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ABSTRACT 

 Bacterial endosymbionts of eukaryotes are generally studied in terms of their 

benefit or detriment to their hosts. The constraints that the host’s life history imposes on 

its endosymbionts are rarely considered, although bacterial genome content and size are 

influenced by both the biotic and abiotic factors in the environment. The host organism is 

the primary habitat of the endosymbiont. Thus, desecribing the environment a host 

provides its endosymbiont is essential for understanding the evolution of endosymbiotic 

bacteria. I propose a system to classify the endosymbiotic environment by three 

characteristics: 1) host life cycle 2) host metabolism, and 3) endosymbiont location 

relative to host tissues. Insect-bacterial mutualisms have been classified in terms of 

endosymbiont environment. The majority of insect-bacterial mutualisms currently studied 

involve monophagous, hemimetabolous hosts that provide a relatively constant 

endosymbiotic enviroment. A relatively constant environment may explain the extremely 

reduced genomes of their endosymbionts. In contrast, polyphagous, holometabolous hosts 

provide the most variable endosymbiotic environment. In this work, I examined the 

interactions between the polyphagous, holometabolous insect, Bactrocera oleae (Rossi), 

and the enteric gammaproteobacterium, Candidatus Erwinia dacicola, throughout host 

development. Candidatus Erwinia dacicola was found in the digestive system of all life 

stages of wild olive flies. PCR and microscopy demonstrated that Ca. Erwinia dacicola 

resided intracellularly in the gastric caeca of the larval midgut, but extracellularly in the 

lumen of the foregut and ovipositor diverticulum of adult flies. I document the 

widespread distribution and high frequency of Ca. Er. dacicola in ten populations of wild 
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olive flies sampled in four countries (3 Old World and 1 New World). The relative 

abundance of the bacterium was highest in adults and less prevalent in the egg and pupal 

stages. Among adult flies, the bacterium was most common in ovipositing females. These 

results suggest that Ca. Er. dacicola is a persistent, autochthonous endosymbiont of the 

olive fly. Finally, mating initiation was examined to study the influence of Ca. Er. 

dacicola on mating between a laboratory and a wild population of olive flies from Israel. 

Behavioral differences between the two populations, not presence of the endosymbiont, 

explained mating initiation.  
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INTRODUCTION 
 

Review of the literature and presentation of problem 

 

 With the abundance of information from genomics and studies of microbial 

associations involving an increasing number of eukaryotes including insects, plants, and 

mammals, the importance of microbes to their hosts is becoming readily apparent 

(Bentley & Parkhill 2004; Burcelin et al. 2009; DeLong 2002; Gil et al. 2004; Turnbaugh 

& Gordon 2009). Some of the best examples of eukaryotic-bacterial symbioses are 

mutualisms between insects and proteobacteria. The vast diversity of insect species has 

been hypothesized to be due to their propensity to associate with beneficial bacteria 

(Janson et al. 2008). Mutualistic bacteria permit their hosts to access otherwise 

unavailable resources and habitats (Adams & Douglas 1997; Douglas 2009; Hosokawa et 

al. 2007; Wu et al. 2006). Perhaps due to the importance of microbes to their hosts, 

current investigations of insect-bacterial mutualisms are most commonly described and 

explored in terms of these benefits or detriments to the host (Douglas 2009). 

Endosymbiotic bacteria are proposed to benefit from a relatively constant environment in 

the insect host as well as from dependable transmission to host offspring (Klepzig et al. 

2009; Saffo 1992). In contrast, the effects of the host on endosymbionts has not been 

explicity tested (Saffo 1993). 

 Another common pattern that emerges from examining the literature is that the 

majority of insect hosts examined for beneficial endosymbionts feed on the same food 

source throughout development (monophagous), hemimetabolous species (Baumann 
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2005; Baumann & Moran 1997; Gil et al. 2004; Kikuchi et al. 2009). This sampling bias 

may reflect the propensity for many of these monophagous hosts to feed on diets that lack 

essential amino acids and vitamins necessary for basic metabolic needs. Their microbial 

partners synthesize the nutrients that are missing from their host's diet (Douglas 2009; 

Douglas et al. 2001; Moran & Degnan 2006). The order Homoptera provides numerous 

examples of such nutrient supplementation mutualisms (Baumann 2005; Moran & 

Degnan 2006). In contrast, few polyphagous insects, much less ones that are both 

polyphagous and holometabolous, are examined for mutualistic endosymbionts. The few 

studies that have been done focus on either laboratory populations (Brinkmann et al. 

2008) or only on one life stage, usually the pestiferous stage (Broderick et al. 2004; 

Zaspel & Hoy 2008). Holometabolous insects may be difficult for vertically transmitted, 

persistent endosymbionts to associate with, since the tissues that these bacteria would 

reside within or attach to may be degraded during metamorphosis.  

 Biotic and abiotic characteristics of the environment are reflected in the genomes of 

bacteria (Bentley & Parkhill 2004). Bacteria with a free-living life stage have much larger 

genomes than closely-related bacteria that are obligate, intracellular nutritional mutualists 

(Bentley & Parkhill 2004; Douglas & Raven 2003; Feldhaar & Gross 2009; Merhej et al. 

2009). Several hypotheses have been proposed to explain this extreme genome reduction 

in obligate, intracellular mutualists: the length of time the partners have associated 

(McCutcheon & Moran 2007), the diet the host feeds upon (Douglas 2009) the constant 

nature of the intracellular lifestyle (Moran & Wernegreen 2000), and population 

bottlenecks imposed during vertical transmission (Moran 1996). Since the host is the 
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environment in which an endosymbiont resides (Douglas 1995), considering hosts in 

terms of the habitat they provide their endosymbionts may identify gaps in our 

knowledge of endosymbioses and provide a general framework for comparing 

endosymbioses of phylogenetically different host phyla to reveal commonalities across 

all eukaryotic-microbial associations.  

 My dissertation fills two voids in the field of symbiosis. First, I outline a new way 

to classify endosymbioses in terms of the environment a host provides its endosymbiont. 

This framework is used to classify currently studied insect-bacterial endsymbioses and 

identify areas where knowledge is lacking. Secondly, I examine one interaction between 

a polyphagous, holometabolous insect and bacterium, the endosymbiosis between the 

olive fly, Bactrocera oleae (Rossi), and Candidatus Erwinia dacicola.  

 In classifying insect hosts in terms of the environment they provide their 

endosymbiont (Appendix A), I identify polyphagous, holometabolous hosts as a group of 

insects that are rarely examined for endosymbionts. The endosymbiont environment 

classification also questions current hypotheses proposed to explain genome reduction of 

insect endosymbionts. Appendix A offers a new framework for examining all eukaryotic-

microbial endosymbioses that may expand the diversity of eukaryotes surveyed and in 

turn reveal novel roles for host and symbiont. Appendix B shows that Ca. Er. dacicola 

transitions from an intracellular lifestyle in the olive fly larva to living extracellularly in 

the lumen of the adult's digestive system. Ca. Er. dacicola is one of the few non-

pathogenic bacteria to reside both intracellularly and extracellularly within a host. 

Appendix C provides one of the largest surveys of olive fly populations and individuals 
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for a specific bacterium. The results of Appendix C suggest that Ca. Er. dacicola is a 

persistent, autochthonous endosymbiont of the olive fly based on the widespread 

association between these two organisms and the presence of this bacterium in all life 

stages of the fly. Appendices B and C provide, to my knowledge, the first examinations 

of endosymbiont presence and relative abundance in a polyphagous, holometabolous host 

during all life stages of the host. Although the association between Ca. Er. dacicola and 

the olive fly seems to be a specific, persistent endosymbiosis, the presence of this 

endosymbiont does not benefit mating initiation of the fly (Appendix D). However, these 

results do not rule out other potential benefits for the host or symbiont. Taken as a whole, 

this dissertation uses a variety of methods to examine the interaction of the olive fly and 

the bacterium Ca. Er. dacicola on several levels, from the distribution of the bacterium 

within host cells, host organs, life cycle stages, individuals and populations. Examining a 

symbiosis in such an integrative and multi-level way provides unique insight into this 

interaction.  

 

Explanation of dissertation format 

 The research presented here examines the association between the olive fly, 

Bactrocera oleae (Rossi) and a gammaproteobacterium, Ca. Er. dacicola, across host 

development and across populations. I examine this insect-bacterial association to 

determine if a polyphagous, holometabolous insect, such as the olive fly, can have a 

persistent, vertically transmitted endosymbiont despite the challenges it experiences 

residing within the relatively variable environment such a host provides. The results are 



 17

included as four appendices. One appendix has been published and the remaining three 

are intended for publication.  

 Appendix A, " Classifying hosts as endosymbiotic environments provides new 

insight into bacterial evolution," proposes a new classification scheme for examining 

endosymbioses in terms of the environment a host provides its endosymbiont. Appendix 

B, "The olive fly endosymbiont, "Candidatus Erwinia dacicola," switches from an 

intracellular existence to an extracellular existence during host insect development," 

examines where the endosymbiont is located within the host and relative to host tissues to 

provide insight into how this bacterium survives in the more variable endosymbiotic 

environment of the olive fly. Appendix C, "Widespread colonization of the olive fruit fly, 

Bactrocera oleae (Rossi), by the endosymbiotic bacterium Candidatus Erwinia dacicola 

suggests a specific and long-term interaction," surveys a wide range of wild and 

laboratory olive fly populations for the presence of Ca. Er. dacicola and measures the 

relative abundance of the bacterium in all life stages to determine if it is a persistent, 

vertically transmitted endosymbiont. Appendix D, "Does Candidatus Erwinia dacicola 

hasten mating initiation in wild and laboratory populations of Bactrocera oleae?" tests 

whether this bacterium benefits the olive fly during the initiation of mating.  
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PRESENT STUDY 

 

 The methods, results and conclusions of this study are presented in the 

manuscripts appended to this dissertation. The following is a summary of the most 

important findings in this document.  

  Appendix A proposes a new framework for examining insect-bacterial 

endosymbioses. In this manuscript, I propose to classify endosymbioses in terms of the 

environment the host provides its endosymbiont (termed the "endosymbiotic 

environment"). Although the host is the primary or only habitat of endosymbionts, the 

field of symbiosis as a whole discusses and examines these mutli-species interactions in 

terms of the host partner only. However, biotic and abiotic factors in the environment a 

bacterium resides in are well known to influence bacterial genome content and size. I 

classify hosts as a continuum from providing the most constant to most variable 

endosymbiotic environment as defined by three axes: 1) host life cycle 2) host 

metabolism, and 3) location in the host relative to host tissues. I discuss specific 

examples from the current literature of each type of endosymbiotic environment and 

determine that the majority of studies of insect-bacterial mutualisms focus on 

intracellular nutritional mutualisms of monophagous (throughout development), 

hemimetabolous hosts. Such interactions involve the most constant environment for 

endosymbionts; thus, genome reduction would be expected.  In contrast, mutualisms 

between bacteria and polyphagous, holometabolous hosts, which provide a much more 

variable endosymbiotic environment, are rarely examined. I then examine the association 
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between the polyphagous, holometabolous olive fly, Bactrocera oleae (Rossi) and the 

gammaproteobacterium, Candidatus Erwina dacicola. This interaction is an excellent 

example of a highly variable endosymbiotic environment. The olive fly changes its diet 

during development and undergoes complete metamorphosis. Additionally, Ca. Er. 

dacicola resides both intracellularly and extracellularly in the olive fly's digestive system. 

I predict that the genome size and composition of endosymbionts residing within 

polyphagous, holometabolous hosts would be larger than closely-related species of 

monophagous, hemimetabolous hosts. 

 Appendix B examines the association between the polyphagous, holometabolous 

insect the olive fly (Bactrocera oleae (Rossi) Diptera: Tephritidae) and “Candidatus 

Erwinia dacicola". Ca. Er. dacicola was found in the digestive system of all life stages of 

wild olive flies from the southwestern United States. PCR and microscopy demonstrated 

that “Ca. Erwinia dacicola” resided intracellularly in the gastric caeca of the larval 

midgut, but extracellularly in the lumen of the foregut and ovipositor diverticulum of 

adult flies. “Ca. Erwinia dacicola” is one of the few non-pathogenic endosymbionts that 

transitions between intracellular and extracellular lifestyles during specific stages of the 

host’s life cycle. Another unique feature of the olive fly endosymbiont is that unlike 

obligate endosymbionts of monophagous insects, “Ca. Erwinia dacicola” has a G+C 

nucleotide composition similar to that of closely-related plant pathogenic and free-living 

bacteria. Transitioning between intracellular-extracellular lifestyles and a G+C nucleotide 

composition similar to that of free-living relatives may be two characteristics “Ca. 
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Erwinia dacicola” possesses to facilitate survival in a changing environment during the 

development of a polyphagous, holometabolous host.  

 Appendix C surveys a variety of different populations of wild and laboratory olive 

flies to determine if Ca. Er. dacicola is present. We document the widespread distribution 

and high frequency of Candidatus Erwinia dacicola in a variety of olive fly populations 

and its presence in all olive fly life stages. Results suggest that Ca. Er. dacicola is a 

persistent, autochthonous endosymbiont of the olive fly. Ca. Er. dacicola was present in 

all ten populations sampled in four countries (3 Old World and 1 New World) infesting at 

least seven different olive cultivars. The olive fly recently has invaded and established in 

climatically different locales in the United States. Despite the variability in climate in the 

US populations sampled, Ca. Er. dacicola was present in all US populations and in over 

91% of the sampled males and females during 2005 and in subsequent years. Olive flies 

reared on olives in the laboratory for less than two years had frequencies of Ca. Er. 

dacicola similar to those of wild populations; however, flies reared on artificial diets in 

the laboratory for several decades rarely had the endosymbiont. Ca. Er. dacicola was 

found in all life stages of the olive fly in all populations sampled, but the relative 

abundance of the endosymbiont varied across development stages. Endosymbionts were 

most common in adults and less prevalent in the egg and pupal stages. Among adult flies, 

the endosymbiont was most common in ovipositing females as compared to mated males 

and virgin females. The endosymbiont was more common in 2-day old flies that had a 

chance to feed as compared to recently eclosed (<12 hr) adults.  
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 Appendix D examines the role of Ca. Er. dacicola in mating initiation between a 

laboratory population and a wild population of olive flies from Israel. Previous studies 

have shown that in many species of tephritid flies, laboratory-reared males have lower 

fitness and obtain fewer matings than wild males. Our research has shown that olive flies 

reared in the laboratory on artificial diet lack the endosymbiont, Ca. Er. dacicola, that is 

found in wild-caught individuals. We hypothesized that decreased fitness and mating 

ability in laboratory-reared flies are caused by the lack of this endosymbiont. A mating 

assay between these two populations yielded matings primarily between laboratory-

reared females and wild males. Laboratory-reared males obtained only 22% of the 

matings that occurred. Ca. Er. dacicola was found in significantly fewer individuals from 

the laboratory population than the wild population; within populations, males and females 

were equally likely to have the endosymbiont. However, behavioral differences between 

the two populations, not presence of the endosymbiont, explained mating initiation. To 

determine if the presence of Ca. Er. dacicola affects mating, genetic differences in 

behavior need to be held constant. Additionally, other fitness and mating parameters such 

as copulation duration and offspring fitness should be measured.  
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 Endosymbioses between eukaryotes and microbes have shaped and continue to 

influence the evolution of life (Douglas, 1998, Margulis and Fester, 1991, Nyholm and 

Nishiguchi, 2008, Saffo, 1992). A resurgence of interest in endosymbiotic interactions, 

influenced greatly by the ability to use molecular tools to study these often inseparable 

partners, has led to an explosion of research identifying the microbiota of different 

organisms and their interactions with their eukaryotic host. Despite the importance of 

endosymbioses and burgeoning interest, gaps still remain in establishing a set of 

universal principles for this field of study. The purpose of this review is to propose a 

system for classifying symbioses in terms of the environment that the host provides an 

endosymbiont (the endosymbiotic environment). I discuss this classification based on the 

endosymbiotic environment using the example of vertically transmitted, persistent 

endosymbioses (most of them mutualistic) between insects and their persistent, native 

bacteria. I include digestive system bacteria as endosymbionts if they show evidence of 

co-evolution (Fukatsu and Hosokawa, 2002, Hosokawa et al., 2006, Kikuchi et al., 2009) 

or are faithfully transmitted and persistently associated with the same host species in 

different populations (Estes et al., 2009, Hosokawa et al., 2007a). 

 Insects provide a range of environments for vertically transmitted, persistent 

endosymbioses. Insect-bacterial mutualisms are some of the best understood symbioses, 

due in part to the use of  molecular tools such as host-endosymbiont microarrays (Wilson 

et al., 2006), transcriptome analysis  (Nakabachi et al., 2005), and whole genome 

sequencing of endosymbionts (Gil et al., 2004, Moran and Wernegreen, 2000, Rio et al., 

2003, Shigenobu et al., 2000, Toh et al., 2006). These tools allow insights into the 
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molecular mechanisms underlying endosymbiotic associations. Additionally, insects are 

one of the most diverse groups of organisms in terms of morphology, physiology and 

diet. However, my classification scheme is applicable to any endosymbiosis (mutualistic 

or pathogenic) in which the microbe resides within the organ systems of a eukaryotic host 

in a specific and persistent manner (cnidarians-zooxanthellae, squid-bacteria, nematode-

bacteria, plant-fungal, and legume-bacteria) so that comparisons can be made across 

symbioses of phylogenetically diverse taxa. 

 Several schema exist for describing and classifying symbiotic interactions 

(Douglas, 1995, Ishikawa, 2003, Saffo, 1993, Starr, 1975). These provide an excellent 

framework to examine the relationship relative to the hosts, but they give little regard to 

the needs of the endosymbiont. In fact, with few exceptions (Douglas, 1995, Zook, 1998), 

the study of endosymbioses makes little more than a cursory nod to the needs of the 

symbiont (Birkle et al., 2004, Claes and Dunlap, 2000, Conord et al., 2008, Dillon and 

Dillon, 2004, Douglas, 2009, Starr, 1975). Most discussions of the partners state that the 

host receives nutrition, protection from natural enemies, enhanced reproduction and 

resistance to thermal fluctuations (Brownlie and Johnson, 2009, Buchner, 1965, Douglas, 

1995, Ishikawa, 2003, Klepzig et al., 2009, Saffo, 1992). In turn, the symbionts are cited 

as receiving a stable habitat, transmission to new locales and hosts, and nutrients from the 

host (Buchner, 1965, Douglas, 1995, Ishikawa, 2003, Klepzig et al., 2009, Saffo, 1992). 

Whether the endosymbiont does in fact receive these benefits is rarely examined. To 

understand the interaction between host and endosymbiont, and the evolutionary 

influences the microbe experiences, it is essential to understand the environment a host 
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provides the endosymbiont. Classifying mutualisms in terms of the endosymbiotic 

environment may lead to examination of a wider array of mutualisms as more host taxa 

are investigated, novel benefits to host and symbiont are discovered, a better 

understanding of the physiology underlying the mutualism accumulates, and new insight 

into selection pressures influencing bacterial genome evolution is acquired. Other 

fundamental questions for which more insight may be gained by using this classification 

system include: How do endosymbionts avoid the host immune system? How are they 

transmitted and maintained over evolutionary time? Why are they transmitted and 

maintained over evolutionary time? Are there functional classes of key endosymbiosis 

genes that are common across taxa? What makes a mutualist versus a pathogen? What 

were the ancestral relationships between hosts and endosymbionts of today's mutualists 

and pathogens?  

 In the following sections, I  outline a classification scheme to characterize 

symbioses by the environment they provide their endosymbionts. Meanwhile, I discuss 

examples ranging from a relatively constant endosymbiont environment through 

intermediate and variable endosymbiotic environments. Finally, I explore the effects of 

these different endosymbiotic environments on the genome of bacterial endosymbionts. 

Current classification issues 

 The problems that arise by considering endosymbioses only from a host 

perspective are significant. First, this myopia leads to studying only a subset of all known 

insect hosts. The majority of studies of symbiosis examine monophagous insects feeding 

on nutritionally unbalanced diets throughout host development (Baumann and Moran, 
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1997, Buchner, 1965, Douglas, 1995, Douglas, 2009, Hosokawa et al., 2007b, 

McCutcheon and Moran, 2007, Moran et al., 2008, Rio et al., 2006). Since Buchner's 

treatise on microbes associated with eukaryotes (Buchner, 1965), it has been well-

established that bacteria supplement the diets of monophagous insects that feed on 

nutritionally unbalanced diets such as blood and plant sap. However, obligate, nutritional 

mutualistic bacteria may be only a subset of the mutualistic endosymbionts with which 

insects associate. One of the exciting inroads made recently is that with a relatively 

modest knowledge of molecular tools and equipment, the microbiota of any insect 

species can be characterized relatively accurately and quickly (Rappe and Giovannoni, 

2003). Regardless, few polyphagous insects that feed on more nutritionally diverse diets 

throughout development have been examined. 

 Second, a focus on the benefit provided to the host limits the types of symbioses 

studied (Baumann and Moran, 1997, Douglas, 2009, Gunduz and Douglas, 2009, 

McCutcheon et al., 2009, McCutcheon and Moran, 2007, Moran et al., 2005a). This 

focus leads to a bias in which types of symbioses are sought after, not necessarily because 

they are dominant, thereby altering our perception of the relative important of different 

modes of symbiosis. Characterizing the dominant endosymbionts of insects that feed on a 

diversity of diets may reveal endosymbionts with other roles essential to their host's 

physiology, ecology and evolution. The facultative endosymbionts found in aphids are 

some of the few microbes that have been determined to provide non-nutritional benefits 

to their hosts (Montllor et al., 2002, Moran et al., 2005b, Oliver et al., 2003). A wider 

diversity of benefits may be found if different types of insects are examined. For 
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example, endosymbionts may detoxify secondary chemicals in their hosts' diet (Dowd, 

1991), or play a role in host communication with conspecifics (pheromone production, 

communication about predators, information about oviposition substrate) (Dillon and 

Dillon, 2004, Dillon et al., 2002).  

 Third, focusing primarily on the host often restricts discussion and comparisons of 

a given endosymbiosis to members of the same phylum. This provides a limited view of 

eukaryotic-microbe symbioses. Few manuscripts, reviews, and even research labs 

examine different symbiotic systems. Instead, comparisons are made within the type of 

eukaryotic host being studied: insects, cnidarians, legume, or other host phyla. To 

understand universal principles of symbiosis - one of the key influences on the evolution 

of life - comparisons should be made across symbiotic taxa. One of the few exceptions is 

a comparison between the legume-Rhizobium and squid-Vibrio endosymbioses (Hirsch 

and McFall-Ngai, 2000). This insightful review highlighted fundamental similarities to 

seemingly different symbioses. The importance of cell surface molecules, reactive 

oxygen species and quorum sensing during establishment of both symbioses was 

revealed. Additionally, in contrast to the widely accepted hypothesis that mutualisms 

evolved from parasitisms (Dale et al., 2002), evidence for a commensal ancestor of both 

the Rhizobium and Vibrio endosymbionts was revealed (Hirsch and McFall-Ngai, 2000). 

Considering all endosymbioses in terms of the endosymbiont environment a host 

provides may reveal common threads essential to all eukaryotic-microbe interactions.  

 Finally, classifying endosymbioses relative to the environment that the host 

provides the endosymbiont may provide insight into bacterial evolution and genomics. A 
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comparison of free-living bacteria and bacteria that reside exclusively as endosymbionts 

of insects, reveals the influence of the environment on bacterial genomes (Bentley and 

Parkhill, 2004, Douglas and Raven, 2003, Gil et al., 2002, Merhej et al., 2009, Moran et 

al., 2008). Bacteria that reside all or part of their life in the soil and water, such as 

Escherichia coli, have relatively large genomes as compared to their endosymbiotic 

relatives (Bentley and Parkhill, 2004, Merhej et al., 2009). Nutrients can be scarce, 

patchy and diverse in terrestrial and aquatic systems, so free-living bacteria need a large 

set of genes to detect and metabolize different nutrients in time and space (Bentley and 

Parkhill, 2004, Konstantinidis and Tiedje, 2004). In contrast, all intracellular, obligate 

nutritional mutualistic bacteria studied to date (Douglas, 2003, Feldhaar and Gross, 2009, 

Gil et al., 2004, Gil et al., 2002) have extremely reduced genomes as compared to their 

closest relatives. The genes that were retained reflect the nutrients lacking from their 

hosts’ nutritionally unbalanced diets and the consistency of their host environment (Gil et 

al., 2004, Gil et al., 2002, McCutcheon and Moran, 2007, Moran and Degnan, 2006, Rio 

et al., 2003, Toh et al., 2006, van Ham et al., 2003, Wu et al., 2006). The endosymbiotic 

lifestyle is hypothesized to influence genome size and content, with the most reduced 

genomes being the ones with the longest coevolutionary history and the most 

physiologically intertwined endosymbioses (Moran and Wernegreen, 2000, Perez-Brocal 

et al., 2006, van Ham et al., 2003). Classifying the endosymbiotic environment provided 

by the host on a continuum from most constant to most variable may better elucidate the 

factors influencing bacterial evolution. To date, the majority of insect-bacterial symbioses 

that are well studied are those that provide a relatively constant environment.  
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The host as an environment for endosymbionts 

 The interaction between the microbe and the environment provided by the host 

(the endosymbiont environment) greatly influences the ecology and evolution of the 

endosymbiont. The host organism is the primary habitat of the microbe, since the 

endosymbiont is rarely, if ever, found outside of its host (Douglas, 1995). An assumption 

made about endosymbionts of insects is that insect hosts provide a stable, nutrient-rich 

environment and transmission of the microbes (Buchner, 1965, Douglas, 1995, Klepzig et 

al., 2009, Saffo, 1993). However, this hypothesis has not been experimentally tested. 

Eukaryotes are considered beneficial to live within, and yet only a subset of bacteria 

(Proteobacteria) can reside within eukaryotes and even fewer inside eukaryotic cells. 

Living within the cells or organ systems of a eukaryote would result in less fluctuating 

levels of temperature, water and nutrients than what free-living aquatic or terrestrial 

bacteria would experience. However, endosymbiotic life has its own complications. 

Endosymbionts must cope with host immune defenses (either innate or acquired) 

(Anselme et al., 2006, Feldhaar and Gross, 2008, 2009). Endosymbionts must be reliably 

transmitted to future generations and endosymbionts must cope with physiological 

changes in the host throughout host development (Douglas, 1995).   

 I propose to classify the endosymbiotic environment by three characteristics of 

the symbiosis: 1) life cycle (development, physiology, and transmission), 2) metabolism, 

and 3) location in the host relative to host tissues. In insects, these categories are 

considered more specifically as: 1) insect metamorphic type (hemimetabolous, 
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holometabolous), 2) host diet across development (monophagous, polyphagous), and 3) 

position relative to host tissues (intracellular, intercellular, extracellular within an organ 

system) (Fig. 1). How each one of these parameters may potentially influence 

endosymbiont evolution is discussed below. 

The influence of host life cycle/Insect metamorphic type 

 The key characteristics of specific, persistent endosymbioses are the ability of the 

partners to initiate the endosymbiosis each generation, to persist and thrive in this 

interaction throughout host development, and to transmit endosymbionts to subsequent 

host generations (Ahmadjian and Paracer, 2000, Douglas, 1995). Each step of the 

symbiosis (establishment, maintenance and transmission) is critical to the success of the 

interaction. During each one of these steps, the condition of the host is an important 

consideration, but perhaps most so during the maintenance of the endosymbiosis. Since 

vertically transmitted, persistent endosymbionts must survive within the host throughout 

the host's development, any physiological or structural changes occurring to host tissues 

will greatly influence the endosymbiont. This is particularly problematic in organisms for 

which the juvenile stages have significantly different architecture than the adult stage. 

For example, holometabolous insects, such as beetles, flies and butterflies, undergo 

complete metamorphosis, in which the majority of juvenile tissues are degraded and adult 

tissues built from regenerative cells of the midgut during pupation (Chapman, 1998, 

Heming, 2003, Jiang et al., 1997). Any vertically transmitted endosymbiont of 

holometabolous insects must survive a complete restructuring of the tissues with which it 

associates or resides inside. In contrast, populations of vertically transmitted 
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endosymbionts of hemimetabolous insects, such as aphids, whiteflies, and leafhoppers, 

which do not undergo complete metamorphosis, may associate with or reside inside the 

same tissues throughout the host’s development.  

The influence of host metabolism/host diet 

 Metabolic needs of host and symbiont are a frequent consideration in insect-

bacterial mutualisms, although generally they are considered in terms of the essential 

nutrients lacking in the host's diet that are supplemented by mutualistic microbiota 

(Douglas, 2009, Gunduz and Douglas, 2009, McCutcheon and Moran, 2007, Thomas et 

al., 2009). Since all of the nutrients for the endosymbiont come from the host throughout 

their association, what is most important to consider is the types and amounts of nutrients 

that the bacterium experiences throughout the mutualism. Previously, the majority of 

work on insect-bacterial mutualisms focuses on those insects that are monophagous 

throughout development on nutritionally unbalanced diets, such as blood and plant sap 

(e.g. aphids, whiteflies, leafhoppers, tsetse flies) (Douglas, 2009, Gil et al., 2004, Moran 

et al., 2008). Insects that fed on a variety of foods throughout their lives were not 

considered to have a need for mutualistic bacteria based on this narrow view of the role 

of endosymbionts. For many monophagous insects, mutualistic endosymbionts may serve 

primarily to supplement host diet. Although beneficial endosymbionts of polyphagous 

insects may supplement the host's diet in one life stage, these bacteria may benefit their 

hosts in other ways (e.g. defense from fungal pathogens and parasitoid wasps, resistance 

to temperature fluctuations) at another life stage.  No matter the benefit to the host, I 

hypothesize that variability in the nutrient environment provided by the host is an 
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important axis affecting the endosymbiont environment. An endosymbiont in a 

monophagous insect is most likely experiencing a similar nutritional environment 

throughout its association with the host. In contrast, endosymbionts of polyphagous 

insects may need to retain the ability to metabolize a range of different nutrients to 

survive in the variable endosymbiotic environment provided by a polyphagous host.  

The influence of endosymbiont position relative to host tissues 

 Where an endosymbiont is located largely determines what nutrients it may be 

exposed to and the degree of interaction with the host immune system. Intracellular 

bacteria are thought to experience a relatively constant environment controlled by the 

host in the bacteriocyte's cytoplasm (Feldhaar and Gross, 2008). In contrast, bacteria that 

are extracellular within an organ system (such as the digestive system) may experience 

the host's food prior to significant digestion and/or may experience pH changes as food is 

digested. Additionally, digestive system endosymbionts residing in the midgut also must 

cope with the constant sloughing off and synthesis of the peritrophic membrane that lines 

the midgut (Bignell, 1984).  

Not all hosts provide similar endosymbiotic environments 

 Classifying hosts in terms of the endosymbiotic environment that they provide 

allows us to examine currently understood insect-bacterial interactions on a continuum 

from the most constant endosymbiotic environment to one that changes during the host's 

life cycle (Fig. 1). The most constant endosymbiotic environment would be one where 

the host is hemimetabolous, monophagous across development, and the endosymbionts 

are intracellular. The most changing endosymbiotic environment would be found in hosts 
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that are holometabolous, polyphagous across development, and have persistent, vertically 

transmitted endosymbionts that transition between intracellular and extracellular 

lifestyles. Due to the biases in the study of insect-bacterial mutualisms discussed 

previously, hosts that provide a more constant endosymbiotic environment are most 

widely examined and understood.  

The most constant endosymbiotic environment – monophagous, hemimetabolous 

insects 

 Monophagous, hemimetabolous insects provide the most constant environment to 

their mutualistic endosymbionts throughout host development (Fig. 1). The majority of 

insect-bacterial associations described and investigated currently are the nutritional 

mutualisms between the Homoptera and gammaproteobacteria (Douglas, 2009, Moran et 

al., 2005c). Of these many examples, the mutualism between aphids and Buchnera sp. is 

probably the most studied and best understood. Hemimetabolous insects, such as 

homopterans, go through incomplete metamorphosis where the juvenile molts and 

gradually increases in size with each molt. The tissues and organ systems of 

hemimetabolous insects remains intact and grows with each molt (Chapman, 1998). 

Thus, endosymbionts may associate continuously with the same tissue throughout the 

aphid's life cycle. Additionally, obligate, nutritional mutualists of aphids, such as 

Buchnera sp., reside within the host cytoplasm of specialized cells (bacteriocytes) within 

a bacteriome. The bacteriome itself is a novel cell type and is isolated in the hemolymph 

from the digestive and other organ systems (Braendle et al., 2003). Buchnera sp. are 

sequestered within bacteriocytes early in the development of the embryo in-utero and 
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remain within these host cells throughout the host's development (Braendle et al., 2003). 

A final level of constancy in the endosymbiotic environment the aphid provides is rearing 

of telescoping generations within a given female. Both the F1 and the F2 generation of 

aphid embryos develop inside each female (Kindlmann and Dixon, 1989). So the 

endosymbiotic environment a female aphid provides her obligate mutualists may be 

similar to the habitat provided to the offspring and their offspring. Nutritionally, aphids 

also provide a consistent environment for their endosymbionts. Aphids are monophagous 

throughout their life cycle, and many species feed on the sap of the same plant species or 

even the same plant throughout development. Aphids can have rapid reproduction cycles, 

leading to large numbers of aphids of different generations feeding on the same 

individual plant (Dixon, 1977, Kennedy and Stroyan, 1959). Plant sap (both xylem and 

phloem) do not have the full complement of amino acids necessary for essential insect 

metabolic needs (Karley et al., 2002). Instead Buchnera sp. supplements the host's diet 

(Douglas, 2009, Karley et al., 2002). This nutrient supplementation is so tightly-evolved 

that comparisons of aphid species that have radiated onto different plant hosts show that 

there is a direct association between the nutrients Buchnera synthesizes and what is 

missing from the host's diet (Perez-Brocal et al., 2006, Shigenobu et al., 2000, van Ham 

et al., 2003). This high degree of co-evolution suggests that despite slight variability in 

nutrition coming from the sap of different individual plants or different plant species, 

throughout host development these endosymbionts are receiving similar sap-derived 

nutrients that are lacking in nutrients essential for insect metabolism.  

An intermediate endosymbiont environment – monophagous, holometabolous insects 
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 The endosymbiotic environment that monophagous, holometabolous insects 

provide their mutualists is more variable than that of monophagous, hemimetabolous 

insects (Fig. 1). The nutritional environment for these endosymbionts is relatively 

constant across host development. The insect does not change food sources as it matures. 

The monophagous, holometabolous insects that have been studied feed on nutritionally 

unbalanced diets. Similar to the homopterans, the bacterial mutualists associated with 

these insects supplement the host's incomplete diet. Examples of well-studied 

monophagous, holometabolous insects are the grain and rice weevils (Sitophilous 

zeamays and S. oryzae, respectively) (Heddi et al., 2001), the tsetse fly (Glossinia sp.) 

(Aksoy, 2003), and ants (Camplobacter sp.) (Sauer et al., 2002). The primary influence 

on the endosymbiotic environment is due to the influence of the host life cycle. 

Holometabolous insects provide a changing environment to their endosymbionts since 

these insects undergo complete metamorphosis during pupation. Complete 

metamorphosis is a period of substantial metabolic catabolisis and restructuring (Heming 

2003). During this time, the majority of larval tissues are degraded and reassembled into 

adult tissues. It is highly likely that vertically transmitted endosymbionts associate with 

different cells and even different tissues during holometabolous development. Any 

vertically transmitted endosymbionts of holometabolous insects would be expected to 

have specific mechanisms to sense and survive such drastic changes in the host's tissues 

and nutrients during complete metamorphosis. Additionally, any endosymbionts of 

monophagous, holometabolous insects that reside either intercellularly (between host 

cells), extracellularly (outside of host cells, but within host organs) or switch between 
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intracellular and extracellular lifestyles would experience a more variable endosymbiotic 

environment than those that are exclusively intracellular endosymbionts of the same 

insects. An excellent example of endosymbionts residing with the same host, but in 

different locations relative to host tissue, is provided by two endosymbionts of the tsetse 

fly. Wigglesworthia resides exclusively within the cells of the host's bacteriome 

throughout the host's development. In contrast, Sodalis glossinidius switches from an 

intracellular lifestyle in the adult midgut to an extracellular lifestyle in the lumen of the 

milk glands as the bacterium is being transmitted to the larva developing in the female’s 

uterus (Aksoy, 2003, Attardo et al., 2008, Chen et al., 1999, Rio et al., 2006). 

A variable endosymbiotic environment – polyphagous, holometabolous insects 

 Polyphagous, holometabolous hosts may provide the most variable endosymbiotic 

environment (Fig. 1). One of the evolutionary benefits of a holometabolous life cycle is 

the ability for the juvenile and adult life forms to feed on different food sources. The 

larval stage is often herbivorous on plant leaves, fruits and roots, while the adult stage 

feeds more on fluids, such as nectar and homopteran honeydew (Drew et al., 1983, Drew 

and Yuval, 2000, Levinson and Levinson, 1984). Herbivorous larvae often feed on 

chemically defended plant tissues. Endosymbionts residing within polyphagous, 

holometabolous hosts would experience a range of nutrients and be required to survive 

metamorphosis and recolonize adult tissues. Even more variable are those vertically 

transmitted endosymbionts that reside extracellularly within the digestive tract of 

polyphagous, holometabolous hosts. Intracellular endosymbionts in bacteriocytes are 

sequestered in the bacteriome away from the fluctuations in pH and nutrients that 
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extracellular digestive system endosymbionts experience. Endosymbiotic bacteria 

associated with the digestive system would be predicted to be exposed to a variable 

endosymbiotic environment as the host undergoes metamorphosis and shifts its diet from 

monophagous to polyphagous. Furthermore, any bacterium residing in the lumen of the 

digestive system of holometabolous insects such as the dipterans would need a 

mechanism for a portion of the bacterial cells to survive the digestive system purging that 

occurs prior to pupation of some species (Greenberg, 1959). Digestive system voiding 

may be a way for dipterans to remove opportunistic pathogens acquired during feeding 

(Greenberg, 1959). During metamorphosis, tissues of the larval digestive system are 

broken down and adult tissues are rebuilt from regenerative cells of the midgut (Jiang et 

al., 1997). Endosymbionts housed within tissues of the digestive system must have 

mechanisms for surviving metamorphosis and reestablishing in the adult. 

 To date, little work has been done on the vertically transmitted endosymbionts of 

polyphagous, holometabolous insects during host development. A few characterizations 

of the microbiota of polyphagous, holometabolous insects have been conducted, but these 

focus on the pestiferous life stage and do not examine all life stages. The symbiosis 

between the tephritid olive fly (Bactrocera oleae) and its bacterial symbiont, Candidatus 

Erwinia dacicola (Capuzzo et al., 2005, Estes et al., 2009, Sacchetti et al., 2008), is a 

model system for understanding a variable endosymbiont environment across all stages 

of insect development. In the larval stage Ca. Er. dacicola is intracellular in the midgut of 

the larva (Estes et al., 2009) where it may be exposed to phenolic glycosides and tannins 

while feeding feeds on the olive fruit. In contrast, Ca. Er. dacicola resides extracellularly 
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in the digestive system of the adult (Estes et al., 2009, Sacchetti et al., 2008) which feeds 

on a variety of substances including bird feces (Drew and Yuval, 2000), aphid honeydew, 

and bacteria from the olive tree phylloplane (Drew et al., 1983, Drew and Yuval, 2000, 

Vijaysegaran et al., 1997). In addition to a changing diet, endosymbionts also are 

exposed to changes in the tissues that they associate in or with during complete 

metamorphosis. 

Effects of endosymbiont environment on bacteria 

 Bacteria are greatly influenced by biotic and abiotic factors in their environment. 

Bacterial genomes primarily contain functional genes, so genome size and content reflect 

the nutrients and dynamic nature of a bacterium's environment (Bentley and Parkhill, 

2004). For persistent, vertically transmitted endosymbionts, the host is the environment 

where they reside (Douglas, 1995). Thus, next I compare the sequenced genomes of 

endosymbionts with our classification scheme detailing the axes of variability in 

endosymbiont environment provided by the host relative to genome size and 

composition. I also discuss the effects of the host on endosymbiont population sizes to 

attempt to better understand bacterial evolution.  

On the endosymbiont's genome 

Genome size and content 

 The signature of a bacterium's environment is left on its genome in the scrawl of 

genome size and content. Genome size and content is hypothesized to be determined by 

the length of time the host and symbiont have associated (McCutcheon and Moran, 

2007), the nutrients available in the environment (Douglas, 2009), and population 
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bottlenecks imposed by the host during insect development (Moran, 1996). However, 

these hypotheses were developed by comparing the genomes of free-living and obligate, 

nutritional mutualists; two ends of a continuum of environments in which 

phylogenetically-related bacteria can exist. Classifying insect-bacterial interactions on a 

scale from those providing the most constant to the most variable environments for their 

endosymbionts may provide additional insight into bacterial evolution.  

 The size of bacterial genomes form a continuum ranging from the large genomes 

of free-living soil bacteria to the extremely reduced genomes of the remnant of bacterial 

genomes present as organelles in eukaryotes (Bentley and Parkhill, 2004, Douglas and 

Raven, 2003). This size difference across phylogenetically related organisms is proposed 

to be due to the propensity for bacteria to retain only those genes necessary for the 

environment in which they reside (Bentley and Parkhill, 2004, DeLong, 2002, Douglas 

and Raven, 2003, Gil et al., 2002, Konstantinidis and Tiedje, 2004, Ochman and Moran, 

2001, Perez-Brocal et al., 2006, van Ham et al., 2003). The genome of the free-living 

bacterium  Escherichia coli includes genes for survival in a fluctuating external 

environment. For example, cell walls are essential for surviving periods of desiccation, 

starvation, and UV damage as are basic cellular functions such as transcription, 

translation and DNA repair. Nutrients are often patchy in the external environment, so 

flagella and pili provide movement to more nutrient-rich habitats (Blattner et al. 1997) 

and allow them to attach to structures in the environment. Additionally, many free-living 

bacteria use a variety of nutrient sources due to the presence of several different 

metabolic pathways in their genome (Bentley and Parkhill 2004). Finally, free-living 
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bacteria have complex signal transduction pathways for sensing the ever-changing 

external environment, cellular differentiation, and intercellular contact (such as 

communicating with other bacteria via quorum sensing) (Lengeler et al. 1999).  

 In contrast, in vertically transmitted beneficial endosymbionts the genome 

contains genes that are essential for the mutualism including gene products that cannot be 

obtained from the host and products that supplement the host's diet (Gil et al. 2004, 

Zientz et al. 2004). Unnecessary genes are quickly degraded or lost (see below) (Ochman 

and Moran, 2001).  Thus, genome size can be used as a proxy for gene number and 

functions. Compared to E. coli and other bacteria with a free-living stage, the long-

associated, obligate, nutritional mutualists (e.g. Buchnera and Carsonella) have reduced 

genomes more similar to the genome size of eukaryotic organelles (Douglas, 1997, 

Douglas and Raven, 2003, Nakabachi, 2008). Slightly larger are the genomes of obligate 

bacteria (e.g. Sodalis,) (Akman et al., 2001) that are thought to have had a shorter 

evolutionary relationship with their hosts, and even larger are facultative bacteria (e.g.   

Candidatus Hamiltonella defensa) that can reside in different hosts and in different 

tissues within a host. A second hypothesis to explain reductions in bacterial genome size 

is the accumulation of mutations that are swept to fixation by genetic drift. Bottlenecks 

imposed on the endosymbiont population during vertical transmission are thought to 

create small effective population sizes of the bacteria which are more sensitive to genetic 

drift (Moran, 1996, Pettersson and Berg, 2007, Rispe and Moran, 2000). If insect-

bacterial mutualisms are classified in terms of the endosymbiotic environment that the 
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host provides, a correlation is seen between genome size and changing parameters in the 

environment across host development.  

 Monophagous, hemimetabolous insects, such aphids and other Homoptera, which 

provide the most constant habitat, have intracellular endosymbionts with extremely 

reduced genomes. One of the best examples of endosymbiosis in a monophagous, 

hemimetabolous insect is the mutualism between the aphid and Buchnera. Perhaps due to 

their intracellular lifestyle and their vertical transmission in aphids, these bacteria have 

lost the genes for lipopolysaccharide and phospholipid synthesis that are required for cell 

membrane and wall formation. Instead Buchnera obtains phospholipids from its insect 

host and forms a reduced cell wall (Shigenobu, et al. 2000; Zientz et al. 2004). Buchnera 

also have a limited set of genes for DNA repair and recombination and for symbiont 

replication initiation and signal transduction proteins as compared to their free-living 

relatives (Zientz, et al. 2004). These restricted gene sets are hypothesized to permit host 

control over bacterial replication rates and suggest that the host as an environment is 

relatively constant. (Gil et al.2004; Zientz, et al.2004). Genes that Buchnera retains 

synthesize amino acids necessary for basic insect metabolism that are lacking in the host's 

diet (Gil et al.2004; Zientz, et al.2004). This pattern of amino acid supplementation has 

been seen in several different aphid species that diversified to feed on plant species with 

saps having distinctly different amino acid composition. In each case, the genome of the 

aphid's obligate, nutritional mutualist, Buchnera, supplements the nutrients missing from 

the host's diet.  
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 Two separate families of stinkbugs (Plataspidae and Acanthosomatidae) provide 

another example of monophagous, hemimetabolous insects associating with vertically 

transmitted endosymbionts (Candidatus Ishikawaella and Candidatus Rosenkranzia, 

respectively) (Hosokawa et al., 2006, Kikuchi et al., 2009). Similar to aphids, these 

stinkbugs are hemimetabolous and feed on plant sap throughout their development. Also 

similar to aphids and Buchnera, the stinkbugs and their endosymbionts have been found 

to show host-symbiont co-cladogenesis between the host and endosymbionts and the 

endosymbionts all have extremely reduced genomes (less than 1 Mb) as compared to 

their free-living relatives (Hosokawa et al., 2006, Kikuchi et al., 2009). In contrast to the 

aphid-Buchnera symbiosis where Buchnera is transmitted transovarially, the 

endosymbionts of stinkbugs are vertically transmitted in a capsule the female fills with 

endosymbionts and deposits next to her eggs. Upon eclosure, stinkbug nymphs feed on 

the capsule and acquire their endosymbionts (Hosokawa et al., 2007a). In addition to this 

unique form of vertical transmission, Candidatus Ishikawaella and Candidatus 

Rosenkranzia are both extracellular endosymbionts found in the digestive system 

(Fukatsu and Hosokawa, 2002, Hosokawa et al., 2006). Despite these distinctive 

differences in transmission and in endosymbiont location relative to host tissues, all of 

these endosymbionts have extremely reduced genomes. The commonalities are that the 

host insects are monophagous and hemimetabolous.  

Monophagous, holometabolous insects, such as tsetse flies and grain weevils, 

which provide an intermediate endosymbiotic environment have endosymbionts with 

larger genomes than Buchnera’s. The endosymbiosis between Wigglesworthia glossinia 
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and the tsetse fly is one of the best studied examples of a monophagous, holometabolous 

insect with an intracellular bacterium residing within a bacteriome (Pais et al., 2008). 

Similar to Buchnera, the genome of Wigglesworthia lacks genes for cell membrane and 

wall formation, DNA repair, signal transduction and amino acids found in the host diet. 

Wigglesworthia has genes for vitamin synthesis that complement these essential nutrients 

that are missing from the blood diet of tsetse flies (Pais et al., 2008). Wigglesworthia's 

genome is larger than that of Buchnera by around 0.05 Mb (~ 55 genes) (www.ncbi.gov). 

This difference in genome size is intriguing since the only axis that varies between 

Buchnera and Wigglesworthia is that at of host life cycle. Whether Wigglesworthia  and 

other endosymbionts of holometabolous insects have a specific set of genes that facilitate 

survival during pupation and complete metamorphosis will be the source of future 

investigation. I hypothesize that vertically transmitted endosymbionts would need to 

coordinate their gene expression, physiology and population dynamics in concert with the 

host's development to survive complete metamorphosis. Thus, endosymbionts of 

holometabolous insects may need to monitor changes in the host's hormone titers to 

anticipate the onset of pupation and adult eclosion.  

 The monophagous, holometabolous tsetse fly provides another endosymbiont 

comparison in that it has another vertically transmitted endosymbiont, Sodalis 

glossinidius. In contrast to Sodalis, Wigglesworthia is exclusively intracellular in 

bacteriocytes throughout host development (Aksoy, 2003).The Sodalis  genome has 

approximately 1872 more genes than that of the Wigglesworthia genome 

(www.ncbi.gov). The transition between residing within eukaryotic cells and the lumen 
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of organ systems is drastic. Genes for sensing changes in pH and reactive oxygen species, 

motility and adherence, cell wall formation and many more factors would be essential 

during such a significant environmental transition.  

 Another monophagous, holometabolous insect that provides a more variable 

endosymbiont environment is the rice weevil (Sitophilus oryzae). This weevil has an 

intracellular symbiont,"Sitophilus oryzae primary endosymbiont" (SOPE) (Heddi et al., 

2001, Nardon and Wicker, 1981). The genome size of SOPE is predicted to be 2.3 Mb 

larger than intracellular Wigglesworthia, yet 1 Mb smaller than Sodalis, which transitions 

between intracellular and extracellular lifestages. The genomes of SOPE and the primary 

endosymbiont of the rice weevil (Sitophilus zeamays) are currently being sequenced. The 

different gene composition may include genes for the synthesis of the vastly different 

amino acid and vitamins these mutualists supply to their respective hosts as well as genes 

that are essential for surviving development in different host taxa (Coleoptera versus 

Diptera). Additionally, the tsetse fly has a very unusual life cycle. Only one egg is 

fertilized and reared at a time. This single egg is retained in the female's uterus where it 

ecloses and is nurtured through three larval instars on a milky substance secreted by the 

female. The female births the third larval instar, which quickly pupates. Although the 

importance of host diet on endosymbiont genome content has been explored (Rio et al., 

2003) the influence of  different host developmental strategies and life cycles has been 

overlooked and may one of the most important factors influencing endosymbiont 

evolution. 
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 Polyphagous, holometabolous insects, such as the olive fly, provide the most 

variable endosymbiotic environment. Candidatus Erwinia dacicola is a persistent, 

vertically transmitted endosymbiont of olive flies that is expected to have a genome that 

is more similar in size and content to that of free-living bacteria than other vertically 

transmitted endosymbionts (Estes et al., 2009). However, the genome of this organism 

has yet to be sequenced. A larger gene set would provide the bacterium with the ability to 

use different metabolic resources, as the host changes its diet from its specialized diet of 

olives to a more generalized diet of nectar, bird feces, and aphid honeydew.  

 Ca. Er. dacicola is similar to Sodalis, one of the tsetse fly endosymbionts, in that 

it transitions between an intracellular and extracellular stage during its association with 

the fly host. Switching between an intracellular and extracellular lifestyle may be a 

mechanism endosymbionts use to survive in this variable endosymbiotic environment 

(Estes et al., 2009). Whereas Sodalis is extracellular only during vertical transmission, 

Ca. Er. dacicola is intracellular in the midgut of the larval stage and extracellular in the 

foregut of the adult stage (Estes et al., 2009). Transitioning from the nutrient-rich, 

intracellular environment to a more fluctuating extracellular lifestyle is a dynamic shift in 

environments. Ca. Er. dacicola may be exposed to different pH and nutrients at different 

stages of metamorphosis as this bacterium changes locations in the digestive system from 

foregut to midgut and as the host diet changes from olives (larval) to nectar and other 

substances (adult). Sodalis also may encounter a change in nutrient composition and 

quality as it moves into the milk glands of the female tsetse fly to provision the 

developing larvae.  
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 Both Sodalis and Ca. Er. dacicola have a time period where they are extracellular 

in the lumen of the digestive and reproductive systems. Neither is found in the ovaries, so 

an extracellular stage may be essential for transmission of these particular 

endosymbionts. Although both of these bacteria are vertically transmitted, Ca. Er. 

dacicola is smeared on the surface of the olive fly's egg as the egg is being oviposited into 

the olive (Sacchetti et al., 2008). In contrast, Sodalis is fed to the developing larvae in a 

nutrient-rich milky fluid secreted by the female tsetse fly (Attardo et al., 2008). Thus, Ca. 

Er. dacicola must survive for a short period of time outside of the olive fly. Whether this 

bacterium has thicker cell walls, secretes polysaccharides or has other mechanisms to 

survive briefly on the egg's surface has yet to be examined. Sigma factors and other genes 

for sensing changes in the environment would be important to bacteria such as Ca. Er. 

dacicola that exist outside of the host, even for a limited time. Quorum sensing genes 

may be essential for any endosymbiont with an extracellular life stage so that they might 

determine their own population densities and the presence of other bacterial species. 

Insight from polyphagous, holometabolous hosts, such as the olive fly, that provide a 

variable environment to their obligate mutualists may challenge currently held ideas on 

insect-bacterial mutualisms and genomics of obligate mutualists. 

Effects on population size 

 Population bottlenecks imposed on endosymbiont populations during vertical 

transmission from the female to her offspring have been proposed to reduce the effective 

population size of endosymbionts, thus making endosymbionts susceptible to the fixation 

of mutations during genetic drift (Moran, 1996, 2002). This hypothesis was first proposed 
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in the aphid-Buchnera symbioses as a way to explain the extreme genome reduction seen 

in these vertically transmitted endosymbionts. Although this may be one of the factors of 

genome reduction, examining endosymbionts of holometabolous insects suggests that 

population bottlenecks may not be the primary driving force underlying such changes in 

the genome. If population bottlenecks were the main force underlying genome reduction, 

those endosymbionts of holometabolous hosts would be expected to be more reduced 

than endosymbionts of hemimetabolous insects. Since pupation of holometabolous hosts 

potentially imposes a second, previously unacknowledged, bottleneck. 

 During pupation, larval tissues the endosymbionts reside within are broken down. 

In the olive fly, a significant decrease in the relative abundance of Ca. Er. dacicola occurs 

during metamorphosis (Estes et al., 2009).  This is in contrast to what is seen in 

endosymbionts of monophagous, holometabolous hosts. The number of copies of the 

genes found in Blochmannia,, the intracellular endosymbiont of the ant species 

Camplobacter, and the beneficial endosymbionts, Sodalis and Wigglesworthia, increase 

during pupation (Wolschin 2004, Rio et al 2004).  Blochmannia is unusual in that it is 

intracellular in bacteriocytes that are intercalated between cells of the midgut. Most 

intracellular obligate endosymbionts reside in a separate bacteriome in the hemolymph. 

Sodalis and Wigglesworthia both reside intracellularly in the bacteriome during pupation. 

Whether the bacteriome is affected by metamorphosis is unknown. In contrast to both of 

these systems, Ca. Er. dacicola is intracellular in the cells of the blind sacs of the midgut 

gastric cecae that evaginate from the digestive system. In the larval midgut there are two 

different morphologies of intracellular bacteria seen. One is similar to the rod-shaped 
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form typical of most Gram- bacteria. These rod-shaped bacteria are thought to be housed 

in regenerative cells that form the adult digestive system and are not broken down during 

pupation (Estes et al., 2009). The most numerically dominant morphology seen in the 

larval stage is amorphous. Cells with this amorphous morphology may be degraded 

during pupation while the rod-shaped bacteria colonize the adult olive fly digestive 

system (Estes et al., 2009). Similar to the regenerative cells of the olive fly midgut, the 

cells Blochmannia are housed in and the bacteriomes of the tsetse fly may avoid 

degradation during pupation.  

 Both hemimetabolous and holometabolous insects subject their endosymbionts to 

a population bottleneck during vertical transmission from the female to her offspring. 

Whether bacteria are transmitted in-utero (such as in tsetse flies and aphids), via egg 

smearing (as in the olive fly) or via nymphs feeding from  symbiont-filled capsules (as in 

stinkbugs), in all cases the population size of the endosymbiont is reduced. Endosymbiont 

populations in larvae and nymphs are seen to increase relative to the transmitted founding 

symbiont population and increase further in the adult stage. Although hemimetabolous 

insects experience a series of molts as they transition from nymph to adult, in many of 

these insects the bacterial population is isolated in the hemolymph away from any 

disturbances during molting. Thus, the only population bottlenecks endosymbionts of 

hemimetabolous insects experience is during the transition from mother to offspring.  

Summary 

  The field of symbiosis is at an exciting crossroads. The inability to rear many 

hosts and endosymbionts separately is no longer an impediment to study how these 
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unique interactions are initiated, maintained, and persist over evolutionary time. The 

ability to not only characterize the endosymbionts of eukaryotes, but use proteomics, and 

next-generation sequencing to examine the molecular mechanisms underlying the 

interactions of endosymbioses gives unprecedented insight into eukaryotic-bacterial 

interactions. Despite these advances, the majority of studies of insect-bacterial 

interactions remain focused on the host and neglect the needs of the endosymbiont. 

Additionally, monophagous, hemimetabolous insects that feed on nutritionally 

unbalanced diets are studied more frequently than polyphagous, holometabolous hosts. 

Such biases limit our understanding of the commonalities and generalities across 

phylogenetically different hosts and knowledge of bacterial evolution.  

 Here I propose a new classification system for endosymbiotic interactions based 

on the environment that hosts provide their endosymbionts. The endosymbiotic 

environment is classified based on three axes: 1) host life cycle (development, 

physiology, and transmission) 2) host metabolism and 3) location in the host relative to 

host tissues. In insects, these categories are considered more specifically as: 1) insect 

metamorphic type (hemimetabolous, holometabolous) 2) host diet (monophagous, 

polyphagous) and 3) position relative to host tissues (intracellular, intercellular, 

extracellular within an organ system). Those insect symbioses currently examined and 

best understood, such as the aphid-Buchnera mutualism, provide a relatively constant 

environment, which may explain the reduced genome size and content of these 

endosymbionts relative to the genomes of free-living relatives. I propose that examining 

insects, such as polyphagous, holometabolous hosts, that provide a variable and changing 
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environment to their endosymbionts will vastly broaden our understanding of eukaryotic-

bacterial interactions and deepen our insight into the factors influencing changes in 

bacterial genomes and populations. 
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Figures: 

Figure 1. The endosymbiont environment mapped as the three axes: 1) host life cycle 

(insect metamorphic type) 2) host metabolism (insect diet) and 3) location in the host 

relative to host tissues (position relative to host tissues). More constant environments are 

darker colors. The lower left hand corner is the most constant endosymbiont environment 

and the tip of the triangle represents the least constant endosymbiont environment. 

Examples of insects are mapped onto the endosymbiont environment space. 
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APPENDIX B 
 
 
 
 
 

THE OLIVE FLY ENDOSYMBIONT, “CANDIDATUS ERWINIA DACICOLA”, 

SWITCHES FROM AN INTRACELLULAR TO AN EXTRACELLULAR 

EXISTENCE DURING HOST INSECT DEVELOPMENT.  
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Abstract 

  As polyphagous, holometabolous insects, Tephritid fruit flies (Diptera: 

Tephritidae) pose a unique habitat for endosymbiotic bacteria, especially those microbes 

associated with the digestive system. Here we examine the endosymbiont of the olive fly 

(Bactrocera oleae (Rossi) Diptera: Tephritidae), a tephritid of significant economic 

importance. “Candidatus Erwinia dacicola” was found in the digestive system of all life 

stages of wild olive flies from the southwestern United States. PCR and microscopy 

demonstrated that “Ca. Erwinia dacicola” resided intracellularly in the gastric caeca of 

the larval midgut, but extracellularly in the lumen of the foregut and ovipositor 

diverticulum of adult flies. “Ca. Erwinia dacicola” is one of the few non-pathogenic 

endosymbionts that transitions between intracellular and extracellular lifestyles during 

specific stages of the host’s life cycle. Another unique feature of the olive fly 

endosymbiont is that unlike obligate endosymbionts of monophagous insects, “Ca. 

Erwinia dacicola” has a G+C nucleotide composition similar to that of closely-related 

plant pathogenic and free-living bacteria. Transitioning between intracellular-

extracellular lifestyles and a G+C nucleotide composition similar to that of free-living 

relatives may be two characteristics “Ca. Erwinia dacicola” posses to facilitate survival in 

a changing environment during the development of a polyphagous, holometabolous host. 

We propose that insect-bacterial symbioses should be classified based on the 

environment that the host provides the endosymbiont (the endosymbiont environment).  
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Introduction 

Bacteria are diverse, abundant, and ubiquitous and have greatly influenced the 

evolution of eukaryotic life (38, 39). Bacterial symbionts of eukaryotes are generally 

studied in terms of benefiting or impairing their eukaryotic hosts (3, 7, 21, 26). The 

constraints that the host’s life history and diet impose on their endosymbionts have yet to 

be considered in depth. Insect-bacterial symbioses, both mutualistic and pathogenic are 

ideal for examining host constraints on endosymbionts. The diversity of insect lifestyles 

and diets provide a continuum of habitats for endosymbionts, thus exhibiting different 

selection pressures on insect-associated bacteria. 

Tephritid fruit flies (Tephritidae:Diptera) pose a unique habitat for endosymbiotic 

bacteria, especially digestive system microbes. Firstly, most tephritids feed on fleshy fruit 

(such as olives) as larvae and are optimal foragers on pollen, bird feces, phylloplane 

bacteria (52, 15), homopteran honeydew (44) and other food sources in the environment 

as adults (15, 18). Thus, digestive tract endosymbionts may be exposed to different 

nutrients during an insect’s life time. Secondly, Diptera are holometabolous, undergoing 

complete metamorphosis. Vertically transmitted endosymbionts must survive the break-

down and rebuilding of the host tissues with which the bacteria associate (22). To survive 

in such a changing environment, we predict that the endosymbiont would have a genome 

of similar size to free-living relatives, instead of greatly reduced as is seen in obligate, 

nutritional mutualists like Buchnera aphidicola. 

The interaction between the olive fly, Bactrocera oleae, and its digestive system 

bacterial associates has been studied for over a century (5, 9, 17, 28, 29, 32, 33, 36, 52, 
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55, 56), yet several important questions remain unanswered. Do all olive fly life stages 

have the same species of bacterial endosymbiont?  With which organs of the digestive 

system do the bacteria associate? Where are the bacteria located relative to host tissues 

(extracellular or intracellular)? How ubiquitous is the association between the olive fly 

and specific bacteria? Are the same species of bacteria found in olive flies from the Old 

World also in flies that have recently infested the United States?  Is the nucleotide 

composition of the olive fly symbiont more similar to free-living relatives or to obligate 

endosymbionts?  

The purpose of this paper is to address the above questions and characterize the 

olive fly-bacterial symbiosis more thoroughly using microscopy and culture-dependent 

and –independent techniques to examine all life stages of wild olive flies from the United 

States of America. We provide a comprehensive description of the biology of the olive 

fly symbiosis across host development and highlight the distinctive nature of a highly 

variable endosymbiont environment provided by the host and its consequence for 

bacterial genome evolution. Better understanding of tephritid endosymbionts may 

provide insight into control methods of these significant agricultural pest insects. 
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Materials and Methods 

Collection and sampling 

 In 2003, infected olives were collected and a Tucson laboratory population (TLP) 

culture was established from emerged larvae. The TLP culture was maintained on 

surface-sterilized olives. Adult B. oleae were trapped in Torula yeast-baited McPhail 

traps (as described in 8) in olive groves of the National Clonal Germplasm Repository at 

Wolfskill Experimental Orchard in Winters, California (Yolo County) and in Tucson, 

Arizona (Pima County) in 2005. Sixty adults (30 males and 30 females) were collected 

from the Winters site, and 40 adults (20 males and 20 females) were collected from 

Tucson (APHIS Permit number 68318).  

 All olive fly life stages (eggs, third instar larvae, and pupae) were collected from 

the TLP and California populations and examined for bacterial microbiota. Life stages 

were surface-sterilized by vortexing for 15 seconds in a 1% sodium hypochlorite (bleach) 

and 0.1% Triton-X mixture, followed by two distilled water rinses.  Rinse water was 

plated on Luria-Bertani (LB) media (4) and used as a template for PCR with universal 

prokaryote 16S rRNA primers 10F and 1507R (42).  No colonies or PCR products were 

observed (data not shown). TLP females were presented with “agar olives”, a half-sphere 

of 2% agar wrapped in Parafilm (Pechiney Plastic Packaging, Chicago, IL.) as an 

oviposition substrate. Eggs (24 hr post-oviposition) were aseptically removed from agar 

olives. Wandering third instar larvae and pupae (48 hrs post-pupation) were fixed in 95% 

ethanol.  
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 Samples also were taken of different organs in larvae and one-week old TLP 

adults to determine in which tissues bacteria reside. Adult flies and third instar larvae 

were surface-sterilized as described above and dissected in a laminar flow hood. Larval 

and adult organs were preserved immediately in 95% ethanol for DNA extraction and 

PCR was performed using 16S rRNA primers that amplified Enterobacter sp. and 

“Candidatus Erwinia dacicola” as described below. Larval organs sampled included the 

mycetome (midgut gastric caeca, n= 10) and salivary glands (n= 10). Adult organs 

analyzed were the oesophageal bulb (evagination of the foregut, n= 10), crop (n=10), 

rectal sac (n=8), ovaries (n=5), ovipositor (n=5), and testes (n=8). 

 In addition, olives were screened to determine if “Candidatus Erwinia dacicola” 

and Enterobacter sp. were present in drupe tissues. Bacterial presence or absence was 

determined across six different olive treatments: fresh olives lacking larvae (unripe and 

ripe), rotten olives lacking larvae (unripe and ripe), and rotten olives with larvae (unripe 

and ripe). Twenty olives were used per treatment. Samples of olive flesh were fixed in 

95% ethanol for DNA extraction followed by bacterial-specific amplification as 

described below.  

Culture dependent identification of bacterial associates 

 Male and female olive flies from the TLP were surface-sterilized as described 

above, homogenized in isolation buffer and plated onto various media (4), including 

Luria Broth (LB), Kings Media B (KMB), Nutrient Broth Agar (NBA), Erwinia-selective 

media (ESM), Trypticase Soy Broth (TSB), and crushed olive mesocarp with agar. Rinse 

water was plated and checked for bacterial growth. All cultures were incubated at 28oC 
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and checked daily for ten days for colonies. Emergent colonies were picked and streaked 

for single colonies on the same type of media from which they were collected. Bacteria 

from single colonies were grown overnight in liquid media and stored in 40% glycerol at 

-80oC. 

Culture independent identification of bacterial associates 

  To identify bacteria present in the wild populations and within specific organs of 

olive flies in the lab population, surface-sterilized whole animals or fly tissues were snap-

frozen in liquid nitrogen and homogenized using a plastic disposable pestle (BelArt 

Products, Pequannock, NJ) in a 1.5 ml microfuge tube. DNA from fly tissues was 

extracted using the mouse-tail protocol of the Qiagen DNeasy kit (Qiagen,Valencia, CA). 

DNA from olive tissues was extracted using the DNeasy Plant kit (Qiagen,Valencia, CA). 

Whole fly DNA samples were amplified with the universal prokaryote 16S rRNA primers 

10F and 1507R (42) to generate a nearly complete (~1489 bp) sequence. These PCR 

products were cloned using a TOPO-TA one shot kit (Invitrogen, Carlsbad, CA) and 

sequenced in both directions by the Genomic Analysis and Technology Core of the 

University of Arizona on an Applied Biosystems 3730XL sequencer. Sequences were 

manually edited (Sequencher, Ann Arbor, MI). Edited sequences were subjected to a 

BLAST analysis (1) against the GenBank database (http://www.ncbi.nlm.nih.gov/) to 

estimate taxonomic placement for initial primer design and subsequent phylogenetic 

analyses.  Additional primers were designed from an alignment of several enteric bacteria 

to selectively amplify 16S rRNA of “Ca. Erwinia dacicola” and Enterobacter sp., 

amplified using universal primers. Primers EdF1 5’-
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CTAATACCGCATAACGTCTTCG-3’and EntF1 5’-

CTAATACCGCATAACGTCGCAA-3’ were paired with 1507R to generate a ~1300 bp 

sequence. EntF1 and EntR2 5’-GAGTAATCCGATTAACGCTTG-3’ were used for 

subsequent screening of flies (~400 bp sequence) for the Enterobacter. For additional 

resolution of bacterial identity, ompA (outer membrane protein, UF1ompA 5’-

TTAACGGTGCGGCTGAGTTACAACG-3’,UR2ompA 5’-

ACACCTGGTACACTGGTGCTAAAC-3’) and recA (recombinase A, UF2RecA 5’-

CCTGACCGATCTTGTCACC-3’, and UR2RecA 5’-GGTAAAGGCTCCATCATGCG-

3’) primer sets producing a 400 bp fragment were designed from an alignment of several 

enteric bacteria. The PCR program used was a 65-55 touchdown program: 94°C for 2 

min followed by 10 cycles of 94°C for 45 sec, 65°C for 45 sec, decrease by 1oC to 55oC, 

and 72°C for 1.5 min, the 65-55 touchdown was followed by 21 cycles of 94°C for 45 

sec, 55°C for 45 sec and 72°C for 1.5 min. Bacteria of each species were scored as 

present or absent. In samples for where no PCR product was generated, universal 

prokaryote primers 10F and 1507R (42) were used to determine if any bacteria were 

present. The extracted DNA of a homogenized olive fly with “Ca. Erwinia dacicola” 

symbiont was used as a positive control template. Negative controls lacked DNA. PCR 

products were cloned, sequenced, and used for phylogenetic analysis. To ensure that the 

DNA extraction was successful, primers for the gene adh (alcohol dehydrogenase) of B. 

oleae (adhF2 5’-GGCATACTCACCGATCCCAATGTAGA-3’, adh R2 5’-

CATGAGTGGAATTGCCTCTAGCGT-3’) were designed using an alignment of several 
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insect adh genes. ANOVA was used to determine if different sexes or populations of 

olive flies had similar associated bacteria (StatView 5.0, Cary, NC). 

Identification of olive fly bacterial symbionts using phylogenetic analysis 

 Nucleotide sequences from related bacteria, including free-living and insect 

endosymbiotic taxa, were obtained from NCBI for each locus (16S rRNA, ompA, recA) 

(Supplemental Fig. 1). All sequences generated during this study are deposited in 

Genbank (accession numbers GQ478372-GQ478388, GQ487328). Phylogenetic trees are 

deposited to TreeBASE (SN4617-23872-23875). Sequences were aligned separately for 

each locus and as a concatenated matrix using ClustalW (54) with default parameters. 

Codons of recA and ompA were translated to amino acids and converted back to 

nucleotides after amino acid alignment. All alignments were manually edited in Mesquite 

2.01 (35). Unalignable sections (i.e., regions of extensive small indels) were excluded 

from phylogenetic analysis (Supplemental Table 1).  Only coding regions of recA and 

ompA were included for these loci. ModelTest (48) was used to compare models of 

evolution for individual loci (Supplemental Table 1), with the best model chosen on the 

basis of the the Akaike information criterion (AIC). A Bayesian analysis using MrBayes 

3.1 (25) was performed to infer topologies, branch lengths and support values for each 

locus and for the concatenated matrix. Supplemental Table 1 lists the partitioning and 

nucleotide evolution models as implemented by MrBayes. Two Metropolis-coupled 

Markov Chain Monte Carlo (MCMC) analyses were run with four chains each for 5 

million generations with sampling every 1,000 generations. Burn-in periods 

(Supplemental Table 1) were estimated by graphing likelihood values and were defined 
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by the generation when log-likelihoods appeared to converge to stationarity. All 

compatible partitions (allcompat) consensus trees were generated from post burn-in 

MCMC samples. The taxa in clades I and II were selected as outgroups and used to root 

the tree (Fig. 1).  

Fluorescent in-situ hybridization identification of bacteria 

 Fluorescent in-situ hybridization (FISH) was used to confirm the identity of the 

bacteria present in the oesophageal bulb of adults and the cultured bacterial isolate. 

Cultured Enterobacter sp. cells isolated from olive flies were grown overnight at 28oC, 

pelleted to remove media, and washed twice in phosphate buffered saline (PBS) at pH 

7.0. Cells were fixed in 4% paraformaldehyde for 30 min at 22oC and washed twice with 

PBS. Cells were dried on microscope slides (Fisherbrand Super plus, Pittsburgh, PA) for 

FISH hybridization. Insect tissues fixed in paraformaldehyde had high levels of 

autofluorescence. Therefore, a different fixation protocol (19) was used. Flies were 

surface-sterilized and the oesophageal bulb was dissected as described above. 

Oesophageal bulbs were fixed in Carnoy fixative for 4 days, rinsed twice for 5 min with 

100% ethanol, and transferred to 6% H2O2 in ethanol for 4 days at 22oC. Bulbs were 

rinsed in 100% ethanol followed by three washes, five min long in PBS + 0.01% Tween. 

For hybridization, bulbs were rinsed in hybridization solution three times (each 5 min) 

and incubated overnight at 40oC in a mixture of the FISH probe, 20% formamide, and 

hybridization buffer. Samples were rinsed in 3 M sodium chloride, 0.3 M sodium citrate 

followed by a PBS rinse. To protect the fluorescent samples from bleaching, a drop of 

Vectashield (Vector Labs, Burlingame, CA) was added. Samples were viewed under a 
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Zeiss 510 Meta confocal microscope. Oesophageal bulb and cultured cells were both 

hybridized with EUB338 (2) -TAMARA probe (data not shown), EdF1-cy5, and EnF2-

cy3 (Fig. 2). To determine probe specificity, a range of formamide concentrations from 0-

30% was used for both probes on both bacterial cells and oesophageal bulbs. The optimal 

formamide concentration for both probes was 20%. Negative controls in PBS also were 

examined.  

Bacterial localization within host tissues 

 Larvae (3rd instar), 1 month old fed adults, and recently-eclosed (< 24 hrs) unfed 

adults were collected from the TLP to determine where bacteria were located within host 

tissues using transmission electron microscopy (TEM). Animals were surface-sterilized 

and the larval mycetomes and adult oesophageal bulbs or ovipositors were collected. 

Samples were fixed in a mixture of 1.5% paraformaldehyde, 2% gluteraldehyde, 1.5% 

acrolein and 1% DMSO in 0.08 M Cacodylate (pH 7.3) for 90 min at 20oC, rinsed for a 

total of 20 min in 0.08 Cacodylate (pH 7.3), post-fixed in 2.0% OsO4 in 0.08 M 

Cacodylate, and dehydrated with a standard ethanol series (30-100%) (modified from 

37). Prior to embedding, samples were transferred into two exchanges of 100% propylene 

oxide for 10 min each and embedded in Epon resin. Thick sections were cut on a Leica 

Ultramicrotome E and stained in 2% toludene blue with 2% borax for basic histology. 

Thin sections (60-90 nm) were placed on 100 µm formvar-coated copper grids. Sections 

from two animals per organ type were viewed on a JEOL 100 CX II transmission 

electron microscope. Microscopy was conducted in the University of Arizona’s 
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University Spectroscopy and Imaging Facilities. TEM micrograph negatives were 

scanned at 400 dpi using an Epson Perfection 2450Photo scanner.  

GC content of representative loci 

 The G+C nucleotide composition of olive fly endosymbionts was determined 

from recA, ompA and 16S rRNA sequences. The total G+C content of each gene was 

determined by dividing the number of G+C nucleotides present by the total number of 

nucleotides in a given sequence. The G+C content for the three loci were compared to the 

genome characteristics of the 32 sequenced genomes (free-living bacteria, plant 

pathogens, and obligate mutualists) used in our phylogenetic analyses. Regression 

analysis was used in each comparison to determine if G+C content of these loci was 

representative of GC content of the whole genome (StatView 5.0, Cary, NC). The mean 

and range of G+C% of each locus was determined for the groups identified in the three-

gene concatenated phylogeny (Table 1).  
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Results 

Specific bacteria were associated with olive fly populations 

Bacteria from surface-sterilized, wild olive flies were identified using sequences 

generated by PCR amplification of 16S rRNA, ompA, and recA. Phylogenetic analyses 

identified five clades of bacteria and one unresolved grade that appeared in allcompat 

consensus trees of the ompA (Supplemental Fig. 3), recA (Supplemental Fig. 4), and 

concatenated analyses (Fig. 1; Supplemental Table 1). Phylogenetic analyses of 16S 

rRNA alone (Supplemental Fig. 2) resulted in poorly resolved trees. Four bacterial 

species were recovered from olive flies (Fig 1). 

  The most abundant bacterial species was identified from sequences obtained from 

whole animals (larvae, adults) and ovipositors (Fig. 1, b1-8). This abundant species had a 

high sequence similarity to the entire 16S rRNA (99% BLAST identity) of “Ca. Erwinia 

dacicola” from Italian olive flies (9). Phylogenetic analyses of bacterial sequences 

amplified from adult and larval olive flies (Fig. 1, b1 – b8), and previously characterized 

“Ca. Erwinia dacicola”, placed this bacterium within a subclade of Clade III (Erwinia + 

Pantoea) (posterior probability, hereafter PP = 1.0 in concatenated analyses). 

Phylogenetic analyses using ompA (Supplemental Fig. 3) and recA (Supplemental Fig. 4) 

revealed the monophyly of these samples, and showed them to be allied to other Erwinia. 

In concatenated analyses, the “Ca. Erwinia dacicola clade” was sister to a clade with 

plant pathogens Brenneria (Erwinia) rhapontici and Er. persicina (PP = 1.0; Fig. 1).  

“Ca. Erwinia dacicola” is thus far unculturable (data not shown, 9). 
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 The second most abundant bacterial species was identified from sequences 

obtained from larvae, pupae (Fig. 1, b10 - b12), and one cultured isolate (Fig. 1, i1) from 

the abdomen of a wild male olive fly. Several isolates from both larvae and male flies had 

a round, smooth colony morphology on LB and ESM media. The cultured isolate and 16S 

rRNA sequences amplified from olive fly larvae and pupae form Clade IV 

(Enterobacteriaceae) (Fig.1). The cultured isolate is a member of an unsupported sister 

clade that contains En. cancerogenus, En. agglomerans, En. cloacae (from the midgut of 

Leptinotarsa decemlineata), and a bacterium isolated from the collembolan Folsomia 

candida (PP= 1.0 in concatenated analyses). Initial sequence similarity results (99% 

BLAST match) and phylogenetic analysis using 16S rRNA alone (Supplemental Fig. 2) 

suggested that the Enterobacter sp. isolate was closely related to En. cloacae or En. 

agglomerans. The recA analysis (Supplemental Fig. 4) groups the cultured bacterium 

with En. cancerogenus and En. cloacae (PP = 0.95). Further resolution was not obtained 

using ompA alone (Supplemental Fig. 3).  

 Two other bacterial species (Fig. 1, b9 and b13) were amplified only once in adult 

flies. Sample b9 from a wild female fly was closely related to the plant pathogen 

Citrobacter freundii, although relationships were weak using ompA alone (Supplemental 

Fig. 3). Sample b13 from a wild California male fly could not be identified using the 

taxon sampling of this phylogeny. BLAST results showed a 99% similarity to Raoultella 

ornithinolytica.  
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“Ca. Erwinia dacicola” and Enterobacter sp. associated with all olive fly life stages 

PCR analysis revealed that “Ca. Erwinia dacicola” and Enterobacter sp. were 

present in all life stages of wild olive flies surveyed, suggesting that they persist through 

metamorphosis (data not shown). Sequence analysis revealed that “Ca. Erwinia dacicola” 

was present in 94% of the females and 86% of the males. The sex of the flies did not 

influence presence or absence of “Ca. Erwinia dacicola” (p=0.2932, n = 113). Neither 

“Ca. Erwinia dacicola” nor Enterobacter sp. were found in 9.8% of the adults. There 

were no flies with both bacteria.  One male had only Enterobacter sp. There was no 

difference in the frequency of “Ca. Erwinia dacicola” in individuals from California or 

Arizona (p=0.7213, n =113).  “Ca. Erwinia dacicola” and Enterobacter sp. were not 

present in either ripe or unripe olives without fly larvae. Rot tunnels the larvae make 

while feeding on the olive always contained “Ca. Erwinia dacicola” in ripe (n=20) and 

unripe olives (n=20, data not shown).  

“Ca. Erwinia dacicola” and Enterobacter sp. are located within larvae and adults 

  “Ca. Erwinia dacicola” was consistently amplified from several structures of the 

B. oleae digestive tract. The endosymbiont was always present in the larval midgut 

(mycetome, n=10) and the evagination of the adult foregut (oesophageal bulb, n=10).  

Over 70% of the 8 rectal sacs and 10 crops sampled had Ca. Er. dacicola (data not 

shown). None of the sampled larval salivary glands (n=10) and adult testes (n=8) and 

ovaries (n=5) had either bacterium. Ovipositors of four of the five females sampled had 

“Ca. Erwinia dacicola”. The fifth ovipositor had only Enterobacter sp. 
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Endosymbionts are both intracellular and extracellular 

Bacterial species present in adult oesophageal bulbs were identified using FISH 

probes specific to Erwinia and Enterobacter 16S rRNA.  In adults, all bacterial cells in 

the oesophageal bulb hybridized with the general enteric bacterial EUB338 probe and the 

“Ca. Erwinia dacicola” specific probe EdF1-cy5 (Figs. 2A and 2B), but not with the 

Enterobacter specific EnF2-cy3 probe, demonstrating that these cells were “Ca. Erwinia 

dacicola”. The EnF2-cy3 and EUB338 probes labeled the cultured Enterobacter sp. cells. 

Both of these results were confirmed using PCR. No labeling was seen in negative 

controls and autofluorescence was very low (data not shown).  

 TEM revealed bacteria that were intracellular residents of larval cells (Fig. 4A-D) 

(e.g. resides within the cellular membrane of epithelial cells of the digestive tissue) and 

extracellular residents of adult tissues (e.g., resides in the digestive system lumen, but 

outside the cellular membrane of host cells) (Figs. 2A-B, and 3A-D). In the adult, 

bacteria within the oesophageal bulb (Fig. 3A-D) and ovipositor diverticula (Fig. 3E) had 

the classic rod-shaped morphology of an enteric bacterium and were surrounded by a 

matrix, suggesting biofilm development. These bacteria were longitudinal nearest the 

host epithelium creating a very densely packed array of cells in cross-section (Figs. 3D 

and E). In the oesophageal bulb center, bacteria were more randomly oriented and may 

have included cells dispersing from the biofilm, since bacteria were observed in the stem 

connecting the oesophageal bulb to the rest of the digestive system (data not shown).  

Other studies have noted bacteria dispersing from the oesophageal bulb (9).  
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 Although microscopy of the olive fly pupal stage was unsuccessful, recently- 

eclosed (< 24 hr post-eclosion) adults were examined to determine the number of bacteria 

present immediately after pupation. The oesophageal bulbs of recently-eclosed adults 

contained less than ten bacterial cells closely associated with the bulb epithelium (Fig. 

3B) and a few bacteria were loosely associated with membranes. In contrast, bulbs of 

older, fed adults were filled with bacteria (Figs. 3A and 3D). 

 In larvae, bacterial cells were present within host cells (intracellular) (Figs. 4 A-

D), instead of inside the digestive system lumen (extracellular) as in the adult 

oesophageal bulb. Within host cells, the endosymbiont exhibited two bacterial 

morphologies. The majority of bacteria in host cells had an amorphous morphology (M1-

type cells, Figs. 3A, 3B and 3D) similar to other insect intracellular endosymbionts, such 

as Buchnera (41), Carsonella (53) and Ca. Ishikawainensis (24). The cytoplasm of the 

amorphous morphology was diffuse and granular, with electron-dense inclusion bodies 

clustered at one region of the cell (arrowheads in Fig. 3D). A second bacterial 

morphology that was circular in cross-section with the denser cytoplasm, typical of 

enteric bacteria and similar to what is seen in the adult stage (M2-type cells, Fig. 3C) was 

rarely present. Although two distinct bacterial morphologies were present, PCR 

confirmed that “Ca. Erwinia dacicola” was the only bacterium found in the mycetome. 

The G+C composition of recA, ompA, and 16S rRNA from olive fly symbionts is similar 

to that of closely-related, free-living species 

 The G+C nucleotide content of recA, ompA, and 16S rRNA was correlated with 

overall genome G+C content (n = 32, R2= 0.94, 0.97, and 0.70, respectively; p <0.0001 in 
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all cases) and whole genome G+C content is positively correlated with genome size 

(n=32; R2 = 0.90, p<0.0001) in the sequenced bacterial genomes used in our phylogenetic 

analysis.  G+C content of recA, ompA, and 16S rRNA was correlated with genome size (n 

= 32, R2= 0.76, 0.9 and 0.63; p <0.0001 in all cases). The G+C composition of recA, 

ompA and 16S rRNA of both “Ca. Erwinia dacicola” and the Enterobacter sp. associated 

with olive flies is similar to that of closely related, free-living enteric bacteria (see Table 

1, Supplemental Table 3). The genome size of the bacteria estimated from the equation of 

the regression line of all three loci was of similar size to their free-living enteric bacteria 

relatives (Table 1, supplemental Table 3).  
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Discussion 

“Ca. Erwinia dacicola” is a tightly-associated symbiont of the olive fly 

 Culturable bacterial endosymbionts of the olive fly were first described by Petri in 

1909 (47). A century later, Capuzzo et al. used molecular techniques to identify a specific 

uncultivable bacterium, “Candidatus Erwinia dacicola”, in Italian adult olive flies (9). 

Other studies have identified transient γ-proteobacteria species acquired during feeding 

(5, 52) as well as the α-proteobacteria Acetobacter tropicalis (29) and Asaia spp. (52) 

within the olive fly.  

 Our study found two bacteria: a culturable Enterobacter sp. and an unculturable 

“Ca. Erwinia dacicola” present in all life stages of wild olive flies, suggesting that these 

bacteria can be maintained through changes in diet and host metamorphosis. Although 

other low abundance species that our universal 16S rRNA primers do not amplify may be 

present, we focused on symbionts consistently present at high density, not all species 

within the olive fly digestive system. 

“Candidatus Erwinia dacicola” is found in both the TLP and 90% of wild flies 

surveyed. It is possible that the 10% of wild individuals testing negative for “Ca. Er. 

dacicola” were recently-eclosed individuals with endosymbiont titers below the threshold 

detectable by PCR. qPCR of other recently-eclosed flies showed extremely low 

densities of “Ca. Er. dacicola” (data not shown) and TEM revealed less than a dozen 

bacteria in the oesophageal bulb of recently-eclosed flies (Fig. 3B), so PCR screens may 

underestimate endosymbiont presence. “Ca. Erwinia dacicola” also has been found 

within adult olive flies in Italy (9, 52) and Greece (29). “Ca. Erwinia dacicola’s” high 
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frequency of association with the fly, presence in different populations and in all life 

stages, inability to be cultured on standard microbiological media, vertical transmission 

to offspring, and ability to reside within larval host cells suggest that this bacterium is a 

tightly-associated endosymbiont of olive flies (46). To our knowledge, intracellular 

endosymbionts have not been reported in other tephritids (30) and other olive fly 

associated bacteria, such as Acetobacter tropicalis, are exclusively extracellular (52, 29). 

An intracellular stage of “Ca. Erwinia dacicola” implies a more specific and longer term 

interaction with the host (26).    

 Enterobacter sp. is only occasionally found in the olive flies screened and is 

likely to be a non-specific microbe. Enterobacter spp. are common in insects, including 

other tephritids, Rhagoletus completa (49), Rh. pomonella (30), and Bactrocera tau (C.S. 

Prabhakar, P. Sood, B.A. Padder, S.S. Kanwar, V. Kapoor, P.K. Metha, and P.N. Sharma, 

unpublished data), cockroaches (12, C. M. Gibson, unpublished), fire ants (31), and 

cucumber beetles (D.R. Herndon and K.D. Spence, unpublished). The Citrobacter sp. and 

sample b13 were thought to be phylloplane bacteria acquired during feeding (14, 5) since 

they were PCR amplified only once in wild-caught adults. 

 Our phylogenetic analyses demonstrate that “Ca. Erwinia dacicola” is closely 

related to several insect-vectored, plant pathogenic Erwinia species, such as Er. 

amylovora, Er. pyrifoliae, Er. tracheiphila, and Pantoea (Er.) stewartii. These pathogens 

persist primarily in association with their plant hosts and insect vectors, with limited 

survival in the soil (50). These closely related plant pathogens differ from each other and 

from “Ca. Erwinia dacicola” in the duration and the intimacy of their association with 
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their insect versus plant hosts. Er. amylovora and Er. pyrifoliae overwinter at canker 

margins and in plant host buds, causing wilt (51, 34).  Insect vectors are attracted to these 

bacteria-filled exudates and transmit the pathogens to new infection sites (23, 16, 51). In 

contrast, Er. tracheiphila and Pa. stewartii overwinter in beetle digestive systems, and 

disease incidence on host plants is correlated with insect survival (20, 40, 11). “Ca. 

Erwinia dacicola” is found (via PCR) only in the rot tunnels where larvae are present, 

presumably deposited in the olive through regurgitation or defecation. Whether the 

bacterium is metabolically active in rot, or whether the host or symbiont is responsible 

for the rot is unknown.  

“Ca. Erwinia dacicola” transitions between intracellular and extracellular 

During olive fly development, “Ca. Erwinia dacicola” resides intracellularly 

within larval midgut cells and extracellularly in the adult foregut. Other insect 

endosymbionts survive both intra- and extracellularly (10, 45); however, ramifications of 

this transition for symbiosis and for endosymbiont evolution have not been discussed. 

The transition from an intracellular to extracellular existence within the digestive system 

during insect development could be essential to endosymbiont survival in a polyphagous, 

holometabolous host. Prior to pupation, Diptera void their digestive tract, reducing the 

number of extracellular microbes (22). During metamorphosis, larval digestive system 

tissues degrade and adult tissues are assembled from larval midgut regenerative cells 

(27). Vertically transmitted endosymbionts must have mechanisms for surviving 

metamorphosis and re-establishing in the adult. Although the mechanisms of 
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endosymbiont survival during complete metamorphosis are unknown, we hypothesize 

that bacterial cells present in the regenerative cells recolonize the adult gut.  

In adults, “Ca. Er. dacicola” resides in a bacterial biofilm in the digestive system 

lumen. Nutrient acquisition for opportunistic foragers like the adult olive fly is often 

spatially and temporally patchy. The formation of bacterial biofilms may provide 

resistance to periods of low nutrients and other stresses (13). Olive fly endosymbionts 

could not be removed from adult flies fed bleach and antibiotics (rifampicin, 

streptomycin, tetracycline, and ampicilin) (data not shown) once biofilms were 

established. The extracellular lifestyle also could be important for transmission to 

offspring. The presence of “Ca. Erwinia dacicola” in the ovipositor, but not the ovaries or 

testes, suggests that olive fly endosymbionts (47) are vertically transmitted via smearing 

as the egg passes by the symbiont-rich ovipositor diverticulum (Fig. 3E, 52). 

Extracellular bacteria have more rigid and well-formed cell walls that may facilitate egg-

smearing transmission.  

The endosymbiont environment hypothesis and bacterial genome characteristics 

 The olive fly – “Ca. Erwinia dacicola” symbiosis provides, to our knowledge, the 

first example of a tightly-associated symbiosis in a polyphagous, holometabolous insect. 

This study expands our knowledge on the types of environments in which endosymbionts 

survive and leads us to propose that symbioses be discussed in terms of the endosymbiont 

environment the host provides. In insects, the endosymbiont environment ranges from 

constant to variable based on at least three axes: host diet (monophagous vs. 

polyphagous), host life cycle (hemimetabolous vs. holometabolous), and location of the 
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endosymbiont within host tissues (intracellular vs. extracellular).  The most constant 

environment for endosymbionts would be provided by monophagous, hemimetabolous 

insects, such as aphids and sharpshooters, where endosymbionts reside exclusively within 

bacteriomes and hosts feed exclusively on one food type. The most variable environment 

would be found in polyphagous, holometabolous insects, such as the olive fly. 

Endosymbionts of polyphagous, holometabolous insects must survive changes in insect 

diet and changes to tissues during complete metamorphosis. We suggest that the 

environment an insect endosymbiont experiences may greatly influence its genome 

composition and size and evolution (Estes in prep). 

Nucleotide composition and genome size of bacteria are directly related to the 

degree of environmental variability, since bacteria quickly accumulate mutations and lose 

genes that are not under selection (43, 6). Free-living bacteria experiencing a diversity of 

environmental conditions have more G+C rich genes and larger genomes than obligate 

intracellular endosymbionts (6, 3, 21). Thus, we predicted that endosymbionts of 

polyphagous, holometabolous insects, such as the olive fly, would have genomes that are 

less A+T biased and larger than obligate endosymbionts of monophagous, 

holometabolous insects, such as aphids.  Indeed, the nucleotide composition of the three 

loci analyzed from Ca. Er. dacicola and Enterobacter sp. were more similar to plant 

pathogenic and free-living relatives than intracellular obligate endosymbionts (Table 1, 

Supplemental Table 3). The G+C nucleotide composition of recA, ompA and 16S rRNA 

genes was shown to be a good proxy for genome size and the genome size of both 

bacteria was estimated to be similar to free-living and plant pathogenic relatives.  
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The data presented here suggest that polyphagous, holometabolous insects 

associate with specific microbes. This study of the olive fly endosymbiont, “Ca. Erwinia 

dacicola”, provides detailed microscopy to show that the bacterium associates with 

different host tissues and transitions between intracellular and extracellular stages during 

host development. This is one of the few examples of an insect endosymbiont that makes 

such a transition. Examining digestive system endosymbionts of other polyphagous, 

holometabolous insects will be essential to understanding the mechanisms that influence 

bacterial genome structure and evolution.  
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Figure legends 

Fig. 1. Phylogenetic identification of B. oleae symbionts: Bayesian analysis of the 

concatenated sequences of recA (~870 bp), ompA (~900 bp), and 16S rRNA (~1400 bp). 

Six groups (I-VI) are identified that also occur in analyses of individual loci 

(Supplemental Table 2). Clade V is an unresolved grade in all analyses. Posterior 

probabilities above 0.85 appear above and left of corresponding nodes. The six clades 

have different grayscale values, and taxa of incertae sedis are on black branches, as they 

change position from locus to locus. Names beginning with ‘i’ are cultured isolates, ‘b’ 

are bacteria amplified from the named insect host, and ‘C’ are bacteria of Candidatus 

status.  Samples of bacteria from Bactrocera oleae are in bold with an indication of life 

stage (l = larva, p = pupa), or adult gender (whole body: m = male, f = female; ovipositor: 

o = female).  

 

Fig. 2. Fluorescent in-situ hybridization of adult oesophageal bulb.  (A) A whole 

mount of an adult oesophageal bulb labeled with EdF1-cy5 specific to “Ca. Erwinia 

dacicola” (scale bar = 20 µm). (B) A higher magnification of “Ca. Erwinia dacicola” 

cells found within the oesophageal bulb and labeled with EdF1-cy5 (scale bar = 2 µm). 

 

Fig. 3. Extracellular bacteria in lumen of adult oesophageal bulb and ovipositor. (A) 

Cross-section through the oesophageal bulb of a 1 month-old fed adult olive fly (scale bar 

= 80 µm). A host nucleus (n) is identified in the epithelial tissue of the bulb that 

surrounds the bacteria. Extracellular bacteria (b) fill the oesophageal bulb lumen. See Fig. 
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3B for close-up. (B) The oesophageal bulb shown in Fig. 3A (scale bar = 5 µm). 

Extracellular bacteria (b) form a classic bacterial biofilm with those closest to the host 

epithelia (e) seen in cross-section. Bacteria further away from the host epithelia are seen 

in longitudinal section, revealing a typical Gram- rod shape. Endosymbionts are 

surrounded by an extracellular matrix. (C) Oesophageal bulb of recently-eclosed, unfed 

adult olive fly (scale bar = 35 µm). Arrows point to the three bacteria present in the 

oesophageal bulb lumen. These bacteria are located near the host epithelium (e). (D) 

High (190,000X) magnification of the bacteria from Fig. 3C (scale bar = 5 µm). (E) 

Cross-section through the lumen of a female ovipositor showing seven diverticula filled 

with extracellular bacteria (scale bar = 30 µm). Extracellular bacteria (b) within one of 

the diverticula are indicated. The nucleus (n) of two host cells next to the diverticulum is 

evident. These bacteria are similar morphology to those seen in the adult oesophageal 

bulb (Fig. 3B).  

          

Fig. 4. Intracellular bacteria of larval mycetome. (A) Larval midgut showing a field of 

bacteria having the amorphous morphology (M2) (scale bar = 5 µm). Four bacterial cells 

having the M1 morphology are indicated by arrowheads. Arrows point to a host cell 

membrane surrounding the bacteria. (B) 140,000X magnification of Gram- cell wall 

(arrow) of a bacterial cell having the amorphous M2 morphology (scale bar = 4 µm). (C) 

High (100,000X) magnification inset from Fig. 4A of a bacterial cell having the M1 

morphology (scale bar = 2.5 µm). Note host cell membrane surrounding the bacterial cell. 
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(D) M2 cells shown at 72,000X magnification (scale bar = 2 µm). Arrowhead points to 

electron dense granules. Host mitochondria (m) are indicated in Figs. 4B, C, and D. 

 

Table 1: Percent G+C content of recA, ompA and 16S rRNA for species used in the 

phylogenetic analysis. The G+C composition was determined for each species in clades 

identified in the three-gene concatenated phylogeny. Shown here are the mean, range, 

and number of species for each clade. Also included are the statistics for the Enterobacter 

sp. and “Ca. Erwinia dacicola” sequenced from U.S. flies (this study) and the “Ca. 

Erwinia dacicola” from Italian flies (9).  
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Supplemental Figures 

Supplemental Fig. 1. Phylogenetic identification of B. oleae symbionts using three 

different loci: Six groups (I-VI) are identified. Clade V is an unresolved grade in all 

analyses. Posterior probabilities above 0.85 appear above and left of corresponding 

nodes. The six clades have different grayscale values, and taxa of incertae sedis are on 

black branches, as they change position from locus to locus. See figure 1 for figure 

details. (A) 16S rRNA phylogeny (B) ompA phylogeny (C) recA phylogeny. 

Supplemental Table 1. List of GenBank Accession Numbers. Includes the sequences 

that were used in all of the phylogenetic analyses.  

Supplemental Table 2. Parameters used for phylogenetic analyses. The models of 

evolution suggested by ModelTest were implemented in MrBayes for all genes except for 

16S rRNA. GTR+I+G was used for 16S rRNA as it is the closest model of evolution to 

TVM+I+G in MrBayes (Huelsenbeck and Ronquist 2001).  In the clades, G represented 

unresolved grades, + are highly supported clades (posterior probability >0.85), -  are 

weakly supported (posterior probability <0.85), and N/A are those clades that are not 

applicable because taxa are not present in the analysis. 

Supplemental Table 3. Data used for genomic analysis. Correlations between % G+C 

of each locus and total genomic % G+C, total genomic % G+C and genome size, and % 

G+C of each locus and genome size were conducted for the species from in the 

phylogenetic analysis. These values were obtained from NCBI 

(http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi). 
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Figure 3 
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Figure 4
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 16s rRNA ompA recA 

Clade I 54.5% (53.8-55.9%, n=6)  60% (58.2-63.9%, n=4) 

Clade II 54.5%, (53.8-54.96%, 

n=4) 

65.5% (63-68%, n=2) 59.2% (52.1-63.3%, n=3) 

Clade III 55.0% (54.2-55.6%, n=12) 52.7% (51.9-54.3%, n=5) 52.6% (49.8-55.4%,n=11) 

“Ca. Erwinia dacicola”  

Italy 

54.7, n=1 N/A N/A 

“Ca. Erwinia dacicola” 

SW USA 

54.2, n=1 51.9% (51.8-52.2%, n=3) 53.6% (53.4-53.7%, n=2) 

Clade IV 54.5% (48.9-55.7%, n=21) 54.6% (52.1-56.6%, n=17 56.1% (51.9-61.2%, n=16) 

Enterobacter sp. cultured =56.1%, 

uncultured = 54.7%  

(54.6-54.9%, n=3) 

55.19% (n=1) 56.1% (n=1) 

Clade V 52% (36-55%, n=26)  54.0% (14-57.2%, n=16) 47.9% (19-57.8%, n=15) 

Clade VI 54.8% (53.8-55.8%, n=7) 52.1% (50.3-53.8%, n=7) 50.6% (48.4-54.0%, n=7) 

Table 1 
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16S rRNA 
Candidatus Blochmannia floridanus  
Brenneria alni DSM 11811  
Br. nigrifluens LMG2694   
Br. quercina 1940-1 
 Br. rhapontici  
 Br. rubrifaciens DSM4483  
Br. salicis LMG2698  
Buchnera aphidicola  
 Citrobacter freundii VTw-32  
Citrobacter koseri E814  
Edwardsiella ictaluri CGX  
Edwardsiella tarda  
Endosymbiont of Sitophilus oryzae 
Endosymbiont of Sitophilus zeamais 
Enterobacter sp. 638  
En. aerogenes zjs04  
En. agglomerans  
En. cancerogenus  
En. cloacae  
En. pyrinus E872  
 En. sakazakii  
 Erwinia amylovora  
Er. cyrpipedii LMG2657  
Er. dacicola  
Er.  mallotivora  
Er. persicina  
Er. psidii  
Er. pyrifoliae  
 Er. tasmaniensis   
Er.  tracheiphila   
Escherichia fergusonii  
Es. coli K-12   
Es. coli W3110  
 Hafnia alvei   
Candidatus Hamiltonella defensa  
Klebsiella oxytoca   
Kl. pneumoniae subsp. pneumoniae MGH78578 
Pantoea agglomerans from Bactrocera tau   
Pa. ananatis  
Pa. stewartii subsp. stewartii  
Pantoea sp. isolate R8 from Folsomia candida  
Pectobacterium cacticida  
 Pe. carotovora LMG2404-T  

 
BX248583 
AJ233409 
Z96095 
(EF534571 
Z96087 
AJ233418 
Z96097 
L81121 
DQ481481 
EF059880 
DQ985469 
AF053975 
M85268 
M85269 
CP000653 
DQ857896 
AM184212 
EF011116 
AF157695 
EF059884 
EF614997 
AF141895 
Z96094 
AJ586620 
AJ233414 
DQ365580 
Z96085 
EF122435 
AM292081 
Y13250 
AF530475 
CP000948 
AP009048 
AY572428 
DQ010009,AF2936220 
AY873801 
CP000647 
EF569226 
AB304809 
AF373198 
AJ002811 
Z96092 
Z96089 
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Pe. carotovora subsp. atroseptica 
Dickeya chrysanthemi S3-1   
Pseudomonas aeruginosa PA01   
Ps. fluorescens Pf-5   
Ps. putida F1  
Ps. savastanoi pv. savastanoi   
Ps. syringae pv. syringae B728a  
Rahnella aquatilis AU522B1  
Salmonella enterica subsp. enterica serovar 
paratyphi C10  
Sa. typhimurium LT2   
Serratia marcescens H3010  
Se. odorifera DSM4582  
Se. proteamaculans DSM4543   
Shigella boydii  
Sh. dysenteriae FBD015  
Sh. flexneri FBD005   
Sh. sonnei GTC 781   
Sodalis glossinidius 'morsitans' Wigglesworthia 
glossinidia  
Xanthomonas campestris pv. campestris   
Xa. oryzae pv. oryzae   
Xylella fastidiosa CaVIc2  
Yersinia kristensenii CCUG11294   
Ye. pestis KIM  
 
ompA 
Brenneria alni 
Br. nigrifluens En1391   
Br. quercina Bq1846   
Br. rubrifaciens Br6d364   
Citrobacter freundii  
Ci. koseri ATCCBAA-895   
Edwardsiella tarda CK41   
Enterobacter sp. 638  
En. aerogenes 
En. cloacae MISC90  
En. sakazakii  
Erwinia amylovora Ea178  
Er. carotovora  
Er. carotovora subsp. atroseptica SCRI1043    
Er. mallotivora Em8646  
Er. persicina   
Er. psidii Ep3558   

AF373179 
AY360397 
AE004091 
CP000076 
CP000712 
AM265392 
CP000075 
DQ298108 
EU118099 
 
AE008706 
EF194094 
AJ233432 
AJ233434 
AB273731 
EU009186 
EU009189 
AB273732 
AP008232 
AF022879 
AM920689 
AP008229 
EF433949 
EF179126 
AE009952 
 
 
AF220805 
AF220813 
AF220795 
AF220783 
M63354 
CP000822 
EF528483 
CP000653 
X00254 
AY301176 
DQ000206 
AF220770 
AJ249340 
BX950851 
AF220796 
AF220801 
AF220782 



 120

Er. tracheiphila Et11418  
Escherichia fergusonii   
Es. coli K-12, DH10B  
Es. coli W3110   
Hafnia alvei MISC259   
Klebsiella oxytoca MISC192   
Kl. pneumoniae  
Pectobacterium cacticidum   
Pe. chrysanthemi  
Pe. cypripedii  
Salmonella enterica subsp. enterica Dublin  
Sa. typhimurium LT2  
Serratia marcescens  
Se. odorifora  
Se. plymuthica MISC297   
Se.proteamaculans 568  
Shigella boydii Malaysia SB631 
Sh. dysenteriae  
Sh. flexneri 2a, 301 
Sh. sonnei   
Sodalis glossinidius 'morsitans'  
Yersinia pestis KIM  
 
recA 
Brenneria alni ICMP12481  
 Br. nigrifluens ICMP16042  
Br. quercina  
Br. rhapontici ICMP1582  
Br. rubrifaciens ICMP1915  
Br. salicis ICMP1587  
Citrobacter freundii ICMP7610  
Ci. koseri ATCCBAA-895  
Endosymbiont of Sitophilus oryzae  
Endosymbiont of Sitophilus zeamais  
Enterobacter sp. 638  
En. agglomerans  
Enterobacter cancerogenus ICMP5706  
En. cloacae subsp. dissolvens ICMP1570  
 En. pyrinus ICMP12530  
En. sakazakii ATCCBAA-894  
Erwinia amylovora Earb7  
 Er. mallotivora ICMP5705  
Er. persicina ICMP12532  
Er. psidii ICMP8426  

AF220822 
M63353 
CP000948 
AP009048 
AY301188 
AY301191 
AJ000998 
AF220803 
AF220804 
AF220802 
EF570874 
AE008746 
X00618 
M63357 
AY301201 
CP000826 
AY590298 
V01344 
AE005674 
AY305874 
AP008232 
AE009952 
 
 
DQ859871 
DQ859872 
AY210781 
DQ859882 
DQ859870 
DQ859869 
DQ859856 
CP000822 
AY148456 
AY148455 
CP000653 
L03291 
DQ859855 
DQ859854 
DQ859860 
CP000783 
AY217070 
DQ859877 
DQ859883 
DQ859878 
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 Er. pyrifoliae ICMP14143  
Er. tasmaniensis Et2/99  
Er. tracheiphila ICMP5845 
Escherichia coli K-12  
Es. coli W3110  
Hafnia alvei ICMP15666  
Klebsiella pneumoniae subsp. pneumoniae 
MGH78578  
Pantoea agglomerans DW1  
Pa. agglomerans ATCC33243  
Pa. ananatis INE14  
Pa. stewartii subsp. indologenes LMG 2632  
Pe. cacticida ATCC49485  
Pe. carotovora subsp.atroseptica SCRI1043  
Pe. chrysanthemi ICMP5703  
Pe. cypripedii ICMP1591  
Pseudomonas aeruginosa  
Ps. fluorescens PTB2068  
Ps. putida F1  
Ps. syringae pv. syringae B728a  
Rahnella aquatilis ICMP15668  
Salmonella enterica subsp. salamae 01-0249  
Sa. enterica subsp. enterica CNM-3556/03  
Sa. typhimurium LT2  
Serratia marcescens  
 Se. proteamaculans 568  
Shigella boydii hn03  
Sh. dysenteriae Sd197  
Sh. flexneri 5, 8401 
Shigella sonnei Ss046  
Sodalis glossinidius  
Wigglesworthia glossinidia endosymbiont of 
Glossina brevipalpis  
Xanthomonas campestris  
Xa. oryzae pv. oryzae MAFF 311018  
Xylella fastidiosa 9a5c  
Yersinia kristensenii WS O52  
and Ye. pestis KIM  
 
 
 
 
 
Supplemental Table 1 

DQ859885 
AM292087 
DQ859879 
U00096  
AP009048 
DQ859890 
CP000647 
 
AY219007 
AY219006 
AY219005 
AY264801 
AY264800 
BX950851 
DQ859873 
DQ859876 
X05691 
DQ8652240 
CP000712 
CP000075 
DQ859887 
DQ644882 
DQ644878 
AE008829 
M22935 
CP000826 
DQ995254 
CP000034 
CP000266 
CP000038 
AY148454 
BA000021 
 
AF399933 
AP008229 
AE003849 
AY332994 
AE009952 
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APPENDIX C 
 
 
 
 

WIDESPREAD COLONIZATION OF THE OLIVE FRUIT FLY, BACTROCERA 

OLEAE (ROSSI), BY THE ENDOSYMBIOTIC BACTERIUM CANDIDATUS 

ERWINIA DACICOLA SUGGESTS A SPECIFIC AND LONG-TERM 

INTERACTION. 
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Widespread colonization of the olive fruit fly, Bactrocera oleae (Rossi), by the 

endosymbiotic bacterium Candidatus Erwinia dacicola suggests a specific and long-term 

interaction. 
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Abstract 

 Several species of bacteria have been found associated with the olive fly, 

Bactrocera oleae (Rossi); however, distinguishing between species that are transient, 

acquired bacterial associates and those that are persistent, resident bacteria is difficult. 

Candidatus Erwinia dacicola is widely distributed in a variety of olive fly populations, is 

present at a high frequency in individuals and is present in all olive fly life stages. These 

two results suggest that Ca. Er. dacicola is a persistent, resident endosymbiont of the 

olive fly. Ca. Er. dacicola was present in all ten populations sampled in four countries (3 

Old World and 1 New World) infesting at least seven different olive cultivars. The olive 

fly recently has invaded and established in climatically different locales in the United 

States (US). Despite the variability in temperature regimes in the US populations 

sampled, Ca. Er. dacicola was present in all US populations and in over 91% of the 

sampled males and females during 2005 and in subsequent years. Olive flies reared on 

olives in the laboratory for less than two years had frequencies of Ca. Er. dacicola similar 

to that of wild populations; however, flies reared on artificial diets in the laboratory for 

several decades rarely had the endosymbiont. Ca. Er. dacicola was found in all life stages 

of the olive fly in all populations sampled, but the relative abundance of the 

endosymbiont varied across development stages. Endosymbionts were most common in 

adults and less prevalent in the egg and pupal stages. Among adult flies, the 

endosymbiont was most common in ovipositing females as compared to mated males and 

virgin females. The endosymbiont was more common in 2-day old flies that had a chance 

to feed as compared to recently eclosed (<12 hr) adults.  
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Introduction 

 Interactions between bacteria and eukaryotes have shaped the ecology and 

evolution of both of these domains of organisms (Gil et al., 2004, Margulis and Fester, 

1991, McFall-Ngai et al., 2005, Perez-Brocal et al., 2006). Many interactions between 

bacteria and eukaryotes are transient. In these cases, acquired bacteria are obtained during 

feeding and pass through the digestive tract of the host (Dillon and Dillon, 2004). While 

transient bacteria may colonize the digestive tract or be digested, transient acquired 

microbes are not vertically transmitted to offspring, nor are they associated with most 

individuals of populations across time and in geographically distinct locations (Dillon 

and Dillon, 2004, Ishikawa, 2003, Starr, 1975). In contrast, other bacterial-eukaryotic 

interactions are symbioses, widespread, persistent associations between organisms that 

result in novel structures and metabolism (deBary, 1879, Sapp, 1994, Zook, 1998). 

Endosymbiotic bacteria are persistent, resident microbes that are vertically or 

horizontally transmitted, and that are present in all life stages (Dillon and Dillon, 2004). 

Symbionts may be beneficial or detrimental to their host, facultative or obligate. 

Facultative endosymbionts are present in a subset of individuals and populations, whereas 

obligate endosymbionts are consistently associated with the majority of individuals of a 

host species in all populations. 

 The nature of host-microbe associations (beneficial or detrimental, facultative or 

obligate) can be determined either by experimentation or ecological sampling (Douglas, 

1995). Experimental manipulations subject each partner to a range of abiotic and biotic 

conditions to determine potential benefits or costs to each member of the association. 
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However, when the endosymbioses are obligate, it is difficult for either member of the 

partnership to survive in isolation. In such cases, ecological sampling of individual across 

a broad geographic range and across all life stages is a better method for initially 

determining the frequency of co-occurrence of host and endosymbiont and establishing 

the type of interaction they form.    

 The bacterial microbiota of the olive fruit fly, Bactrocera oleae (Rossi), has been 

studied for over 100 years and a diversity of bacterial species associated with the olive fly 

have been identified  (Belcari et al., 2003, Capuzzo et al., 2005, Estes et al., 2009, 

Konstantopoulou et al., 2005, Kounatidis et al., 2009, Lüthy et al., 1983, Sacchetti et al., 

2008, Tsiropoulos, 1983, Yamvrias et al., 1970). Previous work suggested that two of 

these associated species, Candidatus Erwinia dacicola and Acetobacter tropicalis, may be 

specific endosymbionts of the olive fly (Capuzzo et al., 2005, Kounatidis et al., 2009). 

However, this hypothesis has never been tested rigorously by experimental manipulation 

or geographic scale population sampling. Many questions still remain as to which 

bacterial species are persistent, resident endosymbionts and which are transient, acquired 

microbes.  

 Some of these questions arise from using only culture-dependent techniques to 

identify and quantify the microbes, sampling only the adult life stage, and sampling a 

limited geographical region or number of olive fly populations. Prior to the advent of 

molecular techniques, the only bacteria identified from insect hosts were those that could 

be isolated and cultured using classical microbiological techniques (Lüthy et al., 1983, 

Tsiropoulos, 1983, Yamvrias et al., 1970). Yet many endosymbionts of eukaryotes are 
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not culturable on standard microbiological media (Douglas, 1995). These unculturable 

microbiota can be identified only via molecular techniques such as PCR and sequencing 

(Baumann, 2005, Vasanthakumar et al., 2008). Further, the life stage sampled may 

influence the species of microbiota found associating with the olive fly. Olive flies feed 

on a diversity of foods across their lifetimes. As adults, olive flies are polyphagous 

generalists, feeding on a range of substances including nectar, bird feces, phylloplane 

bacteria (Belcari et al., 2003, Drew and Lloyd, 1991, Drew and Yuval, 2000, Sacchetti et 

al., 2008), and homopteran honeydew (Opp et al., 2007). Since adults feed on bacteria on 

the phylloplane of olive trees and acquire bacteria in their other foods (e.g., bird feces), it 

may be difficult to differentiate between bacteria transiently acquired as food and specific 

endosymbionts when only the adult stage is sampled. In contrast, larval olive flies feed 

exclusively on the tissue of intact olive drupes (Levinson and Levinson, 1984). However, 

as olives ripen throughout the season, the level and types of available nutrients change. 

Additionally, different olive varieties have different concentrations of amino acids and 

secondary chemicals. Although bacteria are found on the olive surface (Sacchetti et al., 

2008) and in the rot tunnels associated with olive fly larvae, the intact olive tissue lacks 

some of the bacteria found in the olive fly adult (Estes et al., 2009).  

 We hypothesized that Candidatus Erwinia dacicola is a persistent, resident 

obligate endosymbiont of the olive fly, existing in all wild populations and residing 

exclusively within the insect throughout fly development (Estes, et al. 2009). Candidatus 

Erwinia dacicola has been proposed to be a co-evolved endosymbiont (Capuzzo et al., 

2005) that has a specific, long-term association with the olive fly (Estes et al., 2009). 
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This endosymbiont cannot be cultured (Capuzzo et al., 2005, Estes et al., 2009, Sacchetti 

et al., 2008), has been found in populations in Italy (Capuzzo et al., 2005, Sacchetti et al., 

2008), Greece (Kounatidis et al., 2009), and the United States, has been identified in all 

life stages of the olive fly, and is found both intracellularly and extracellularly in 

specialized evaginations of the olive fly digestive system (Estes et al., 2009). 

Aposymbiotic flies also are extremely difficult to rear on olives (Belcari, personal 

communication, Estes unpublished).  

 To further examine the hypothesis that Ca. Er. dacicola is a persistent, resident 

obligate endosymbiont of the olive fly, large numbers of individuals from geographically-

isolated wild olive fly populations in both the Old and New World, as well as several 

laboratory populations, were screened. We also looked at the relative abundance of this 

endosymbiont across olive fly life stages. The recent invasion of Bactrocera oleae in the 

US provides a range of climatically different areas where the fly infests several varieties 

of olives and is exposed to temperature extremes (both high and low) that can cause 

juvenile mortality. The frequency of transiently associated bacteria would be predicted to 

differ across geographically isolated populations and these transient bacteria would not 

be predicted to be vertically transmitted. Whereas obligate endosymbionts likely would 

be present in the majority of individuals in geographically isolated populations, be found 

in all life stages, and be present in subsequent generations of the olive fly.  
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Materials and Methods 

Collection and sampling of wild olive fly populations in the Old World 

 To compare the frequency of Ca. Er. dacicola in populations in the Old World to 

those of the New World, olive flies were collected from wild, native populations in Israel, 

Greece and Italy and across 10 locations in the southwestern United States (see below). 

Flies from the wild, native populations in Israel and Greece were larvae that were brought 

into the lab in infested olives, allowed to pupae, and the adults eclosed in the lab. Upon 

eclosure, all adults were provided sterile sugar, water and yeast (Estes et al in prep). 

Italian larvae and pupae were collected from infested olives. All fly life stages were 

killed and stored in 95 % ethanol until DNA was extracted (see Table 1 for additional 

details). 

Collection and sampling of wild US populations 

 Different life stages of olive flies from populations infesting several olive 

cultivars were screened to determine the ubiquity of the association between Candidatus 

Erwinia dacicola and the olive fly (see Table 1 for details). A recent invasion of the olive 

fly in the western US allowed sampling of flies infesting at least two olive cultivars and a 

range of climatic conditions. Wild adult B. oleae from California were trapped and killed 

in Torula yeast-baited McPhail traps (as described in (Burrack and Zalom, 2008)). Traps 

were checked weekly and adults stored in 95 % ethanol until DNA was extracted. Adults 

from Arizona were also trapped and killed in Torula yeast-baited McPhail traps or 

aspirated from olive trees (see Table 1 for additional details). Larvae and pupae from 

Santa Monica, CA and Tucson, AZ were collected from surface-sterilized olives, killed 
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and preserved in 95% ethanol (see Table 1 for additional details). All of the US 

populations were averaged together for comparison between the Old and New World 

populations (Fig.1A). 

Climatic conditions of California sites 

 Wild olive flies were sampled from several counties throughout California during 

2005. The daily climate conditions (temperature and rainfall) for each of the California 

sites during the sampling period were obtained from the University of California’s 

Integrated Pest Management Program 

(http://www.ipm.ucdavis.edu/WEATHER/wxretrieve.html). Maximum and minimum 

temperatures were averaged for the month of collection and the preceding month (e.g. for 

the May collection, temperatures were averaged for April and May). The average daily 

change (the difference between the maximum and minimum temperatures) was 

calculated. The number of days that had temperatures higher than 35oC was noted, as this 

temperature has been shown previously to cause cessation in oviposition and to cause 

mortality in eggs, larvae and pupae (Katsoyannos, 1992). 

Collection and sampling of laboratory populations 

 To determine if Ca. Er. dacicola was equally common in flies reared for an 

extended time in the laboratory on an artificial diet as compared to wild populations, flies 

reared on artificial diet were collected from three laboratory populations (Greece, Israel, 

and Austria). The Greek (Demokritos) laboratory population was established from Greek 

wild flies and had been reared on artificial diet in the laboratory for over 34 years at the 

time of sampling. The Israeli population was established in November 2006 from at least 
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100 wild males reared from infested olives from Israel crossed with 100 females from the 

Demokritos culture (ca. generation 340) (for more details see Estes et al. in prep). The 

Israeli population was reared for 2 years (ca. 19 generations) on artificial diet prior to 

sampling.  The Austrian laboratory population was established in 2002 from wild males 

from Valencia, Spain crossed with females from the Demokritos laboratory population 

(ca. generation 300). This population was reared for 4 years (ca. 40 generations) on 

artificial diet prior to sampling.  

 To determine if Ca. Er. dacicola would persist in olive flies brought into the 

laboratory from wild populations and reared for a short time on surface-sterilized olives, 

two laboratory populations were screened. Both populations were established from 

infected olives. Laboratory populations were maintained throughout the year on olives 

collected from the same sites. The Tucson laboratory population (TLP) was established in 

2004 from olives collected on the campus of the University of Arizona and reared for 

approximately 10 generations. A California laboratory population (CLP) was begun in 

2002 from olives collected at the National Clonal Germplasm Repository at Wolfskil 

Experimental Orchard (Yolo Co, CA) and reared for 14 generations before sampling. 

Care was taken to introduce wild individuals periodically from the same wild populations 

to maintain high genetic diversity of the insect. Fly collections were conducted under 

APHIS permit number 68318.  

Culture independent identification of bacterial flora 

 Flies were surface-sterilized and DNA extracted using techniques described in 

Estes et al. 2009 to ensure that bacterial DNA amplified from the flies was extracted only 



 132

from endosymbiotic bacteria. A species-specific primer designed to selectively amplify 

16S rDNA of Ca. Erwinia dacicola (EdF1) was paired with 1507R (Munson et al., 1991) 

for PCR to generate a nearly complete  (~1300 bp) 16S rDNA sequence as described 

previously (Estes et al., 2009). As a positive control, DNA extracted from an olive fly 

with Ca. Er. dacicola endosymbiont was used. Negative controls lacked a DNA template. 

Since the Ca. Er. dacicola 16S rDNA sequence contains a PstI site that allows this 

species to be distinguished from other Enterobacteriaceae, PCR products were subjected 

to a restriction enzyme digest with PstI. Flies were scored for the presence or absence of 

Ca. Er. dacicola. A subset of the PCR products were sequenced in both directions by the 

Genomic Analysis and Technology Core of the University of Arizona on an Applied 

Biosystems 3730XL sequencer to verify identity. Sequences were manually edited 

(Sequencher, Ann Arbor, MI) and subjected to a BLAST analysis (Altschul et al., 1990) 

against the GenBank database (http://www.ncbi.nlm.nih.gov/) to estimate taxonomic 

placement. In samples for which no PCR product was generated, a PCR was performed 

using primers designed to amplify the gene adh (alcohol dehydrogenase) of B. oleae 

(adhF2, adh R2) (Estes et al., 2009). A product with the adh primers ensured that the 

DNA extraction had been successful.  

Relative abundance of Candidatus Erwinia dacicola across life stages 

 To determine if relative bacterial abundance varied across life stages and adult 

nutritional status and reproductive condition, we used qPCR to examine the number of 

copies of Ca. Er. dacicola 16S rDNA present in a given sample. Five individuals at each 

life stage (eggs, 3rd instar larvae prior to pupation (wandering), pupae (< 12 hr post-
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pupation), recently eclosed males and females (< 24 hrs post eclosion), 2 day old fed 

adults, and 1 month old virgin females, mated males and ovipositing females) were 

collected from the TLP. All individuals were surface-sterilized and DNA was extracted 

using the Qiagen DNeasy kit (Estes et al., 2009).  Egg samples were extracted into 50 µl 

of elution buffer and all other samples were extracted into 200 µl of elution buffer. 

SYBRGreen PCR Master Mix (Applied Biosystems, Foster City, CA) was mixed with 2 

µl of the sample DNA template and the primers EdEnRev 5’ 

CCACCTACTAGCTAATCCC 3’ and EdF1 (Estes et al., 2009) and run on a ABI 7300 

Real Time PCR system (ABI 7300 Real-time PCR system). A 91 bp product specific to 

the 16S rDNA gene of Ca. Er. dacicola was produced using the following qPCR 

program: 50°C for 2 min, 95°C for 10 min followed by 40 cycles of 95°C for 15 sec, 

52°C for 1 min, and 72°C for 10 sec followed by a disassociation (95°C for 15 sec, 60°C 

for 30 sec and 95°C for 15 sec). Negative controls and a standard curve were run on each 

plate. The standard curve was used to estimate reaction efficiency for 16S rDNA as 

follows. A sample of DNA extracted from a wild male fly with Ca. Er. dacicola served as 

the template for the standard curve. This sample was run on each plate undiluted (1) or 

diluted to 0.1, 0.01, 0.001, 0.0001 times the starting volume. Each unknown sample was 

run in triplicate and these technical replicates were averaged for each individual sampled. 

 To examine changes in presence of Ca. Er. dacicola across populations and across 

life stages, the percentage of individuals sampled and the standard error were determined. 

For the different sites (Fig. 2A and 2B), all individuals collected and sampled were 

averaged. For different months (Fig. 2C), individuals sampled in all sites during the 
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month of interest were averaged. The percentage of individuals colonized by the 

bacterium was arcsin transformed. An ANOVA was performed  to compare the 

proportion of individuals colonized with Ca. Er. dacicola and the site, month, or life 

stage. 

Relative abundance of Candidatus Erwinia dacicola 

 Relative abundance of Ca. Er. dacicola as measured by qPCR was normalized and 

analyzed as follows. The values obtained for each sample (n= 4 or 5) of a given life stage 

were averaged so that each stage of fly development or condition was represented by one 

value. The number of copies of 16S rDNA in a given life stage were normalized to the 

number of 16S rDNA copies in the egg. Ca. Er. dacicola is thought to be vertically 

transmitted from the ovipositing female to the egg (belcari, estes). Thus, the 

endosymbiont populations in all subsequent life stages were considered relative to the 

founding population of symbionts found on the egg. Efficiency (E) of the reaction was 

determined by calculating the slope of the standard curve and applying the equation: E = 

10(-1/slope). We assumed that genomic extraction efficiencies were the same, on average, 

for all samples, so: 
sampleteggt CCER −

= 4 . The “4” accounts for the fact that egg 

samples were extracted into ¼ of the volume of elution buffer as other samples. Thus, 

egg samples were 4 times more concentrated than other samples. To test the hypothesis 

that the population of Ca. Er. dacicola within an insect changed across fly development 

we compared the relative abundance of copies of 16S rDNA in each life stage using 

ANOVA. The number of 16S rDNA copies in the egg was set equal to 1. 
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To examine whether reproductive condition influenced populations of Ca. Er. 

dacicola, we compared the relative abundance of 16S rDNA copies between sibling 

virgin and mated males and females using ANOVA. The influence of nutritional 

condition was examined in adults. The relative abundance of 16S rDNA copies was 

compared between sibling males and females that were similar ages and were fed or not 

fed after eclosion using ANOVA. In all cases, if a significant difference was found at the 

p < 0.05 level a Fisher’s PLSD was conducted. These tests were performed in StatView 

(version 5.0; SAS Institute, Cary, N.C.). 
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Results 

Candidatus Erwinia dacicola is widespread in all olive fly populations screened 

 Ca. Er. dacicola was found in all of the populations of wild olive flies surveyed in 

both the New World and Old World (Fig. 1A and 1B). These populations included flies 

infesting at least 7 different varieties of olives. The majority of individual adults within a 

population were colonized by Ca. Er. dacicola, although the frequency of individuals 

colonized ranged from an average of 78% (Greece, n = 50) to 98% (Italy, n = 40) (Fig. 

1A and 1B).  

Candidatus Erwinia dacicola is widespread in US olive fly populations 

 In order to investigate if Ca. Er. dacicola is associated with olive fly populations 

that recently have invaded the US and that infest different varieties of olives in different 

climates and seasons, we sampled adult flies from 5 populations in California and 1 

population in Arizona. Despite the differences in olive variety, climate and season (Table 

1), all populations of flies had individuals with Ca. Er. dacicola. Even more striking was 

the finding that the majority of individual adults within a population were colonized by 

Ca. Er. dacicola. The frequency of Ca. Er. dacicola colonization ranged from 83% in 

Yolo Co (males, n = 30) to 100% in Butte (males and females, n=33 each sex) and San 

Diego (males, n= 30) during at least one month sampled (Fig. 1B). There was no 

difference between the six different U.S. populations in the percentage of individuals 

colonized by Ca. Er. dacicola (p > 0.95) (Fig. 1B).  Overall, over 91% of flies screened 

throughout the year were colonized by Ca. Er. dacicola (Fig. 1C). Repeated sampling of 

the Pima Co., AZ population in December 2006 and 2007 showed that endosymbiont 
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frequency did not vary across years (females: 100%  in both years; males: 94% in 2006 

and 95% in 2007, n= 20 each year and each sex). In all wild populations, adult males and 

females were equally likely to have the endosymbiont Ca. Er. dacicola (p=0.67, data not 

shown). The majority of the California sites from where olive flies were collected 

experienced none to less than 5 days throughout 2005 where temperatures were above the 

physiological threshold of the olive fly (data not shown). The two sites where 

temperatures consistently reached above 35oC , Butte Co. (32 days in July) and Yolo Co. 

(28 days in July), had populations that ranged in Ca. Er. dacicola colonization frequency 

from 100 to 93%, respectively.  

Candidatus Erwinia dacicola occurs in recently established laboratory colonies reared 

on olives 

 Only olive flies reared on olives in the laboratory for less than two years (< 14 

generations) had colonization levels of Ca. Er. dacicola similar to frequencies seen in 

wild populations. Ca. Er. dacicola colonization frequencies ranged from 92% (females in 

TLP) to 100% (males in TLP, males and females in CLP) (Fig 1A).  The Tucson and 

California lab populations were established from flies from Pima and Yolo Co., 

respectively. Wild females (98%, n= 43) and males (94%, n=46) from Pima Co. were 

frequently colonized by Ca. Er. dacicola. Yolo Co., the source population for the CLP, 

had colonization rates averaging 83% (males, n= 30) and 93% (females, n=30) (Fig. 1A). 

All individuals of all life stages surveyed from the CLP had Ca. Er. dacicola (females 

n=15, males n=7, pupae n=16, larvae n=10) (Fig. 2C).   
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 In contrast, olive flies reared on artificial diet in long-term laboratory cultures 

were rarely colonized by Ca. Er. dacicola (Fig 1A), but were colonized by other 

Enterobacteraceae. In the Greek laboratory populations, none of the males (n=23) and 

only one of the 21 females examined had Ca. Er. dacicola (Fig 1A). These frequencies 

were well outside the range of frequencies observed for wild Greek populations (Fig 1A). 

A similar trend was seen for wild and laboratory-reared Israeli flies: 24% of the females 

and 29% of the males in the Israeli laboratory population were colonized by Ca. Er. 

dacicola (Fig 1A). Ca. Er. dacicola was present in 92% wild females and 82% wild 

males. Males and females of all populations reared on artificial diet had similar 

proportions of individuals colonized by Ca. Er. dacicola (p  = 0.63, data not shown).   

  

Candidatus Erwinia dacicola changes in frequency and relative abundance across 

lifestage 

 The frequency of Ca. Er. dacicola was above 90% in all life stages of flies from 

the AZ population (Fig. 2A). However, Ca. Er. dacicola was significantly less common in 

pupae from the CA populations as compared to adults from the CA population and pupae 

from the Arizona population (p < 0.038, Fig. 2C).   

Comparisons of the relative abundance of Ca. Er. dacicola in olive fly individuals 

across all life stages (egg, larva, pupa, and mated adults) was determined using qPCR. 

These data indicated that mated adults had significantly more Ca. Er. dacicola than any of 

the juvenile stages (Fig. 2A and B, p = 0.0177). When only juvenile stages were 

compared, the larval stage had the highest relative abundance of Ca. Er. dacicola (p = 
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0.05). The relative abundance of bacteria in the pupal stage was very low and was similar 

to the initial levels transmitted from the ovipositing female to the egg (Fisher post-hoc p 

= 0.9).   

 Adult sex, reproductive and nutritional status were important factors in the 

relative abundance of the endosymbiont (Fig. 2B). Ovipositing females had significantly 

higher relative abundance of Ca. Er. dacicola than mated males of virgin females. 

Recently eclosed males (6.82 x105) and females (3.45 x105) had significantly lower 

densities of the endosymbiont than 2-day adults that had had time to feed (Fig. 2B).  
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Discussion 

Candidatus Erwinia dacicola, is consistently associated with wild olive flies 

 The widespread presence of Ca. Er. dacicola in the diversity of olive flies 

sampled and its presence in all life stages of a holometabolous, polyphagous host implies 

some degree of evolutionary interaction between the insect and bacterium. Our results 

represent the largest number of wild olive fly individuals and populations from the Old 

and New World sampled to date, as well as the largest diversity of climate, olive varieties 

and life stages surveyed. To our knowledge, this is also the first survey of microbes of a 

tephritid fly that has recently invaded a new continent. Despite differences in climate, 

season, and olive variety, over 95 % of all the flies surveyed were colonized with Ca. Er. 

dacicola. In several of these populations, every individual of a population was colonized 

(Fig. 1A and B). In contrast to what we observed for Ca. Er. dacicola, the frequency of 

other bacterial species found associating with olive flies varies across populations 

(Belcari et al., 2003, Konstantopoulou et al., 2005, Kounatidis et al., 2009, Sacchetti et 

al., 2008, Tsiropoulos, 1983, Yamvrias et al., 1970) and seasons within populations 

(Chrysargyris, 2008). These bacteria are more likely to be transiently associated and 

acquired from the environment. Transiently-associated, acquired bacteria are often 

culturable and are found on the surface of olive tree twigs, leaves and fruit (Sacchetti et 

al., 2008). Our results also were in contrast to what is seen for facultative endosymbionts, 

which exhibit a patchy distribution among individuals under different conditions 

(Montllor et al., 2002, Oliver et al., 2005, Tsuchida et al., 2005, Tsuchida et al., 2002). 

These endosymbionts benefit their hosts under specific biotic or abiotic factors, such as 
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protecting the host from high temperatures (Montllor et al., 2002), a parasitoid wasp or 

pathogen (Oliver et al., 2005, Scarborough et al., 2005) as reviewed in (Brownlie and 

Johnson, 2009) and so their distribution is positively correlated with the factors they 

protect the host against. 

 Less than 100% of the wild olive flies we surveyed were colonized by Ca. Er. 

dacicola. However, this symbiosis may still be present in those individuals where 

standard PCR does not detect the endosymbiont. Our PCR screen underestimates the 

frequency of Ca. Er. dacicola, since qPCR showed PCR-negative pupae and recently-

eclosed adults to have low numbers of Ca. Er. dacicola (Fig. 2B). A similar pattern of 

low endosymbiont densities are seen in post-eclosure adults of other tephritid species that 

are unfed or beginning to feed (Lauzon, 2003, Lauzon et al., 2009, Peloquin et al., 2002). 

Thus, the few US adults negative for Ca. Er. dacicola may have been recently-eclosed 

flies that were trapped as they sought their first protein meal from our Torula yeast-baited 

trap. The Greek population was the only one in which the range of individuals colonized 

by Ca. Er. dacicola was below 90% (Fig. 1A). The Greek wild samples were three days 

old, so their endosymbiont titers may have been low. Other Greek populations of olive 

flies have a 100% colonization rate of Ca. Er. dacicola (Kounatidis et al., 2009). 

Alternatively, asymbiotic individuals may exist within populations. Determining whether 

olive flies can survive in the wild without Ca. Er. dacicola and whether the endosymbiont 

can survive outside of its host will be essential to further understanding this symbiosis.  
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Candidatus Erwinia dacicola may provide benefits to the olive fly 

 Our screen was not designed to determine specific benefits for olive flies that 

associate with Ca. Er. dacicola. However, some patterns were seen that may direct future 

research endeavors. First, the olive fly endosymbiont is unlikely to be a maternally 

transmitted reproductive manipulator, since equal sex ratios were found in olive fly 

populations (Burrack et al., 2008) and both sexes of flies in all populations were equally 

likely to be colonized by Ca. Er. dacicola. Instead, the endosymbiont may be essential to 

both males and females. Secondly, the widespread and frequent (over 95%, Fig. 1A) 

presence of Ca. Er. dacicola across all climates and populations surveyed suggests that 

this bacterium does not necessarily provide resistance to stressful temperatures, nor assist 

with the infestation of particular varieties of olives. The two sites where almost the entire 

month of July had ambient air temperatures known to induce juvenile mortality were the 

sites with the highest (100%, Butte) and lower (93%,Yolo) frequencies of Ca. Er. 

dacicola (data not shown) and no variability in Ca. Er. dacicola frequency across seasons 

or years (Fig. 1C). Thirdly, significantly higher relative abundance of the bacteria in 

certain life stages may suggest life stages where Ca. Er. dacicola influences its host.  Its 

relative abundance was higher in ovipositing females than in any other developmental 

stage or condition examined. Although this may be due to increased bacterial populations 

to ensure vertical transmission, the endosymbiont also may have a fitness benefit (e.g. 

supplementing the female’s diet at this nutritionally intensive stage). Laboratory-reared 

ovipositing females fed on a protein-deprived diet had lower egg production than females 

fed a sugar-protein diet (Economopoulos  et al., 1976). Similar results were seen when 
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the medfly fruit fly was reared without its symbionts (Ben-Yosef et al., 2008).  

Controlled experiments that measure differences in viability, reproduction, and other 

aspects of host physiology of symbiotic and aposymbiotic insects must be conducted to 

test these hypotheses. Of course it is possible that Ca. Er. dacicola does not provide a 

benefit but also does not impose a significant fitness cost to its host (Harris et al., 2009, 

Tsutsui et al., 2003).  

Transiently associated bacteria of olive flies are common in laboratory populations 

 In contrast to wild populations, only laboratory populations that had been reared 

on olives for less than two years harbored Ca. Er. dacicola at levels similar to what is 

found in wild flies. If length of time in culture or differences in rearing practices and diet 

influences the microbiota of laboratory colonies cannot be determined with these data. 

These results suggest that studies focused on persistent, resident microbiotia of insects 

should use caution when using only laboratory colonies, as these colonies may have 

substantially different bacteria than wild populations. Laboratory flies reared for several 

decades on artificial diet lacked the endosymbiont and instead were colonized with 

transient, acquired bacteria. Although the species of transient, acquired bacteria vary, 

these populations consisted primarily of gammaproteobacteria such as Serratia 

marcescens and Morganella morganii (Estes, unpublished data), both known to be 

opportunistic pathogens. In other laboratory colonies of olive flies, the oesophageal bulb 

can become colonized by several different species of both alpha- and 

gammaproteobacteria bacteria (Kounatidis et al., 2009). Whether wild species of olive 

flies typically have several bacteria naturally occurring in the oesophageal bulb has yet to 
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be determined. The oesophageal bulb of only one population of olive flies has been 

investigated using fluorescent in-situ hybridization, and that bulb was filled with Ca. Er. 

dacicola (Estes et al., 2009). Other bacteria have been cultured from oesophageal bulbs of 

wild adults (Belcari et al., 2003, Sacchetti et al., 2008), but since Ca. Er. dacicola is 

unculturable, only the transiently associated bacteria/um acquired via feeding would 

grow on the standard culture medium used. To determine if any of these other bacteria 

found associating with the olive fly are truly symbionts requires a widespread screen 

across geographically-isolated populations as we have conducted for Ca. Er. dacicola or 

either experimental manipulation.  

Candidatus Erwinia dacicola is potentially an obligate endosymbiont of the olive fly 

 The presence of  Ca. Er. dacicola in all life stages of the olive fly suggests that 

this endosymbiont has adaptations allowing it to persist in and interact with its 

polyphagous, holometabolous host despite the host undergoing complete metamorphosis. 

During pupation, Ca. Er. dacicola has been observed to undergo a transition from an 

intracellular state in the larval midgut, to an extracellular state in the foregut and 

ovipositor diverticula of the adult digestive system (Estes et al., 2009). qPCR confirmed 

microscopic observation showing that recently eclosed adults have relatively few Ca. Er. 

dacicola compared to fed adults (Fig. 2C). The digestive system of Diptera is known to 

be voided prior to pupation (Greenberg, 1959) and is significantly restructured during 

metamorphosis (Jiang et al., 1997). Thus, the few cells of Ca. Er. dacicola that colonize 

the adult olive fly digestive system post-eclosion must have survived metamorphosis. A 

similar population bottleneck occurs during endosymbiont transmission from ovipositing 
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female to the egg. How a series of two substantial population bottlenecks influence 

genome, ecology, and evolution of Ca. Er. dacicola has yet to be determined. Further 

studies of the molecular mechanisms underlying Ca. Er. dacicola’s ability to survive 

metamorphosis, transition from an intracellular to an extracellular existance and establish 

in the adult digestive system may yield insight into mutualistic interactions between 

eukaryotes and bacteria.  
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Figure Legend 

Figure 1. Frequency of individuals with Candidatus Erwinia dacicola. 

A. Frequency of Candidatus Erwinia dacicola in all populations surveyed. Samples are 

grouped by country, with all individuals from six different wild populations in the US 

averaged. The majority of wild olive flies (black bars) are colonized by the 

endosymbiont, as are individuals from laboratory colonies reared on olives for less than 

two years (grey bars). In contrast, very few olive flies reared in the laboratory for several 

decades on artificial diet (AD, white bars) are colonized by Ca. Er. dacicola. Individuals 

from the AD Greek population are composed of two laboratory populations (Siebersdorf 

and Crete) originating from the Demokritos colony. Numbers in the bars represent 

sample sizes.  

B. The vast majority of all olive flies from six different wild US populations were 

colonized by Ca. Er. dacicola. The averages shown are for all months sampled 

throughout 2005. The Pima, AZ population average is from samples collected in within a 

year as well as consecutive years. Numbers in the bars represent the sample size and bars 

indicate standard error. All individuals in Butte Co., CA had Ca. Er dacicola, so the 

standard error is 0.  

C. The frequency of Ca. Er. dacicola did not vary across season within the year wild 

olive flies were collected at five sites in California. Over 90% of all individuals sampled 

were colonized by Ca. Er. dacicola. All wild flies collected in December had the 

symbiont, thus this month has a standard error of 0.  
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Figure 2. Examination of Ca. Er. dacicola across olive fly development. 

A. PCR showed that Ca. Er. dacicola was present in all life stages of wild olive flies 

collected in Pima Co, AZ (Dark grey bars) and Los Angeles Co., CA (light grey bars). 

The majority (over 94%) of all life stages of the Pima Co., AZ population were colonized 

by Ca. Er. dacicola. No adults were sampled from the Los Angeles Co., CA population, 

but using PCR, pupae seemed to have fewer individuals colonized with the endosymbiont 

than did the larval stage.  

B. The larval life stage was colonized with a significantly higher relative abundance (p 

=0.05) of Ca. Er. dacicola as shown via number of copies of 16S rDNA, than other life 

stages of the olive fly. All life stages were normalized where the number of copies of 16S 

rDNA found in the egg was set equal to one and all other stages relative to the egg. There 

was no significant difference between the relative abundance of the endosymbiont in the 

egg or pupal stage. 

C. Mated and ovipositing female olive flies had a significantly higher relative abundance 

of Ca. Er. dacicola than any other reproductive or nutritional condition of the adults. In 

other conditions, there was no difference in relative abundance of the endosymbiont 

between male and female flies.  

Table 1. Samples of Bactrocera oleae from wild populations screened for the presence of 

Candidatus Erwinia dacicola. Olive flies infesting at least seven different varieties of 

olives were collected from a total of 10 different locations, spanning four countries.  

Table 2. Samples of laboratory Bactrocera oleae screened for the presence of 

Candidatus Erwinia dacicola. Olive flies were collected from two types of laboratory 
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colonies: 1) colonies that had been reared for decades in the lab on artificial diet and 2) 

colonies reared for less than two years on olives.  
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Locale Sample collection 

method  
Life stage sampled Larval food 

Herakleion, Greece Larvae from 
surface-sterilized 
infested olives 

3 d fed adults eclosed in 
lab 

Koroneiki olives

Rishon Letzion, 
Israel 

Larvae from 
surface-sterilized 
infested olives 

10-12 d fed adults 
eclosed in lab 

Manzanuillo, 
Mohsan olives 

Florence, Italy Larvae from 
surface-sterilized 
infested olives 

Larvae; pupae 24-48 hr 
post-pupation 

Frantoio, 
Moraiolo, 
Leccino olives 

Tucson, Arizona, 
USA 

Larvae from 
surface-sterilized 
infested olives 

Larvae; pupae 24-48 hr 
post-pupation 

Unknown olive 
varieties  

Tucson, Arizona, 
USA 

Adults by aspirating 
or McPhail traps  

Adult  Unknown olive 
varieties 

Santa Monica, 
California, USA 

Larvae from 
surface-sterilized 
infested olives 

3rd stage wandering 
larvae; pupae 24-48 hr 
post-pupation 

Unknown olive 
variety 

Butte Co., 
California, USA 

Adults trapped in 
McPhail traps  

Adult  Manzanillo 
olives 

Napa Co., 
California, USA 

Adults trapped in 
McPhail traps  

Adult  Mission olives 

San Diego Co., 
California, USA 

Adults trapped in 
McPhail traps  

Adult  Mission olives 

San Luis Obispo 
Co., California, 
USA 

Adults trapped in 
McPhail traps  

Adult  Unknown olive 
variety 

Yolo Co., 
California, USA 

Adults trapped in 
McPhail traps  

Adult  137 olive 
varieties 

Table 1 
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Locale Date Sample collection 

method  
Life stage 
sampled 

Larval food 

Demokritos/Spain 
strain (Austria lab) 

February 2008 Adults aspirated 10-12 d fed 
adults 
eclosed in 
lab 

Artificial 
diet 

Demokritos/Israel 
strain (Israel lab) 

February 2008 Adults aspirated 10-12 d fed 
adults 
eclosed in 
lab 

Artificial 
diet 

Tucson, Arizona, 
USA 

June, 2005; 
October, 
November 
2006 

Larvae from 
surface-sterilized 
infested olives; 
adults aspirated 

Larvae; 
pupae; 10-
12 d, fed 
adults 

Unknown 
olive 
varieties 

Yolo Co., 
California, USA 

November, 
2003 

Larvae from 
infested olives; 
adults aspirated 

Larvae, 
pupae, 
adults 

Unknown 
olive variety

Yolo Co., 
California, USA 

January, 2006 Larvae from 
infested olives 

Larvae, 
pupae  

Unknown 
olive variety

Yolo Co., 
California, USA 

October, 2008 Larvae from 
infested olives 

10-12 d fed 
adults 
eclosed in 
lab 

Unknown 
olive variety

 
Table 2 
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DOES CANDIDATUS ERWINIA DACICOLA HASTEN MATING INITIATION IN 

WILD AND LABORATORY POPULATIONS OF BACTROCERA OLEAE? 
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Abstract 

 Mutualistic bacterial endosymbionts provide many benefits to their insect hosts, 

but their role in mating and in Sterile Insect Technique (SIT) has been overlooked. One 

parameter of mating success, mating initiation, was examined to study the influence of 

Candidatus Erwinia dacicola on mating between a laboratory population of olive flies 

(Bactrocera oleae) reared for SIT and a wild population of olive flies from Israel. 

Previous studies have shown that in many species of tephritid flies, laboratory-reared 

males have lower fitness and obtain fewer matings than wild males. Our research has 

shown that olive flies reared in the laboratory on artificial diet lack an endosymbiont, Ca. 

Er. dacicola, that is found in wild-caught individuals. We hypothesized that decreased 

fitness and mating ability in laboratory-reared flies are due to the lack of this 

endosymbiont. A mating assay between both sexes of these two populations yielded 

matings primarily between laboratory-reared females and wild males. Laboratory-reared 

males obtained only 22% of the matings that occurred. Ca. Er. dacicola was found in 

significantly fewer individuals from the laboratory population than the wild population; 

within populations, males and females were equally likely to have the endosymbiont. 

However, differences in readiness to mate between the two populations, not presence of 

the endosymbiont, explained mating initiation.  
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Introduction 

 Many insects, including some of the most notorious pests, have long been known 

to associate with beneficial microbes (Buchner, 1965; Douglas, 2009; Petri, 1909). 

Mutualistic bacterial endosymbionts of many phloem, grain, and blood-feeding insects 

are best known for supplementing their host’s nutritionally unbalanced diet (Aksoy, 

2003; Baumann, 2005; Buchner, 1965; Douglas, 2009; Gil et al., 2004). However, other 

benefits to the hosts have been identified recently, including nitrogen fixation (Ben-Yosef 

et al., 2008; Lauzon, 2003), resistance to both temperature fluctuations (Montllor et al., 

2002) and parasitoids (Oliver et al., 2005; Oliver et al., 2003), and synthesis of 

aggregation pheromone (Dillion et al., 2002; Dillon et al., 2000); additionally, some 

insects lacking their specific endosymbionts cannot mate (Hosokawa et al., 2006). 

Mutualistic bacteria contribute these benefits to both male and female fitness, and 

ultimately to reproductive success.  

 Bactrocera oleae (Rossi), the olive fly, is one of the few flies in the family 

Tephritidae long recognized to harbor endosymbiotic bacteria (Petri, 1909). At least one 

of these bacteria, Candidatus Erwinia dacicola, seems to have a specific and long-term 

association with its host. Evidence is based upon the bacteria’s presence in: 

geographically distinct populations (Belcari et al., 2003; Capuzzo et al., 2005; Estes et 

al., 2009; Kounatidis et al., 2009; Sacchetti et al., 2008) all developmental stages (egg, 

larvae, pupa and adults) (Estes, et al., 2009), and within a specialized evagination of the 

digestive system (Estes, et al., 2009; Sacchetti, et al., 2008). Ca. E. dacicola is thought to 

be vertically transmitted during oviposition (Estes, et al., 2009; Sacchetti, et al., 2008). 
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Beneficial effects of bacteria on the host have yet to be identified conclusively, but may 

include detoxification of secondary compounds naturally produced in olives (Estes, et al., 

2009), nitrogen fixation (Ben-Yosef, et al., 2008; Lauzon, 2003), or pheromone 

production (Estes unpublished).  

 Beneficial endosymbionts of insect pests might influence the choice and success 

of management methods, such as the Sterile Insect Technique (SIT) (Knipling, 1955) and 

parasitoid biological control. For example, the success of SIT depends on the ability of 

sterilized, mass-reared laboratory males to compete successfully with wild males in 

mating with wild females in the field so that no fertile offspring occur (Hendrichs et al., 

2002). Successful SIT in Mediterranean fruit flies requires the presence of beneficial 

endosymbionts in the sterile males that are released (Niyazi et al., 2004). In contrast, the 

presence of facultative mutualistic endosymbionts Serratia symbiotica and Hamiltonella 

defensa in aphid populations render some species of parasitoids ineffective for aphid 

control  (Oliver et al., 2006; Oliver, et al., 2005; Oliver, et al., 2003). 

 Several studies have shown that populations of laboratory and wild flies often are 

incompatible as mates (Cosmides et al., 1997; Konstantopoulou et al., 1996; Loukas et 

al., 1985; Parker, 2005). Populations of olive flies reared in the laboratory on artificial 

diet do not disperse as far and are not as successful at mating as are wild flies (Cavalloro 

et al., 1974; Economopoulos et al., 1971; Fletcher et al., 1976; Fletcher et al., 1981; 

Tzanakakis et al., 1968). Laboratory and wild populations are known to differ genetically 

(Tsakas et al., 1980), because laboratory populations are thought to be under relaxed 

selection for multiple traits in part due to the artificial diets used and homogeneity of the 
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laboratory environment (Konstantopoulou, et al., 1996; Konstantopoulou et al., 2003; 

Tsakas, et al., 1980). However, genotypic differences between populations may explain 

only some of the behavioral and fitness changes in laboratory flies (Konstantopoulou et 

al., 1999). We hypothesized that decreased fitness and mating ability in laboratory-reared 

individuals may be due to a breakdown in the beneficial insect-bacterium symbiosis.  

 Previous studies have shown that populations of laboratory olive flies reared for 

several decades on artificial diet have a different bacterial flora than wild flies (Estes, 

unpublished). Unlike wild olive flies, flies reared in the laboratory on artificial diets are 

colonized not by the potentially beneficial endosymbiont Ca. E. dacicola, but by several 

different species of bacteria that are known opportunistic pathogens (Estes, unpublished). 

If Ca. Er. dacicola, is beneficial to the initiation of mating in the olive fly, we would 

expect symbiotic wild female olive flies to obtain more matings and obtain these matings 

faster than aposymbiotic laboratory females. Endosymbiont loss may have other, as yet 

unknown, consequences.   

To determine whether Ca. E. dacicola contributes to the mating success of the 

olive fly, we conducted mating assays between laboratory and wild olive flies. Our study 

focuses specifically on mating initiation as a first step in examining mating success. We 

expected the frequency of the endosymbionts in laboratory versus wild populations to 

differ, with fewer laboratory flies having the endosymbiont. We hypothesized that the 

presence of the endosymbiont would be positively correlated with mating initiation. This 

relationship should be independent of the source population of the paired mated flies.  
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Materials and methods 

Insects 

 Wild pupae were obtained from infested Manzanillo and Mohsan varieties of 

olive fruits collected around central Israel, in January 2008. Infested olive drupes were 

kept under controlled conditions, and larvae were offered a pupariation substrate. Pupae 

were collected and shipped to the FAO/IAEA Laboratories at Seibersdorf, Austria, where 

they were incubated in sterile Petri dishes until adults emerged.  

 The laboratory population used was a cross between wild male olive flies from 

Israel and females from the Demokritos strain that had been continuously maintained in 

the laboratory on artificial diet for 34 years (ca. 340 generations). Male offspring were 

back-crossed with Demokritos females for 6 generations and then sibling mated for 

approximately 16 generations. Wild Israeli male flies were crossed with Demokritos 

females to reintroduce wild alleles into the laboratory populations and increase the fitness 

of this laboratory population that is used for Sterile Insect Technique. Wild female olive 

flies are not adapted to ovipositing on artificial egging substrates and do not produce as 

many eggs as quickly as the Demokritos laboratory females. So alleles from the wild 

populations can only be introduced via the males.  

 Upon emergence from the puparium, adults from both the laboratory and wild 

populations were separated by sex and moved to sterile plexiglass cages (ca. 20 cm in 

diameter and 40 cm long) where they were fed gamma-sterilized (2 kGy) sugar, 

hydrolyzed yeast and distilled sterile (autoclaved) water for 10-12 days.    
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Mating tests 

 To determine the degree of mating compatibility between both sexes of the wild 

and laboratory populations, mating assays were conducted under field cage conditions at 

FAO/IAEA Laboratories at Seibersdorf. The standard procedure for field cage tests 

(FAO/IAEA/USDA, 2003) was followed. Tests were performed in a greenhouse with 

controlled minimum temperature (>18ºC) and humidity (60-80 %), between 15:00 and 

17:30 under natural light conditions. This was the time period of sexual activity of olive 

flies at the time of the year in which the tests were carried out. In each cage, one olive 

tree (ca. 1.7 m high) provided an arena for resting and mating activities of the flies. 

Twenty flies 10 to 12 days old from each population (laboratory and wild) and sex were 

released inside each field cage. Great care was taken to ensure that individuals from both 

populations were of similar age. A total of five cage replicates (for a total of 400 flies 

tested) were conducted. 

 For identification, flies were marked with a dot of water-based paint on the thorax 

48 hs before the field cage test. A previous study (Shelly et al., 2002) has demonstrated 

that this procedure does not affect the sexual performance of tephritids. The colour used 

was randomly assigned to a fly population. The flight cage was continuously surveyed 

and as mating pairs formed, the population origin of male and female and the time at 

which the pair was found was noted as a way to determine time to mating initiation and 

latency. Then the couple was removed and placed in a vial of 95% ethanol for DNA 

extraction. This method of collection is thought to accurately collect data on the initiation 

of mating and does not reflect mating length or duration. Any flies that remained in the 
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cage after 2.5 h were considered unsuccessful at mating and were killed and stored in 

95% ethanol for further analysis.  

Screen for Candidatus Erwinia dacicola 

 To identify bacteria present in mated and unmated flies, the DNA of surface-

sterilized whole adults was extracted following the method of Estes et al., 2009). The 

presence of Ca. E. dacicola was determined by PCR with the primer pair EdF1 (Estes, et 

al., 2009) and 1507R (Munson et al., 1991), which generates a ~1400 bp PCR product of 

16S rDNA (see (Estes, et al., 2009) for detailed methods). The extracted DNA of a 

homogenized olive fly with “Ca. Erwinia dacicola” symbiont was used as a positive 

control template. Negative controls lacked DNA. DNA templates that produced a ~1400 

bp band were subjected to a restriction enzyme digest using PstI. The 16S rDNA 

sequence of Ca. Er. dacicola contains a PstI site, that distinguishes this bacterium from 

the one other bacterium (Morganella morganii) that is amplified using the 16S rDNA 

primer set EdF1-1507R. Digests of unknowns were compared to digests of the positive 

control. If a banding pattern different from the control was found, the sample was 

sequenced by the Genomic Analysis and Technology Core of the University of Arizona 

on an Applied Biosystems 3730XL sequencer. Sequences were manually edited 

(Sequencher, Ann Arbor, MI) and subjected to a BLAST analysis against the GenBank 

database (http://www.ncbi.nlm.nih.gov/) to estimate taxonomic placement.  

Data analysis 

 Female and Male Relative Performance Indices (FRPI and MRPI, respectively) 

were calculated to describe the competitiveness of both females and males (Cayol et al., 
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1999).  These indices range from -1 to +1. FRPI or MRPI is calculated as the number of 

couples involving females (or males) of population A minus the number of couples 

involving females (or males) of population B divided by the total number of couples. 

FRPI and MRPI values of -1 indicate that all matings were achieved by one population of 

females or males (e.g. all wild females or wild males). Values of +1 indicate that the 

other population of females or males achieved all the matings. If both populations have 

equal mating performance the RPI is 0. The FRPI and MRPI of laboratory versus wild 

flies were evaluated using a Chi-square test of goodness of fit, with the null hypothesis of 

equal performance for both populations of males and females. A paired t-test was used to 

evaluate differences between males and females in the number of matings obtained. The 

level of pre-zygotic isolation between wild and laboratory flies was evaluated using the 

Index of Sexual Isolation (ISI) (Cayol, et al., 1999). ISI is the number of homotypic 

couples minus the number of heterotypic couples divided by the total number of couples. 

The ISI index ranges from values of -1 to +1. Those populations where matings are only 

between individuals from the same population show positive assortivate mating  (total 

sexual isolation) and have a value of +1. Whereas, matings between individuals of the 

two tested populations being tested show negative assortative mating and have a value of 

-1. Those populations where no mating preference is seen (uniform sexual compatibility) 

have a value of 0. The ISI index was calculated, 2 way contingency tables made and 

differences between the ISI of both populations was evaluated using a Chi-square test of 

homogeneity.   
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 To determine if Ca. E. dacicola was more frequently associated with female or 

male flies in both wild and laboratory populations, a Chi-square test of goodness of fit 

was performed. Female and male flies of each population were pooled and examined 

using Chi-square test to determine if wild and laboratory populations were equally 

colonized by the endosymbiont. The endosymbiont status of mated and unmated flies 

from each population was compared using a Chi-square test of independence on a two by 

four contingency table. Logistic regression was used to examine the relationship between 

latency (time elapsed between fly release and mating initiation) and endosymbiont status.  
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Results 

 No indication of sexual isolation was found between the two populations 

(Appendix D,Table 1). In fact, wild males and laboratory females paired more frequently 

than did other pairing combinations (Figure 1). Flies from different populations had 

different sexual performance. Laboratory females participated in a significantly higher 

number of matings than did the wild females (Table 1, Figure 1). In contrast, wild males 

participated in a significantly higher number of matings than laboratory males (Table 1, 

Figure 1). Males from the different populations did not differ in the onset of mating, but 

laboratory females initiated mating sooner than wild females (Table 2). 

Presence of Candidatus Erwinia dacicola in populations 

 In both wild and laboratory populations, males and females were equally likely to 

have Ca. E. dacicola (Table 3). Accordingly, males and females from each population 

were pooled for further analyses. There was a significant difference in endosymbiont 

presence between populations. Flies from the wild population were more likely to be 

colonized by Ca. E. dacicola than flies from the laboratory population (Figure 2 and 

Table 3). Overall, 85% of the wild population (females = 90%; males = 82%) harbored 

detectable Ca. E. dacicola, but only 27% of the laboratory strain individuals (females = 

24%, males = 30%) (Figure 2) were colonized.  

 There was no significant (p > 0.05) relationship between the presence of Ca. E. 

dacicola and mating initiation. Instead, the frequency of Ca. E. dacicola in the mated 

population was predicted primarily by the composition of the mated pairs (e.g. wild 

males x laboratory females) (Table 3). There was no significant relationship between 
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latency (the time to mating) and the presence of Ca. E. dacicola (logistic regression, R2 = 

0.001, Chi2 = 0.09, p = 0.76).  
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Discussion 

 We sought to determine if the endosymbiont Ca. E. dacicola is beneficial during 

mating initiation of the olive fly. If the bacterium positively influenced mating initiation, 

mated individuals would be more likely to have Ca. E. dacicola than unmated flies. 

Further, because wild flies were thought to be more likely to have the endosymbiont than 

laboratory flies, more matings were expected between wild males and females than other 

combinations of pairings.  

 Within the wild and laboratory olive fly populations, both males and females were 

equally likely to have Ca. E. dacicola (Table 3). The frequency of Ca. E. dacicola in wild 

olive flies from Israel was similar to that seen in populations from the United States 

(Estes, et al., 2009) and Italy (Estes, unpublished). Olive flies from the wild population 

are much more likely to have Ca. E. dacicola, than the laboratory population (Figure 2). 

The presence of Ca. E. dacicola in both males and females of the laboratory population is 

surprising, as previous studies showed that males and females from a similarly aged 

Demokritos strain reared on artificial diet lacked this bacterium (Estes, unpublished). The 

endosymbiont may have entered the colony when wild males were crossed into the 

laboratory population. Ca. E. dacicola has been found associated with the olive fly’s 

digestive system and is lacking in the testes and ovaries, so the most parsimonious 

hypothesis is that the bacterium is acquired via horizontal transmission when feeding on 

shared food (Sacchetti, et al., 2008). Ca. E. dacicola has yet to be cultured (Capuzzo, et 

al., 2005; Estes, et al., 2009), but if horizontal transmission occurs, these bacteria could 

be introduced into laboratory colonies that lack the endosymbionts. This would allow 
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experiments with symbiotic and asymbiotic colonies to better determine any fitness 

advantage that Ca. E. dacicola conveys. If Ca. E. dacicola is beneficial in some way, 

sterile males reared in the laboratory for SIT should be colonized with the endosymbiont 

prior to release.  

 Similar “probiotic” introductions of beneficial bacteria have been conducted with 

the Mediterranean fruit fly (medfly), Ceratitis capitata (Diptera:Tephritidae) (Niyazi, et 

al., 2004). Although the medfly associates with a wide range of bacteria, Enterobacter 

agglomerans  and  Klebsiella pneumoniae are the most common associates (Ben-Yosef et 

al., 2008; Ben-Yosef, et al., 2008; Lauzon, 2003; Niyazi, et al., 2004). γ-irradiated 

laboratory flies had deformed digestive systems, were colonized by opportunistic 

pathogens, lacked the gut symbionts found in wild flies, and died a few days after release 

into the wild. Reintroducing En. agglomerans  and K. pneumoniae as a “pro-biotic” 

restored the structure of the digestive system, increased fly longevity, and mating success 

(Niyazi, et al., 2004).  

 Our study further sought to determine whether Ca. E. dacicola provides a benefit 

to mating initiation. Such benefit of Ca. Er. dacicola to the olive fly may involve 

enhanced pheromone production.  Pheromone production is critical to successful mating 

as insects must locate and identify compatible mates. Tephritid flies are known for their 

complex mating displays that include both pheromones, sound and visual cues (Burk, 

1983). Many tephritids form leks of calling males that emit a large plume of pheromones 

(Aluja et al., 2000; Segura et al., 2007; Sivinski et al., 1989), whereas in other species of 

tephritids single individuals emit pheromones for mate attraction (Mazomenos et al., 
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1987). In some non-lekking tephritids, high quality pheromone production and the 

location of mates based on pheromone is essential for initiation of mating. To our 

knowledge, whether mating pheromones in tephritids are produced by the insect alone or 

in association with a microbe has yet to be determined.  Previous research has 

demonstrated that the spiroketal pheromone is synthesized in the rectal glands of the 

female olive fly (Heath et al., 2000; Mazomenos, 1986). Interestingly, Ca. E. dacicola has 

been found in the rectal gland (Estes, unpublished). Other endosymbiotic microbes, such 

as the bacteria in the digestive system of locusts, are known to synthesize pheromones for 

their insect hosts (Dillon et al., 2002; Dillon, et al., 2000) and endosymbionts of the 

medfly have been proposed to be involved in pheromone production (Behar et al., 2003). 

Whether the insect or the symbiont is synthesizing the olive fly pheromone has yet to be 

examined.  

 Mating initiation and latency were in fact independent of endosymbiont presence 

(Table 3). However, the possibility that Ca. Er. dacicola is beneficial to mating initiation 

could not be distinguished from behavioral factors affecting mating initiation. It is 

possible that Ca. E. dacicola affects other unmeasured fitness variables in the olive fly, 

such as the identification of mates, courting, competition for mates, or successful 

copulation and insemination (Sivinski et al., 2000 ). This study only examined the 

formation of mating couples. Allowing couples to continue mating and then examining 

copulation duration, mating success, offspring fitness (survival, dispersal, and 

reproductive success), and frequency of remating may provide additional insight into the 

symbiosis between the olive fly and Ca. E. dacicola. Differences in behavior and 
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frequencies of symbiont colonization, between the two populations could not be 

uncoupled in this experiment. Laboratory and wild olive flies differ in mating behavior.  

Laboratory females are more receptive to mating,  develop eggs several days sooner than 

wild females, and produce higher numbers of eggs (Zervas, 1983; Zervas et al., 1982). 

However, laboratory females produce lower concentrations of pheromone than their wild 

counterparts (Mazomenos, et al., 1987). Additionally, flies of laboratory origin do not 

disperse as far or live as long as the flies of wild origin (Prokopy et al., 1975).   

 Despite the differences between laboratory and wild olive flies, mating pairs 

formed between laboratory and wild olive flies. However, the majority of matings were 

between laboratory females and wild males. Laboratory males obtained only 22 % of the 

matings (Figure 1). The Relative Sterility Index (0.24) is above the recommended level 

(FAO/IAEA/USDA, 2003). However, such a low mating success for laboratory males 

was unexpected because this laboratory population had recently been backcrossed with 

wild males to increase the fitness of the population. Another study using flies from the 

same back-crossed laboratory population as our study showed that laboratory males had 

higher coupling duration than wild males (Rempoulakis et al., 2008). However, the 

laboratory population used by Rempoulakis et al. had been backcrossed for fewer (four) 

generations and was not sibling mated. More detailed mating experiments between the 

laboratory and wild populations are necessary to determine if the benefits of backcrossing 

wild males into the laboratory population decreases in subsequent generations.   

 Conducting mating experiments in which the fly genotype (i.e. wild or laboratory) 

is held constant and colonization by Ca. E. dacicola (i.e symbiotic or aposymbiotic) is 
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varied would decouple the interactions between endosymbiont presence and mating 

behaviors. Difficulties of working with tightly-associated endosymbionts such as Ca. E. 

dacicola, are that 1) the bacteria cannot be cultured in the laboratory (Capuzzo, et al., 

2005; Estes, et al., 2009; Sacchetti, et al., 2008), 2) the majority of wild insects are 

colonized (Capuzzo, et al., 2005; Estes, et al., 2009), 3) the bacteria cannot be detected in 

living flies, and 4) is difficult to remove with antibiotics once they colonize the fly (Estes 

et al., 2005). All of these factors complicate the testing for the effect of Ca. E. dacicola 

on mating performance. If aposymbiotic laboratory populations could be repopulated 

with Ca. E. dacicola as suggested by this study, comparing mating initiation between 

symbiotic and aposymbiotic laboratory flies may be a viable approach.  

 This study provides several important findings with implications for the biology 

of the olive fly- Erwinia symbiosis. Ca. E. dacicola was identified in both wild male and 

female olive flies from Israel. This is the fourth country in which wild olive flies have 

been found to have this endosymbiont, suggesting that the symbiosis is widespread or 

even ubiquitous. The presence of Ca. E. dacicola in laboratory females as well as males 

may be due to horizontal transmission, thus identifying a potential method for 

introducing the endosymbiont to laboratory populations. We did not detect a benefit of 

Ca. E. dacicola to mating initiation, but these results may be due to measuring only 

mating initiation, but not copulation duration or offspring success. Future experiments 

following more fitness parameters may reveal the benefits of associating with Ca. E. 

dacicola. The finding that wild males achieved more matings than laboratory males is of 

concern for SIT, since laboratory males are the control-point individuals released. Future 
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studies directed at understanding the mechanism behind the poor performance of 

laboratory flies is essential for improving olive fly SIT. Understanding the interaction 

between the endosymbiont, Ca. Er. dacicola and the olive fly may provide additional 

contol points for the olive fly.  
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Figure Legends 

Figure 1. Composition of mating couples. Mated couples from the mating assays were 

dominated by pairs composed of wild males and lab females. All combinations of 

population and sex of couples were formed. Under each bar the population the 

male was from is listed first  and then that of the female is listed (eg. W-L is Wild 

Male, Lab Female). Numbers above the bars indicate the numbers of mated pairs 

of each condition.  Significant differences indicated by letters. 

Figure 2. Distribution of Candidatus Erwinia dacicola in olive fly populations. The 

wild olive fly population had more individuals, both male and female, with 

Candidatus Erwinia dacicola than the laboratory population. A Chi square test 

showed that these results were significant at p > 0.00001. Solid black bars 

represent the wild population. White bars represent the laboratory population.  

Table 1. Results of mating assay. The only mating analysis that was significant was the 

FRPI, which measures competitiveness. Wild males were the most competitive of 

the flies.  

Table 2. Measurement of time to mating initiation. Latency (time to initiation of 

mating) was recorded for all individuals that formed mating pairs. Lab animals 

were faster to initiate mating than wild flies, with wild females having the longest 

latency period.  

Table 3. Presence of Candidatus Erwinia dacicola correlated with mating initiation. 

Results from the Chi square analysis of the endosymbiont status in mated and 

unmated flies from both populations. There was no difference in the number of 
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males or females or mated and unmated flies that had Ca. E. dacicola. 

Significantly more wild flies had Ca. E. dacicola than laboratory flies. 
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Figure 1.  
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Index Mean (SE) Chi2 P-value D.F. 

ISI -0.13 (0.12) 0.20 0.658 1 

FRPI 0.26 (0.09) 25.81 < 0.001 1 

MRPI -0.55 (0.05) 4.88 0.027 1 

 
Table 1 
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Fly population 

and sex 
Mean Latency 

In min (SE) 
F-value P-value D.F. 

WILD MALE 76.45 (12.31) 
1.10 0.297 1. 80 

LAB MALE 63.44 (5.60) 

WILD FEMALE 91.84 (7.91) 
8.36 0.005 1. 80 

LAB FEMALE 62.51 (6.28) 

 
Table 2 
 
 
 



 194

 
 Ca. Erwinia 

dacicola 
present 

Ca. Erwinia 
dacicola absent 

Total number 
of individuals 

surveyed 

Gender in wild 
population 

   

Female 77 9 86 

Male 85 19 104 

 Chi2 = 2.28       df = 1  p = 0.13 

Gender in lab  
population 

   

Female 19 62 81 

Male 26 61 87 

 Chi2 = 0.88       df = 1  p = 0.35 

Population    

Wild 162 28 190 

Lab  45 123 168 

 Chi2 = 125.02     df = 1  p <0.00001 

Population and 
Mating Status 

   

Wild Unmated 80 14 94 

Wild Mated 82 14 96 

Lab Unmated 26 74 100 

Lab Mated 19 49 68 

 Chi2 = 0.08       df = 3  p =0.99 

Table 3 
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