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Abstract 

 

Wolbachia are maternally transmitted endosymbionts that naturally infect 

approximately 40% of all insect species and impose a range of phenotypic effects 

upon their hosts, including feminization, parthenogenesis, cytoplasmic incompatibility 

(CI) and male-killing. The genetic basis and mechanisms of these phenotypes remain 

mostly undetermined. Investigating new strains of Wolbachia can provide important 

insight into the biology of the symbiosis. In Drosophila pandora, two distinct 

Wolbachia strains co-exist to manipulate host reproduction, which are wPanCI 

(causing CI) and wPanMK (causing male-killing) respectively. Furthermore, 

wPanMK seems to rescue CI induced by wPanCI. To understand the molecular basis 

of CI and male-killing, genome sequencing and comparison projects with wPanCI and 

wPanMK were undertaken. To investigate the mechanism of CI, both cifA and cifB 

were compared among wMel, wPanCI and wPanMK; the cifB protein in wPanMK is 

truncated and has one base pair deletion, which indicating that it may be 

non-functional in wPanMK. The similar cifA gene in wPanCI and wPanMK and 

wPanMK’s ability to recue CI provide evidence for a previously toxin (cifB)-antitoxin 

(cifA) model; however, wPanMK cannot induce CI due to the mutation of cifB 

provide evidence that CI mechanism need both cifA and cifB. For male-killing 

mechanism, a spaid gene has been described to affect the male-killing in another 

endosymbiotic bacterium, Spiroplasma poulsonii. By comparing a spaid-like protein 

in different Wolbachia strains, a common structure with a protein-protein interaction 

domain and a cell death domain has been described and a spaid-like gene, 

wPanMK_288, has been found in wPanMK, which may be the manipulator gene to 

induce the male-killing. The study explains both two models of CI mechanism and 

provides a common structure and suggests putative genes for the expression of MK in 

Wolbachia and Spiroplasma.  
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Introduction 

 

Symbiosis 

Symbiosis was defined as “living together” of distinct organisms by Heinrich Anton 

De Bary in 1879 (De Bary, 1879) and is broadly used to describe any long-term and 

close biological interaction between two different species. In a symbiotic relationship, 

when one of the organisms cannot survive without its symbiotic counterpart, the 

relationship is called “obligate”, whereas it is said to be “facultative” if organisms can 

survive independently (Jeon, 2011). 

 

Symbionts can be divided into three broad categories: mutualism, commensalism and 

parasitism (Werren et al., 2008) (Table 1). Mutualism is an obligate symbiotic 

relationship between two different organisms in which both the host and symbiont 

benefit each other. For example, an obligate intracellular endosymbiont, Buchnera 

aphidicola lives inside the pea aphid and both symbiont and host are dependent upon 

the other to complete the biosynthesis of branch-chained amino acids. The pea aphid 

requires intermediate products from its bacterial endosymbiont, Buchnera, which 

completes the early biosynthetic reactions, while the aphid encodes for the enzyme to 

complete the final transaminase step and subsequent synthesis of branched-chain 

amino acids (Gerardo and Wilson, 2011, Wilkinson and Douglas, 1995). 

Commensalism is a symbiotic relationship between two distinct organisms where one 

of them benefits and the other does not benefit. For instance, Streptococcus pyogenes 

bacteria need to survive in the digestive tract of humans and generally do not harm the 

digestive tract but nor do they provide any benefit (Perez-Trallero et al., 2001). 

Parasitism is a symbiotic relationship between two dissimilar organisms in which one 

of them benefit at the expense of the other (Werren et al., 2008). There are many 

different types of parasitic bacteria in nature such as Vibrio cholera the etiological 

agent of cholera. Vibrio cholerae requires resources from the host to survive and 
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complete its lifecycle (A.Weil and B.Harris, 2015). However, these broad categories 

are actually a continuum, which means there may exist more than one symbiotic 

relationship between two organisms and these symbiotic relationships can shift during 

evolution under changing circumstances such as temperature, toxic chemicals, dietary, 

geographic habits and sometimes host resistance and modifications may affect the 

symbiotic relationships (Werren, 2005, Hentschel et al., 2000). A large amount of 

species need to survive by the symbiotic relationships, which are a major driving 

force of evolution. Hence, it is significant to understand the symbiotic relationships by 

studying a common endosymbiont of invertebrates — Wolbachia.  

 

Table 1: Relationships between two different organisms in three categories.   

Type Effect on symbiont Effect on host 

Mutualism Benefit Benefit 

Commensalism Benefit No effect 

Parasitism Benefit Harm 

 

Wolbachia pipientis 

Wolbachia are gram-negative -proteobacteria and are members of the order 

Rickettsials, a diverse group of obligate endosymbiont bacteria that form parasitic, 

mutualistic, and/or commensal relationship with their hosts (Jaenike et al., 2010, Zug 

and Hammerstein, 2015). Wolbachia pipientis were first described in the mosquito 

Culex pipiens (Hertig and Wolbach, 1924) and since then have been detected in a 

wide range of invertebrate hosts; an estimated 40-65% of arthropod and nematode 

species are thought to be infected by Wolbachia (Hilgenboecker et al., 2008, Zug and 

Hammerstein, 2012). Wolbachia pipientis have been divided into several phylogenetic 

units called supergroups A-K (Casiraghi et al., 2005). These classifications have been 

made on sequence diversity of a conserved gene found in all known strains, 

Wolbachia surface protein (wsp) (Haine and Cook, 2005, Shoemaker et al., 2002). 

Wolbachia strains from supergroups A, B, E, H, I and K are the most common strains 
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that infect arthropods (Werren and Windsor, 2000), supergroups C, D, J are more 

likely to infect filariae while supergroup F infects both arthropod and filarial hosts 

(Bouchery et al., 2013).  

 

Phenotypic effects and host interactions 

Wolbachia imposes a range of effects upon their hosts, ranging from parasitic to 

beneficial. Most Wolbachia strains are transmitted vertically through the maternal line, 

with increasing evidence of horizontal transmission among insect species. (Heath et 

al., 1999, Ahmed et al., 2016). Wolbachia are best known for their manipulations of 

host reproductive or sex determination systems that serve to enhance maternal 

transmission within host populations. Wolbachia are known to impose one of four 

manipulations: feminization, which converts genetic males into females (Rousset et 

al., 1992); parthenogenesis, which allows infected females to reproduce asexually 

(Weeks and Breeuwer, 2001); male-killing eliminates male offspring (Hurst and 

Jiggins, 2000); and cytoplasmic incompatibility (CI), which prevents the production 

of viable offspring when Wolbachia infected males mate with uninfected females 

(Yen and Barr, 1971) (Figure 1). By behaving as a reproductive parasite, Wolbachia 

increases reproductive success of infected females, or increases the proportion of 

infected females within the population. Consequently, the frequency of Wolbachia 

within host populations increases with each generation, leading to a rapid 

displacement of uninfected hosts. Through these manipulations, Wolbachia has been 

observed to rapidly invade naïve host populations at a local and global scale (Walker 

et al., 2011).  



11 

 

A B 

 Infected 

 Uninfected 

  

 

 

 

C D 

 

 

 

 

 

 

Figure 1: Wolbachia-induced phenotypes. Feminization (A). Parthenogenesis (B). Male-killing (C). 

Cytoplasmic incompatibility (D). 

 

In contrast, Wolbachia are known to act as obligate mutualists in filarial nematodes 

hosts and the elimination of Wolbachia by antibiotic treatments is associated with 

stunting, sterilization and death of adult worms (Taylor et al., 2010, Hoerauf, 2008). 

Some strains of Wolbachia have also been shown to have beneficial effects on their 

insect hosts. Studies have shown that Wolbachia may benefit some insect hosts 

through metabolic provisioning (Hosokawa et al., 2010, Kremer et al., 2009) or by 

providing protection against pathogens (Hedges et al., 2008, Teixeira et al., 2008, 

Jaenike et al., 2010). Consequently, the Wolbachia species includes strains that are 

either parasitic or mutualistic, but also includes strains that can be both parasitic and 

mutualistic at the same time (Woolfit et al., 2013).  
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The mechanism of Wolbachia-induced cytoplasmic incompatibility  

Cytoplasmic incompatibility (CI) is the most frequently observed reproductive 

parasitism trait, which can rapidly increase Wolbachia infection frequencies in host 

populations within a short period of generational time (Turelli and Hoffmann, 1995). 

Wolbachia infections in Drosophila species were first described in Drosophila 

simulans populations in California, USA and were shown to induce near-perfect 

cytoplasmic incompatibility (Hoffmann et al., 1986). CI is observed when a 

Wolbachia-infected male mates with an uninfected female, while fertilization occurs, 

normal development is disrupted and development of the embryo terminated. CI may 

also be imposed upon Wolbachia infected females that harbor a strain that cannot 

rescue the CI effect, such bidirectional CI interactions have been commonly observed 

in the mosquito species Culex pipiens (Duron et al., 2011).  While fertilization of the 

ova occurs, post fertilization cell-cycle events are disrupted and prevent the embryo 

from developing (Tram and Sullivan, 2002). In contrast, matings between 

Wolbachia-infected female and male partners carrying the same compatible infection, 

or indeed with uninfected males, results in normal development post-fertilization 

(Turelli and Hoffmann, 1995, Landmann et al., 2009). CI has two basic forms: 

unidirectional CI, involving one Wolbachia strain, occurs when uninfected eggs are 

fertilized by sperm from infected males; and bidirectional CI, involving two 

Wolbachia strains, occurs when the mating partners are infected with two different 

Wolbachia strains (Telschow et al., 2005). CI is thought to comprise two distinct 

components: a “toxin” which modifies host sperm and an “anti-toxin” which can 

rescue modified sperm and permit development of the host embryos (Werren, 1997, 

Nor et al., 2013). The ability to rescue the CI factor appears to be strain specific, as 

strains of Wolbachia cannot suppress the CI factor resulting in bidirectional CI in host 

populations (Telschow et al., 2005).  

 

Though the phenotype of CI had been observed since the early 1990’s, the mechanism 

by Wolbachia imposed CI was only described recently. In separate studies of 
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Wolbachia strains that naturally infect Drosophila, two syntenic genes were identified 

and transgenic expression of these genes in Wolbachia free insects induced the CI 

phenotype (Beckmann et al., 2017, LePage et al., 2017). These two genes, designated 

cytoplasmic incompatibility factor A (cifA) and B (cifB), were found in a prophage 

region of wMel, strain of Wolbachia that naturally infects Drosophila melanogaster. 

This same prophage region had been correlated with CI phenotypes previously (Masui 

et al., 2000, Sinkins et al., 2005, Bordenstein et al., 2006, Sutton et al., 2014). While 

both Beckmann and LePage identified the same genes, two competitive models have 

been proposed. The first predicts that both cifA and cifB are toxin components and 

both are required to impose CI, and that an unknown third genetic component rescues 

CI (Beckmann et al., 2017). The second model predicts that cifB acts as a toxin and 

imposes CI in incompatible matings, while cifA acts as an anti-toxin and rescues CI 

(LePage et al., 2017). A subsequent study of cifA/B showed that these genes are 

transcribed as an operon, however given unique expression patters in different host 

tissues, this suggests a more complex regulation of gene expression than is observed 

for other operons (Kent et al., 2011). Furthermore, cifA/B alleles can be grouped into 

one of four Wolbachia compatibility types, the most divergent alleles are found in 

strains that impose bi-directional CI supporting earlier predictions of specific 

toxin-antitoxin systems (Charlat et al., 2001). 

 

Wolbachia-induced male-killing 

Three maternally inherited symbiotic bacteria are known to affect the reproductive 

biology of their host species by distorting their sex ratios through the selective killing 

of the male host: Wolbachia, Spiroplasma poulsonii and Arsenophonus nasoniae 

(Gherna et al., 1991, Haselkorn, 2010, Hurst et al., 1999, Werren et al., 1994). While 

the biology of male killing bacteria has been extensively studied at the population 

level, little is known about how these bacteria and their hosts interact at the cellular 

and molecular level. Early cytological studies showed that male-killing was 
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associated with disruption to the early development of male embryos either by 

affecting normal cell division processes, or targeting the male-specific 

sex-determination pathway.  

 

Wolbachia are known to impose male-killing in four different arthropod orders: 

Coleoptera, Diptera, Lepidoptera and Pseudoscorpiones. Attempts to identify the 

genetic determinates of the male-killer phenotype had used comparative genomics of 

closely related Wolbachia strains. Populations of the butterfly species Hypolimnas 

bolina are commonly infected by one of two strains of Wolbachia: wBol1-b, a 

male-killer strain, and wBol1-a, which imposes CI (Duplouy et al., 2013). While more 

than 70 unique genes to wBol1-b were identified, many of which were hypothetical 

genes that encode for proteins of unknown function, no obvious male-killer gene(s) 

was identified. While no mechanism of male-killing phenotype in Wolbachia has been 

determined, the mechanism for Spiroplasma poulsonii was recently discovered 

(Harumoto and Lemaitre, 2018).  

 

A helical and motile symbiotic bacterium, S. poulsonii, has been found in a wide 

range of Drosophila species (Haselkorn, 2010) where it induced male-killing (Hurst 

and Frost, 2015, Tully, 1979). Male-killing by S. poulsonii was first described in the 

1950s in Drosophila, however, in a 2018 study, the genetic basis of the male-killing 

of S. poulsonii was described (Harumoto and Lemaitre, 2018). The Spiroplasma gene 

spaid (Spiroplasma poulsonii androcidin) has been shown to induce male-killing 

when expressed naturally or in Spiroplasma-free transgenic Drosophila that express 

the transgene (Harumoto and Lemaitre, 2018). The spaid protein is 1,065 amino acid 

in length and is predicted to contain ankyrin (ANK) repeats as well as an ovarian 

tumor (OTU) deubiquitinase domain (Figure 2).  
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Figure 2: A 1,065-amino-acid wild-type spaid protein structure containing the ANK domain, the 

OTU domain, an N-terminal signal peptide (SP) and a C-terminal hydrophobic region (HR). 

(Harumoto and Lemaitre, 2018). 

 

The ANK domain is a motif of ~33 amino acids which is found in many eukaryotic 

proteins and mediates protein-protein interactions by ubiquitin-binding interactions 

conjugating to proteins (Bork, 1993). ANK proteins have also been found in bacterial 

proteins, in which they often mediate host-pathogen protein interactions (Caturegli et 

al., 2000). The OTU deubiquitinase domain is often associated with in eukaryotic, 

viral or bacterial proteases that mediate Ubiquitin-deconjugating activity 

(Frias-Staheli et al., 2007). Functional studies of spaid showed that deletion of either 

the ANK domain or OTU domain abolished male-killing (Harumoto and Lemaitre, 

2018).  

 

Drosophila pandora and associated Wolbachia infections  

Drosophila pandora is a newly described member of the ananassae complex in the 

melanogaster species group (Richardson et al., 2016). Drosophila pandora is a 

cosmopolitan species that has a known distribution in Papua New Guinea, the Torres 

Strait Islands, and tropical locations in mainland Australia ranging from north of Cape 

York Peninsula to Rockhampton, and Darwin (McEvey and Schiffer, 2015).  

 

Drosophila pandora populations are commonly infected by one of two Wolbachia 

strains: wPanCI, which imposes strong CI and wPanMK, which imposes male-killing 

(Richardson et al., 2016). Both strains, are known to co-exist in D. pandora 

populations and have over-lapping distributions (Richardson et al., 2016). Based on 

the multi-locus sequence typing system (MLST) analysis (Baldo et al., 2006), wPanCI 

and wPanMK are genetically distinct from each other in supergroup A and are 

phylogenetically related to strains known to provide antiviral protection, including 

wMel and wRi (Richardson et al., 2016).  
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As has been observed in other male-killer strains of Wolbachia (Hurst et al., 2000), 

when the host insect is reared at elevated temperatures (26 oC), the male-killing 

phenotype is reduced and wPanMK infected males emerged, presumably due to a 

reduction in Wolbachia density (Hurst et al., 2000). Subsequent studies have shown 

these rare males did not induce CI when crossed with uninfected D. pandora females 

(Richardson et al., 2016). Regardless of the temperature, wPanMK females were 

reared, all females could rescue CI when crossed with wPanCI males (Richardson et 

al., 2016). As male-killing and CI have been shown to be independent of each other 

(Hornett et al., 2008), these results suggest that all matings and observed phenotypes 

are fully described. 

 

Wolbachia genomes  

Wolbachia, like other endosymbionts, have small genomes (1.08-1.7 Mb) (Sutton et 

al., 2014), however, unlike many other endosymbiont genomes, Wolbachia genomes 

typically contain a lot of mobile and repetitive elements such as transposable elements, 

phage and simple repetitive sequences (Wu et al., 2004). In addition to mobile and 

repetitive elements, various virus-like elements, including bacteriophage prophage 

regions are present (Bordenstein and Bordenstein, 2016, Wang et al., 2016). For some 

strains of Wolbachia, active phage have been recovered (Bordenstein et al., 2006), 

these phage may play an important role in introducing and spreading transgenes 

within insect populations that in turn may serve to control a variety of pest insect 

species, such as the putative CI genes cifA and cifB among Wolbachia strains 

(Lindsey et al., 2018). The abundance of repetitive sequences, more than 14% of the 

genome, is thought to facilitate the high rates of recombination and genome 

reorganization observed (Brownlie and O'Neill, 2005). Recombination affects both 

genome architecture and evolutionary rates and one potential mechanism between 

recombination rate and genome size is that recombination facilitates selection against 
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transposable element insertions and some long terminal repeat can be deleted through 

recombination (Tiley and Burleigh, 2015).  

 

Since the publication of the first complete Wolbachia genome in 2004 (Mercot and 

Charlat, 2004), comparative genome analysis remains the primary tool by which to 

investigate the genetic basis of Wolbachia-induced phenotypes as no genetic tools that 

can manipulate Wolbachia genomes are available. To date, more than 30 genomes of 

diverse Wolbachia strains have been published and these genomes have revealed 

many insights into the biology and evolution of Wolbachia. All Wolbachia genomes 

sequenced thus far are highly streamlined, and as such have limited metabolic 

capacity for a range of metabolic pathways, and all strains that infect insects contain 

very high levels of repetitive DNA, mobile DNA and prophage regions (Wu et al., 

2004, Bordenstein and Bordenstein, 2016, Duplouy et al., 2013). As the number of 

sequenced genomes has increased, this has allowed researchers to identify potential 

genes that underpin observable phenotypes through comparative analyses. For 

example, the cifA and cifB genes were noted among a list of potential CI genes after 

genome sequencing of a non-CI strain wAu, failed to recover these genes sequences 

(Sutton et al., 2014). Subsequent experimental work confirmed that these genes play a 

role in CI (Beckmann et al., 2017, LePage et al., 2017).  

 

Using the recent discovery of wPanCI and wPanMK (Richardson et al., 2016), and 

continued improvements to next-generation sequencing technologies, I have been able 

to sequence the genomes of both Wolbachia strains to investigate the mechanisms of 

CI and male-killing in D. pandora. To investigate how wPanCI can induce and rescue 

CI, while wPanMK can only rescue CI, both genomes were screened for the 

presence/absence of the cifA/B operon and their sequences compared to other 

Wolbachia genomes. Comparisons will also be undertaken to identify genes unique to 

wPanMK, but which may be shared with other male-killer Wolbachia strains or 

microbe; such genes will be considered putative male-killer genes. 
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Aims and Hypotheses 

 

The first project aimed to:  

1. use next generation sequencing techniques to provide the field with the genome 

sequences of two newly described Wolbachia strain from Drosophila pandora. 

2. Use comparative genomics to characterize CI-inducing genes from wPanCI and 

wPanMK. 

3. Suggest putative genes for the expression of MK in Wolbachia and Spiroplasma. 

The second project aimed to: 

1. identify putative proten coding genes underlying the life-shortening phenotype 

observed in D. melanogaster infected by Wolbachia strain wMel3562 
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Methods & Materials 

 

Drosophila fly stocks and Wolbachia strains 

Four D. pandora fly lines: wPanMK, wPanMK-T, wPanCI, wPanCI-T were obtained 

from the Hoffman Lab and maintained on modified Cornmeal Dextrose media 

(Richardson et al., 2016). wPanMK flylines were derived from three isofemale D. 

pandora collected near Lack Placid, Cairns in 2011. wPanCI flylines were derived 

from an isofemale flyline collected at the same place and time, which producing only 

female offsprings (Richardson et al., 2016). Tetracycline treatment was used to 

generate Tet flylines by removing Wolbachia from D. pandora. All flylines were 

reared at 25 oC on a 12:12-hour light: dark cycle, in plastic bottles containing 25 ml 

food and transferred to new food once a week. Food contained soy, yeast, corn, agar, 

dextrose and a little acid and base.  

 

Rapid DNA extraction and PCR screen of Wolbachia in flylines  

Total genomic DNA was extracted individually from five adult flies for each flyline 

using the STE-boil method (O'Neill et al., 1992). Briefly, flies were homogenized in 

100 l of lysis buffer with a clean tungsten bead using the QIAGEN Tissue Lyser II at 

frequency 30 for 40 s. After homogenization, the samples were incubated at 95 oC for 

5 mins and then placed on ice for 10 mins. Samples were centrifuged at 14,000 g for 

10 mins and 1.5 l of the supernatant used as template for PCR. A standard PCR 

assay was used to confirm the wPanMK and wPanCI infection in D. pandora with a 

Wolbachia specific primer wsp (Zhou et al., 1998); amplification of Drosophila 26s 

host genes was used as a positive control (Marcon et al., 2011). Each PCR reaction 

contained: 1.5 l of DNA template, 2 l of PCR buffer (10 x), 1 l of MgCl2 (50 mM), 

1 l of dNTPs (2.5 mM), 1 l of forward and reverse primer respectively, 0.1 l of 
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Taq polymerase and 12.5 l of dH2O for a total volume of 20 l. All the PCR 

reactions were performed in BioRad PCR Thermocycler under the following 

condition: 95.0 oC initial denaturing for 3 mins, then 34 cycles of 95 oC denaturing for 

30 s, 50 oC annealing for 30 s, 72 oC extension for 2.5 mins. PCR products were 

loaded onto 1% agarose gel and visualized. 

 

DNA extraction, genome sequencing and assembly 

Total genomic DNA was extracted from four samples, each containing 25 mg adult 

flies were collected from wPanMK and wPanCI respectively using DNeasy Blood & 

Tissue Kit according to the manufacturer's instructions (QIAGAN). Flies were 

homogenized in 200 l of ATL buffer with a clean tungsten bead using the QIAGEN 

Tissue Lyser II at frequency 30 for 40 s. On average 0.05 mg of genomic DNA was 

sent to MrDNA Technologies (Texas, USA) for processing and sequencing.  

 

Genome libraries were prepared using Nextera DNA Sample preparation kit (Illumina) 

following the manufacturer's user guide. As the samples contained both D. pandora 

and Wolbachia genomic DNA, eukaryotic DNA was depleted using 

NEBNext® Microbiome DNA Enrichment Kit (New England Biolabs) following the 

manufacturer's user guide. 1 g DNA was used to deplete the eukaryotic DNA. The 

enriched DNA was quantified (Table 2) using the Qubit® dsDNA HS Assay Kit (Life 

Technologies). 50 ng DNA was used to prepare the libraries. The samples underwent 

the simultaneous fragmentation and addition of adapter sequences. These adapters are 

utilized during a limited-cycle (5 cycles) PCR in which unique indices were added to 

the sample. Following the library preparation, the final concentration of the libraries 

(Table 2) were measured using the Qubit® dsDNA HS Assay Kit (Life Technologies), 

and the average library size (Table 2) was determined using the Agilent 2100 

Bioanalyzer (Agilent Technologies). The libraries were pooled and diluted (to 12.0pM) 

and sequenced paired end for 500 cycles using the HiSeq system (Illumina). 
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Table 2: Enriched DNA, final library concentration, and average library size. 

Sample ID DNA 

concentration 

(ng/µL) 

Final library DNA 

concentration 

(ng/µL) 

Average 

Library  

size (bp) 

wPanCI 7.76 7.28 717 

wPanMK 7.96 7.50 749 

 

wBol1-b genome sequencing, assembly and annotation 

Genome assembly was performed by MrDNA following the protocol provided by the 

platform supplier (Illumina). Contaminating Drosophila pandora sequence was 

identified by BLASTN queries against the NR database and identifying 

high-similarity matches to other Drosophilds. Annotation of the wPanCI and 

wPanMK draft genomes assemblies was performed using NGEN v14 with wMel and 

wRi used as reference genomes. These annotations were confirmed subsequently 

using RAST (Aziz et al., 2008, Overbeek et al., 2014).  

 

Possible male-killing genes  

Two different methods were used to identify genes specific to wPanMK when 

compared to wPanCI. I first used pairwise BLASTP and BLASTN of putative ORFs 

was performed in Geneious (Kearse et al., 2012). Similar to previous comparative 

genomic studies, genes were considered putatively wPanMK-specific if they had 

either no hits to the wPanCI or had no hit to any gene with an E-value greater than 10 

(Duplouy et al., 2013). The second unique genes identification method involved the 

use RAST server and was visualised using SEED. Unique wBol1-b genes as defined 

by Duplouy et al (Duplouy et al., 2013); as well as the spaid gene and its putative 

gene product (protein) were compared to both genomes using BLASTP and BLASTX 

to investigate whether there exists a spaid-like gene in wPanCI and wPanMK. 
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Phylogenetic and Genome Synteny analysis 

For the wsp tree, 20 DNA sequences were obtained from the MLST database (Baldo 

et al., 2006) and globally aligned in Geneious using MUSCLE. An unrooted distance 

Neighbour-joining tree was constructed using the Tamura-Nei substitution matrix, 

with 10,000 bootstrap replicates performed, using Geneious. Synteny among the 

wPanCI, wPanMK assemblies and either the wMel or wRi Wolbachia genomes was 

visualised in SEED using RAST (Aziz et al., 2008, Overbeek et al., 2014). The KEEG 

visualiser within RAST was also used to predict and compare metabolic pathways 

among the sequenced genomes. 

 

wPanCI and wPanMK WO prophage regions 

Putative prophage regions were identified using a combination of two methods. First, 

the wMel and wRi WO prophage proteins (Kent et al., 2011) were used as blastp 

queries against the wPanCI and wPanMK protein sequences. Secondly, a concatenated 

version of the wPanCI or wPanMK contigs was submitted to a phage search tool 

(PHAST), which is a web server designed to identify, annotate and graphically 

display prophage sequences in wPanCI and wPanMK genomes (Zhou et al., 2011).  
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Results 

 

Wolbachia infection Status of fly lines  

To confirm the correct Wolbachia infection status of each fly line, PCR was used to 

analyze the DNA with wsp, a specific Wolbachia gene (Zhou et al., 1998) and 26s as 

a positive control for the DNA extraction. All flylines were infected or uninfected as 

expected (data not shown).  

 

Wolbachia purification and genome sequencing 

Total DNA was purified using a QIAGEN DNeasy kit; two tests were performed to 

confirm that enough DNA and appropriative DNA quality had been isolated for 

genome sequencing. DNA concentration was estimated by spectrophotometer (Table 

3) and both quantity and quality of genomic DNA assessed visually (Figure 3). The 

results showed that we had ~58,400 ng wPanMK and ~44,320 ng wPanCI DNA 

samples respectively and their quality were appropriate for genome sequencing.  

 

Table 3: DNA concentration in each sample of wPanMK and wPanCI.  

Sample 1 (ng/ l) 2 3 4 

wPanMK 32.4  38.3  36.9  38.4  

wPanCI 28.3  27.7  24.0  30.8  
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Figure 3: Quality of genomic DNA in wPanCI and wPanMK. A 0.8 % agarose gel electrophoresis 

stained with RedSafe showed the bands of the DNA of samples. Lane 1: 100 bp DNA ladder 

(EasyLadder I), lanes 3-6: wPanCI, lanes 8-11: wPanMK, lane 13: 100 bp DNA ladder (EasyLadder I). 

 

To confirm that the Wolbachia strain of wPanCI and wPanMK in the DNA extraction 

samples for genome sequencing is correct, PCR was used to analyze the DNA with 

wsp specific primer and H2O as a negative control. The presence of bands in lanes 3-7 

and lanes 10-14 and the absence of the bands in lanes 8 and 15 confirmed the correct 

wPanCI and wPanMK in the DNA extraction samples for genome sequencing.  

 

 

 

 

 

 

 

 

Figure 4: PCR screen for the presence Wolbachia in purified genomic DNA. A 1% agarose gel 

electrophoresis stained with RedSafe showed the PCR products following the amplification. Lane 1: 

100 bp DNA ladder (EasyLadder I), lanes 3-6: wPanCI with primer wsp, lanes 10-13: wPanMK with 

primer wsp, lanes 7 and 14: wPanCI and wPanMK positive control with primer wsp, lanes 8 and 15: 

H2O negative control with primer wsp. wsp showed expected bands of ~600 bp in lanes 3-7 and 10-14. 

Lanes 8 and 15 showed non-specific bands.  

 

Genome features 

Predicted genome size for wPanCI and wPanMK are similar to previously published 

Wolbachia genome wRi and wMel. The genome size of wPanCI is 1,135,854 bp and it 

has 1,139 predicted genes. The genome size of wPanMK is 1,136,413 bp and it has 

1,318 predicted genes. The GC content, tRNA and rRNA observed for wPanCI and 

wPanMK are in the expected range for Wolbachia (Table 4). While both Wolbachia 
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genomes were sequenced to a x5 coverage, due to the repetitive nature of the genome, 

a single assembled genome could not be constructed. 

 

Table 4: General characteristics of Wolbachia genome sequences.  

Strain Host Supergrou

p 

Genome 

size (bp) 

Predicted 

CDS 

G+C 

conten

t (%) 

tRNA rRNA Reference 

wMel Drosophila 

melanogaster 

A 1,267,782 1,270 35.2 34 1 each: 

5S,16S,23S 

(Wu et al., 

2004) 

wRi Drosophila 

simulans 

A 1,445,873 1,150 35.2 34 1 each: 

5S,16S,23S 

(Foster et 

al., 2005) 

wAu Drosophila 

simulans 

A 1,268,461 1,266 35.2 34 1 each: 

5S,16S,23S 

(Sutton et 

al., 2014) 

wBol1-b Hypolimnas 

bolina 

B 1,418,863 1,257 33.9 34 1 each: 

5S,16S,23S 

(Duplouy 

et al., 

2013) 

wPip Culex pipiens B 1,482,355 1,386 34.2 34 1 each: 

5S,16S,23S 

(Klasson et 

al., 2008) 

wBm Brugia 

malayi 

D 1,080,084 903 34.2 34 1 each: 

5S,16S,23S 

(Foster et 

al., 2005) 

wPanCI Drosophila 

pandora 

A 1,135,854 

 

1,139 35.2 34 1 each: 

5S,16S,23S 

This study 

wPanMK Drosophila. 

pandora 

A 1,136,413 

 

1,318 35.2 34 1 each: 

5S,16S,23S 

This study 
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Wolbachia phylogeny  

To investigate the similarity of the wPanCI and wPanMK to other Wolbachia strains, 

an unrooted phylogenetic tree based on wsp nucleotide sequences was constructed 

(Figure 5). Both wPanCI and wPanMK Wolbachia strains are members of supergroup 

A; wPanCI was most like the wRi strain which naturally infects Drosophila simulans 

and imposes strong CI (Turelli and Hoffmann, 1995), whereas the wPanMK strain 

was most like wMel, which imposes variable CI in D. melanogaster, and wAu which 

neither imposes or rescues CI in D. simulans. Two other known MK strains that infect 

different Drosophila species are also closely related to wPanMK in the A-supergroup. 

Four other described MK strains are all members of supergroup B and infect 

lepidopterans, the remaining two MK strains, wCsc1 and wCsc2 both infect scorpions 

and their phylogenetic status is unclear. However, it appears that the male-killing 

phenotype may have evolved independently in each of the supergroups as MK strains 

appear in different supergroups and mechanisms, and are closely related to strains 

inducing other manipulations (Figure 5).  
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Figure 5: Unrooted neighbour-joining tree of Wolbachia wsp sequences. Bootstrap values (10,000 

replicates) are reported above each node of the tree; male-killer strains are indicated by a blue dot. 

Strain names are those found in the MLST database (Baldo et al., 2006).  

 

High levels of genome rearrangement have been previously reported among four 

Wolbachia strains wMel, wRi, wPip and wBm (Klasson et al., 2008, Foster et al., 

2005). When comparing wPanMK to wMel, wPanCI to wPanCI or wPanCI to 

wPanMK, there was a significant amount of genome rearrangement despite these 

Wolbachia strains being closely related (Figure 6). The mechanism for the 

rearrangement is likely the manipulation of very large number of repetitive mobile 

elements found in Wolbachia genomes (Newton et al., 2016).   

 

 

 

B 

C 

D 

F 

A 
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C. 

 

 

 

 

 

 

Figure 6: Dot plots showing similarity in syntenic conservation between Wolbachia genomes. Dots 

and lines represent unique genomic sequence matches, red for all forward and reverse matches. 

Comparative genomes are shown between wPanMK and wMel in A, wPanCI and wRi in B, wPanCI 

and wPanMK in C. Numbers on the axes represent position in the genome.  

 

Metabolic pathways 

Wolbachia can behave as reproductive parasite to increase the infected females 

successfully. However, some strains of Wolbachia do not manipulate their host’s 

reproductive systems but they still can infect insect populations successfully 

(Brownlie et al., 2009). In wMel, almost all identifiable uptake systems for organic 

nutrients are for amino acids. wMel may obtain a lot of energy from amino acids and 

these amino acids can produce other amino acids as well (Wu et al., 2004). Some 

wPanMK and wMel wPanCI and wRi 

wPanCI and wPanMK 
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metabolic properties of Wolbachia strains may affect the fecundity of their host. Here 

we compared some metabolic pathways in wMel, wBm, wPanCI and wPanMK. 

wPanCI has fewer genes in Folate biosynthesis, Riboflavin metabolism and Pentose 

phosphate pathway, which might suggest that these three metabolic pathways may be 

non-functional in wPanCI, or that wPanCI has a greater metabolic dependence upon 

its host.  

 

Table 5: Wolbachia encoded metabolic pathways.  

KEGG pathway wMel wBm wPanCI wPanMK 

Folate biosynthesis 8 1 6 8 

Purine metabolism 24 24 25 25 

Riboflavin metabolism 8 8 7 8 

Thiamine metabolism 3 1 3 3 

Pentose phosphate pathway 7 8 6 7 

 

Comparison of prophage regions between wPanCI and wPanMK 

The wPanCI genome appears to contain an intact WO prophage region, which is 

comprised of 21 ORFs (Figure 7), and is flanked by putative att sequences that were 

presumably duplicated upon insertion of the WO phage genome, including 3 tail 

proteins, 13 hypothetical proteins, 1 phage-like protein, 2 transposases, 2 non- 

phage-like proteins and 1 integrase. Functions of the genes in the phage region using 

BLAST are shown in the Table 8 (in the Appendix). The wPanMK genome contains 

two phage regions, including 9 and 19 coding sequences respectively (Figure 7), and 

both phage regions are completely assembled. Phage region 1 contains 5 phage-like 

proteins, 1 hypothetical protein, 1 non-phage-like protein, 1 transposase and 1 

protease. Phage region 2 contains 1 phage-like proteins, 8 hypothetical proteins, 5 

non-phage-like proteins, 3 transposase and 2 tail proteins. Functions of the genes in 

the phage region 1 and 2 using BLAST are shown in Table 9 and Table 10 (in the 

Appendix). The location and structure of these regions are different between wPanCI 

and wPanMK. 
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A 

   536463 556298   0bp  991bp 1983bp 

B 

 405988                                                                                            414178  0bp  409bp 819bp 

 

Figure 7: Phage regions of wPanCI (A) and wPanMK (B). wPanCI has 1 phage region and wPanMK has 2 phage regions.  

 

 

959906 971768 0bp  593bp 1186bp 



31 

 

Comparison of wPanCI and wPanMK cif homologs 

The sequences of cifA and cifB was analyzed to explore their function in wPanMK of 

allowing rescue of wPanCI-mediated and identifying which model of cifA/cifB is 

correct By comparing nucleotide and amino acid sequences of cifA and cifB among 

wPanCI and wPanMK and wMel, we found that both cifA and cifB nucleotide 

sequences of wPanCI and wPanMK had 99.99% identity with cifA and cifB in wMel. 

Moreover, both wPanCI and wPanMK encoded for full length cifA proteins, which 

indicating a high degree of similarity between the both nucleotide and protein 

sequences of wPanCI and wPanMK cifA homologs. Nevertheless, when wPanCI 

encoded for full length of cifB proteins, there were mutations in cifB genes of 

wPanMK. These mutations caused a premature stop codon at position 389, while 

single a base pair deletion at position 1233 introduced a frameshift mutation (Figure 

8; Table 11). Consequently, wPanMK cifB protein is truncated and likely 

non-functional.  

 

A TTA/TGA            AGG/A  G 3498 bp 

 

 

 ......... 389            …… 1233 

B Leu Arg 1166 aa 

 

 

  

C       Stop Frameshift mutation 

 

 

 

 

Figure 8: cifB gene in wPanCI and wPanMK. Putative cifB gene sequences recovered from 

wPanCI/wPanMK, sequences above the blue line indicate key mutations between the two strains, 

numbers below the line indicate position with the gene (bp) (A). Predicted cifB protein in wPanCI, 

expected amino acids indicated (B). Predicted cifB protein in wPanMK, note the truncated protein due 

to a premature stop codon (C).    
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Comparison of spaid-like genes in Wolbachia strains 

To confirm whether there exist spaid-like genes in Wolbachia strains, the spaid 

protein sequence was compared to Wolbachia proteins from Wolbachia strains known 

to induce different reproductive manipulations in their respective hosts, including 

wBol1, wCan, wVul using BLASTP. wBol1 is a Wolbachia strain from the butterfly 

Hypolimnas bolina and induces male-killing (Duplouy et al., 2013). spaid matched to 

WD_1125 gene in wBol1 which encodes for a hypothetical protein that contains an 

ANK domain and a latro-toxin domain, which is associated with the cell membrane 

(Zhang et al., 2012). wCan is a Wolbachia strain in Folsomia candida, a spring tail, in  

which wCan induces parthenogenesis (Li and Fallon, 2015). wCan contains a single 

homologous gene to the spaid gene, that encodes for a protein that contains 13 ANK 

domains and 2 NB-ARC domains which has been shown to regulate cell death (van 

der Biezen and Jones, 1998). wVul is a Wolbachia strain in Armadillidium vulgare 

(Braquart-Varnier et al., 2008), which inducing feminization. spaid-like protein in 

wVul contains ANK domains only. By comparing spaid-like genes in these 

Wolbachia strains, there is no convincing spaid gene in these MK Wolbachia strains 

However, a potential one with similar structure has been found.  

  

 

Table 6: Protein structures of spaid-like gene in different Wolbachia strains.  

spaid-like 

gene 

Host Phenotype Protein strcuture 

wBol1 Hypolimnas bolina Male-killing An ANK domain 

and a latro-toxin 

domain 

wCan Folsomia candida Parthenogenesis 13 ANK domains 

and 2 NB-ARC 

domain 

wVul Armadillidium vulgare Feminization ANK domain only 
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Comparison of spaid-like genes in wPanMK 

To confirm if there exist a spaid-like gene in wPanMK, the spaid protein sequence 

was compared to wPanCI protein first using BLASTP. There are 63 putative proteins 

in wPanCI that shared some sequence similarity to spaid, however these matches were 

confined to the ANK domains only. Comparing the spaid protein to wPanMK proteins 

identified 63 hypothetical proteins that all contained ANK domains that share 

sequence similarity with the ANK domains found in the spaid protein. One putative 

protein, wPanMK_288, which lacks ANK domains, was shown to have sequence 

similarity to spaid (Figure 9). Domain analysis by PFAM predicts wPanMK_288 

protein to contain no ANK domains but has 5 TPR (The tetratricopeptide repeat) 

domains which allow protein-protein interactions (Cortajarena and Regan, 2006, 

Scheufler et al., 2000). wPanMK_288 is predicted to contain an NB-ARC domain, 

which in wCan, has been shown to regulate cell death. Interestingly the same domain 

is predicted for the homologus protein identified in wCan. 

   

 NB-ARC                                     TPR 

 

 

Figure 9: Schematic of functional domains in wPanMK_288. wPanMK_288 is predicted to contain 

one NB-ARC domain (green) and five TRF domains (blue). 
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Discussion 

 

Natural populations of D. pandora are infected by one of two Wolbachia strains: 

wPanCI is found at high prevalence and induces strong CI, and wPanMK which 

induces male-killing and is found at low prevalence (Richardson et al., 2016). The 

rare males that are wPanMK infected cannot induce CI, while all wPanMK female 

hosts can rescue CI imposed by wPanCI males. Through comparative genomics 

among wPanCI, wPanMK and some other Wolbachia strains, this project sought to 

determine possible genetic variation and components that underpin these phenotypes. 

 

Investigation of CI-inducing genes in both wPanCI and wPanMK strains 

The mechanism involved in CI are not fully understood, there exist two proposed 

models supporting the molecular function of CI: 1. A double toxin component model 

where cifA and cifB are both toxic and there exist another gene that can rescue CI 

(Beckmann et al., 2017). 2. The toxin (cifB)-antitoxin (cifA) model where cifB is a 

toxin and cifA acts as an antitoxin to rescue the toxicity of cifB (LePage et al., 2017). 

My results show that there is a high degree of similarity between the both nucleotide 

and protein sequences of wPanCI and wPanMK cifA homologs. cifB in wPanCI was 

shown to share high sequence similarity to wMel, however due to two point mutations 

in the wPanMK cifB gene, the protein is likely to be truncated (Figure 8; Table 11). 

These results support both models of CI: if both cifA/B are required to induce CI, then 

the loss of cifB would explain why wPanMK males cannot induce CI. Alternatively, if 

the toxin-antitoxin model is correct, and there is increasing evidence that suggests this 

to be true (Shropshire et al., 2018), then the loss of cifB would match the loss of CI 

induction but would also explain how wPanMK females are able to rescue CI.  

 

The results of this study have raised many questions that need to be addressed in 

future studies. Firstly, the truncated cifB and full-length cifB would be expressed in 
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D.melanogaster to see if CI can be induced. Secondly, as these sequences (and indeed 

these strains are phylogenetically similar) are similar to wMel, wMel could be tested 

to see whether it can rescue CI induced by wPanCI. Finally, a single pro-phage region 

in wPanCI genome was identified, though putative phage-like genes were identified as 

singletons at multiple loci throughout the genome (Appendix). Therefore, more 

PHAST work could be done to investigate the phage region.  

 

Investigation of the MK genes using wPanMK , wPanCI and other Wolbachia 

strains 

With the recent discovery of spaid, the genetic determinate of male-killing induced by 

Spiroplasma poulsonii (Harumoto and Lemaitre, 2018) was possible to identify 

potential spaid homologs in wPanMK and other Wolbachia strains. In wBol1, 

spaid-like protein contains an ANK domain and a latro-toxin domain; in wCan, 

spaid-like protein has 13 ANK domains and 2 NB-ARC domains and only ANK 

domain was included in the spaid homoloug gene found in wVul (Table 6). A 

common structure, which containing a protein-protein structure and a cell death 

domain, has been identified. In wPanMK, a spaid-like gene wPanMK_288 was 

discovered and predicted to contain an NB-ARC (nucleotide-binding) domain and the 

TPR domain. The NB-ARC domain is a nucleotide-binding adaptor, which regulating 

the cell death by linking a protein-protein interaction to an effector domain (van der 

Biezen and Jones, 1998), while the TPR domain mediates protein-protein interactions 

(Cortajarena and Regan, 2006). Although there are no ANK domains in 

wPanMK_288, the TPR domain can mediate protein-protein interactions with the 

NB-ARC causing cell death. Hence, wPanMK_288 may be the manipulator gene, 

which inducing male-killing.  

 

To confirm that the wPanMK_288 is the manipulator gene to induce MK, more future 

works need to be completed. Firstly, wPanMK_288 would be expressed in Drosophila 
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melanogaster to see if it can induce male-killing. Secondly, similar wPanMK_288 

gene would be determined in other MK strains such as Dinn and Dbif in supergroup A  
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Conclusion 

 

By investigating two new strains of Wolbachia, my work can provide important 

insight to the biology of symbiosis. This study aimed to determine the molecular basis 

of phenotype induced by newly characterized and sequenced Wolbachia strains 

wPanCI and wPanMK in D. pandora by investigating their genotypes. My data has 

shown that the mechanism of CI may be explained by two models (toxin-toxin; 

toxin-antitoxin) and there exist a spaid-like gene in wPanMK may induce the 

male-killing.  
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Comparative genomics and assessing genome instability of wMel3562, 

a novel pathogenic strain of Wolbachia 

 

Introduction 

 

At the commencement of my Master’s project, an initial project was undertaken to 

determine the genetic basis of life-shortening induced by a novel Wolbachia strain 

wMel3562. As stated previously, Wolbachia exhibits a range of phenotypes, including 

manipulation of host reproductive systems and protection against virus (Chrostek and 

Teixeira, 2015). The strength of these phenotypes have been correlated with 

Wolbachia density (Chrostek et al., 2013) (Table 7). Previous studies have shown 

Drosophila melanogaster to be infected by one of three Wolbachia strains (Riegler et 

al., 2005): wMel, which imposes weak CI, wMelCS which establishes higher density 

and is associated with increased virus protection; a third strain is wMelPop, which has 

been shown to over replicate, reduce host lifespan and provides increased viral 

protection (Chrostek et al., 2013). It is speculated that the over-replication is 

responsible for the halving of adult Drosophila lifespan (Rohrscheib et al., 2016, Min 

and Benzer, 1997).    

 

Table 7: Different density of Wolbachia with different effect on host lifespan.  

Strain Effect on host lifespan Density 

wMel No effect Low  

wMelCS No effect 2.55 times higher than wMel 

wMelPop Shortens the lifespan 

dramatically 

3 to 5 times higher than 

wMelCS 

wMelPop-CLA Shortens the lifespan 

dramatically 

Same with wMelPop 

wMel3562 Reduce the lifespan Lower than wMel3562 and 

higher than wMelCS 
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Although phenotypic differences among the wMel-like strains are well described, the 

genetic bases, including pathology, are still debated. Two comparative genome 

studies sequenced the genome of wMelPop and compared that sequence to two 

closely related strains wMel and wMelCS (Chrostek et al., 2013, Woolfit et al., 2013). 

Two key studies by Chrostek and Teixeira (2013; 2015) identified a locus, termed the 

octomom that correlated increased copy number of the Octomom number with both 

increased Wolbachia infection densities and pathology. At the same time as Chrostek 

and Teixeira published their findings, a second study that sequenced the genome of 

wMelPop and wMelPop-CLA, a strain derived from wMelPop that had been 

maintained in insect cell-culture, identified the increased octomom region in wMelPop, 

however this region was absent from the wMelPop-CLA genome (Woolfit et al., 

2013). A subsequent study showed that the Octomom locus copy number within 

wMelPop varied over a short-period of time (days) with no correlation observed 

between Octomom copy number and pathology observed (Rohrscheib et al., 2016). 

This same study also showed that a novel strain, wMel3562, shows intermediate 

density in its host and reduction of adult lifespan of Drosophila when compared to 

wMelPop and wMelCS lacked the ocotomom region (Rohrscheib et al., 2016). 

Consequently, wMel3562 provides an opportunity to explore the genetic basis of 

over-replication, pathology and genome instability. By sequencing the genome of 

wMel3562, and comparing it to wMel, wMelCS, wMelPop and wMelPop-CLA, the 

primary experimental aim was to identify the genetic mechanisms basis of these 

phenotypes and evaluate genome stability of a common endosymbiont. 
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Methods & Materials 

 

Drosophila fly stocks and Wolbachia strains (BNE wMel3562 and wMel3562-T) 

Drosophila melanogaster fly lines 3562 were obtained from the Bloomington (Indiana, 

USA) stock center. Henceforth, the Wolbachia infection from the 3562 fly line 

referred to as wMel3562. Drosophila containing wild-type strain was collected from 

Brisbane, Australia (Yamada et al., 2007). Then, virgin 3562 BNE females were 

mated with Wolbachia-free BNE males (BNE-T) and wild-type female progeny were 

collected and backcrossed to BNE-T background for an additional five generations to 

create the BNE-wMel3562 line (Rohrscheib et al., 2016). Tetracycline was used to 

generate genetically identical fly line which lacking the Wolbachia infection. This fly 

line referred as wMel3562-T (Rohrscheib et al., 2016). All flies will be reared at 25 oC 

with a 12:12 hour light: dark cycle, in plastic bottles containing 25ml food and 

transferred to new food once a week. 

 

PCR screen  

Five wMel3526 flies and five wMel3562-T flies were put into 10 of 1.5 ml tubes 

individually. Each tube was added a clean tungsten bead and 100 l of squash buffer. 

Then, these flies were homogenized by using QIAGEN Tissue Lyser II at frequency 

30 for 40 s. After homogenization, the bead was removed and the samples were boiled 

at 95 oC for 5mins to inactivate enzymes and incubated at 4 oC on ice for more than 

10mins to freeze the fats. Then, the samples were centrifuged at 14,000g for more 

than 10 mins to pellet the cell debris. Finally, 1.5 l of the supernatant was used for 

PCR screen.  
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Each PCR reactions contained 2 l of PCR buffer (10 x), 1 l of MgCl2 (50mM), 1 l 

of dNTPs (2.5mM), 0.1 l of Taq polymerase, 1 l of Forward primer, 1 l of 

Reverse primer, 1.5 l of DNA and H2O to a final volume of 20 l.  

 

Life span analysis of flies at 24 oC and 29 oC  

The lifespan of approximately 200 adult male Drosophila derived from wMel3562 or 

wMel3562-T, separated into 10 groups of 20, were determined at 24 oC and 29 oC. All 

adults were collected by CO2 anaesthesia immediately (Rohrscheib et al., 2016). 

Survival was determined and recorded every 5 days, until all flies have died. 

Averages of survival were compared among wMel3562 and wMel3562-T at 24 oC and 

29 oC   
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Results 

 

PCR screen  

PCR screen was used to confirm that our flies contain wMel3526 so that they can be 

used in future studies (Figure 10). 26s is a primer which can amplify the Drosophila 

genes and it was used to test the PCR program and used as a positive control. wsp is a 

primer which can amplify the Wolbachia genes and it was used to confirm the 

existing of wMel3562. There were bands in 26s showing that the PCR program was 

normal. Bands were present in Wolbachia sample and absent in Wolbachia-free 

sample indicating that the Drosophila contained wMel3526.  

 

 

 

 

 

 

 

 

 

 

 

Figure 10: PCR confirmation of Wolbachia infection status of wMel3562 and wMel3562-T in 

Drosophila melanogaster fly lines. 1% agarose gel electrophoresis stained with ethidium bromide 

showed the PCR products following the amplification. Lane 1: 1kb DNA ladder, lanes 2-6: wMel3562 

with host primers 26s (positive control), lanes 7-11: wMel3562-T with primers 26s, lanes b-f: 

wMel3562 with specific primer wsp, lanes g-k: wMel3562-T with primer wsp (negative control). 26s 

(~400 bp) in lanes 2-11. wsp (~600 bp) in lanes g-k. Lanes b-f did not show bands. 
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Survival 

A standard survival assay was used to confirm that an increase in temperature 

correlated with a reduction in adult lifespan of Drosophila infected with wMel3526. 

We compared the lifespan of adult Drosophila infected with wMel3526 and 

wMel3562-free at 24 oC and 29 oC (Figure 11) but observed no statistical difference 

in survival rates between infected and uninfected flylines at both temperatures (p > 

0.05). These experiments were repeated three times, with no difference in survival 

rates observed. Consequently, this project was terminated.  

A 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

Figure 11: Survival number of Drosophila with wMel3562 and wMel3562-T at 24 oC and 29 oC. 
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Disscussion & Conclusion 

 

This part of my research provides evidence that wMel3562 has the phenotype, which 

reducing the lifespan of D.melanogaster and the virulence of wMel3562 were affected 

by temperature and temperature may be independent of the replication. To confirm 

whether temperature is the independent factor of bacterial density and rate of bacterial 

growth, qPCR assays should be done. However, in further experiments, some 

problems occurred in DNA extraction step and qPCR assays, which leading no results 

can be found. We did not have enough flies for collecting another group of samples 

for qPCR assays and the future genome sequencing of wMel3562. Therefore, we 

changed our project to “Comparative genome analysis of Wolbachia strain wPanCI 

and wPanMK”.  

 

 



45 

 

Reference List 

 

A.WEIL, A. & B.HARRIS, J. 2015. Vibrio cholerae. Molecular Medical Microbiology 2, 1079-1098. 

AHMED, M. Z., BREINHOLT, J. W. & KAWAHARA, A. Y. 2016. Evidence for common horizontal 

transmission of Wolbachia among butterflies and moths. Bmc Evolutionary Biology, 16. 

AZIZ, R. K., BARTELS, D., BEST, A. A., DEJONGH, M., DISZ, T., EDWARDS, R. A., FORMSMA, K., 

GERDES, S., GLASS, E. M., KUBAL, M., MEYER, F., OLSEN, G. J., OLSON, R., OSTERMAN, A. 

L., OVERBEEK, R. A., MCNEIL, L. K., PAARMANN, D., PACZIAN, T., PARRELLO, B., PUSCH, 

G. D., REICH, C., STEVENS, R., VASSIEVA, O., VONSTEIN, V., WILKE, A. & ZAGNITKO, O. 

2008. The RAST server: Rapid annotations using subsystems technology. Bmc Genomics, 

9. 

BALDO, L., HOTOPP, J. C. D., JOLLEY, K. A., BORDENSTEIN, S. R., BIBER, S. A., CHOUDHURY, R. R., 

HAYASHI, C., MAIDEN, M. C. J., TETTELIN, H. & WERREN, J. H. 2006. Multilocus sequence 

typing system for the endosymbiont Wolbachia pipientis. Applied and Environmental 

Microbiology, 72, 7098-7110. 

BECKMANN, J. F., RONAU, J. A. & HOCHSTRASSER, M. 2017. A Wolbachia deubiquitylating 

enzyme induces cytoplasmic incompatibility. Nature Microbiology, 2. 

BORDENSTEIN, S. R. & BORDENSTEIN, S. R. 2016. Eukaryotic association module in phage WO 

genomes from Wolbachia. Nature Communications, 7. 

BORDENSTEIN, S. R., MARSHALL, M. L., FRY, A. J., KIM, U. & WERNEGREEN, J. J. 2006. The 

tripartite associations between bacteriophage, Wolbachia, and arthropods (vol 2, pg 10, 

2006). Plos Pathogens, 2, 1024-1024. 

BORK, P. 1993. Hundreds of Ankyrin-Like Repeats in Functionally Diverse Proteins - Mobile 

Modules That Cross Phyla Horizontally. Proteins-Structure Function and Genetics, 17, 

363-374. 

BOUCHERY, T., LEFOULON, E., KARADJIAN, G., NIEGUITSILA, A. & MARTIN, C. 2013. The 

symbiotic role of Wolbachia in Onchocercidae and its impact on filariasis. Clinical 

Microbiology and Infection, 19, 131-140. 

BRAQUART-VARNIER, C., LACHAT, M., HERBINIERE, J., JOHNSON, M., CAUBET, Y., BOUCHON, D. 

& SICARD, M. 2008. Wolbachia Mediate Variation of Host Immunocompetence. Plos One, 

3. 

BROWNLIE, J. C., CASS, B. N., RIEGLER, M., WITSENBURG, J. J., ITURBE-ORMAETXE, I., MCGRAW, E. 

A. & O'NEILL, S. L. 2009. Evidence for Metabolic Provisioning by a Common Invertebrate 

Endosymbiont, Wolbachia pipientis, during Periods of Nutritional Stress. Plos Pathogens, 

5. 

BROWNLIE, J. C. & O'NEILL, S. L. 2005. Wolbachia genomes: Insights into an intracellular lifestyle. 

Current Biology, 15, R507-R509. 

CASIRAGHI, M., BORDENSTEIN, S. R., BALDO, L., LO, N., BENINATI, T., WERNEGREEN, J. J., 

WERREN, J. H. & BANDI, C. 2005. Phylogeny of Wolbachia pipientis based on gltA, groEL 

and ftsZ gene sequences: clustering of arthropod and nematode symbionts in the F 

supergroup, and evidence for further diversity in the Wolbachia tree. Microbiology-Sgm, 

151, 4015-4022. 



46 

 

CATUREGLI, P., ASANOVICH, K. M., WALLS, J. J., BAKKEN, J. S., MADIGAN, J. E., POPOV, V. L. & 

DUMLER, J. S. 2000. ankA: an Ehrlichia phagocytophila group gene encoding a 

cytoplasmic protein antigen with ankyrin repeats. Infection and Immunity, 68, 

5277-5283. 

CHARLAT, S., CALMET, C. & MERCOT, H. 2001. On the mod resc model and the evolution of 

Wolbachia compatibility types. Genetics, 159, 1415-1422. 

CHROSTEK, E., MARIALVA, M. S. P., ESTEVES, S. S., WEINERT, L. A., MARTINEZ, J., JIGGINS, F. M. & 

TEIXEIRA, L. 2013. Wolbachia Variants Induce Differential Protection to Viruses in 

Drosophila melanogaster: A Phenotypic and Phylogenomic Analysis. Plos Genetics, 9. 

CHROSTEK, E. & TEIXEIRA, L. 2015. Mutualism Breakdown by Amplification of Wolbachia Genes. 

Plos Biology, 13. 

CORTAJARENA, A. L. & REGAN, L. 2006. Ligand binding by TPR domains. Protein Science, 15, 

1193-1198. 

DE BARY, A. 1879. The Phenomenon of Symbiosis. Karl J. Trubner, Strasbourg. 

DUPLOUY, A., ITURBE-ORMAETXE, I., BEATSON, S. A., SZUBERT, J. M., BROWNLIE, J. C., 

MCMENIMAN, C. J., MCGRAW, E. A., HURST, G. D. D., CHARLAT, S., O'NEILL, S. L. & 

WOOLFIT, M. 2013. Draft genome sequence of the male-killing Wolbachia strain wBol1 

reveals recent horizontal gene transfers from diverse sources. Bmc Genomics, 14. 

DURON, O., RAYMOND, M. & WEILL, M. 2011. Many compatible Wolbachia strains coexist within 

natural populations of Culex pipiens mosquito. Heredity (Edinb), 106, 986-93. 

FOSTER, J., GANATRA, M., KAMAL, I., WARE, J., MAKAROVA, K., IVANOVA, N., BHATTACHARYYA, 

A., KAPATRAL, V., KUMAR, S., POSFAI, J., VINCZE, T., INGRAM, J., MORAN, L., LAPIDUS, A., 

OMELCHENKO, M., KYRPIDES, N., GHEDIN, E., WANG, S., GOLTSMAN, E., JOUKOV, V., 

OSTROVSKAYA, O., TSUKERMAN, K., MAZUR, M., COMB, D., KOONIN, E. & SLATKO, B. 

2005. The Wolbachia genome of Brugia malayi: Endosymbiont evolution within a human 

pathogenic nematode. Plos Biology, 3, 599-614. 

FRIAS-STAHELI, N., GIANNAKOPOULOS, N. V., KIKKERT, M., TAYLOR, S. L., BRIDGEN, A., 

PARAGAS, J., RICHT, J. A., ROWLAND, R. R., SCHMALJOHN, C. S., LENSCHOW, D. J., 

SNIJDER, E. J., GARCIA-SASTRE, A. & VIRGIN, H. W. 2007. Ovarian tumor 

domain-containing viral proteases evade ubiquitin- and ISG15-dependent innate 

immune responses. Cell Host & Microbe, 2, 404-416. 

GERARDO, N. M. & WILSON, A. C. C. 2011. The power of paired genomes. Molecular Ecology, 20, 

2038-2040. 

GHERNA, R. L., WERREN, J. H., WEISBURG, W., COTE, R., WOESE, C. R., MANDELCO, L. & 

BRENNER, D. J. 1991. Arsenophonus-Nasoniae Gen-Nov, Sp-Nov, the Causative Agent 

of the Son-Killer Trait in the Parasitic Wasp Nasonia-Vitripennis. International Journal of 

Systematic Bacteriology, 41, 563-565. 

HAINE, E. R. & COOK, J. M. 2005. Convergent incidences of Wolbachia infection in fig wasp 

communities from two continents. Proceedings of the Royal Society B-Biological 

Sciences, 272, 421-429. 

HARUMOTO, T. & LEMAITRE, B. 2018. Male-killing toxin in a bacterial symbiont of Drosophila. 

Nature, 557, 252-+. 

HASELKORN, T. S. 2010. The Spiroplasma heritable bacterial endosymbiont of Drosophila. Fly, 4, 

80-87. 



47 

 

HEATH, B. D., BUTCHER, R. D. J., WHITFIELD, W. G. F. & HUBBARD, S. F. 1999. Horizontal transfer 

of Wolbachia between phylogenetically distant insect species by a naturally occurring 

mechanism. Current Biology, 9, 313-316. 

HEDGES, L. M., BROWNLIE, J. C., O'NEILL, S. L. & JOHNSON, K. N. 2008. Wolbachia and Virus 

Protection in Insects. Science, 322, 702-702. 

HENTSCHEL, U., STEINERT, M. & HACKER, J. 2000. Common molecular mechanisms of symbiosis 

and pathogenesis. Trends in Microbiology, 8, 226-231. 

HERTIG, M. & WOLBACH, S. B. 1924. Studies on Rickettsia-Like Micro-Organisms in Insects. J 

Med Res, 44, 329-374 7. 

HILGENBOECKER, K., HAMMERSTEIN, P., SCHLATTMANN, P., TELSCHOW, A. & WERREN, J. H. 

2008. How many species are infected with Wolbachia? - a statistical analysis of current 

data. Fems Microbiology Letters, 281, 215-220. 

HOERAUF, A. 2008. Filariasis: new drugs and new opportunities for lymphatic filariasis and 

onchocerciasis. Current Opinion in Infectious Diseases, 21, 673-681. 

HOFFMANN, A. A., TURELLI, M. & SIMMONS, G. M. 1986. Unidirectional Incompatibility between 

Populations of Drosophila-Simulans. Evolution, 40, 692-701. 

HORNETT, E. A., DUPLOUY, A. M. R., DAVIES, N., RODERICK, G. K., WEDELL, N., HURST, G. D. D. & 

CHARLAT, S. 2008. You can't keep a good parasite down: Evolution of a male-killer 

suppressor uncovers cytoplasmic incompatibility. Evolution, 62, 1258-1263. 

HOSOKAWA, T., KOGA, R., KIKUCHI, Y., MENG, X. Y. & FUKATSU, T. 2010. Wolbachia as a 

bacteriocyte-associated nutritional mutualist. Proceedings of the National Academy of 

Sciences of the United States of America, 107, 769-774. 

HURST, G. D. D. & FROST, C. L. 2015. Reproductive Parasitism: Maternally Inherited Symbionts in 

a Biparental World. Cold Spring Harbor Perspectives in Biology, 7. 

HURST, G. D. D. & JIGGINS, F. M. 2000. Male-killing bacteria in insects: Mechanisms, incidence, 

and implications. Emerging Infectious Diseases, 6, 329-336. 

HURST, G. D. D., JIGGINS, F. M., VON DER SCHULENBURG, J. H. G., BERTRAND, D., WEST, S. A., 

GORIACHEVA, I. I., ZAKHAROV, I. A., WERREN, J. H., STOUTHAMER, R. & MAJERUS, M. E. 

N. 1999. Male-killing Wolbachia in two species of insect. Proceedings of the Royal 

Society B-Biological Sciences, 266, 735-740. 

HURST, G. D. D., JOHNSON, A. P., VON DER SCHULENBURG, J. H. G. & FUYAMA, Y. 2000. 

Male-killing Wolbachia in Drosophila: A temperature-sensitive trait with a threshold 

bacterial density. Genetics, 156, 699-709. 

JAENIKE, J., UNCKLESS, R., COCKBURN, S. N., BOELIO, L. M. & PERLMAN, S. J. 2010. Adaptation 

via Symbiosis: Recent Spread of a Drosophila Defensive Symbiont. Science, 329, 

212-215. 

JEON, K. W. 2011. Endosymbionts. Encyclopedia of Life Sciences (ELS), 1-11. 

KEARSE, M., MOIR, R., WILSON, A., STONES-HAVAS, S., CHEUNG, M., STURROCK, S., BUXTON, S., 

COOPER, A., MARKOWITZ, S., DURAN, C., THIERER, T., ASHTON, B., MEINTJES, P. & 

DRUMMOND, A. 2012. Geneious Basic: An integrated and extendable desktop software 

platform for the organization and analysis of sequence data. Bioinformatics, 28, 

1647-1649. 

KENT, B. N., FUNKHOUSER, L. J., SETIA, S. & BORDENSTEIN, S. R. 2011. Evolutionary Genomics of 

a Temperate Bacteriophage in an Obligate Intracellular Bacteria (Wolbachia). Plos One, 6. 



48 

 

KLASSON, L., WALKER, T., SEBAIHIA, M., SANDERS, M. J., QUAIL, M. A., LORD, A., SANDERS, S., 

EARL, J., O'NEILL, S. L., THOMSON, N., SINKINS, S. P. & PARKHILL, J. 2008. Genome 

evolution of Wolbachia strain wPip from the Culex pipiens group. Molecular Biology and 

Evolution, 25, 1877-1887. 

KREMER, N., VORONIN, D., CHARIF, D., MAVINGUI, P., MOLLEREAU, B. & VAVRE, F. 2009. 

Wolbachia Interferes with Ferritin Expression and Iron Metabolism in Insects. Plos 

Pathogens, 5. 

LANDMANN, F., ORSI, G. A., LOPPIN, B. & SULLIVAN, W. 2009. Wolbachia-Mediated Cytoplasmic 

Incompatibility Is Associated with Impaired Histone Deposition in the Male Pronucleus. 

Plos Pathogens, 5. 

LEPAGE, D. P., METCALF, J. A., BORDENSTEIN, S. R., ON, J. M., PERLMUTTER, J. I., SHROPSHIRE, J. 

D., LAYTON, E. M., FUNKHOUSER-JONES, L. J., BECKMANN, J. F. & BORDENSTEIN, S. R. 

2017. Prophage WO genes recapitulate and enhance Wolbachia-induced cytoplasmic 

incompatibility. Nature, 543, 243-+. 

LI, Y. & FALLON, A. 2015. Phylogenetic Analysis of Wolbachia from Folsomia Candida (Collembola: 

Isotomidae) via Sequences from WspB and Ribosomal Protein Genes. Faseb Journal, 29. 

LINDSEY, A. R. I., RICE, D. W., BORDENSTEIN, S. R., BROOKS, A. W., BORDENSTEIN, S. R. & 

NEWTON, I. L. G. 2018. Evolutionary Genetics of Cytoplasmic Incompatibility Genes cifA 

and cifB in Prophage WO of Wolbachia. Genome Biol Evol, 10, 434-451. 

MARCON, H. S., COSCRATO, V. E., SELIVON, D., PERONDINI, A. L. P. & MARINO, C. L. 2011. 

Variations in the Sensitivity of Different Primers for Detecting Wolbachia in Anastrepha 

(Diptera: Tephritidae). Brazilian Journal of Microbiology, 42, 778-785. 

MASUI, S., KAMODA, S., SASAKI, T. & ISHIKAWA, H. 2000. Distribution and evolution of 

bacteriophage WO in Wolbachia, the endosymbiont causing sexual alterations in 

arthropods. Journal of Molecular Evolution, 51, 491-497. 

MCEVEY, S. F. & SCHIFFER, M. 2015. New Species in the Drosophila ananassae Subgroup from 

Northern Australia, New Guinea and the South Pacific (Diptera: Drosophilidae), with 

Historical Overview. Records of the Australian Museum, 67, 129-161. 

MERCOT, H. & CHARLAT, S. 2004. Wolbachia infections in Drosophila melanogaster and D. 

simulans: polymorphism and levels of cytoplasmic incompatibility. Genetica, 120, 51-59. 

MIN, K. T. & BENZER, S. 1997. Wolbachia, normally a symbiont of Drosophila, can be virulent, 

causing degeneration and early death. Proceedings of the National Academy of Sciences 

of the United States of America, 94, 10792-10796. 

NEWTON, I. L. G., CLARK, M. E., KENT, B. N., BORDENSTEIN, S. R., QU, J. X., RICHARDS, S., KELKAR, 

Y. D. & WERREN, J. H. 2016. Comparative Genomics of Two Closely Related Wolbachia 

with Different Reproductive Effects on Hosts. Genome Biology and Evolution, 8, 

1526-1542. 

NOR, I., ENGELSTADTER, J., DURON, O., REUTER, M., SAGOT, M. F. & CHARLAT, S. 2013. On the 

Genetic Architecture of Cytoplasmic Incompatibility: Inference from Phenotypic Data. 

American Naturalist, 182, E15-E24. 

O'NEILL, S. L., GIORDANO, R., COLBERT, A. M., KARR, T. L. & ROBERTSON, H. M. 1992. 16S rRNA 

phylogenetic analysis of the bacterial endosymbionts associated with cytoplasmic 

incompatibility in insects. Proc Natl Acad Sci U S A, 89, 2699-702. 



49 

 

OVERBEEK, R., OLSON, R., PUSCH, G. D., OLSEN, G. J., DAVIS, J. J., DISZ, T., EDWARDS, R. A., 

GERDES, S., PARRELLO, B., SHUKLA, M., VONSTEIN, V., WATTAM, A. R., XIA, F. F. & 

STEVENS, R. 2014. The SEED and the Rapid Annotation of microbial genomes using 

Subsystems Technology (RAST). Nucleic Acids Research, 42, D206-D214. 

PEREZ-TRALLERO, E., VICENTE, D., MONTES, M., MARIMON, J. M. & PINEIRO, L. 2001. High 

proportion of pharyngeal carriers of commensal streptococci resistant to erythromycin in 

Spanish adults. Journal of Antimicrobial Chemotherapy, 48, 225-229. 

RICHARDSON, K. M., SCHIFFER, M., GRIFFIN, P. C., LEE, S. F. & HOFFMANN, A. A. 2016. Tropical 

Drosophila pandora carry Wolbachia infections causing cytoplasmic incompatibility or 

male killing. Evolution, 70. 

RIEGLER, M., SIDHU, M., MILLER, W. J. & O'NEILL, S. L. 2005. Evidence for a global Wolbachia 

replacement in Drosophila melanogaster. Current Biology, 15, 1428-1433. 

ROHRSCHEIB, C. E., FRENTIU, F. D., HORN, E., RITCHIE, F. K., VAN SWINDEREN, B., WEIBLE, M. W., 

O'NEILL, S. L. & BROWNLIE, J. C. 2016. Intensity of Mutualism Breakdown Is Determined 

by Temperature Not Amplification of Wolbachia Genes. Plos Pathogens, 12. 

ROUSSET, F., BOUCHON, D., PINTUREAU, B., JUCHAULT, P. & SOLIGNAC, M. 1992. Wolbachia 

Endosymbionts Responsible for Various Alterations of Sexuality in Arthropods. 

Proceedings of the Royal Society B-Biological Sciences, 250, 91-98. 

SCHEUFLER, C., BRINKER, A., BOURENKOV, G., PEGORARO, S., MORODER, L., BARTUNIK, H., 

HARTL, F. U. & MOAREFI, I. 2000. Structure of TPR domain-peptide complexes: Critical 

elements in the assembly of the Hsp70-Hsp90 multichaperone machine. Cell, 101, 

199-210. 

SHOEMAKER, D. D., MACHADO, C. A., MOLBO, D., WERREN, J. H., WINDSOR, D. M. & HERRE, E. A. 

2002. The distribution of Wolbachia in fig wasps: correlations with host phylogeny, 

ecology and population structure. Proceedings of the Royal Society B-Biological Sciences, 

269, 2257-2267. 

SHROPSHIRE, J. D., ON, J., LAYTON, E. M., ZHOU, H. & BORDENSTEIN, S. R. 2018. One prophage 

WO gene rescues cytoplasmic incompatibility in Drosophila melanogaster. Proceedings 

of the National Academy of Sciences of the United States of America, 115, 4987-4991. 

SINKINS, S. P., WALKER, T., LYND, A. R., STEVEN, A. R., MAKEPEACE, B. L., GODFRAY, H. C. J. & 

PARKHILL, J. 2005. Wolbachia variability and host effects on crossing type in Culex 

mosquitoes. Nature, 436, 257-260. 

SUTTON, E. R., HARRIS, S. R., PARKHILL, J. & SINKINS, S. P. 2014. Comparative genome analysis of 

Wolbachia strain wAu. Bmc Genomics, 15. 

TAYLOR, M. J., HOERAUF, A. & BOCKARIE, M. 2010. Lymphatic filariasis and onchocerciasis. 

Lancet, 376, 1175-1185. 

TEIXEIRA, L., FERREIRA, A. & ASHBURNER, M. 2008. The Bacterial Symbiont Wolbachia Induces 

Resistance to RNA Viral Infections in Drosophila melanogaster. Plos Biology, 6, 

2753-2763. 

TELSCHOW, A., YAMAMURA, N. & WERREN, J. H. 2005. Bidirectional cytoplasmic incompatibility 

and the stable coexistence of two Wolbachia strains in parapatric host populations. 

Journal of Theoretical Biology, 235, 265-274. 



50 

 

TILEY, G. P. & BURLEIGH, J. G. 2015. Erratum to: The relationship of recombination rate, genome 

structure, and patterns of molecular evolution across angiosperms. BMC Evol Biol, 15, 

244. 

TRAM, U. & SULLIVAN, W. 2002. Role of delayed nuclear envelope breakdown and mitosis in 

Wolbachia-induced cytoplasmic incompatibility. Science, 296, 1124-6. 

TULLY, J. G. 1979. Mycoplasmas of Vertebrates, Plants and Insects. In Vitro-Journal of the Tissue 

Culture Association, 15, 185-185. 

TURELLI, M. & HOFFMANN, A. A. 1995. Cytoplasmic Incompatibility in Drosophila-Simulans - 

Dynamics and Parameter Estimates from Natural-Populations. Genetics, 140, 1319-1338. 

VAN DER BIEZEN, E. A. & JONES, J. D. G. 1998. The NB-ARC domain: A novel signalling motif 

shared by plant resistance gene products and regulators of cell death in animals. Current 

Biology, 8, R226-R227. 

WALKER, T., JOHNSON, P. H., MOREIRA, L. A., ITURBE-ORMAETXE, I., FRENTIU, F. D., 

MCMENIMAN, C. J., LEONG, Y. S., DONG, Y., AXFORD, J., KRIESNER, P., LLOYD, A. L., 

RITCHIE, S. A., O'NEILL, S. L. & HOFFMANN, A. A. 2011. The wMel Wolbachia strain 

blocks dengue and invades caged Aedes aegypti populations. Nature, 476, 450-3. 

WANG, G. H., SUN, B. F., XIONG, T. L., WANG, Y. K., MURFIN, K. E., XIAO, J. H. & HUANG, D. W. 

2016. Bacteriophage WO Can Mediate Horizontal Gene Transfer in Endosymbiotic 

Wolbachia Genomes. Frontiers in Microbiology, 7. 

WEEKS, A. R. & BREEUWER, J. A. J. 2001. Wolbachia-induced parthenogenesis in a genus of 

phytophagous mites. Proceedings of the Royal Society B-Biological Sciences, 268, 

2245-2251. 

WERREN, J. H. 1997. Biology of Wolbachia. Annual Review of Entomology, 42, 587-609. 

WERREN, J. H. 2005. Concepts and Controversies. Microbial Evolution, 226-231. 

WERREN, J. H., BALDO, L. & CLARK, M. E. 2008. Wolbachia: master manipulators of invertebrate 

biology. Nat Rev Microbiol, 6, 741-51. 

WERREN, J. H., HURST, G. D. D., ZHANG, W., BREEUWER, J. A. J., STOUTHAMER, R. & MAJERUS, M. 

E. N. 1994. Rickettsial Relative Associated with Male Killing in the Ladybird Beetle 

(Adalia-Bipunctata). Journal of Bacteriology, 176, 388-394. 

WERREN, J. H. & WINDSOR, D. M. 2000. Wolbachia infection frequencies in insects: evidence of a 

global equilibrium? Proc Biol Sci, 267, 1277-85. 

WILKINSON, T. L. & DOUGLAS, A. E. 1995. Why Pea Aphids (Acyrthosiphon-Pisum) Lacking 

Symbiotic Bacteria Have Elevated Levels of the Amino-Acid Glutamine. Journal of Insect 

Physiology, 41, 921-927. 

WOOLFIT, M., ITURBE-ORMAETXE, I., BROWNLIE, J. C., WALKER, T., RIEGLER, M., SELEZNEV, A., 

POPOVICI, J., RANCES, E., WEE, B. A., PAVLIDES, J., SULLIVAN, M. J., BEATSON, S. A., 

LANE, A., SIDHU, M., MCMENIMAN, C. J., MCGRAW, E. A. & O'NEILL, S. L. 2013. Genomic 

Evolution of the Pathogenic Wolbachia Strain, wMelPop. Genome Biology and Evolution, 

5, 2189-2204. 

WU, M., SUN, L. V., VAMATHEVAN, J., RIEGLER, M., DEBOY, R., BROWNLIE, J. C., MCGRAW, E. A., 

MARTIN, W., ESSER, C., AHMADINEJAD, N., WIEGAND, C., MADUPU, R., BEANAN, M. J., 

BRINKAC, L. M., DAUGHERTY, S. C., DURKIN, A. S., KOLONAY, J. F., NELSON, W. C., 

MOHAMOUD, Y., LEE, P., BERRY, K., YOUNG, M. B., UTTERBACK, T., WEIDMAN, J., 

NIERMAN, W. C., PAULSEN, I. T., NELSON, K. E., TETTELIN, H., O'NEILL, S. L. & EISEN, J. A. 



51 

 

2004. Phylogenomics of the reproductive parasite Wolbachia pipientis wMel: A 

streamlined genome overrun by mobile genetic elements. Plos Biology, 2, 327-341. 

YAMADA, R., FLOATE, K. D., RIEGLER, M. & O'NEIN, S. L. 2007. Male development time influences 

the strength of Wolbachia-Induced cytoplasmic incompatibility expression in Drosophila 

melanogaster. Genetics, 177, 801-808. 

YEN, J. H. & BARR, A. R. 1971. New Hypothesis of Cause of Cytoplasmic Incompatibility in 

Culex-Pipiens L. Nature, 232, 657-&. 

ZHANG, D. P., DE SOUZA, R. F., ANANTHARAMAN, V., IYER, L. M. & ARAVIND, L. 2012. 

Polymorphic toxin systems: Comprehensive characterization of trafficking modes, 

processing, mechanisms of action, immunity and ecology using comparative genomics. 

Biology Direct, 7. 

ZHOU, W. G., ROUSSET, F. & O'NEILL, S. 1998. Phylogeny and PCR-based classification of 

Wolbachia strains using wsp gene sequences. Proceedings of the Royal Society 

B-Biological Sciences, 265, 509-515. 

ZHOU, Y., LIANG, Y. J., LYNCH, K. H., DENNIS, J. J. & WISHART, D. S. 2011. PHAST: A Fast Phage 

Search Tool. Nucleic Acids Research, 39, W347-W352. 

ZUG, R. & HAMMERSTEIN, P. 2012. Still a Host of Hosts for Wolbachia: Analysis of Recent Data 

Suggests That 40% of Terrestrial Arthropod Species Are Infected. Plos One, 7. 

ZUG, R. & HAMMERSTEIN, P. 2015. Bad guys turned nice? A critical assessment of Wolbachia 

mutualisms in arthropod hosts. Biological Reviews, 90, 89-111. 

 

 



52 

 

Appendix 

 

Table 8: Phage region in wPanCI.  

CDS BLAST_HIT 

1 attL    ATGCAGGAAAAAG  

2 PHAGE_Bacill_CP_51_NC_025423: putative tail protein; PP_00635; 

phage(gi725949507)  

3 Hypothetical protein WD0581 [Wolbachia endosymbiont of Drosophila 

melanogaster]. gi|42520437|ref|NP_966352.1|; PP_00636  

4 PHAGE_Gordon_OneUp_NC_030917: hypothetical protein; PP_00637; 

phage(gi100099)  

5 PHAGE_Mycoba_Adawi_NC_022328: replicative helicase; PP_00638; 

phage(gi543170860)  

6 Hypothetical protein WD0584 [Wolbachia endosymbiont of Drosophila 

melanogaster]. gi|42520440|ref|NP_966355.1|; PP_00639  

7 Hypothetical protein wHa_03650 [Wolbachia endosymbiont of Drosophila simulans 

wHa]. gi|482891798|ref|YP_007889010.1|; PP_00640  

8 PROPHAGE_Xantho_33913: IS1480 transposase; PP_00641; phage(gi21231089)  

9 PHAGE_Paenib_Tripp_NC_028930: transposase; PP_00642; phage(gi971756982) 

10 Hypothetical; PP_00643  

11 PHAGE_Escher_vB_EcoM_ep3_NC_025430: hypothetical protein; PP_00644; 

phage(gi712913204) 

12 PHAGE_Escher_vB_EcoM_ep3_NC_025430: hypothetical protein; PP_00645; 

phage(gi712913205)  

13 PHAGE_Escher_vB_EcoM_ep3_NC_025430: hypothetical protein; PP_00646; 

phage(gi712913206)  

14 PHAGE_Yersin_phiR1_37_NC_016163: hypothetical protein; PP_00647; 

phage(gi358356625) 

15 PHAGE_Escher_vB_EcoM_ep3_NC_025430: tail protein; PP_00648; 

phage(gi712913207) 

16 PHAGE_Escher_vB_EcoM_ep3_NC_025430: tail protein; PP_00649; 

phage(gi712913208) 

17 Hypothetical protein WRi_010120 [Wolbachia sp. wRi]. 

gi|225630717|ref|YP_002727508.1|; PP_00650 

18 Hypothetical protein WRi_010120 [Wolbachia sp. wRi]. 

gi|225630717|ref|YP_002727508.1|; PP_00651 

19 Ankyrin repeat domain protein [Wolbachia sp. wRi]. 

gi|225630716|ref|YP_002727507.1|; PP_00652  

20 Ankyrin repeat domain protein [Wolbachia sp. wRi]. 

gi|225630715|ref|YP_002727506.1|; PP_00653  

21 Hypothetical protein WD0635 [Wolbachia endosymbiont of Drosophila 

melanogaster]. gi|42520485|ref|NP_966400.1|; PP_00654  
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22 attR    ATGCAGGAAAAAG  

23 PHAGE_Entero_EFC_1_NC_025453: site-specific integrase; PP_00655; 

phage(gi725950572) 

 

Table 9: Phage region 1 in wPanMK. 

CDS BLAST_HIT 

1 PHAGE_Pseudo_phi3_NC_030940: serine recombinase; PP_00458; phage(gi100001)  

2 PHAGE_Pseudo_phi3_NC_030940: serine recombinase; PP_00459; phage(gi100001) 

3 Hypothetical protein WRi_005930 [Wolbachia sp. wRi]. 

gi|225630369|ref|YP_002727160.1|; PP_00460 

4 PHAGE_Bacill_SP_15_NC_031245: DNA polymerase; PP_00461; phage(gi100155)  

5 PHAGE_Cyanop_S_TIM5_NC_019516: virion structural protein; PP_00462; 

phage(gi422936221) 

6 PHAGE_Bacill_SP_15_NC_031245: DNA primase; PP_00463; phage(gi100074)  

7 Putative transposase [Octadecabacter arcticus 238]. 

gi|478177787|ref|YP_007698860.1|; PP_00464  

8 PROPHAGE_Shewan_MR-1: IS110 family transposase; PP_00465; 

phage(gi24375433)  

9 PROPHAGE_Escher_MG1655: glycation-binding protein, predicted 

protease/chaperone; essential for genome maintenance; PP_00466; phage(gi16130960) 

 

Table 10: Phage region 2 in wPanMK. 

CDS BLAST_HIT 

1 PHAGE_Pseudo_73_NC_007806: hypothetical protein ORF037; PP_01091; 

phage(gi148912865) 

2 Ankyrin repeat domain protein [Wolbachia sp. wRi]. 

gi|225630715|ref|YP_002727506.1|; PP_01092 

3 Ankyrin repeat-containing prophage LambdaW1 [Wolbachia endosymbiont of 

Drosophila melanogaster]. gi|42520486|ref|NP_966401.1|; PP_01093  

4 Ankyrin repeat domain protein [Wolbachia sp. wRi]. 

gi|225630716|ref|YP_002727507.1|; PP_01094  

5 Hypothetical protein WRi_010120 [Wolbachia sp. wRi]. 

gi|225630717|ref|YP_002727508.1|; PP_01095  

6 PHAGE_Escher_vB_EcoM_ep3_NC_025430: tail protein; PP_01096; 

phage(gi712913208) 

7 PHAGE_Escher_vB_EcoM_ep3_NC_025430: tail protein; PP_01097; 

phage(gi712913207)  

8 PHAGE_Yersin_phiR1_37_NC_016163: hypothetical protein; PP_01098; 

phage(gi358356625) 

9 Baseplate assembly protein V [Wolbachia sp. wRi]. 

gi|225630721|ref|YP_002727512.1|; PP_01099 

10 PHAGE_Escher_vB_EcoM_ep3_NC_025430: hypothetical protein; PP_01100; 

phage(gi712913206) 
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11 PHAGE_Escher_vB_EcoM_ep3_NC_025430: hypothetical protein; PP_01101; 

phage(gi712913205)  

12 PHAGE_Escher_vB_EcoM_ep3_NC_025430: hypothetical protein; PP_01102; 

phage(gi712913204)  

13 RNA-directed DNA polymerase (Reverse transcriptase) [Wolbachia sp. wRi]. 

gi|225630738|ref|YP_002727529.1|; PP_01103 

14 PHAGE_Paenib_Tripp_NC_028930: transposase; PP_01104; phage(gi971756982) 

15 PROPHAGE_Xantho_33913: IS1480 transposase; PP_01105; phage(gi21231089) 

16 PROPHAGE_Shewan_MR-1: ISSod1, transposase OrfB; PP_01106; 

phage(gi24373866)  

17 Hypothetical; PP_01107  

18 Secretion protein, HlyD family [Wolbachia sp. wRi]. 

gi|225630268|ref|YP_002727059.1|; PP_01108  

19 PHAGE_Prochl_P_TIM68_NC_028955: hypothetical protein; PP_01109; 

phage(gi971760361)  

 

Table 11: DNA sequence of cifB gene of wPanMK.  

wPanMK_731: 

gtgtctttaataagaagtttagtggatggagatcttgatggttttagacaagagtttgaatcctttttagatcaatgtccatttttcttgtatcatgt

aagtacaggacgtttccttcctgtattctttttcagtatgtttgctactgctcatgatgctaatatcttaaaagcaaatgagagagtgtattttcgt

tttgataatcatggtattgatacaggtggtagaaatagaaatacagggaacctaaaagtcgctgtttatcgtgacggacagcaagttgtcag

atgctacagtatttctgatcgtcttaatagtgatgggttaaggttcagtacaagggaaagaaatgctctagtgcgagagattagagggcaaa

atccaaattga 

 

wPanCI_189: 

gtgcctttaataagaagtttagtggatggagatcttgatggttttagacaagagtttgaatcctttttagatcaatgtccatttttcttgtatcatg

taagtacaggacgtttccttcctgtattctttttcagtatgtttgctactgctcatgatgctaatatcttaaaagcaaatgagagagtgtattttcg

ttttgataatcatggtattgatacaggtggtagaaatagaaatacagggaacctaaaagtcgctgtttatcgtgacggacagcaagttgtcag

atgctacagtatttctgatcgtcttaatagtgatgggttaaggttcagtacaagggaaagaaatgctctagtgcgagagattagagggcaaa

atccaaatttaagggaagaagacctaaattttgagcaatacaaagtatgcatgcatggaaagggcaagagtcagggagaggcgattgcaa

cagtattcgaggtgattcgtgaaaaagattctcaaggtagagatagatttgctaaatattcagcgtctgagattagccttcttaggcatataga

acgcaataggcttaatgggattaatgcgcctgcgccacgcagtttgttgacagttaaggaaataggaagtatacgactcaatcaagatcag

agagtacagcttggtcatttggtcaattttgtgcaagttgcaccgggtcagcaagggattttcagttttatggaagtgctagcaagtaaccaaa

gaataaatatagaacgtggaataaatgaaggaattttgccatacataactcgaatctatcgtagttacctaggcagcctacaaaatgacatt

caaaatcgcagtcaaaagtttgagagtcacggatttttcttaggtttgttggcaaattttattcatctctacacaatagatattgaccttgacttg

tctcctggaaattcatatgttgcttttcttatatgtcatcaggcagagagagaaaacattcctatcgttattaatgttactagatggaggacatc

gtctgatattgcattaaaccgcgctagagctgatgctaaaagattacatgcttcttcatttatatctattcacactgaatcaagaaatgctgtttg

tattggattaaattttaatctgaatatagatccttttagtattgatacagtagagtttttagagaatagatttcctttggtacaaagattatttgag

tgtttggaggatgaaggaattagagaaaatattagagatttcttgcttcaacatcttcctaacgaaataccaagaaatgcagagaattataac

agaatatttgattgcataactggttttgcttttgggaatagtattttagaagagttcagattagtaaacgcagttcaacaacgtgtaagaaagt

atatatttagatatggtgatgagaatcatgctttaaccatggtcttccatactcaaggttctgatatagttatacttcatattagagataacaac

gctgtacaacaaggagccatcaatttacaagatcttaatgttgacggaaataatgttcatgtacgggaagtttcatgcacacttaataatcaa

cttggccttaatattcatacagataaccttggtttatatcacaattaccaaaataataatgcaaataattttcttggtggtaatcttgtgcaagtg

cctaatgctggaaatgtgcataatgctttaaatcaagttatgaatgatggctggcaagatagatttcagcatcaagaattatttagaaacattt
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ctgcagtattaatgccagaagatacgcatggcaatatgataatagatgtaaatagcaaagataagtttcgctctatactacatggtacatttt

atgctagtgataatccttataaagtgcttgctatgtataaagttggtcaaacatatagtttaaaaaggtggcaggaagaagaaggagaaag

ggtaatacttacaagagttacagaacagagactaggtcttctattattaagacaacctacagcagatactcacccaattggatatgtattagg

atttgctgataatgcagaagaagtagaacaggagcaagacgaggcaaggtacaaaataacagaattgatgagcaaacaaaggggatatt

tgcctattacttctggaaatgaggtggttttgtcttatgctgtatttaatagaggtgcacagagagcagaagactttatatctcttccacaacaa

gcagtgtatgtacatagacttgatcgtcgtggtcatgactcaagaccagaagtattagtgggacctgaaagtgttattgatgaaaatccacca

gaaaatctattgtcagatcaaactcgtgaaaatttcaggcgcttttacatggaaaaaagaccaggacagaactcgatttttttgcttgatatag

atgataatctgcacgttccatttagttacttgcaaggtactagagcacaggcaatagaaacattaaggtcaagaataaggggaggtggtact

tctacagcacaaggaatattacaacaaataaacactatccttcgtagaaacaacgctcgtgaaatagaagatgtgcataatctacttgcact

agactttgcaacagaaaatcaaaatttccgttattggctacaaactcatgacatgtttttcgctgcacgacaatatactttccatgatgatcgat

ctaatccaactaatgatcgtcatgattttgcaataacttcagtaggagtcgatggaaatcaaaatgatccaacaggtagggacttattaagta

gtaacatagataactttaaacaaaaagtagattcgggtgaaaaagatagattaactgctattattaatgtaggtaatcgtcattgggttacatt

agttattgtccaccaaaatggaaattattatgggtattatgctgattcacttggtccagatagtcgtattgacaataatattcgaggagctttaa

gagaatgtgatattagcgatgataatgtccatgatgtttccgttcatcagcaaacagatggccataattgtggcatatgggcatacgaaaatg

ctagggatattaaccaagctattgatcaagctttacagggaaatagtaactttggagagaaaggtgaaggtattataggttatatacgtggtc

ttcttagtgcaggaattggaaatgacactagacaacctcaaagaaatgaacaatactttagaaatcggagaagaaatatttcacaattattc

caaaatgattctctatcttctcctaggggtagattgattcaaggtcgtccaggaattcaacatgaaattgatccattactattacaatttttaga

actccaatatccacagcgtggaggtgggggagcattgcaattaggcggagaaagagtgatatcaattgattttggtccgcaatctgtattgg

atgaaattgatggagtgaatagagtttatgatcatagcaatggtagaggcagtaggtag 




