative and obligate microbial symbionts, but also the 

potential use of their novel genes or gene products. 

 

Conclusions 

 Fungi are frequent and important associates of insects. Although fungi are often found in 

facultative relationships with their insect hosts more frequently relative to bacteria, this is likely 

due to their supplying benefits from afar rather than from size constraints or brief association 

over evolutionary time. The facultative nature of fungal associations is a feature that might work 

to our advantage. For instance, fungi might represent superior opportunities for symbiotic control 

of pest insects (e.g. beetles, cockroaches, or ticks) because of their ease of cultivation. Cultivable 

microbes are more readily transformed for paratransgenesis (the construction of a recombinant 

symbiont that results in changes in the host insect’s phenotype (Douglas 2007)) or for probiotic 

inoculation for competitive exclusion (Miller 2008). Given that eukaryotes are less prone to 

lateral gene transfer, the risk of any transformed genes escaping into nontarget organisms would 

also be lessened.  

 Xu & Gordon (2003) suggested that the number of symbiont genes within humans likely 

exceeds our own by a factor of ~ 100. This is not surprising given an estimate by Margulis & 

Sagan (1993) that we are 10% bacterial by dry weight! Clearly, sole organisms can no longer be 

our focus. Instead we must see individuals as conglomerates or “metaorganisms” (Miller 2008). 
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We may need to alter our thinking toward a more dynamic, bigger-picture approach: the 

“hologenome” (Zilber-Rosenberg & Rosenberg 2008). Whatever the future brings, we are 

fortunate to exist at a time in biology when molecular tools are revealing the complexity of 

microbial symbiosis. 
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Table 1. Endosymbiotic microbial associates of insects organized by host nutritional ecology. 
  Symbiont Host M, P, C Role O, F Cul

t. 
Trans. 
type 

Site S. 
genome 

(Kb) 

S. cell 
size 

(uM) 

Age 
(MYA) 

References 

Vertebrate blood                         
Gamma- 
proteobacteria 

Wigglesworthia 
glossinidia 

tsetse flies m vitamins o n transo. intra 697 / 40 (1, 2) 

Gamma- 
proteobacteria 

Sodalis glossinidius tsetse flies c / o y transo. intra 417 / / (1) 

Gamma- 
proteobacteria 

Riesia pthiripubis anopluran sucking 
lice 

m nutrition / n transo. intra / / / (3, 4) 

Alpha- 
proteobacteria 

possiblyWolbachia cimicid bedbugs m / / n transo. intra / 0.3x1.4 / (5) 

Gamma- 
proteobacteria 

Arsenophonus 
triatominarum 

assassin bugs m / / n transo. intra / / / (6) 

Gamma- 
proteobacteria 

unnamed relative of 
Sodalis 

hippoboscid fly m / / n transo. intra / 0.4-0.6 / (7, 8) 

Gamma- 
proteobacteria 

unamed relative of 
Sodalis 

mallophagan 
chewing lice 

m unknown, 
likely 
nutritional 

o n transo. intra / / / (9) 

Ascomycota: 
Pezizomycotina: 
Microascales 

Scopulariopsis 
brevicaulis 

American dog ticks m water 
conservation in 
presence of 
fungal 
pathogen 

f y transo. inter- 
glands 

/  3.5-5 / (10, 11)  

Plant sap                         
Gamma- 
proteobacteria 

Buchnera aphidicola aphids m amino acid 
synthesis 

o n transo. intra 640 3 115-230 (1, 12, 13) 

Bacteroides Sulcia muelleri many 
auchenorrhycha 
bugs 

m amino acid 
synthesis 

o n transo. intra 245 5-100 260-280 (1, 14) 

Gamma- 
proteobacteria 

Baumannia 
cicadellinicola 

glassy-winged 
sharpshooter 

m vitamins o n transo. intra 686 2 90-180 (1, 13-15) 

Gamma- 
proteobacteria 

Carsonella ruddii psyllid jumping lice m amino acid 
synthesis 

o n transo. intra 160 2-6 100-250 (13, 16, 17) 

Gamma- 
proteobacteria 

Portiera 
aleyrodidarum 

whitefly m probable 
amino acid 
synthesis 

o n transo. intra / 2 100-200 (13, 18, 19) 

Beta- proteboacteria Tremblaya princeps scale insects and 
mealy bugs 

m probable 
amino acid 
synthesis 

o n transo. intra / 1-6 100-200 (13, 20, 21) 

Gamma- 
proteobacteria 

Ishikawaella 
capsulata 

plataspid stinkbugs m required for 
growth + 
development 

o n transo. inter- 
midgut 

800 1-3 / (22) 
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  Symbiont Host M, P, C Role O, F Cul
t. 

Trans. 
type 

Site S. 
genome 

(Kb) 

S. cell 
size 

(uM) 

Age 
(MYA) 

References 

Plant sap cont’d                         
Ascomycota: 
Pezizomycotina:  

unnamed YLS brown planthopper m N recycling + 
sterol synthesis 

o n transo. intra 17,000-
20,000 

5-13 / (23-25)  

Ascomycota: 
Pezizomycotina:  

unnamed YLS aphids m suspected to 
replace 
Buchnera 

o n transo. intra / / / (26) 

Lignin or cellulose                         
Alpha- 
proteobacteria 

Rickettsia psocopterans, book 
lice 

m unknown o n transo. intra / 1-8 / (27)  

Gamma- 
proteobacteria 

Sitophilus oryzae 
primary 
endosymbiont 

Sitophilus 
dryophthorid 
weevils 

m amino acids, 
vitamins other 
cell processes 

o n transo. intra 300 1-2x3-
200 

100 (28) 

Ascomycota: 
Taphrinomycotina 

Symbiotaphrina 
kochii 

anobiid cigarette 
beetle 

m detoxification 
and N, sterol + 
vitamin 
synthesis 

o y egg 
smear. 

intra 20,900 2-4.5 / (25, 29-31) 

Ascomycota: 
Taphrinomycotina 

Symbiotaphrina 
buchneri 

anobiid drugstore 
beetle 

m uric acid 
recycling 

o y egg 
smear. 

intra 15,100 2-4.5 / (25, 31) 

Ascomycota: 
Saccharomycotina 

Pichia sp. wood-ingesting 
bessbug beetles 

m fermentation + 
assimilation of 
xylose or 
hyrdolysis of 
xylan 

f y env. 
vert. 

inter- / / / (32) 

Ascomycota: 
Saccharomycotina 

Candida tenuis, C. 
rhagii 

longhorned 
cerambycid beetles 

m amino acids + 
vitamins 

f y egg 
smear. 

intra / / / (33, 34) 

Mixed diet                         
Archaea Methanomicrococcus 

blatticola 
cockroaches m H dependent 

methanogenesi
s  

/ n / intra  / / / (35) 

Archaea Methanobrevibacter 
filliformis 

termites m methanogenesi
s 

/ n / inter-
hindgut 

/ 0.23x50 / (36) 

Bacteroides Blattabacterium sp. cockroaches m uric acid 
storage + 
amino acid 
synthesis 

o n transo. intra 650 0.9x1.5 / (1, 5) 
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  Symbiont Host M, P, C Role O, F Cul
t.? 

Trans. 
type 

Site S. 
genome 

(Kb) 

S. cell 
size 

(uM) 

Age 
(MYA) 

References 

Mixed diet cont’d                         
Zygomycota: 
Kickxellomycotina 

various 
trichomycetes 

blackflies m or p B vitamins + 
amino acids 

f / horiz. inter-
hindgut  

/ ~ 20 
(spores) 

/ (37-39) 

Ascomycota: 
Saccharomycotina 

Debaryomyces 
polymorphus 

carpenter ants / likely 
nutritional 

/ / env. 
vert. 

inter- 
hemocoel 

/ 2 / (1, 40) 

Ascomycota: 
Pezizomycotina & 
Saccharomycotina 

2 unnamed species cockroaches / / / y 
(the 
Sac
ch) 

transo. / / / / (41) 

Non-nutritional                          
BACTERIA unnamed rove beetles m protection 

from predators 
f n egg 

smear. 
/ / / / (42) 

Gamma- 
proteobacteria 

Serratia symbiotica aphids m increased 
resistance to 
parasitoids 

f n transo. intra / 1x10 / (43) 

Gamma- 
proteobacteria 

Hamiltonella defensa aphids m increased 
resistance to 
parasitoids 

f n transo. intra 1,600 1-2 / (18, 43, 44) 

Gamma- 
proteobacteria 

Regiella insecticola aphids m increased 
resistance to 
pathogens 

f n transo. intra / 1x5 / (43) 

Bacteroides Cardinium hertigii many p reproductive 
manipulation 

f n transo. intra / 0.4x0.8 / (45) 

Alpha- 
proteobacteria 

Wolbachia pipientis many m or p reproductive 
manipulation+ 
essential for 
development 

f n transo. intra 1,500 0.8-1.5  / (1) 

Unknown                         
Ascomycota: 
Saccharomycotina 

unnamed Comperia merceti 
encyrtid wasp 

p / f y egg 
smear. 

inter- 
gland 

/ 5-35 / (41, 46) 

Ascomycota: 
Saccharomycotina 

Metschnikowia 
chrysoperlae, 
Candida  
picachoensis + C. 
pimensis 

Chrysoperla spp. 
green lacewings 

/ / f y egg 
smear., 

also 
horiz.   

inter- gut 
pouch 

/ 5 / (47, 48) 

Ascomycota: 
Laboulbeniomycete
s 

Laboulbeniales insects, mites, 
millipedes 

c / f n horiz.  inter- 
cuticle 

/ 250 / (37) 

Ascomycota: 
Saccharomycotina 

Coccidiascus legeri Drosophila 
melanogaster 

m accelerates 
development, 
improves  
eclosion rates 

f n horiz.  intra / 2x4-18 / (49, 50) 
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  Symbiont Host M, P, C Role O, F Cul
t.? 

Trans. 
type 

Site S. 
genome 

(Kb) 

S. cell 
size 

(uM) 

Age 
(MYA

) 

References 

Unknown cont’d                         
Ascomycota? unnamed Dapsilarthra apii 

braconid wasp 
/ / / / vert. / / 3x7 / (51)  

Ascomycota? unnamed Pimpla turionellae 
ichneumonid wasp 

/ / / / transo. intra / 2.5-6 / (52) 

The first column includes the nutritional ecology of the host which divides the sections. The first column also contains the higher level taxonomic affinity of the symbiont. ‘Symbiont’ is the Latin 
binomial of the symbiont, where known, followed by the common name of the host. ‘M,P,C’ denotes whether the symbiont is a mutualist, parasite or commensal. ‘Role’ is the role that the symbiont 
plays within the host. ‘O,F’ is whether not the symbiont is obligately or facultatively associated with its host. ‘Cult.’ is whether there is a record of symbiont cultivation free from the host. ‘Trans. 
Type’ is the means by which the symbiont is transferred among hosts. Here, ‘vert.’ is from mother to offspring if no additional information exists, ‘env. vert.’ is vertical transmission via the 
environment, ‘transo’ is transovarially transmitted, ‘egg smear.’ is externally packaged on the eggs and ‘horiz’ is horizontal transmission among unrelated individuals. ‘Site’ is the location within the 
host, whether intracellular or intercellular, and if the latter, then where. ‘S. genome size’ is the genome size of the symbiont in kilobases. ‘S. cell size’ is the size of the symbiont cells in microns. ‘Age’ 
is the estimated age of the host-symbiont association in millions of years. ‘/’ denotes that no information is available. References: 1. www.genomesonline.org (accessed Oct 20, 2008). 2. Chen, X. A., 
Li, S. & Aksoy, S. (1999) Journal of Molecular Evolution 48, 49-58. 3. Sasaki-Fukatsu, K., Koga, R., Nikoh, N., Yoshizawa, K., Kasai, S., Mihara, M., Kobayashi, M., Tomita, T. & Fukatsu, T. 
(2006) Applied and Environmental Microbiology 72, 7349-7352. 4. Allen, J. M., Reed, D. L., Perotti, M. A. & Braig, H. R. (2007) Applied and Environmental Microbiology 73, 1659-1664. 5. Houk, 
E. J. & Griffiths, G. W. (1980) Annual Review of Entomology 25, 161-187. 6. Hypsa, V. & Dale, C. (1997) International Journal of Systematic Bacteriology 47, 1140-1144. 7. Buchner, P. (1965) 
Endosymbiosis of animals with plant microorganisms (Interscience, New York). 8. Novakova, E. & Hypsa, V. (2007) Fems Microbiology Letters 269, 131-135. 9. Fukatsu, T., Koga, R., Smith, W. A., 
Tanaka, K., Nikoh, N., Sasaki-Fukatsu, K., Yoshizawa, K., Dale, C. & Clayton, D. H. (2007) Applied and Environmental Microbiology 73, 6660-6668. 10. Benoit, J. B. & Yoder, J. A. (2004) 
International Journal of Acarology 30, 77-80. 11. Yoder, J. A., Benoit, J. B., Denlinger, D. L., Tank, J. L. & Zettler, L. W. (2008) Journal of Invertebrate Pathology 97, 119-127. 12. Moran, N. A. & 
Degnan, P. H. (2006) Molecular Ecology 15, 1251-1261. 13. Baumann, P. (2005) Annual Review of Microbiology 59, 155-189. 14. Moran, N. A., Tran, P. & Gerardo, N. M. (2005) Applied and 
Environmental Microbiology 71, 8802-8810. 15. Takiya, D. M., Tran, P. L., Dietrich, C. H. & Moran, N. A. (2006) Molecular Ecology 15, 4175-4191. 16. Nakabachi, A., Yamashita, A., Toh, H., 
Ishikawa, H., Dunbar, H. E., Moran, N. A. & Hattori, M. (2006) Science 314, 267-267. 17. Thao, M. L., Moran, N. A., Abbot, P., Brennan, E. B., Burckhardt, D. H. & Baumann, P. (2000) Applied and 
Environmental Microbiology 66, 2898-2905. 18. Gottlieb, Y., Ghanim, M., Gueguen, G., Kontsedalov, S., Vavre, F., Fleury, F. & Zchori-Fein, E. (2008) Faseb Journal 22, 2591-2599. 19. Thao, M. L. 
& Baumann, P. (2004) Applied and Environmental Microbiology 70, 3401-3406. 20. von Dohlen, C. D., Kohler, S., Alsop, S. T. & McManus, W. R. (2001) Nature 412, 433-436. 21. Thao, M. L., 
Gullan, P. J. & Baumann, P. (2002) Applied and Environmental Microbiology 68, 3190-3197. 22. Hosokawa, T., Kikuchi, Y., Nikoh, N., Shimada, M. & Fukatsu, T. (2006) Plos Biology 4, 1841-1851. 
23. Noda, H. & Saito, T. (1979) Applied Entomology and Zoology 14, 453-458. 24. Cheng, D. J. & Hou, R. F. (2001) Tissue & Cell 33, 273-279. 25. Noda, H. & Kawahara, N. (1995) Journal of 
Invertebrate Pathology 65, 118-124. 26. Hongoh, Y. & Ishikawa, H. (2000) Journal of Molecular Evolution 51, 265-277. 27. Perotti, M. A., Allen, J. M., Reed, D. L. & Braig, H. R. (2007) Faseb 
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Abstract: 

 Heritable bacterial symbionts are widespread among insects and can have many 

important effects on host ecology and fitness. Fungal symbionts are also important in shaping 

hosts’ behavior, interactions, and evolution, but have been largely overlooked. We investigated 

the fitness consequences to a parasitic wasp (Comperia merceti) of an inherited fungal symbiont 

in the Saccharomycotina (Ascomycota) that was long presumed to be a mutualist. In 

comparisons of wasp lines with and without the symbiont, we found no evidence of mutualism. 

Instead, wasps suffered significant fitness costs in the presence of the yeast: infected wasps 

attack fewer hosts and have longer development times. We also tested for the relative 

competitive ability of the larval progeny of infected and uninfected mothers, as well as for 

horizontal transmission of the fungal symbiont among larval wasps that shared a single host 

cockroach egg case. We found no difference in larval competitive ability. Our results suggest 

that high rates of horizontal transmission are responsible for maintaining this infection in wasp 

populations. 

 

Key Words: yeast symbiont, parasite, vertical transmission, parasitoid 
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Introduction: 

 The majority of heritable bacterial symbionts associated with insects provide either 

nutritional benefits for hosts that feed on nutrient-poor diets such as blood (e.g., Wigglesworthia 

sp. Akman et al. 2002, or sap e.g., Buchnera spp., Shigenobu et al. 2000, or manipulate hosts’ 

reproduction to benefit their own transmission (e.g., Wolbachia spp., Werren 1997 or Cardinium 

sp., Zchori-Fein et al. 2004). Thanks in part to these exemplars, research efforts have diversified, 

leading to the discovery of additional benefits such as heat tolerance (Russell & Moran 2006) or 

protection from parasitism (Oliver et al. 2003).  

 Despite growing interest in the cryptic roles of insect associates, fungal symbionts have 

been largely overlooked, and their prevalence, ecological importance, and evolutionary 

implications for hosts are still poorly understood. Yet we have reason to suspect that fungal 

symbionts may be as diverse and functionally important as bacteria in insects. Buchner’s (1965) 

foundational work on arthropod-microbe symbioses included many fungi, and anecdotal reports 

are scattered throughout the literature (e.g., fire ants Ba 1996, stingless bees Rosa et al. 2003, 

earwigs, scale insects, flies, andrenid bees and ants Zacchi & Vaughn-Martini 2002 and 

leafhoppers Sacchi et al. 2008). Recent surveys of insects for fungi have returned an astonishing 

diversity, for instance in beetles (Suh et al. 2005), a cockroach and five other neuropteran 

families (Nguyen et al. 2007), sap-feeding beetles, flies and bees (Lachance et al. 2001) and it 

has been suggested that the majority of unicellular fungal diversity may be recovered from 

insects (Suh et al. 2005). Such associations are often suggested to be mutualistic, with the fungus 

presumably providing enzymes, essential amino acids, vitamins, or sterols (Vega & Dowd 

2005), and the insect vectoring and providing a habitat for the fungus. Fitness consequences of 

these associations have been assessed in only a handful of cases, including planthoppers (Sasaki 
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et al. 1996), anobiid beetles (Nasir & Noda 2003), (Shen & Dowd 1992) and scolytid beetles 

(Ayres et al. 2000). In most instances the significance of the relationship is not clear, especially 

in the many cases where the fungi are not obligate associates. 

In 1985, LeBeck reported on a unicellular fungal symbiont in Comperia merceti 

(Hymenoptera: Encyrtidae), a gregarious endoparasitoid that specializes on the egg cases of 

brownbanded cockroaches, Supella longipalpa (Blattaria: Blattellidae). The fungus is found 

throughout the hemocoel in juvenile wasps, in adult males, and in the venom gland of adult 

females (LeBeck 1985). In addition, the fungus is vertically transmitted from mother to offspring 

via the external surface of wasp eggs during oviposition into cockroach egg cases. Vertical 

transmission via the egg surface is a common method in other fungal symbiont systems (e.g. 

planthoppers (Lee & Hou 1987), lacewings (Gibson & Hunter 2005), and woodwasps, anobiid 

beetles, and cerambycid beetles (Buchner 1965). LeBeck (1985) characterized the fungus as a 

Candida sp. and suggested that it might alter the nutritional value of the host cockroach egg case 

for the benefit of the developing wasp larvae. However, the predacious diet of immature 

parasitic wasps would make them unusual candidates for nutritional symbionts: parasitic wasps 

consume other insects, and do not ordinarily require the nutritional complementation that many 

fungal and bacterial symbionts provide to insects with unbalanced diets. Ours is the first study, 

to our knowledge, of the role of an inherited fungus in an insect with a strictly predacious diet.  

 Comperia merceti wasps house a single known fungal symbiont (in the Ascomycota: 

Saccharomycotina) and no detectable bacterial symbionts (Gibson & Hunter 2008). Further, 

these wasps do not become infected with any of their host cockroaches’ symbionts (Gibson & 

Hunter 2008). The current research tests the hypothesis that the wasps’ fungal symbiont is a 
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mutualist, and explores alternative means by which this fungus could be maintained in wasp 

populations. 

 

Methods: 

 A culture of brownbanded cockroaches was started from hundreds of feral individuals 

collected between 2003 and 2006 in the Marley Building of the University of Arizona. The 

colony was maintained on autoclaved dog food (Science Diet, Topeka, KS) and sterile water. The 

Comperia merceti wasp culture was initiated from parasitized brownbanded cockroach egg cases 

sent from a feral population at the University of Massachusetts in 2003 and was maintained 

continuously on brownbanded cockroach egg cases (larvae), and honey and sterile water (adults).  

 During the course of a multi-generation heat treatment experiment designed to rid wasps 

of their fungal infection (CMG, unpublished data), three lines of wasps (all discovered from 

control lines) were identified as fungus-free via microscopy and polymerase chain reaction 

(PCR) tests (methods in (Gibson & Hunter 2008)). At the completion of each of the four 

generations in the heat treatment experiment, a random sample of female progeny (between 1 and 

8 individuals) was dissected from each of the individually maintained 19 lines (as heat treatment 

had no discernible effect on infection status). In the first generation, one of the 19 lines was 

uninfected. Over the course of the following three generations two lines additional lost their 

infections. An average of these rates of loss per generation suggests that vertical transmission 

rates are normally > 90%. 

 The progeny of newly uninfected wasps were isolated and used to initiate an uninfected 

C. merceti culture. Subsequent experiments were conducted 17-20 generations after the infection 
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was lost. Periodic PCR tests (n = 15 individuals) and dissections (n = 150) verified the infection 

status of wasps from each culture. 

 

Effects of the fungal endosymbiont on wasp fitness: 

 Parasitized cockroach egg cases were collected from both the infected and uninfected 

culture stocks and held individually in cotton-stoppered 13 mL glass vials until adults emerged. 

Emerging wasps of both sexes were provided with honey and water ad libidum and held for one 

day. Females were selected from each of these vials, weighed on a Cahn C-31 Microbalance to 

the nearest 1 ug and placed into mesh-windowed (diameter 65 mm) plastic boxes (dimensions 

125 mm x 82 mm x 22 mm) individually. Five uL of honey was placed on the mesh window 

every 3 d. These mothers’ natal brood size, natal sex ratio, and lifespan were recorded. Over the 

duration of these mothers’ lives, two weighed, < 7 d old cockroach egg cases were provided 

every 3 d, with equivalent host resources allotted to each treatment. After exposure to wasps, egg 

cases were placed individually into 35 mm Petri dishes and held at 27 °C (65% RH) with 16 h 

light: 8 h dark in an environmental chamber until wasps or cockroaches emerged, or the egg case 

desiccated. Brood size, sex ratio, and development time for the wasp progeny that emerged from 

egg cases was recorded and the masses of male and female offspring were measured. 

 Two multivariate analyses of variance were conducted for the mother data and the 

offspring data. There were no differences in the identity responses and therefore individual 

student’s t-tests were conducted independently for each normally distributed variable. Lifespan 

of mothers was transformed with a log (x) + 1 transformation. The Wilcoxon rank sum non-

parametric test was used to analyze the number of egg cases parasitized, the offspring sex ratio 
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data, and the offspring development time data, as these data were not normally distributed and no 

transformation was sufficient to normalize them.   

 Life table analyses for both the infected and the uninfected group of C. merceti wasps 

were conducted in Populus v.5.3 (Alstad 2003) using empirical values observed in this study. For 

uninfected wasps, a development time of 32 d was used in the life table calculation, with 0.465 

egg cases parasitized per day, a sex ratio of 0.17 males and therefore, 7.65 females per brood. For 

infected wasps, a lifespan of 34 d was used in the life table calculation, with 0.3 egg cases 

parasitized per day, a sex ratio of 0.19 males and therefore, 6.60 females per brood. Juvenile 

mortality (egg to pupal stages) was the same for each infection status: ~ 7%. 

 

Fungal transmission and intraspecific competition among larvae: 

 We examined the relative competitive ability of offspring from infected and uninfected 

mothers, and examined the potential for the fungus to be transmitted horizontally among larvae 

within individual cockroach egg cases. 

Comperia merceti, like other Hymenoptera, are haplodiploid: unmated females lay 

unfertilized, haploid eggs that mature into sons; mated females lay both haploid eggs (sons) and 

fertilized, diploid eggs (daughters). Mated Comperia merceti exhibit a relatively invariant sex 

ratio of 20% males in accordance with local mate competition theory for inbreeding gregarious 

broods (Godfray 1994). In this experiment, the mating status of the ovipositing mother wasps 

was used to determine which offspring came from either of an infected or an uninfected mother 

both of which were allowed to oviposit on a single cockroach egg case. 

In treatment 1, a mated, uninfected female wasp (capable of producing male and female 

offspring) shared an egg case with a virgin, infected wasp (capable of producing only male 
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offspring). Under this scenario, daughters from the mated, uninfected mother should remain 

infection-free in the absence of horizontal transmission. In treatment 2 two mated, uninfected 

females shared a host. This treatment established that mated females each still oviposit 20% male 

offspring while sharing a cockroach egg case with a second female. In treatment 3 a mated, 

infected female wasp (both male and female offspring) shared an egg case with a virgin, 

uninfected wasp (male offspring only). In this treatment, no more than one or two male offspring 

should be infected from emerging adult brood in the absence of horizontal transmission. 

Treatment 3 was designed as a comparison for treatment 1 to explore whether there might be a 

competitive advantage to infection. For example, one would expect a more male-biased sex ratio 

in treatment 3 relative to treatment 1 should housing the fungal symbiont carry a cost to 

developing infected female larvae.  

 To obtain female wasps with the appropriate mating and infection status, egg cases from 

both of the infected and uninfected culture stocks were dissected and individual wasps sexed in 

the pharate pupal stage. Female C. merceti wasps have three or more white antennal segments, 

males have a maximum of two (Lawson 1954). Pupae were placed on sterile filter paper in 35 

mm plastic Petri dishes lined with 1% water agar. Emerging adult females that were to be mated 

were placed in 0.6 mL Eppendorf tubes with honey and 3-4 males of the same infection status for 

24 h. In advance of the experiment, cockroach egg cases were weighed and assigned to 

treatments such that equal host resources were apportioned to each. The two females for each 

replicate were then placed on a single egg case inside a mesh-windowed plastic box as described 

above. After 7 d, egg cases were examined for oviposition stalks and then held at 27 °C (65% 

RH) 16 h light: 8 h dark in an environmental chamber until wasp progeny emerged. Following 

emergence, replicates of the experimental treatments that had too few males (< 15%) were 
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excluded from the analysis because of the likelihood that the virgin mother had not oviposited. 

Conversely, replicates that gave rise to male-only broods were also excluded, as this indicated 

that either the mated female had not oviposited, or that she was unmated.  

 Horizontal transmission was calculated for treatment 1 by counting the number of female 

progeny (from the mated, uninfected mother), determining the number of male progeny for the 

uninfected brood to have had a sex ratio at or just below (more conservative) 20% and finally 

tallying the number of the female and male offspring that were infected. For treatment 3 (with 

uninfected virgin mothers), the number of sons was estimated as the remainder of males after 

accounting for the sons and daughters from the infected mother. Horizontal transmission to these 

males was then tallied. Although some of the progeny from the infected mother may have lost the 

infection through incomplete vertical transmission (as discussed above), this would only affect 

the calculation of uninfected sons and therefore underestimate the rate of horizontal transmission 

in treatment 3. (Males that were infection-free upon dissection would have been counted as 

offspring of the uninfected mother, despite being sons of the infected mother). 

 Sex ratios in the horizontal transmission experiment were normally distributed (null 

hypothesis of normal distribution, Shapiro-Wilk W Test, W = 0.961, P < W 0.61 (n = 18)) and 

were compared with a student’s t-test. 

 

Results: 

Effects of the fungal endosymbiont on wasp fitness: 

 We observed no significant differences between infected and uninfected mothers with 

respect to mothers’ natal brood size, natal sex ratio, mass, or lifespan (table 1). However, 
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uninfected mothers oviposited into one more egg case on average (2.83 ± 0.19) than did infected 

mothers (1.85 ± 0.21) (Z = 890.5, P = 0.0001, Wilcoxon rank sum test) (figure 1). 

We observed no significant differences between progeny of infected vs. uninfected 

mothers, with respect to average sex ratio, average mass of female offspring, average mass of 

male offspring, nor average brood size (table 1). The greatest difference was seen in 

development time: uninfected offspring developed 1.8 d faster on average than did infected 

offspring (Z = 1555, P = 0.0005, Wilcoxon rank sum test) (figure 2). These differences 

translated to instantaneous growth rates of r = 0.1666 for uninfected wasps (as calculated in 

Populus, see above), and r = 0.1267 for infected wasps, and result in a doubling time of 8.3 d 

and 10.9 d respectively. 

 

Fungal transmission and intraspecific competition among larvae: 

 Although previously documented as a vertically transmitted symbiont, we also found that 

the fungal endosymbiont was transmitted horizontally among developing wasps with extremely 

high frequency (figure 3). In experimental treatment 1 and 3, 94.5% and 98.9% of progeny of 

uninfected individuals were found to be infected, respectively. The sex ratios for the two 

experimental treatments (1: 55.2% and 3: 64.5% male) were not significantly different (t1, 17 = -

0.75, two tailed P = 0.46) from one another. This result suggests that the mated mothers in the 

two treatments contributed equally to the progeny produced, despite their difference in infection 

status. Therefore, there appears to be no competitive difference between the progeny of 

uninfected wasps relative to those of infected wasps. 
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Discussion: 

 The fungal symbiont of C. merceti was previously thought to be solely vertically 

transmitted and to serve as a mutualist of its hosts (Lebeck 1989). Under controlled laboratory 

conditions, however, we found that the fungal symbiont provided no clear fitness benefit to 

wasps in either the larval or adult stages. Instead, we documented clear fitness costs: infected 

wasps attack fewer hosts (figure 1) and have longer development times (figure 2). These fitness 

costs translate into a difference in doubling time of 2.6 d; the uninfected wasps develop 1.3 times 

faster than the infected wasps. Moreover, we found that there is no difference in competitive 

ability between the infected and uninfected larvae. 

 Given the frequency of vertical transmission of the fungus (> 90%), it is initially 

surprising that it confers no apparent benefit (Lebeck 1989). Although vertical transmission 

could be either an intentional (mutualistic) or orchestrated (parasitic) behaviour designed to 

package fungal cells along with offspring, the fungal symbiont colonizes C. merceti’s venom 

gland, which normally secretes fluid during oviposition (Quicke 1997). Therefore, a significant 

behavioural change would not be required for the symbiont’s inclusion along with wasp eggs. 

Symbionts that are strictly vertically transmitted must provide fitness benefits for their hosts, or 

manipulate host reproduction to spread in host populations (Bull 1983). In the Comperia merceti 

system there is no obvious fitness benefit to housing the fungus, nor evidence of symbiont-

mediated sex ratio distortion. However, our demonstration of extremely high rates of horizontal 

transmission (figure 3) provides a compelling mechanism by which a detrimental fungal 

symbiont could be maintained in wasp populations. Although wasps can discriminate between 

unparasitized and previously parasitized egg cases in choice arenas (Vandriesche & Hulbert 

1984), superparasitism (egg deposition by multiple females into a single host) is common in C. 
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merceti (Gordh 1973) where broods of emerging adults must compete for patchily distributed 

hosts (Huber 1989). 

 Horizontal transmission could also occur via mating, e.g. in cactophilic yeasts transmitted 

by male Drosophila (Starmer et al. 1988) and paternal transmission of some aphid bacterial 

symbionts (Moran & Dunbar 2006). We tested for sexual horizontal transmission in a pilot 

experiment with 23 individual uninfected C. merceti wasp females enclosed with infected males 

for 24 h after emergence. Experimental mothers were not assessed directly, but none of the 77 

offspring assessed were infected (CMG unpublished data). This experiment suggests that it is 

horizontal transmission within the egg case and not sexual transmission that is key for the spread 

of this fungus in wasp populations. 

 Despite the fact that there are fitness costs to infection and frequent horizontal 

transmission, it may be premature to conclude that the wasp’s symbiont is a parasite. Under 

different ecological conditions, e.g. host cockroach nutritional stress, infection may confer a 

benefit. This is the case for some documented conditional mutualisms, e.g. thrips infected with 

Erwinia sp. (de Vries et al. 2004), black flies infected with trichomycetes fungi (McCreadie et al. 

2005) or eumenine wasps infected with mites (Okabe & Makino 2008). However, our data 

clearly rule out the possibility that this fungus is an obligate nutritional mutualist. The wasps 

survive and reproduce readily in the absence of the symbiont and further, the masses of the 

uninfected wasp progeny were not significantly different from those of the infected wasp 

progeny in the fitness experiment. The vigour of the uninfected wasps suggests that larvae do not 

need to consume the fungus directly as do other insect associates of fungi (Vega & Dowd 2005). 

Some of the close relatives of the wasp symbiont are also insect-associates (Gibson & Hunter 

2008). However, the phenotypes of these fungi within their beetle hosts are still unknown 
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(Lachance et al. 2005). The most closely related fungus to C. merceti’s symbiont is a fungal 

symbiont of their host cockroaches (Gibson & Hunter 2008). The cockroach fungal symbiont is 

not fixed in their hosts and there is no evidence of it infecting the wasps (Gibson & Hunter 

2008). It is a possibility that historically the fungus colonized the wasps from the cockroaches 

and is currently a mutualist of the cockroaches. Molecular data with a fast-evolving (e.g. Internal 

Transcribed Spacer region) gene would be useful for testing this hypothesis. 

 Unicellular fungi have also been found in other parasitic wasps. Keilin & Tate (1943) 

documented yeasts in the gut of a braconid wasp, Dapsilarthra apii. Middeldorf & Ruthmann 

(1984) noted vertically transmitted yeasts inside the eggs of an ichneumonid wasp, Pimpla 

turionellae and Cooper (1953) observed vertically-transmitted “tubular bodies” in the parasitic 

wood wasp, Orrusus sayi. The fungi in these parasitoid associations are often speculated to be 

injected maternal factors for suppression of wasps’ hosts (Quicke 1997), however the precise 

nature of these relationships have never been tested. 

 Our data do not support a nutritional nor any type of mutualistic role for the C. merceti-

associated yeast. Instead this fungal symbiont has no apparent benefit and rather incurs fitness 

costs for its wasp host. We anticipate that future explorations into this and other insect-fungal 

symbioses will further reveal the nature and diversity of roles that eukaryotic microbes play in 

their hosts’ ecologies.  
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Figure 1. The number of egg cases parasitized in the two infection groups in the fitness 

experiment. Infected mothers, N = 39, with 61 egg cases parasitized of the 276 egg cases 

provided. Uninfected mothers, N = 50, with 116 egg cases parasitized of the 342 egg cases 

provided. Circle sizes are proportional to the number of replicates with that particular value. 

Long and short horizontal bars depict means and standard errors respectively. 

 

Figure 2. The average brood development time for the two infection groups in the fitness 

experiment. Infected offspring, N = 475 individuals from 61 parasitized egg cases and 

uninfected offspring, N = 1 032 individuals from 116 parasitized egg cases. Long and short 

horizontal bars depict means and standard errors respectively. 

 

Figure 3. The proportion of progeny of each infection type in the horizontal transmission 

experiment. Pale grey represents females. Dark grey represents males. Stippling denotes yeast-

infected individuals of either sex. The first column shows the first treatment with an uninfected 

(–), mated (M) mother and an infected (+), virgin (V) mother, n = 8 replicates, with a total of 

145 progeny assessed. The second column shows the second treatment with two uninfected, 

mated (-M) mothers, n = 7 replicates, with a total of 130 progeny assessed. The third column 

shows the third treatment with an uninfected, virgin mother (-V) and an infected mated mother 
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(+M), n = 10 replicates with a total of 169 progeny assessed. The sex ratios of the first and third 

columns are not significantly different (t1, 17 = -0.75, two tailed P = 0.46). 
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Table 1. Results from the effects of the fungal endosymbiont on wasp fitness experiment. 
 Infected Mean (+/- SE) Uninfected Mean (+/- SE) Test statistic result 

Mother data N = 39 mothers N = 50 mothers  
Natal brood size 10.51 (0.69) 12.2 (0.61) Wilcoxon Rank Sum Z = -1.62,  

P = 0.11 
Natal sex ratio 17.18 (1.59) 17.41 (1.40) Wilcoxon Rank Sum Z = 1.27,  

P = 0.20 
Mass (mg) 0.57 (0.02) 0.55 (0.02) t1,88 = -0.747,  

P = 0.46 
Lifespan (d) 11.49 (0.96) 10.48 (0.85) Wilcoxon Rank Sum Z = 1.31,  

P = 0.19 
Log (lifespan + 1) 2.54 (0.07) 2.47 (0.06) t1,73 = -0.703,  

P = 0.48 
Number of egg cases parasitized 1.85 (0.21) 2.83 (0.19)  Wilcoxon Rank Sum Z = 890.5,  

P = 0.0001 
Offspring data N = 61 total broods N = 116 total broods  
Average brood size 8.16 (0.53) 

N = 33, mothers with offspring 
9.23 (0.47)  
N = 41, mothers with offspring 

t1,73 = 1.5,  
P = 0.14 

Average sex ratio 0.20 (0.04)  
N = 33, mothers with offspring 

0.17 (0.03)  
N = 41, mothers with offspring 

Wilcoxon Rank Sum Z = 0,  
P = 1 

Average mass of females (mg) 0.72 (0.02)  
N = 30 broods w/ females 

0.72 (0.02)  
N = 39 broods w/ females 

t1,68 = -0.005,  
P = 1 

Average mass of males (mg) 0.41 (0.01)  
N = 28 broods w/ males 

0.39 (0.01)  
N = 40 broods w/ males 

t1,67 = -0.99,  
P = 0.33 

Average development time (d) 2.83 (0.19)  
N = 33, mothers with offspring 

1.85 (0.21)  
N = 41, mothers with offspring 

Wilcoxon Rank Sum Z = 1555,  
P = 0.0005 
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