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Abstract

The genus Wolbachia is comprised of intracellular gram negative bacteria
capable of infecting a wide range of insect hosts. In arthropods, Wolbachia are
reproductive parasites that can cause cytoplasmic incompatibility,
parthenogenesis, feminization or male killing, each of which enhances the vertical
transmission of the endosymbiont in a host population. Horizontal transmission of
Wolbachia between different species can be shown by incongruence of
phylogenies of Wolbachia and their hosts along with Wolbachia’s widespread
distribution. Wolbachia is a model for understanding the horizontal transfer of
genes and genomes and the role of mobile genetic elements, including
bacteriophages in host-symbiont interactions. My study provides the groundwork
for understanding multitrophic interactions among insects, bacteria, and viruses in
Wolbachia-host systems.

This study examines horizontal transfer of Wolbachia and associated WO
bacteriophages in two host-parasitoid systems based on agronomically important
pests Plutella xylostella and Ceutorhynchus obstrictus. Phylogenetic analysis
shows that Wolbachia and WO have been horizontally transferred between P.
xylostella and the parasitoid Diadegma insulare but not between C. obstrictus and
its parasitoid 7. lucidus. Results from this study suggest that horizontal transfer of
Wolbachia requires longer-term host/parasitoid associations.

Comparative genomic methods were used to identify the core genome of
the replicating bacteriophage WO. This study shows that all replicating WO

bacteriophages include modules for DNA packaging and head assembly and tail



morphogenesis. Remnant prophages lack the tail morphogenesis module and
many genes associated with DNA packaging. One bacteriophage gene implicated
in the establishment and maintenance of Wolbachia symbiosis is a DNA adenine
methyltransferase (MTase) containing a ParB-like nuclease domain. Adenine
methylation of DNA in bacteria has numerous functions including gene regulation
and host-pathogen interactions. This study reveals that this gene is widespread in
prokaryotes and has undergone horizontal transfer between distantly related
bacterial species, but not between Wolbachia strains. Examining the genomic
position of this gene in each prokaryotic genome revealed a conserved association

with bacteriophage DNA packaging genes.



Acknowlegements

I would like to express my sincere appreciation to my supervisors Dr. Harriet
Harris, for giving me the opportunity to work in your lab and introducing me to
world of Wolbachia research, and Dr. Andrew Keddie for your advice and critical
guidance. I am grateful for two excellent supervisors who have given me their
time and knowledge throughout the years. It is because of your support and
constant encouragement that this thesis is possible.

I would like to thank Dr. Jocelyn Hall, Dr. Maya L. Evenden and Dr. Alberto
Severini for being part of my defense and for their insightful and constructive
suggestions about my work. Special thanks to Dr. Lloyd Dosdall for being a part
of my candidacy exam and for his help with the indentification of the parasitoid
species used in this thesis.

Many thanks to my distinguished colleagues that I have had the pleasure to
collaborate with - Dr. Lesley Brennan and Dr. Jennifer Haukedal. I am grateful
for the endless discussions and shared fustrations of Wolbachia research that we
have had over the years. It has been a pleasure to work with you both. Thank you
to the undergraduate students who I have had the opportunity to work with and
have participated in my research: Kailey Michal, Mark Franklin, Maxwell
Harrison, and Dylan Chase.

Lastly I would like to thank all my friends and family for their constant love
and support throughout the long PhD process. I am proud to have you all in my

life and this work is dedicated to you.



Table of Contents

Chapter 1: INtroduction. ... ...o.eiuei i 1
Wolbachia and endosymbiotiC bacteria ............oceveeevuiiiiiiiiiniiiniiennenn, 1
Cell biology and reproductive phenotypes..........c.ceveiieiniiiiiiniiieinnennn. 2
Fitness effects of Wolbachia...................c.oooiiiiiiiiiiiiiiiiiiiii e, 7
Wolbachia phyloeny..........co.uiiiii i e, 10
Wolbachia infection in agricultural pests.............ccooeeiiiiiiiiiiiiinian... 12
GENnOME CharaCteriStICS. ... .vut ettt ettt aenaes 15
Endosymbiotic phages — role in symbiont biology.............c.cceiiiiinnt. 16
@ 10) 1o 1 PO 18
Figure L. 0. 20
REfErenCes .. ..ouuieii 22

Chapter 2: Horizontal transfer of Wolbachia in host-parasitoid systems

2A: Plutella xylostella and Diadegma insulare

INtrodUCHION. ... 34
Materials and methods...........cooouiiiiii i 37
RESUILS. . 40
DASCUSSION. .. e ettt ettt e e e e 41

2B: Ceutorhynchus obstrictus and associated parasitoids
] 5115016 101570} o VN 45
Materials and MEthOdS. ......coviiiiiii e 49

RESUILS . ..ottt e 53



| B TYe1 ) ] (o) o VA 54

Table 2. 1. ... 60
Table 2.2. ..o 60
FIgure 2.0 . 61
FIGUIE 2.2 62
FIgUIe 2.3 63
FIgure 2.4, 64
FIgUIe 2.5 65
FIGUIE 2.6, ..ot 66
FIGUIE 2.7 . o 68
REfErences .. ..onuieii 69

Chapter 3: Horizontal transfer of phages between Wolbachia

INtrodUCHION. ...t 77
Materials and methods. ... ..o 82
RESUILS. ..t e 83
| DT R 10 DT 88
FIgure 3.0 93
FIgUIe 3. 94
FIgUIe 3.3 95
FIgure 3.4, 96

R CIENCES oottt e 97



Chapter 4: Molecular cloning and characterization of the ParB-methyltransferase

in Wolbachia

INtrodUCHION. ..ot e 103
Materials and methods............ooiiiiii i 109
RESUILS. ..ot 116
| DG 3 10 | P 121
Table 4. 1. ..o 129
Table 4.2 .o 130
FIgure 4. 0. 134
FIgUure 4.2, 135
FIgUIe 4.3 136
FIgure 4.4 . o 137
FIgure 4.5, 138
FIGUIE 4.6, ..o 140
FIgUIe 4.7 . oo 141
FIgure 4.8, .o 142
FIgure 4.9. oo 143
Figure 4.10. ..o 144
Figure 4.1 L. .o 146
REfErenCes .. ..onuiii 147
Chapter 5: ConCIUSIONS. ....c.uitiit i 159

Appendix I: Phylogenetic Analysis..........cooeviiiiiiiiiiiiiiiniiinin, 161



List of Tables
Table 2.1. Primers used for PCR amplification of different Wolbachia genes used
in this study.
Table 2.2. Primers used for qPCR amplification
Table 4.1: BP Cloning Primers

Table 4.2: ParB-MTase containing genomes used in this study



List of Figures
Figure 1.1. Phylogeny of Wolbachia within the order Rickettsiales.
Figure 2.1. Rearing cage setup for rearing of Plutella xylostella and D.insulare.
Figure 2.2. Phylogenetic tree of Wolbachia found in Plutella xylostella and
Diadegma insulare based on the concatenated alignment of groEL and ftsZ.
Figure 2.3. Phylogenetic tree of bacteriophage WO found in Plutella xylostella
and Diadegma insulare based on orf7.
Figure 2.4. Maximum-likelihood phylogeny of Wolbachia in different populations
of Plutella xylostella based on wsp.
Figure 2.5. Phylogenetic tree of Wolbachia found in Ceutorhynchus obstrictus
and Trichomalus lucidus based on the concatenated alignment of gatB and ftsZ.
Figure 2.6. Phylogenetic tree of Wolbachia found in Ceutorhynchus obstrictus
and Trichomalus lucidus based on the concatenated alignment of orf7.
Figure 2.7. Comparison of larval weight and Wolbachia copy number in CSW
from B. napus and B. rapa.
Figure 3.1. Protein map of the conserved core DNA packaging and head assembly
module and tail morphogenesis module of WORIC.
Figure 3.2. Whole genome comparisons between WORiIC, WOCauB2, WOVitAl,
WOMEelB, and WORIiB.
Figure 3.3. Whole genome comparisons between WORIC, WOMelA, WORIA,
and WORIB.
Figure 3.4. Phylogeny of terminase and baseplate assembly protein W amino acid

sequences.



Figure 4.1. Schematic of primer design for the amplification of seperate ParB and
MTase domains for Gateway cloning.

Figure 4.2. Schematic of gateway cloning of ParB and MTase domains.

Figure 4.3. Amino acid alignment of Metl and Met2 proteins of Wolbachia strain
wMel.

Figure 4.4. Phylogenetic tree of Wolbachia based on met gene sequences.

Figure 4.5 Phylogenetic tree of 16S organismal phylogeny of alphaproteobacteria
and of associated ParB-MTase.

Figure 4.6 Phylogenetic tree of ParB-MTase found in different bacteria.

Figure 4.7: Gene neighborhood of ParB-MTase in Firmicutes (I).

Figure 4.8: Gene neighborhood of ParB-MTase in Proteobacteria clade (II).
Figure 4.9: Gene neighborhood of ParB-MTase in Proteobacteria clade (III).
Figure 4.10: Phylogenetic tree based on (A) Terminase (B) Portal Protein and (C)
ParB-MTase.

Figure 4.11: Growth curves of the ParB domain and MTase domain from

Wolbachia wRi expressed in E.coli.



List of Abbreviations

SmC C5-methylcystosine

AdoMet S-adenosyl-; -Methionine

AIC Akaike information criterion
AU approximately unbiased test
CerM cell-cycle regulated DNA MTase
CI Cytoplasmic Incompatability
CSW Cabbage Seedpod Weevil

Dam DNA adenine methyltransferase
DBM Diamondback Moth

efla Elongation factor 1 a

ftsZ cell division protein

gatB Glutamyl-tRNA (Gln) amidotransferase, subunit B
groEl heat-shock protein HSP60

GTR General Time Reversible model
HGT horizontal gene transfer

ML Maximum likelihood

mod modification factor

MP Maximum parsimony

MTases DNA methyltransferases
N4mC N4-methylcytosine

N6mA N6-methyladenine

orf7 WO phage minor capsid protein



ORFs
PCR
qPCR
R-M
resc
SDS
SDS-PAGE
SH

SIT
SNBP
STE buffer
TBR
TEV
TRD
TVM
wsp
wBm
wCauA
wCauB
wCep
wCof
wCon

wKue

open reading frames

polymerase chain reaction

quantitative polymerase chain reaction
Restriction-Modification

rescue factor

Sodium dodecyl sulfate

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Shimodaira-Hasegawa test

Sterile insect technique

Sperm Nuclear Basic Proteins

Sodium Chloride-Tris-EDTA

tree bisection and reconnection

Tobacco Etch Virus

target recognition domain

Transversion model

Wolbachia surface protein

Wolbachia endosymbiont of Brugia malayi

Wolbachia endosymbiont of Cadra cautella (A-supergroup)
Wolbachia endosymbiont of Cadra cautella (B-supergroup)
Wolbachia endosymbiont of Ostrinia scapulali

Wolbachia endosymbiont of Corcyra cepharonica
Wolbachia endosymbiont of Tribolium confusum

Wolbachia endosymbiont of Ephestia kuehniella (Yokohama)



wMel
wPip
wRi
wSus
wSca
wTai
wVitA
wVitB

wXyl

Wolbachia endosymbiont of Drosophila melanogaster
Wolbachia endosymbiont of Culex pipiens

Wolbachia endosymbiont of Drosophila simulans Riverside
Wolbachia endosymbiont of Plutella xylostella

Wolbachia endosymbiont of Ephestia kuehniella (Tsuchiura)
Wolbachia endosymbiont of Teleogryllus taiwanemma
Wolbachia endosymbiont of Nasonia vitripennis (A-supergroup)
Wolbachia endosymbiont of Nasonia vitripennis (B-supergroup)

Wolbachia endosymbiont of Plutella xylostella



Chapter 1

Introduction

Wolbachia and endosymbiotic bacteria

Our current understanding of the interactions between arthropods and
heritable intracellular bacteria has been greatly enhanced by a wide range of
techniques that generate molecular information. These techniques have provided
insight into the roles that intracellular bacteria have in the biology of their host.
Arthropods harbour numerous types of heritable endosymbiotic microbes
including bacteria, both as obligate primary and facultative secondary
endosymbionts, and a substantial number of ectosymbiotic bacteria (Gosables et
al., 2010). Although primary endosymbionts in arthropods are essential to the
development and reproduction of hosts, facultative endosymbionts are not. Unlike
primary symbionts which have coevolved with their hosts, facultative
endosymbionts are capable of being transferred to new host species. The
acquisition of facultative endosymbionts increases the genetic repertoire of their
host, providing a host with new capabilities such as nutrient acquisition, or
resistance to parasites or pathogens. Unlike primary endosymbionts, which satisfy
a specific role within their hosts, facultative endosymbionts are capable of
acquiring new genes through horizontal gene transfer.

Hertig and Wolbach (1924) initially identified Gram negative intracellular
bacteria in Culex pipiens (L.) (Diptera: Culicidae) while screening mosquitoes for

rickettsia. These bacteria were present in germ cells of C. pipiens during all stages



of development. Based on this work Hertig and Wolbach (1924) suggested
vertical transmission from mother to offspring to explain the high infection rates
in these insects. Later Hertig (1936) used the name Wolbachia pipientis for this
organism, although the symbiotic relationship between Wolbachia and its host
was unknown at the time. In 1971, Yen and Barr showed that Wolbachia modify
host reproduction in incompatible crosses between different C. pipiens
populations. Removing the Wolbachia infection by antibiotic treatment restored
compatiblility between the same populations of C. pipiens (Yen and Barr, 1973).
The ability of Wolbachia to manipulate host reproduction has enabled these
bacteria to become the most widespread endosymbiont, estimated to infect up to

66% of all insect species (Hilgenboecker et al., 2008).

Cell biology and reproductive phenotypes

Wolbachia was initially identified in the germ cells of C. pipiens (Hertig and
Wolbach, 1924). It has more recently been observed in numerous tissues,
including haemolymph, fat body, Malphigian tubules, and nervous tissue (Dobson
et al., 1999; McGraw and O’Neill, 2004; Mercot and Charlat, 2004) in diverse
insect species. Wolbachia is considered a reproductive parasite in arthropods
because it is known to manipulate host reproduction to enhance its own vertical
transmission. In different hosts Wolbachia induces cytoplasmic incompatibility
(Yen and Barr, 1973), parthenogenesis (Stouthamer et al., 1993), feminization
(Rigaud et al., 1991) or male killing (Jiggins et al., 1998). The molecular

mechanisms behind these manipulations have not been determined.



Cytoplasmic incompatibility (or CI) leads to non-viable progeny in crosses
between uninfected females and Wolbachia-infected males. CI occurs during the
first mitotic division following fertilization due to the inability of the paternal
chromosomes to condense and segregate at the same rate as the maternal
chromosomes (reviewed in Harris and Braig, 2003; Tram et al., 2003). Since
Wolbachia is not present in mature sperm, it is thought that Wolbachia must
modify the sperm nuclei in some way during spermatogenesis (Masui et al., 2000;
Tram et al., 2003). The result of this modification is seen after fertilization in an
uninfected embryo, where defects in the replication-independent nucleosome
assembly, indicated by delays in histone H3.3 incorportation on to paternal
chromatin after protamine removal, explains the observed improper chromatin
condensation and defects in DNA segregation in incompatible crosses (Landman
et al., 2009).

One model describing CI is the “lock and key model”, suggesting a distinct
modification factor (mod) in sperm and a rescue factor (resc) in eggs (Poinsot et
al., 2003). In this model these factors are controlled by different Wolbachia genes.
When more than one Wolbachia strain is present (double or triple infections) a
bidirectional CI may occur. Bidirectional CI, in populations of Drosophila
simulans (Sturtevant) (Diptera: Drosophilidae), and many other insects, occurs
when sperm from a male infected with a Wolbachia strain capable of inducing CI
fertilizes an egg that is infected with a different Wolbachia strain (O’Neill and
Karr, 1990). Here the mod on the paternal chromosomes is incompatible with the

rescue factor found in the egg.



CI can be avoided when an egg infected with two CI inducing Wolbachia
strains is fertilized with sperm from males with either, or both of the Wolbachia
strains. In two lines of D. simulans each containing a different strain of CI
inducing Wolbachia, crosses between males and females from the two lines result
in a bidirectional incompatibility. However, females infected with both the
Wolbachia strains are compatible with both doubly infected males and singly
infected males of either strain. Doubly infected males are only compatible with
doubly infected females (Sinkins et al., 2005). Here CI occurs if sperm from
doubly infected males fertilize an egg infected with one of the Wolbachia strains
(Poinsot et al., 2003; reviewed in Harris and Braig, 2003). To date there have
been no rescue or modification factors identified.

There are many events during spermatogenesis in which Wolbachia may
potentially interact with the developing sperm cells. One possibility is that
Wolbachia modifies translational control during the late stages of spermatogenesis,
where expression is limited to a handful of genes necessary for sperm formation
(reviewed in Harris and Braig, 2003). One aspect of spermatogenesis that
Wolbachia may influence is the condensation of the sperm nucleus. Possibly,
Wolbachia alters the interaction between protamine-like proteins and DNA, or
modifies sperm nuclear basic proteins (SNBPs) (Harris and Braig, 2003).
Removal of SNBPs from the male pronucleus after fertilization may influence egg
activation or initiation of DNA replication and transcription (Harris and Braig,

2003). The possibility that mature Drosophila sperm carry Wolbachia encoded



proteins into the cytoplasm of the egg during fertilization has not been
demonstrated (Sasaki et al., 1998; Kamoda et al., 2000).

A number of potential molecular mechanisms, including malfunction of
nuclear envelope breakdown, mitotic chromosome condensation, replacement of
SNBPs with maternally supplied histones, or the regulation of cell-cycle proteins
may induce CI post fertilization (Tram et al., 2003). Alternatively Wolbachia
might induce CI through methylation of host sperm DNA which can delay
chromatin remodeling post-fertilization. Wolbachia cells are directly in contact
with the membranes of spermatid tails in Nasonia vitripennis (Ashmead)
(Hymenoptera: Pteromalidae). Bordenstein et al. (2006) suggest that this physical
contact may have a modifying effect on the developing spermatids.

The male killing phenotype has been described in hosts belonging to different
orders of arthropods including Coleoptera (Hurst et al., 1999, Fialho and Stevens,
2000), Lepidoptera (Hurst et al., 1999, Jiggins et al., 2001, Dyson et al., 2002),
Diptera (Dyer and Jaenike, 2004, Hurst et al., 2000) and Pseudoscorpionida (Zeh
et al., 2005). Male killing occurs when females infected with Wolbachia produce
a female sex-ratio bias as a result of male death occurring at some stage of
embryonic development. The male killing phenotype can be induced by a number
of different bacteria in addition to Wolbachia including Flavobacteria (Hurst et
al., 1999b), Spiroplasma (reviewed in Hurst et al., 2003), Arsenophonus (Werren
et al., 1986) and Rickettsia (reviewed in Perlman et al., 2006), although it is not
clear if the cellular mechanism is similar in all cases. In Drosophila bifasciata

(Pominini) (Diptera, Drosophilidae), Wolbachia infection leads to defects of



chromosome condensation and segregation in male embryos only, resulting in
death (Riparbelli et al., 2012). These defects are similar to those effects seen in
Wolbachia-induced CI in Drosophila. Wolbachia strains transferred between
different Drosophila species result in a transition between CI and male killing
phenotypes, suggesting a shared mechanism for inducing each phenotype (Jaenike,
2007). The exact molecular mechanism for Wolbachia-induced alteration of
chromatin organization specifically in male embryos has not been identified.
Parthenogenesis inducing strains of Wolbachia, found mainly in Hymenoptera,
are associated in insects with a haplodiploid sex determination system. In
Hymenoptera this sex determination results in mainly arrhenotoky, in which
unfertilized eggs develop into haploid males, and fertilized eggs develop into
diploid females. Less common is thelytoky in which no males occur in a
population and all eggs develop into females (reviewed in Heimpel and de Boer,
2008). In Hymenoptera, Wolbachia infection induces thelytokous parthenogenesis
in populations where chromosome duplication leads to diploidization of the
haploid egg resulting in all female broods. This Wolbachia-induced diploidy
restoration has been shown to occur by two processes, either by skipping the first
mitotic anaphase seen in Trichogramma sp. (Hymenoptera, Trichogrammatidae),
and Leptopilina clavipes (Hartig) (Hymenoptera: Figitidae) (Pannebakker et al.,
2004; Stouthamer and Kazmer, 1994) or by fusion of daughter nuclei after the
first mitotic division as seen in Diplolepis rosae (L.) (Hymenoptera: Cynipidae)
and Muscidifurax uniraptor (Kogan and Legner) (Hymenoptera: Pteromalidae)

(Stille and Davring, 1980; Gottlieb et al., 2002).



Another reproductive phenotype induced by Wolbachia is feminization, where
genetic males are converted to functional females resulting in all female progeny.
Feminization was originally identified in isopods. In these crustaceans, Wolbachia
prevents the development of the androgenic gland by an unknown mechanism,
thereby preventing male sex determination during development (Reviewed in
Cordaux et al., 2011).

There is no phylogenetic relationship between Wolbachia strains and the
various types of induced reproductive phenotypes. When a Wolbachia strain is
transferred to a novel host species, it may cause a different phenotype. For
example, when the feminizing Wolbachia strain infecting the Asian corn borer
Ostrinia furnacalis (Guenée) (Lepidoptera: Crambidae) is transfected to Ephestia
kuehniella (Zeller) (Lepidoptera: Pyralidae), it causes male killing in the latter
(Fujii et al., 2001). One strain of Wolbachia that causes CI in Cadra cautella
(Walker) (Lepidoptera: Pyralidae), induces male killing in E. kuehniella (Sasaki et
al., 2002). This suggests that the reproductive phenotype caused by Wolbachia is

determined in part by the molecular interaction between the host and bacteria.

Fitness effects of Wolbachia

The effects of a Wolbachia infection are not limited to altering host
reproduction; both positive and negative fitness effects have been identified in
some but not all insect systems. For example, Wolbachia infection increases
fitness in the whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) (Xue

et al., 2012), the mosquito, Aedes albopictus (Skuse) (Diptera: Culicidae)



(Dobson et al., 2002), and the fly, D. simulans (Weeks et al., 2007). In B. tabaci,
the presence of Wolbachia results in a reduced development time and increased
survival rate of nymphs and an overall increased lifespan (Xue et al., 2012). In A.
albopictus both singly and doubly infected females have increases in fecundity,
egg hatch rate, and lifespan (Dobson et al., 2002).

With D. simulans an increase in fecundity has been shown (Weeks et al., 2007)
however this has resulted in Wolbachia shifting from parasitism to mutualism in
California populations. The presence of Wolbachia inducing CI in natural D.
simulans populations was first identified by Hoffmann et al. (1986) as confined to
southern California. Wolbachia was able to spread northward through populations
as a result of CI (Turelli and Hoffmann, 1991; Turelli and Hoffmann, 1995).
Initially, the relative cost of this Wolbachia infection was a 10-20% reduction in
fecundity in the laboratory (Hoffmann et al., 1990). Currently a Wolbachia
infection in D. simulans results in a fecundity advantage, shifting from the
previously described fitness cost (Weeks et al., 2007).

Wolbachia confers resistance to parasites and pathogens. In B. tabaci,
Wolbachia infection protects against the parasitoid Encarsia bimaculata (Heraty
and Polaszek) (Hymenoptera: Aphelinidae) where a decrease in the success of
parasitoid development was seen in infected hosts (Xue et al., 2012). In the
parasitoid Microtonus aethiopoides (Loan) (Hymenoptera: Braconidae),
Wolbachia infection results in protection against the immune defense of the host,
Hypera postica (Gyllenhal) (Coleoptera: Curculionidae) (Hsaio 1996). In contrast,

an increase in susceptibility has been observed in Wolbachia-infected D. simulans



to the parasitoid Leptopilina heterotoma (Thomson) (Hymenoptera: Eucoilidae)
(Fytrou et al., 2006).

Resistance to RNA viruses is conferred by a Wolbachia infection in
Drosophila melanogaster (Meigen) (Diptera: Drosophilidae) (Teixeira et al.,
2008), Culex quinquefasciatus (Say) (Diptera:Culicidae) (Glaser and Meola 2010,
Bian et al., 2010) and in Aedes aegypti (L.) (Diptera: Culicidae) (Hussain et al.,
2013). The combined parasite and virus resistance due to a Wolbachia infection is
seen in A. aegypti. Resistance to the RNA viruses causing Dengue and
Chikungunya, and the protozoan parasite Plasmodium gallinaceum was described
by Moreira et al. (2009). Wolbachia has also been shown to confer resistance to
Plasmodium falciparum in Anopheles stephensi (Liston) (Diptera: Culicidae)
(Bian et al., 2013).

Wolbachia in filarial nematodes acts as an obligate mutualist. Wolbachia are
essential for embryogenesis as well as worm development and survival (Pfarr and
Hoerauf, 2007). Comparison of the genome of Wolbachia strain wBm with its
host Brugia malayi (Brug) (Spirurida: Onchocercidae) revealed that the metabolic
pathways for nucleotide, heme, riboflavin and flavin adenine dinucleotide (FAD)
biosynthesis are present in Wolbachia but are not found in the host (Foster et al.,
2005). Similarily the Wolbachia wOo in the host Onchocerca ochengi (Spirurida:
Onchocercidae) retains the pathways for nucleotide and heme biosynthesis but
lacks enzmyes in the riboflavin pathway (Darby et al., 2012).

In the bedbug Cimex lectularius (L.) (Hemiptera: Cimicidae), Wolbachia is

localized in specialized organs called bacteriomes and acts as an obligate
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mutualist. Antibiotic elimination of Wolbachia from the bedbug hosts results in a
reduction of egg development and adult emergence with an increase in nymphal
development time. This effect was reversed when blood meals were supplemented
with B-vitamins (Hosokawa et al., 2010).

In the parasitic wasp, Asobara tabida (Nees) (Hymenoptera, Braconidae), the
presence of Wolbachia is essential to normal oocyte production in females, but
has no observable effect on male fertility. The relationship in females is related to
Wolbachia density. Increasing the concentration of antibiotics resulted in reduced
Wolbachia numbers and decreasing oocyte load. In this insect Wolbachia prevents
apoptosis of nurse cells (Dedeine et al., 2001).

In some insects, indirect fitness effect of a Wolbachia infection can be
detected. In infected D. melanogaster reared on normal cornmeal diets, the loss or
addition of iron from the diet results in increased fecundity in Wolbachia-infected
flies (Brownlie et al., 2009). The heme biosynthetic pathway is conserved in
Wolbachia strains sequenced to date. This provides evidence of the potential role

of Wolbachia in maintaining iron homeostasis.

Wolbachia phylogeny

The phylogenetic placement of Wolbachia in the order Rickettsiales is based
on 16S rRNA sequence data (Figure 1.1 adapted from Williams et al., 2007).
Wolbachia is closely related to other obligate intracellular bacteria such as
Neorickettsia risticii (formerly Ehrlichia risticii), Anaplasma marginale and

Rickettsia spp. These intracellular bacteria are known mammalian pathogens that
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are vectored by insects. It is estimated based on ftsZ (cell division protein)
sequence divergence that the common ancestor of Wolbachia from Ehrlichia
occurred 142-162 million years ago (Werren et al., 1995; Anderson and Karr,
2001). Currently ten supergroups comprise the genus Wolbachia (Ros et al., 2009).
Groups A, B, and F include Wolbachia from arthropods; groups C, D, and J are
from filarial nematodes (Bandi et al., 1998; Ros et al., 2009); E and H
supergroups are from springtails and termites respectively; supergroup K is found
only in the mite suborder Prostigmata; supergroup I is found within the order
Siphonaptera (fleas). Supergroup G was initially described for strains infecting
spiders in the genus Diaea, but this is currently disputed as 16S data from these
individuals is the result of recombination between strains from supergroups A and
B (Baldo and Werren, 2007; Ros et al., 2009)

Phylogenetic analysis of the Wolbachia strains from supergroup C and D
shows congruence with their host phylogeny, indicating coevolution between
these strains and their host (Bandi et al., 1998). Nematodes belonging to the
family Onchocercidae are the only hosts of Wolbachia groups C and D.

Phylogenetic data for Wolbachia strains infecting arthropods show a lack of
congruence between symbiont and host. In insects, there is no obvious
relationship between the Wolbachia phylogeny and induced reproductive
phenotypes. Although the most common route of transmission for Wolbachia in
insects is vertical and transovarial from mother to offspring, strict vertical
transmission leads to congruent phylogenies. In contrast phylogenetic evidence

shows that horizontal transmission of Wolbachia between insect host species
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occurs over an evolutionary timeframe (Pfarr and Hoerauf, 2007; Vavre et al.,
1999, Werren et al., 1995). However the lack of congruence may also be the result
of other biological processes, such as recombination, as seen in supergroup G
(Paptsova and Gogarten, 2007). Unlike some supergroups of Wolbachia which
only infect a single taxon, Wolbachia strains belonging to groups A and B have a
diverse host range and different arthropod hosts can carry the same strain. In
addition a single host may carry a Wolbachia strain from both A and B
supergroups simultaneously (Tram et al., 2003).

Phylogenetic relationships between Wolbachia strains were thought to be
resolved with the sequencing of the DNA coding for Wolbachia surface protein
(wsp) (Zhou et al., 1998), due to its high sequence variability. This became the de
facto standard for Wolbachia phylogenetic studies. However there are
discrepancies between Wolbachia phylogenies generated using wsp compared to
those generated using ftsZ sequences. These discrepancies result from extensive
recombination of hypervariable regions within the wsp gene which is therefore
unsuitable for strain typing (Jiggins et al., 2001, Baldo et al., 2005). A multilocus
approach based on five conserved genes (gatB, coxA, hcpA, ftsZ and fbpA) has
been applied in order to reliably type different Wolbachia strains (Baldo et al.,

2006).

Wolbachia infection in agricultural pests
Wolbachia-induced reproductive phenotypes are potentially useful for

biological control. One strategy uses CI as a method to suppress populations,



13

using mass release of incompatible males into wild populations. This method,
similar to the sterile insect technique (SIT), is able to suppress populations;
examples of this method have been employed in C. pipiens (Laven, 1967), Aedes
polynesiensis (Marks) (Diptera: Culicidae) (O'Connor et al., 2012), and the
medfly Ceratitis capitata (Wiedemann) (Diptera: Tephritidae) (Zabalou et al.,
2004). The benefit of using Wolbachia to surppress populations is that naturally
infected males do not have reduced fitness resulting from irradiation or chemicals
to sterilize males used in traditional SIT approaches (Alam et al., 2011).
Wolbachia-induced parthenogenesis strains in hymenopteran parasitoids can
reduce pest populations. The ability of Wolbachia to generate all-female
populations allows for easier mass rearing of parasitoids, and colonization in new
areas (Stouthamer, 1993). This thesis examines Wolbachia infecting agriculturally
important pests within the family Curculionidae and family Plutellidae as well as
their natural parasitoid enemies.

Weevils are phytophagous insects belonging to the family Curculionidae, and
are associated with virtually all freshwater or terrestrial plant taxa (Anderson,
1993). Wolbachia has been identified in numerous species of Curculionidae,
mainly in the agricultural pests. Examination of 40 weevil species in central
Europe found that 40% of species were infected with Wolbachia, with a higher
frequency of infection in parthogenetic weevils (Lachowska et al., 2010). A
survey of broad-nosed weevils (Entiminae) found a 72% infection rate among 29
different species and identified a correlation between Wolbachia infection and

parthenogenetic reproduction (Rodriguero et al., 2010). Both of these studies
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showed that weevils could be infected by strains from either the A or B
supergroup or coinfected by both. The phylogenetic data showed that horizontal
transfer of Wolbachia has occurred in these systems (Lachowska et al., 2010,
Rodriguero et al., 2010). In addition to being infected with Wolbachia, the
presence of primary endosymbionts in the the rice weevil Sitophilus oryzae (L.)
(Coleoptera: Curculionidae) is an example of coordination of multiple genomes
directing the biology of a single host (Heddi et al., 1999).

There are numerous examples of Wolbachia being required by members of
Curculionidae for successful egg development. Wolbachia has been implicated in
oogenesis in the rice water weevil, Lissorhoptrus oryzophilus (Kuschel)
(Coleoptera: Curculionidae) where number of eggs laid and hatch rate are
negatively affected in antibiotic-treated females (Chen et al., 2012). In the date
stone beetle, Coccotrypes dactyliperda (Fabricius) (Coleoptera: Curculionidae)
mature oocytes were not produced by antibiotic-treated females (Zchori-Fein et al.,
2006). In the black vine weevil, Otiorhynchus sulcatus (Fabricius) (Coleoptera:
Curculionidae), Wolbachia is also required for normal egg development (Son et
al., 2008). The involvement of Wolbachia in egg development was initially
described in the wasp A. tabida (Dedeine et al., 2001). Whether these different
Wolbachia strains have a shared mechanism to modify oogenesis has not been
identified.

Wolbachia infects members of various families of Lepidoptera, including
important agricultural pests. Surveys examining the prevelance of Wolbachia in

populations of Lepidoptera found 45% infection rate among 49 species in Japan
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(Tagami and Miura, 2004), 52% infection rate among 56 species from five
families of Lepidoptera in India (Salunke et al., 2012); 56% infection rate from 16
species of mulberry pests in 4 families (Pattabhiramaiah et al., 2012). These
studies showed that lepidopteran hosts can be infected by strains from either the A

or B supergroup.

Genome characteristics

Entire genomes of five Wolbachia strains have been sequenced including
Wolbachia from D. melanogaster (wMel, 1.27 Mb) (Wu et al., 2004), B. malayi
(wBm, 1.08Mb) (Foster et al., 2005), C. quinquefasciatus Pel (wPip, 1.48Mb),
(Klasson et al., 2008), C. quinquefasciatus JHB (wPip,1.54Mb) (Salzberg et al.,
2009), D. simulans (wRi, 1.3Mb) (Klasson et al., 2009) and O. ochengi (wQOo,
0.96Mb) (Darby et al., 2012) with several more genome sequencing projects
currently underway for Wolbachia infecting Drosophila willistoni, D. ananassae,
N. vitripennis, M. uniraptor, and C. pipiens molestus (Benson et al., 2013) .

These sequencing studies show shared characteristics between genomes. One
characteristic similar to other obligate endosymbionts is a reduced genome size
compared to genomes of related free-living bacteria (e.g. Escherichia coli, 4.6Mb).
The reduced genome size is a consequence of Wolbachia’s obligate intracellular
lifestyle, and results from the accumulation of deletions and the loss of
nonessential DNA through genomic rearrangement.

Despite these reductions the genome of wMel contains a large amount of

repetitive DNA and a large number of mobile genetic elements including
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bacteriophages (Wu et al., 2004). Some of these mobile genetic elements
correspond to insertion sequences and transposons which may change or disrupt
the function of genes and may contribute to the variety of phenotypically distinct
Wolbachia strains (Wu et al., 2004). The presence of mobile genetic elements is a
trait that is common to the genomes of only arthropod strains of Wolbachia. The
numerous transposable elements, insertion sequences and prophage elements
account for much of the genetic diversity between Wolbachia genomes.
Wolbachia genomes also show evidence of extensive recombination. Most
recombination events occur within supergroups rather than between them
(Ellegaard et al., 2013). The presence of the genes required for homologous
recombination has been indentified in the Wolbachia genome wMel (Wu et al.,
2004) and the highest level of recombination observed in intracellular bacterial
genomes has been documented within supergroup A Wolbachia (Klasson, 2009).
The reduced amount of recombination between supergroups is likely the result of
the accumulation of genome rearrangement and insertions. Wolbachia genomes
within a supergroup have larger regions of collinearity than between supergroups,
suggesting that this genomic divergence contributes to reduced frequency of

recombination between supergroups (Ellegaard et al., 2013).

Endosymbiotic phages — role in symbiont biology
Prophage sequences are absent from strictly mutualistic endosymbionts such
as Wigglesworthia glossinidia (Ackman et al., 2002), Blochmannia

pennsylvanicus (Degnan et al., 2005), Carsonella ruddii (Nakabachi et al., 2006)
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and Buchnera aphidicola (van Ham et al., 2003). In contrast, numerous prophages
have been found in the genomes of facultative endosymbiotic bacteria. Intact
phages and phage remnants in insect endosymbionts include the APSE phage of
Hamiltonella defense (van der Wilk et al., 1999), APSE-related phages of
Arsenophonus spp. (Hansen et al., 2007), prophage islands in Regiella insecticola
(Degnan et al., 2010), SG1 (pSOG3) of Sodalis glossinidius (Clark et al., 2007),
spV3 of Spiroplasma spp (Cohen et al., 1987), and phage genes in Serratia
symbiotica (Burke and Moran, 2011).

In some cases, these phages have a beneficial effect for the host insect, for
example, by conferring parasitoid resistance. The ability of a H. defensa infection
to protect the aphid Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae) from
parasitoids is not dependent on bacterial chromosomal encoded proteins but on
proteins found within the genome of the phage APSE (Degnan and Moran, 2008).
Specifically, it is the presence of a virulence cassette in the ASPE genome,
encoding toxins that allows for immunity to parasitization (Degnan and Moran,
2008). One such toxin is a Cytolethal Distending Toxin b-subunit (CDT),
described in numerous mammalian bacterial pathogens which has nuclease
activity and leads to chromatin fragmentation and cell cycle arrest of the
eukaryotic nucleus (Lara-Tejero and Galdn, 2000). Other APSE toxins are
homologous to a shiga toxin which is involved in protein biosynthesis inhibition
in mammals (Johannes and Romer, 2010). The loss of APSE phage in H. defensa
in laboratory-reared colonies of aphids resulted in loss of parasitoid resistance

(Oliver et al., 2009). In contrast in R. insecticola, where ASPE is not found,
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bacterial encoded pathogenicity factors are responsible for protecting A. pisum
from parasitoids (Hansen et al., 2012). Toxins in this group include repeats-in-
toxin (RTX) proteins and two secretion systems. Although it is unknown how
these pathogenicity factors specifically target and prevent parasitoid development,
absence of these factors results in loss of protection (Hansen et al., 2012)..
Wolbachia genomes contain numerous prophage regions, prophage remnants
and pyocin like elements. The prophage WO was first identified by Masui et al.
(2000) in Wolbachia infecting Teleogryllus taiwanemma (Ohmachi and
Matsumura) (Orthoptera: Gryllidae) and has since been found in almost every
sequenced Wolbachia genome with the exception of the Wolbachia
endosymbionts infecting the filarial parasites. Toxin proteins found in many
sequenced WO genomes include patatin-like phospholipase and YD-peptide
repeat protein, however how these proteins are involved in maintaining or
establishing symbiosis of Wolbachia or its associated reproductive phenotypes

have not been examined (Kent and Bordenstein, 2010)

Objectives

The acquisition of endosymbiotic bacteria by a host presents an opportunity
for the host to utilize a novel genome sequence that may be beneficial to its own
biology, as seen in mutualistic bacteria of arthropods, such as Buchnera in aphids.
In contrast, cost and benefits of a Wolbachia infection to host insects are not
always obvious. Wolbachia symbiosis provides a system where horizontal transfer

of intracellular bacteria between unrelated hosts, horizontal transfer of
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bacteriophages between bacteria and the horizontal gene transfer among three

organisms can be studied.

Currently, knowledge of horizontal transfer of genes and genomes between
bacterial endosymbionts and their bacteriophage and insect hosts is limited. The
broad purpose of this study is to examine the mobility of Wolbachia and its WO
prophage using phylogenetic and molecular tools.

There are three specific objectives in this thesis:

0] Identify the movement and prevalence of specific Wolbachia strains and
WO prophages between invasive agricultural pests and their parasitoids.
This multipartite system involves the genomes of host insect, parasitoids,
bacterial symbionts and integrated prophages.

(ii) Identify the core genome of replicating bacteriophage WO in recently
sequenced Wolbachia genomes. Replicating WO has been implicated in
the high rate of recombination in Wolbachia.

(iii) Examine one unique WO prophage gene, an adenine methyltransferase by
determining its phylogenetic relationships. Examine the extent of
horizontal transfer of this gene between bacterial hosts. Analyze the
genomic neighborhood to determine the putative role of this gene in

Wolbachia.
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Figure 1.1. Phylogeny of Wolbachia within the order Rickettsiales adapted from
Williams et al. (2007). Evolutionary analyses were conducted in MEGAS using
the maximum likelihood method based on the General Time Reversible model.
All positions containing gaps and missing data were eliminated. Bootstrap values

from 100 replicates are shown next to the branches.
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Chapter 2

Horizontal Transfer of Wolbachia in Host-Parasitoid Systems

2A: Plutella xylostella and Diadegma insulare

Introduction

Comparison of the phylogenies of Wolbachia with that of their hosts show
little congruence, suggesting either that Wolbachia can be horizontally transferred
between arthropod species (Werren et al., 1995; West et al., 1998) or that genetic
recombination is occurring (Bordenstein and Wernegreen 2004; Baldo et al., 2005,
2006), or both. Possible routes for Wolbachia transfer include contact after injury
(Rigaud and Juchault 1995) or through plants (Sintupachee et al., 2006) or
parasitoids (Werren et al., 1995; Vavre et al., 1999).

Diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae),
is an important agricultural pest of Brassica crops (Lamb 1989). The mustard
family, Brassicaceae, comprises approximately 340 genera and over 3350 species,
including important agricultural, ornamental, and research plants (Koch et al.,
2003). The most economically important mustards are species of Brassica L.,
including various vegetable and oilseed crops (Koch et al., 2003). Numerous
insect pests collectively can attack all above- and below-ground portions of
Brassica crops. Above ground outbreaks of DBM can lead to almost complete
crop loss due to defoliation while root maggots, Delia radicum (L.) (Diptera:

Anthomyiidae), damage root systems and can lead to severe yield reductions

A version of this chapter has been published. Batista et al., 2010. The Canadian
entomologist. 142: 57-64
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(Soroka and Dosdall, 2011; Dosdall et al., 2012). DBM is well established
throughout most of the United States, while infestations in Canada are
reestablished annually by adult DBM transported by wind from the southern
United States (Smith and Sears, 1982). As a result many growers rely on multiple
insecticide applications to control infestations of DBM (Sarfraz et al., 2006). This
intense use has resulted in resistance to virtually all known insecticides (Sarfraz
and Keddie, 2005). Even with newer insecticides, such as spinosad and
indoxacarb, a few years of extensive application can lead to resistance in certain
DBM populations (Zhao et al., 2006). Because insecticides often adversely affect
the natural enemies of DBM, these infestations are difficult to manage (Sarfraz et
al., 2005). Pesticide resistance has made the use of parasitoids essential to
sustainable management of DBM populations. Some species of the larval
endoparasitoid genus Diadegma Forster (Hymenoptera: Ichneumonidae) have
been used sporadically for biological control of DBM (Reviewed in Talekar and
Shelton, 1993). One common species found in Canada is D. insulare (Cresson)
(Sarfraz et al., 2005, 2006). This parasitoid apparently does not overwinter in
temperate North America but likely disperses northward along with its hosts
(Putnam, 1978; Dosdall et al., 2004a). D. insulare is the most successful
biological control agent of DBM in Canada and is capable of parasitizing any
larval instar of DBM (Dosdall et al., 2011). In Alberta, D. insulare accounts for
the 45% of parasitism of DBM, with all other known DBM parasitoids accounting

for <8% (Braun et al., 2004).
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Recently, Wolbachia has been shown to provide resistance to RNA viruses,
but not to DNA viruses, in D. melanogaster Meigen (Diptera: Drosophilidae)
(Hedges et al., 2008; Teixeira et al., 2008); this may enhance the occurrence of
this symbiont, already widespread in wild populations of Drosophila (Fallen). No
evidence exists for this effect in DBM or Diadegma. However, if the same strain
of Wolbachia is found in the host and the parasitoid as a result of horizontal
transmission, and this strain provides resistance to RNA viruses, then DBM and
Diadegma would gain the same benefit. The ability of Wolbachia to modify host
immune response to parasitism has been shown previously in the alfalfa weevil,
Hypera postica (Gyllenhal) (Coleoptera: Curculionidae), and Drosophila
simulans (Sturtevant) (Diptera: Drosophilidae) (Hsiao, 1996, Ftrou et al., 2006). A
Wolbachia infection in either the parasitoid or the host showed adverse immunity-
related effects, resulting in reduced encapsulation of the parasitoid egg by the host,
and reduced success of parasitization by the parasitoid (Fytrou et al., 2006). The
success of the parasitoid development of Microtonus aethiopoides (Loan)
(Hymenoptera: Braconidae), and Bathyplectes curculionis (Thomson)
(Hymenoptera: Ichneumonidae) is dependent on the absence of a Wolbachia
infection in their host Hypera postica (Hsiao, 1996).

In this study I investigated (i) the phylogeny of Wolbachia found in Alberta
populations of DBM and its parasitoid, D. insulare, using two Wolbachia
housekeeping genes, groEl (heat-shock protein HSP60) and ftsZ (cell division
protein), and (ii) the phylogeny of the WO bacteriophage, using the minor capsid

protein gene orf7 (Gavotte et al., 2007). The selected housekeeping genes are
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reliable for use in phylogenetic analysis because there is little or no detectable
recombination within them (Ros et al., 2009). The objective was to determine if
Wolbachia and the WO bacteriophage was horizontally transferred between host

insect and parasitoid, phylogenetically distant species.

Materials and methods
Sample Collection

DBM and D. insulare were collected in commercial canola fields near
Lethbridge in southern Alberta (49°38’N, 112°48’W). Laboratory colonies were
established from field-collected insects. Following transport from the field sites
adults were released into cages containing Brassica napus L. cv. Q2 (not shown).
Each cage, (base 40.5 cm x 40.5 cm, height 80.5 cm, was lined on the sides and
top with 500 um Nitex nylon at 20 £+ 2 °C and kept under natural light (Figure 2.1).
Cages were set up with potted B. napus plants where DBM adults oviposited.
Parasitoids were released into a single cage when second instar larvae of the host

were observed.

DNA extraction and sequencing

Genomic DNA was extracted from whole insects reared in the lab using the
GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich). The
supergroup-A-specific primers wsp136f/wsp691r and supergroup-B-specific
primers wsp81f/wsp522r (Braig et al., 1998, Zhou et al., 1998) were used initially

to detect the presence of Wolbachia and determine its supergroup. Colonies
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negative for Wolbachia were eliminated from further analysis; positive colonies
were maintained for over a year before the phylogenetic analysis was conducted.
The presence of the WO phage was tested with the orf7 gene using the primers
WOF and WOR (Masui et al., 2000). The Wolbachia ftsZ primers (Lo et al., 2002)
and supergroup-B-specific groEL primers (Baldo et al., 2006) were used to
amplify their respective regions (shown in Table 2.1). The polymerase chain
reaction (PCR) products groEL, ftsZ, and orf7 were cloned into the pCR4-TOPO
vector and inserted into One Shot TOP10-competent cells (TOPO TA Cloning Kit
for Sequencing, Invitrogen). A consensus sequence was generated from three
clones of every gene sequenced using a LI-COR 4300 DNA analyzer (LI-COR)
with labeled primers and Thermo Sequenase labeled primer cycle sequencing kit

(USB Corporation, Cleveland, Ohio) according to the manufacturer’s instructions.

Phylogenetic Analyses

The groEL and ftsZ sequences were concatenated for each species prior to
alignment (Gadagkar et al., 2005). These concatenated DNA sequences were
added to a data set composed of groEL and ftsZ sequences previously used by
Holden et al. (1993), Werren et al. (1995), Masui et al. (1997), Casiraghi et al.
(2005), and Baldo et al. (2006). The orf7 sequence genereated in this study were
added to a data set of previously sequenced orf7 genes by Masui et al. (2000),
Bordenstein and Wernegreen (2004), and Gavotte et al. (2007). Both data sets
were aligned with ClustalW and modified with BioEdit version 7.0.9 (Hall, 1999).

The resulting alignment contained the largest overlap with Wolbachia from D.
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insulare and P. xylostella. Phylogenetic trees were generated using PAUP*
version 4.0b10 (Swofford, 2003) using the maximum parsimony and maximum
likelihood methods. Maximum parsimony and maximum-likelihood heuristic
searches were conducted with 100 random additions and tree bisection and
reconnection branch swapping (TBR). Bootstrap values were calculated from 100
replicates using maximum-parsimony and maximum-likelithood method with 10
random taxon-addition replicates. Modeltest version 3.7 and Akaike’s information
criterion were used to select a DNA substitution model for each data set prior to
maximum likelihood bootstrap analysis: orf7 (TVM+G) and concatenated ftsZ and
groEL (GTR+G) (Posada and Crandall, 1998). This was set in PAUP* for ftsZ and
groEL data set (nucleotide frequencies A=0.34680, C=0.14410, G=0.23130,
T=0.27780; gamma distribution of rates at variable sites; alpha shape parameter =
0.2582; rate categories = 4) and orf7 (nucleotide frequencies A=0.38240,
C=0.12330, G=0.23110, T=0.26320; gamma distribution of rates at variable sites;
alpha shape parameter = 0.6276; rate categories = 4). Due to the lack of a suitable
outgroup both trees generated are midpoint-rooted.

For wsp sequence analysis, sequences were aligned with DBM Wolbachia wsp
isolates found in previous studies (Delgado and Cook, 2009; Jeyaprakash and Hoy,
2000) Modeltest version 3.7 and Akaike’s information criterion were used to
select the GTR substitution model. Maximum likelihood analysis was conducted
using PHYML with the GTR substitution model (estimated proportion of

invariable sites, single substitution rate category). Bootstrap values were
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calculated from 100 replicates replicates with NNI branch swapping (Guindon

and Gascuel, 2003).

Results

PCR using wsp, ftsZ, groEL, and orf7 primers showed that D. insulare and P.
xylostella were each infected with the same Wolbachia strain and its WO phage.
Phylogenetic analysis was performed to determine the evolutionary relationship of
Wolbachia between DBM and D. insulare. Using maximum- parsimony and
maximum-likelihood phylogenetic trees based on the concatenated alignment of
from Wolbachia in DBM and D. insulare, a single Wolbachia strain belonging to
supergoup B was detected (Figure 2.2).

The bacteriophage WO detected in this study is closely related to that found in
Wolbachia in the parasitoid Trichogramma kaykai (Pinto and Stouthamer)
(Hymenoptera:Trichogrammatidae) and its host Ephestia kuehniella (Zeller)
(Lepidoptera: Pyralidae) (Figure 2.3). My results show that the WO phage strains
in DBM and D. insulare are 98% identical, with only three amino acid differences
between the WO orf7 translated product at positions 27 (Asp in DBM, Glu in D.
insulare), 98 (Tyr in DBM, His in D. insulare), and 130 (Gly in DBM, Ser in D.
insulare).

Phylogenetic analysis using DBM wsp sequences from Africa and Asia
(Delgado and Cook, 2009) and United States (Jeyaprakash and Hoy, 2000)
revealed a clustering of Wolbachia from DBM and D. insulare found in Alberta

populations to the supergroup B family Wolbachia found in Malaysia and Kenya.



41

Discussion

This study, the only one to date to report on a Canadian DBM population,
provides evidence that a single Wolbachia strain (from B-supergroup) was
horizontally transferred between host and parasitoid. Previous phylogenetic
studies have shown that there is often a lack of congruence between the
phylogenies of Wolbachia and its hosts (Werren et al., 1995). Based on gene
sequences, related strains of Wolbachia are found among phylogenetically distant
insect hosts, which suggest horizontal transmission (Van Meer et al., 1999; Vavre
et al., 1999; Werren et al., 1995). One mechanism for this transmission may be
host-parasitoid associations. Van Meer et al. (1999), Vavre et al. (1999), and
Gavotte et al. (2007) provide strong arguments for horizontal transfer, based on
the phylogenetic relationships of Wolbachia strains in hymenopteran parasitoids
with their hosts. Van Meer et al. (1999) found evidence for horizontal
transmission between the egg parasitoids 7. kaykai and T. bourarachae (Pintureau
and Babault) and their host, E. kuehniella. Five instances of possible horizontal
transmission were found by Vavre et al. (1999), including transfer between the
larval parasitoids Leptopilina heterotoma (Thomson) (Hymenoptera: Eucoilidae)
and Asobara tabida (Nees) (Hymenoptera: Braconidae) and their respective hosts,
D. simulans and D. melanogaster. Vavre et al. (1999) also provided evidence for
horizontal transfer between two different hymenopteran parasitoids, possibly
through hyper- or multiparasitism, such as between two variants of Trichopria

(Ashmead) (Diapriidae) and L. heterotoma, between the pupal parasitoid
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Trichopria drosophilae (Perkins) (Hymenoptera: Diapriidae) and A. tabida, and
between Muscidifurax uniraptor (Kogan and Legner) and Pachycrepoideus
vindemmiae (Rondani) (Hymenoptera: Pteromalidae). Although phylogenetic
studies have shown that the bacteriophage WO is frequently transferred
horizontally between Wolbachia strains (Bordenstein and Wernegreen 2004,
Gavotte et al., 2007), there are cases (e.g., between T. kaykai and E. kuehniella
and between M. uniraptor and Pachycrepoideus dubius (Ashmed), where
Wolbachia and its associated phage are transferred together (Gavotte et al., 2007).
Consistent with above, the close phylogenetic relationship between Wolbachia
and its phage in DBM and D. insulare indicates that they were transferred
together between the two insect hosts (Figure 2.2, 2.3)

Wolbachia has previously been detected in DBM in the United States using
the more sensitive long PCR technique (Jeyaprakash and Hoy, 2000). In this study,
phylogenetic analysis based on wsp sequence data demonstrated that DBM had
two strains of Wolbachia, wSus-Al and wXyl-B1, belonging to the wMel and
wCon group in supergroups A and B, respectively (Jeyaprakash and Hoy, 2000).
More recently, Delgado and Cook (2009) found three Wolbachia strains in DBM
outside North America. Sequences from the dominant strain p/utWB1, found in
Africa and Asia, were about 17% divergent from sequences from the wXyl-B1
strain. In my study, a single Wolbachia infection belonging to supergroup B was
found in DBM and D. insulare. The wsp sequence data from my DBM population
are the same as the wsp sequence data in DBM plutWB1 (<1% sequence

divergence) (Figure 2.4). Examining the phylogeny of host mtDNA haplotypes
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Delgado and Cook (2009) showed two separate clades, individuals with plutWB1
infection and the other clade with uninfected individuals. The presence of
plutWB1 Wolbachia infection in two continents (now three with this study) and
the monophyletic grouping of mtDNA haplotypes of infected individuals suggest
a single ancestral infection of Wolbachia in DBM (Delgado and Cook, 2009). The
difference in wsp sequence found in this DBM population and those previously
described from United States (wXyIB1) indicates the acquisition and replacement
of Wolbachia strains in different populations of DBM in different geographic
regions. The different Wolbachia strains harbored by these two populations of
DBM in North America may indicate multiple colonization events by DBM into
North America. Delgado and Cook (2009) also described sex-ratio distortion
resulting from the presence of p/utWB1. This aspect was not investigated in my
study.

In addition to increasing the proportion of females in insect populations
Wolbachia may influence host species in other ways. For example it inhibits
RNA but not DNA virus infection in D. melanogaster (Hedges et al., 2008;
Teixeira et al., 2008). Whether this leads to larger insect populations is unknown.
Wolbachia has also been shown to modify the host immune response. In the
alfalfa weevil, H. postica, rates of encapsulation of eggs of the larval parasitoid B.
curculionis are higher when Wolbachia is present than when it is absent. In the
same host, Wolbachia also influences the success rate of the adult parasitoid M.
aethiopoides. Parasitoids develop normally in weevils without Wolbachia but are

less successful in weevils with Wolbachia (Hsiao, 1996). As a consequence the
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host weevil is protected from the adverse impacts of the parasitoid and the host
population benefits. In a study where both host D. simulans and parasitoid L.
heterotoma were infected with Wolbachia, adverse immunity related effects were
detected in both insects (Fytrou et al., 2006). Encapsulation of parasitoid eggs in
the infected host was reduced, but the presence of Wolbachia in the parasitoid
alone reduced its success. The mechanisms of these effects have not been
determined and it is uknown if they are virally mediated (Fytrou et al., 2006). This
may be similar to the system I investigated. RNA virus replication in Drosophila
spp. host is suppressed by Wolbachia (Teixeira et al., 2008); it is tempting to
suggest that Wolbachia is interfering with viral replication in L. heterotoma.
Reduction of the parasitoid virus (polydnavirus, a DNA virus) would make the
injected eggs in an insect host more susceptible to encapsulation by hemocytes of
the host immune system. The injected virus does not replicate in the host but
generates RNA transcripts. The absence of viral transcriptional activity by
polydnavirus would reduce or eliminate parasitoid development. In spite of the
fact that the same strain of WO is present in Wolbachia in both DBM and
Diadegma, further study is required to elucidate the role of the temperate dsDNA
WO bacteriophage in host immune suppression or parasitization rate of DBM.

I have identified a single strain of Wolbachia and the bacteriophage WO in P.
xylostella and D. insulare, which is strong evidence of horizontal transfer.
Although the direction of horizontal transfer cannot be identified by phylogenetic
analysis, the transmission of Wolbachia from insect host to parasitoid shown in

previous studies where Wolbachia could be detected in the parasitoid Leptopilina



45

boulardi (Barbotin et al.) (Hymenoptera: Eucoilidae) after eclosing in Wolbachia
infected D. simulans (Heath et al., 1999), suggests that this transfer has occurred
from DBM to D. insulare. The complex relationship among viruses, bacteria,
parasitoids, and hosts requires further study. Knowledge about this interaction
may permit the development of effective pest-management strategies. Future
investigation of Wolbachia dynamics may be an important factor in the control of
DBM in the field and future use of Wolbachia as a vector for genetic

transformation may depend upon WO lytic activity.

2B: Ceutorhynchus obstrictus and associated Parasitoids

Introduction

Cabbage Seedpod Weevil (CSW), Ceutorhynchus obstrictus (Marsham)
(Coleoptera: Curculionidae), is an invasive species which is an important
agricultural pest (Laffin et al., 2005). CSW was introduced from Europe almost
80 years ago. It has since spread into most of the continental United States, but
more recently to Alberta in 1995 (Carcamo et al., 2001). The movement and
source of this pest into North America was previously evaluated by sequencing
the cytochrome oxidase I (COI) gene from mitochondrial DNA (mtDNA) from
different source populations across Northern Europe and North America (Laffin et
al., 2005). That survey of haplotypes identified two separate introductions of
CSW; one into Quebec, which is the most recently established new population

and remains genetically distinct from the rest of North American populations.
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Alberta’s CSW population consists of one haplotype. CSW has migrated from
southern Alberta into southern Saskatchewan and Manitoba with the expectation
that the entire canola growing region of western Canada will become infested
(Dosdall et al., 2002; Dosdall et al., 2009).

In Alberta, overwintering CSW adults emerge in spring and feed on
brassicaceous weeds, such as wild mustard (Sinapis arvensis L.), prior to
migrating to canola plants during the bud and flowering stage (Dosdall et al., 2001;
Dosdall and Moisey, 2004). Following mating, female beetles oviposit a single
egg into each canola pod. Hatched larvae feed on multiple seeds within the pod.
Mature larvae chew a hole through the pod and drop to the soil where pupation
occurs. Adults emerge and often feed on the canola prior to seeking out
overwintering sites nearby (Dosdall et al., 2001).

Currently, chemical control is used to manage CSW populations in western
Canada with pyrethroid compounds being the most effective (Carcamo et al.,
2005). In contrast, in Europe, two hymenopteran ectoparasitoid
species Trichomalus perfectus (Walker) (Chalcidoidea: Pteromalidae)
and Mesopolobus morys (Walker) (Chalcidoidea: Pteromalidae) reduce
populations of CSW with 7. perfectus often being the prevalent species. These
parasitoids are not present in North America. Variable rates of parasitism have
been reported between different regions within Europe; parasitism of CSW larvae
by endemic parasitoids is capable of reaching 100% (reviewed in Williams, 2003).
Release of the parasitoids 7. perfectus and M. morys into British Columbia in

1949 (McLeod, 1951) resulted in 80-90% parasitism rate initially on CSW
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(McLeod, 1953). However, these two species did not become established in North
America (Gillespie et al., 2006). This classical biological control method is not
used in Alberta and Saskatchewan because parasitism levels by native parasitoids
on invasive CSW are too low (Dosdall et al., 2009). Despite the shifting of
endemic parasitoid fauna from their native hosts onto CSW populations in
Western Canada, to date parasitism by these species is not as effective as
parasitism by their European counterparts. The reintroduction of 7. perfectus and
M. morys into Canada was suggested as part of an integrated pest management
strategy to control CSW populations that are not sufficiently controlled by
endemic parasitoids (Gillespie et al., 2006; Dosdall et al., 2009). A recent survey
of hymenopteran larval parasitoids attacking CSW identified four dominant
genera in Saskatchewan and Alberta: Trichomalus lucidus (Walker) (Chalcidoidea:
Pteromalidae), Necremnus tidius (Walker) (Chalcidoidea: Eulophidae),
Chlorocytus sp. (Chalcidoidea: Pteromalidae) and Pteromalus sp. (Chalcidoidea:
Pteromalidae) (Dosdall et al., 2009). Although high parasitism levels of 45% were
recorded with N. tidius within one year, the level is usually around 4-12%
depending on the area (Dosdall et al., 2007). Variable parasitization rates between
years have also occurs for the other parasitoids with a maximum parasitism level
of 7% for T. lucidus, 10% for Chlorocytus sp.and 9% for Pteromalus sp. (Dosdall
et al., 2009).

Wolbachia has been previously documented in CSW (Floate et al., 2011).
Although weevils show genetic variation between different geographical areas

(Laffin et al., 2005), only one strain of Wolbachia is common in both European
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and North American CSW populations, therefore most likely resulted from a
single ancestral infection (Floate et al., 2011).

In contrast, parasitoids of CSW have not been previously examined for the
presence of Wolbachia. A Wolbachia infection in CSW-associated parasitoids has
important implications for the successful use of parasitoids for biological control.
For example, parthenogenesis inducing Wolbachia can result in higher
paraisitization rates because of the generation of all-female populations of
parasitoids (Brelsfoard and Dobson, 2009). In Alberta, total parasitism rates on
CSW by endemic species, including parasitism by 7. lucidus, a congeneric of a
major parasitoid in Europe, average only 15% (Dosdall et al., 2009). This
comparatively low rate may also be the result of difficulties encountered during
host-shifting by the native parasitoid fauna onto CSW. Low rates of parasitization
may be a result of Wolbachia infection. The presence of Wolbachia in Hypera
postica (Gyllenhal) (Coleoptera: Curculionidae), and Drosophila simulans
(Sturtevant) (Diptera: Drosophilidae) altered the rate of parasitization by
Microtonus aethiopoides (Loan) (Hymenoptera: Braconidae), and Leptopilina
heterotoma (Thomson) (Hymenoptera: Eucoilidae) respectively (Hsiao, 1996,
Fytrou et al., 2006). The rapid movement of CSW throughout the canola growing
region of Western Canada and the presence of several parasitoid species capable
of exploting this growing resource presents a unique opportunity to study
horizontal transfer through parasitization in a recently established host-parasitoid

system.
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In this study I identify and characterize Wolbachia strains and associated WO
bacteriophages in CSW, and test for Wolbachia infection in four separate genera
of parasitoids (7. lucidus, N. tidius, Chlorocytus sp., Pteromalus sp.) all found in
Southern Alberta. Using material collected from infested canola pods of CSW,
newly emerged parasitoids were evaluated for Wolbachia infection by PCR.
Phylogenetic analysis was performed to establish whether Wolbachia infection is
species-specific or if horizontal transfer of Wolbachia has occurred from host to
parasitoid in recent evolutionary history. Phylogenetic analysis can identify the
movement of Wolbachia between different insect hosts. In this study, Wolbachia
and its associated phage WO in both CSW and the parasitoid 7. lucidus were

sequenced in order to identify potential horizontal transmission.

Materials and methods
Sample collection

Ceutorhynchus obstrictus and T. lucidus were collected from emergence cages
containing canola seedpods from fields near Lethbridge in southern Alberta. Once
collected whole insects were placed in 95% ethanol and stored at room
temperature until processing. Additional C. obstrictus and associated parasitoids,
T. lucidus, N. tidus, Chlorocytus sp., Pteromalus sp. were isolated from individual
test tubes sealed with foam plugs, each containing 1 or 2 canola seedpods from
Brassica napus L. and Brassica rapa L. collected from fields in the Lethbridge
region. The tubes were checked daily and any emergent parasitoids or CSW

larvae were placed in 95% ethanol until identification and DNA processing.
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DNA extraction and sequencing

Genomic DNA was extracted from C. obstrictus using the DNeasy Blood and
Tissue Kit (Qiagen). Genomic DNA from parasitoids was extracted by phenol-
chloroform extraction. Individual parasitoids were removed from ethanol fixation
and dried at 60°C prior to processing. The parasitoids were placed in a clean
1.5ml microfuge tube, submerged in liquid nitrogen for one minute, then
homogenized by hand using a pellet pestle. The parasitoids were placed at 56°C
overnight after the addition of 330ul of 1X STE buffer, 60ul 10% SDS and 10ul
Proteinase K (10mg/ml) (Sigma). All samples were centrifuged for 15 min
(14,000 rpm) to pellet debris and the supernatant was transferred to a clean 1.5ml
microfuge tube. Next, 400ul of phenol:chloroform:isoamyl alcohol (25:24:1) was
added to the supernatant, mixed by hand and left on ice for 10 minutes. Samples
were centrifuged for 2 minutes (15,800xg), and the aqueous phase was transferred
to a new microfuge tube. This step was repeated with 5 min incubation on ice
prior to centrifugation and transfer of the aqueous phase to a new tube. To
remove traces of phenol prior to ethanol precipitation, 400ul of
chloroform:isoamyl alcohol (24:1) was added to each sample and centrifuged for
2 min (15,800xg), the aqueous phase placed in a new tube and 2 volumes of 95%
ethanol and 1/10 volume of 3M sodium acetate (NaAc) was added. Samples were
placed at -20°C for 1 hour to precipitate DNA.

Samples were analyzed using a NanoDrop 1000 spectrophotometer (Thermo

Fisher Scientific) to determine total DNA concentration and purity based on its
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A260/A280 ratio, making sure no contaminants such as residual phenol or ethanol
were present which may interfere with downstream use of DNA. The presence of
Wolbachia was determined by PCR amplification of the Wolbachia surface
protein using primers wsp81{/wsp691r (Zhou et al., 1998). Typing Wolbachia was
done using PCR products of f#sZ and gatB. The WO phage was typed with the
orf7 gene. All primers are listed in Table 2.1. PCR products were cloned into the
pCR®4-TOPO® vector and inserted into One Shot® TOP10 competent cells
(TOPO TA Cloning Kit for Sequencing, Invitrogen). Three colonies were selected
and the cloned gene was sequenced using a LiCor 4300 DNA analyzer with
labeled primers and Thermo Sequenase labeled primer cycle sequencing kit
(USB). A consensus sequence was generated for each gene prior to phylogenetic

analysis.

Phylogenetic Analyses

The ftsZ and gatB DNA sequences were concatenated for each species prior to
alignment. Sequences were aligned with ClustalW and modified with BioEdit
v7.0.9 (Thomas et al., 1994; Hall, 1999). For all genes, the evolutionary history
was inferred using the maximum parsimony (MP) methods and validated using
maximum likelihood (ML) method. Phylogenetic trees using MP were generated
using PAUP* version 4.0b10 (Swofford, 2003). Bootstrap values were calculated
from 100 replicates using 10 random taxon addition replicates TBR branch
swapping. Phylogenetic analysis using ML was conducted using PHYML

(Guindon and Gascuel, 2003).Modeltest version 3.06 and the Akaike information
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criterion (AIC) were used to select a DNA substitution model for each data set
before ML analysis: concatenated ftsZ and gatB (GTR+ID'), orf7 (GTR+I1+I")
(Posada and Crandall, 1998). ML heuristic searches were conducted with the GTR
substitution model (estimated proportion of invariable sites, single substitution
rate category). Bootstrap values were calculated from 100 replicates replicates
and NNI branch swapping. Due to the lack of a suitable outgroup both trees

generated are midpoint-rooted.

Quantitative PCR

In order to determine the impact of Wolbachia infection in CSW, Wolbachia
density was measured. Infection density of Wolbachia in larvae of CSW was
measured by quantitative PCR (qPCR). Using this technique, I compared the ftsZ
gene copy number (Wolbachia) to the copy number of the elongation factor 1 a
(efla) gene, a nuclear gene of CSW selected due to sequence availability (primers
are shown in Table 2.2). Primers for EFlo were designed against EFlo of CSW
(EU156572 and EU156571 consensus sequence) using Geneious 6.1.2 primer
design tool to amplify a 75 bp region. qPCR was done using the 7500 Fast Real-
Time PCR System (Life Technologies). Individual reactions were carried out in a
MicroAmp Fast optical 96 well reaction plate (Life Technologies). Each well
contained Sul of 2x Dynamite qPCR master mix (Molecular Biology Service Unit,
University of Alberta), composed of SYBR green (Molecular Probes) and
platinum Taq (Invitrogen), 0.4uM of primers, and 50ng/ul of template DNA. PCR

conditions were defined with an initial melting temperature of 95°C for 5 minutes,
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followed by 40 cycles of 95°C for 15 seconds, 55°C for 15 seconds, and 72°C for
30 seconds. A melting curve analysis was done at the end of the PCR cycle to
ensure the purity of the amplicon. All reactions for each individual insect for each
primer set were performed in triplicate and averaged before analysis.

A standard curve for EF1a-75{/157R was used to determine primer efficiency
and was developed with a series of five-fold dilutions of genomic DNA. Good
primer efficiency (E=101%, 1’=0.99) was determined using a qPCR Efficiency
Calculator (Kapa Biosystems). Primer efficiency was determined for ftsZ primers
prior to this study (90%<E<110%) (J. Haukedal, personal communication).
Comparisons between larval weight and Wolbachia number was done separately
on mature third instar CSW that fed on B. napus or B. rapa using Pearson's

coefficient of correlation.

Results

Initial screening of CSW and 7. lucidus from emergence cages revealed that
both insects harboured a Wolbachia infection. Phylogenetic analysis revealed that
the Wolbachia strains found in CSW and T. lucidus were members of two
separate supergroups, group A and B respectively (Figure 2.5). Phylogenetic
analysis of the bacteriophage WO orf7 gene showed that the phages present in
Wolbachia from CSW and T. lucidus were also evolutionarily distant (Figure 2.6).

Parasitoids that emerged from CSW in individual seedpods in test tubes

were identified as members of four distinct species: 7. lucidus, N. tidus,

Chlorocytus sp., Pteromalus sp. One species, N. tidus accounted for 50% of the
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emerged parasitoids, 25% were T. lucidus, 18.75% were Chlorocytus sp., and
6.25% were Pteromalus sp.. Sequencing results for Wolbachia ftsZ and gatB from
CSW examined in this study are identical to those previously published by Floate
et al. (2011) for Alberta populations of CSW.

Individual weights of mature third instar CSW larvae that emerged from B.
napus and B. rapa seedpods were determined. The density of Wolbachia in CSW
larvae was assessed by measuring the ratio of the Wolbachia ftsZ copy number to
CSW efloa copy number (Figure 2.7). Wolbachia copy number was not
significantly different between CSW emerging from B. napus (8.2+3.97
Wolbachialcell) and B. rapa (9.45+3.42 Wolbachial/cell) (P=0.49, Student’s ¢-test).
In addition, there was no significant difference between larval weights of insects
that fed on B. napus (.0043g+.0008g) and B. rapa (.0037g+.0010g) (P=0.13,
Student’s #-test). Wolbachia copy number per gram of larval wet weight in B.
napus (1873.1Wolbachia/g+.882.9) and B. rapa (2773.4 Wolbachialg +1331.1)
also showed no significant difference (P=0.063, Student’s #-test). There was no
observed correlation between Wolbachia density and larval weight (Pearson r =

-0.093).

Discussion

The horizontal transfer of Wolbachia through host-parasitoid systems has been
suggested by previous phylogenetic studies of field collected insects (Werren et
al., 1995; Schilthuizen and Stouthamer 1997; Vavre et al., 1999; Noda et al., 2001;

Batista et al., 2010), and also has been shown to occur in laboratory conditions
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(Heath et al., 1999; Huigens et al., 2004). The presence of Wolbachia and its
associated phage WO in indigenous parasitoids which are shifting to a new
introduced host (CSW) was examined here to determine if there has been
horizontal transfer of Wolbachia between these insects under field conditions. Of
all the insect species examined, Wolbachia was detected only in CSW and T.
lucidus. However, phylogenetic analysis of Wolbachia strains in CSW and T.
lucidus places the two Wolbachia strains into supergroups A and B, respectively
(Figure 2.5). Bacteriophage WO strains in Wolbachia from CSW and T. lucidus
were also evolutionarily distant (66.4% sequence similarity) (Figure 2.6). There
is no evidence of horizontal transfer of Wolbachia or WO prophage between
CSW (A-supergoup Wolbachia) and T. lucidus (B-supergoup Wolbachia). The
partial sequence of orf7 of the WO prophage of T. lucidus shares 94.7% sequence
similarity to the WO prophage field cricket Teleogryllus taiwanemma (Ohmachi
and Matsumura) (Orthoptera: Gryllidae). This similarity is likely due to the
limited overlap between the partial orf7 gene from 7. lucidus to that of WO
prophage in 7. taiwanemma. Wolbachia was not identified from any of the other
three parasitoid species.

In contrast to Plutella xylostella (L.) (Lepidoptera: Plutellidae) and its
associated parasitoid Diadegma insulare Forster (Hymenoptera: Ichneumonidae),
which share identical strains of both Wolbachia and WO phage (Batista et al.,
2010, and Chapter 2a), the interaction between populations of CSW and 7. lucidus
may be too recent for the horizontal transfer of Wolbachia to occur. Alternatively,

the Wolbachia in CSW may not be able to colonize a novel parasitoid host. Vavre
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et al. (2003) describe three filters that must be overcome by Wolbachia for
horizontal transfer into a new species. These are the encounter filter, which is a
physical interaction between bacteria and host leading to infection, the
compatibility filter, meaning that the Wolbachia strain must be capable of
establishing itself in the germ line cells of the new host, and, lastly, the invasion
filter, which is the ability of Wolbachia to be maintained in a population. The lack
of horizontal transfer between CSW and 7. lucidus may be due to the inability of
the Wolbachia strain to establish itself in the germ line of the new host, or if it
does, it may be selected out as a result of possible fitness costs, or reproductive
incompatibility. Further study is required to identify whether one or more of these
factors are restricting transfer of Wolbachia between CSW and these parasitoid
species.

One Wolbachia strain is found in all populations of CSW examined, which
most likely reflects a single infection in an ancestral population (Floate et al.,
2011). This may represent a specialization of this Wolbachia strain for this
taxonomic group. However, a comparison of Wolbachia strains found in
Ceutorhynchus species (C. neglectus (Blatchley) (Coleoptera: Curculionidae) and
C. subpubescens (LeConte) (Coleoptera: Curculionidae)) native to Canada
showed no similarity to the CSW Wolbachia strain (Floate et al., 2011). Likely
this is a result of different geographic origins of the Ceutorhynchus species
examined. If the Wolbachia strain infecting CSW is specialized to its host, then

horizontal transfer would seem unlikely as a result of Wolbachia-host
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coadaptation. The potential for horizontal transfer between CSW and its
associated host-specific parasitoids in Europe has not been determined.

Unlike DBM, in which Wolbachia infection rates vary between populations,
(from as high as 40% infection rate to some populations not having any detectable
Wolbachia infection, Delgado and Cook, 2009), all populations of CSW that have
been examined are completely infected with Wolbachia (Floate et al., 2011, this
study). In all populations of CSW, Wolbachia is vertically transmitted with 100%
fidelity, meaning that CSW is stably infected with its host. The Wolbachia density
of emerged CSW from B. napus and B. rapa pods was examined in order to
determine if there was any relationship between host plant, larval weight and
Wolbachia density. Although Wolbachia density was variable (3-15 bacterial
gene copies per eflo for B. napus and 5-17 bacterial gene copies per efla for B.
rapa) for CSW larvae from both host plants; there was no significant difference in
mean Wolbachia density or larval weight between B. napus and B. rapa. In D.
simulans, in which Wolbachia is stably infected and caused complete CI (J.
Haukedal, personal communication) reported an average copy number of 6.5
Wolbachia number per host cell for males, and 10.5 copy number for females.
This suggests that the Wolbachia infecting CSW has a relatively high density of
Wolbachia, and lack of horizontal transfer is not due to low Wolbachia titer.
There was also no observed correlation between larval weight and Wolbachia
density.

Wolbachia density in insects feeding on two plant species has not previously

been measured. There was no observed difference in overall nutrition of CSW
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larvae feeding on B. napus or B. rapa, nor was a difference in Wolbachia density
observed. In addition, there is no correlation between the weight of the larvae and
Wolbachia copy number, supporting previous evidence that nutritional variation
has no effect on Wolbachia density (Unkless et al., 2009). However this is
dependent on the presence of antioxidants in the diet which does have a positive
effect on Wolbachia density. In D. simulans Wolbachia density doubles as a result
of glutathione availability (J. Haukedal, personal communication).

This study presents the only quantitative data on Wolbachia density in weevil
larvae. Studies examining adults of rice weevil Sitophilus oryzae revealed variable
tissue tropism showing a higher Wolbachia density in the reproductive organs
than in other tissues (Heddi et al., 1999). Tissue distribution was not examined in
this study and Wolbachia density represents the average Wolbachia population in
all tissues within an individual. In addition the sex of each CSW larvae was not
determined in this experiment and variability of the Wolbachia copy number and
copy number per gram of larval weight for B. napus and B. rapa may be
explained by differences between Wolbachia density in males and females, with
males having a lower overall Wolbachia density (Tortosa et al., 2010; J. Haukedal,
personal communication).

Wolbachia density has been shown to be important in conferring antiviral
protection to its host in D. simulans (Osborne et al., 2009; Osborne et al., 2012)
and Aedes aegypti (Moreira et al., 2009). It is currently unknown if the role of the
antiviral ability conferred by Wolbachia on its host is dependent on the

distribution within certain tissues (Osborne et al., 2012). Whether the Wolbachia
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found in all populations in CSW offer antiviral protection or possibly present
some protection to parasitoids has not been determined. The data presented here
provides a starting point for future studies investigating changes in Wolbachia
density throughout development of CSW.

Although host-parasitoid systems can provide a route for the horizontal
transfer of Wolbachia, the lack of horizontal transfer between CSW and T. lucidus
illustrates the complexity of the symbiotic relationship. Compatibility between a
Wolbachia strain and its host and a longer evolutionary timescale are likely
needed for horizontal transfer to occur.

The ability for Wolbachia to determine the success of a parasitoid either
through induced reproductive phenotypes (Brelsfoard and Dobson, 2009) or by
influencing the host immune response to parasitization (Hsiao, 1996; Fytrou et al.,
2006) may explain the low level of parasitism of native parasitoids in introduced
CSW populations. The role of Wolbachia in the success of this invasive host and

host-switching parasitoids needs to be examined further.
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Table 2.1. Primers used in this study for PCR amplification of different

Wolbachia genes.
Gene Product Primer Name | Sequence 5°-3’ References
gatB Glutamyl-tRNA (Gln) | gatB_F1 GAKTTAAAYCGYGCAGGBGTT Baldo et al.
amidotransferase, gatB_R1 TGGYAAYTCRGGYAAAGATGA 2006
subunit B
ftsZ Cell division protein ftsZ_F1 ATYATGGARCATATAAARGATAG
ftsZ_R1 TCRAGYAATGGATTRGATAT
ftsZunif GG(CT)AA(AG)GGTGC(AG)GCAGAAGA Lo et al. 2002
ftsZunir ATC(AG)AT(AG)CCAGTTGCAAG
groEL | heat shock protein WgroBF2 CAG AGG TYA CAA AGG ATG GC Baldo et al.
HSP60 2006b
WgroBR2 AAT GCT TCA CCTTCA ACATCT
wSsp Wolbachia surface 81F TGGTCC AAT AAGTGA TGA AGA AAC Zhou et al.
protein 136F TGAAATTT TACCTCTTT TC 1998
522R ACC AGC TTT TGC TTGATA
691R AAA AAT TAA ACGCTA CTC CA
orf7 Minor capsid protein phgWOF CCCACATGAGCCAATGACGTCTG Masui et al.
phgWOR CGTTCGCTCTGCAAGTAACTCCATTAAAAC | 2000
Table 2.2. Primers used in this study for qPCR amplification
Gene | Product Primer Name Sequence 5°-3’ References
eFla | Elongation factor 1 157R - TAA TTA CCT GGA GGG GAA GA This study
alpha 75F - ATG CCT TAT TGA AGC TTT GG
ftsZ Cell division protein wRiFtsZ-F TGT CTATTG ATCTTAGTCTGC C J. Haukedal
wRiFtsZ-R GTT ATT CACAGCATTT CCAC (unpublished)




Figures

Figure 2.1: Rearing cage setup for Plutella xylostella and Diadegma insulare.
Insects were reared on Brassica napus cv. Q2 plants (not shown here) contained

in each cage.
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Figure 2.2. Midpoint rooted phylogenetic tree of Wolbachia found in Plutella
xylostella and Diadegma insulare based on maximum parsimony for the
concatenated alignment of groEL and ftsZ. Name of the host arthropod species is
followed by accession number of groEL and ftsZ, in this order. The A- and B-
supergroup Wolbachia clades are labeled. The position of P. xylostella and D.
insulare within supergroup B are indicated by stars. Bootstrap values for nodes

are listed for maximum parsimony and maximum likelihood analyses.
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Figure 2.3. Midpoint rooted phylogenetic tree of bacteriophage WO found in
Plutella xylostella and Diadegma insulare based on maximum parsimony for orf7.
Name of the host arthropod species followed by accession number. The position
of P. xylostella and D. insulare within supergroup B are indicated by stars.
Bootstrap values for nodes are listed for maximum parsimony and maximum

likelihood analyses.
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Figure 2.4. Maximum likelihood phylogeny of Wolbachia in different populations

of Plutella xylostella based on wsp. Tree is midpoint rooted with bootstrap values

listed for branches. Name of the host arthropod species and its location are

followed by accession number. Sequence data for Wolbachia wsp in P. xylostella

and Diadegma insulare from Alberta populations have not been submitted to

Genbank.
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Figure 2.5. Maximum parsimony phylogenetic tree of Wolbachia found in
Ceutorhynchus obstrictus and Trichomalus lucidus based on the concatenated
alignment of gatB and ftsZ. . The A- and B- supergroup Wolbachia clades are
labeled. The position of C. obstrictus and T. lucidus within supergroup B are

indicated by stars. Tree is midpoint rooted with bootstrap values for nodes are

65

listed for maximum parsimony (above line) and maximum likelihood (below line)

analyses.
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Figure 2.6. Maximum parsimony phylogenetic tree of WO prophage of
Wolbachia found in Ceutorhynchus obstrictus and Trichomalus lucidus based on
the concatenated alignment of orf7. The position of C. obstrictus and T. lucidus
within supergroup B are indicated by stars. Tree is midpoint rooted with bootstrap
values for nodes are listed for maximum parsimony (above line) and maximum

likelihood (below line) analyses.
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Figure 2.7. (A) Larval weight was measured from unsexed individual ethanol-
fixed emerged CSW. (B) Relative Wolbachia copy number in CSW from B.
napus (n=12) and B. rapa (n=12) measured by gPCR. Copy number of Wolbachia
encoded ftsZ was compared to the copy number of elongation factor 1 a (efla)
gene (a host nuclear gene) in order to determine the relative Wolbachia density of

individual CSW larvae. (C) Wolbachia density per gram of larval wet weight.
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Chapter 3

Horizontal transfer of Bacteriophage WO

For the Wolbachia typed in the previously studied host-parasitoid systems an
associated bacteriophage was identified by sequencing the orf7 gene, encoding the
minor capsid protein. Unfortunately, the sequenced genome for Wolbachia and its
associated bacteriophage are not available for any of the Wolbachia strains
examined in this thesis. Complete genomes for Wolbachia infecting Drosophila
simulans and D. melanogaster however, provide a model system for the study of
the biology and diversity of the bacteriophage infecting Wolbachia.

Viruses that infect prokaryotes, known as bacteriophages, or just phages,
constitute the most abundant biological entities on earth with an estimated phage
population size of >10* in marine systems (Chibani-Chennoufi et al., 2004). The
tailed bacteriophages make up the majority of the described bacterial viruses, with
individual phages found to infect bacteria in every order (Maniloff and
Ackermann, 1998). The classification of bacteriophages is based mainly on
morphological and nucleic acid characteristics and at present includes 7 orders, 96
families and 420 genera (King et al., 2012). Tailed bacteriophages with dsDNA
belong to the order Caudovirales, containing the families Myoviridae (contractile
tails), Siphoviridae (long non-contractile tails) and Podovirdiae (short non
contractile tails) (Maniloff and Ackermann, 1998). This order contains 96% of all
described bacteriophages with 60% being assigned to one of the above families
(Maniloff and Ackermann, 1998; Glazko et al., 2007).

The work presented here (including data generated and data analysis) was carried

out by the author. This data has been published in Biliske et al., 2011. BMC
Microbiology, 11:251
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The bacteriophage lifecycle begins by the binding of a phage structure, such
as tail fibers, to a receptor on the surface of its bacterial host. This contact is
followed by an absorption step where the phage genome is transferred/injected
into the cell. This genetic material can either be integrated into the bacterial
genome or remain separate (reviewed by Weinbauer, 2004). Depending on the
phage, the lifecycle can continue through a lytic cycle, where phage production
occurs in the cell and is followed by cell lysis and release of phage particles.
Alternatively, a lysogenic or temperate cycle can occur where the phage genome
will reside dormant in the bacterial host, becoming what is known as a prophage
(Ackermann and DuBow, 1987). In this case, the prophage will replicate with its
host chromosome until it is induced to switch to a lytic cycle if it is a functional
prophage. Prophages which are non-functional, and therefore unable to complete
their replication cycle, may retain some functional genes (Casjens, 2003).

The presence of integrated prophages contributes to genome diversification in
bacteria and accounts for a substantial amount of the total genomic DNA present
in any given host (e.g. 13% of the wRi genome belongs to prophages). The impact
of phage DNA on bacterial evolution has been studied extensively in pathogenic
bacteria where virulence or fitness factors of temperate bacteriophages are
introduced into the host genome though horizontal gene transfer (Briissow et al.,
2004). An example of genome diversification due to horizontal gene transfer is
seen between enterohemorrhagic Escherichia coli O157:H7 strains (Ohnishi et al.,
2002), or between the pathogenic E. coli O157 and laboratory strains of E. coli K-

12 (Hayashi et al., 2001). The pathogenic and laboratory strains share a
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chromosome backbone of 4.1Mb. However, about half of the strain-specific
sequences of the pathogenic O157 originate from different integrated prophages
(Hayashi et al., 2001). Among strains of O157, which share a conserved bacterial
chromosome, prophages account for much of the strain-to-strain differences
(Ohnishi et al., 2002). Prophage regions on the bacterial chromosome of E. coli
O157:H7 act as sites for large genome rearrangement through homologous
recombination (Iguchi et al., 2006).

Although sequence similarity between prophages that have different host
ranges is rare, conserved genome architecture often occurs between morphotypes
(Hatfull, 2008). For example the Siphoviridae, a group which includes the
Wolbachia WO phages, require a basic set of genes encoding structural proteins
(head, tail, tail fibers), DNA replication and packaging, and proteins involved in
cell lysis (e.g. holin) (Briissow and Hendrix, 2002). Like bacterial chromosomes,
phage genomes undergo homologous recombination. Although the organization of
phage genes may be conserved between different bacteriophages, a mosaic
genome structure results from the exchange of a genetic region from one phage
genome into another (Briissow and Hendrix, 2002; Briissow et al., 2004). These
hybrid prophages can still be fully functional if these exchanged genetic regions,
or modules, carry out the same biological function (Botstein, 1980).

Temperate bacteriophages infecting Wolbachia, named WO, were discovered
by Masui et al. (2000), in the insect Teleogryllus taiwanemma (wTai). He
identified seven open reading frames (orfs) belonging to the prophage in this

strain. Wolbachia belonging to Corcyra cepharonica (wCep), Drosophila
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simulans (wCof, wRi), Ephestia kuehniella and Cadra cautella (wCauA, wCauB,
wKue, wSca) all have WO prophages present, based upon screening for the WO
minor caspsid protein gene (orf7) (Masui et al., 2000). Subsequently, every
genome sequence of arthropod strains of Wolbachia has revealed numerous
prophages (Wu et al. 2004; Klasson et al., 2008; Klasson et al., 2009). The
genomes of purified bacteriophage particles from wCauA- and wCauB-
Wolabachia infecting E. kuehniella (Fujii et al., 2004; Tanaka et al., 2009), and
wVitA and wVitB-Wolbachia infecting Nasonia vitripennis (Kent et al., 2011)
have been sequenced.

Although the bacteriophage WO is genetically isolated as a result of
Wolbachia’s intracellular lifestyle, it is responsible for much of the genome
diversification of Wolbachia. WO is capable of horizontal gene transfer in
arthropod hosts coninfected with two different strains of Wolbachia (Kent et al.,
2011). Currently, the role of WO prophages in the interaction between Wolbachia
and insect hosts is poorly described, nor are the functions of proteins encoded by
the prophage genome understood. Interestingly, expression of ankyrin motif-
containing genes found in prophages is involved in feminization of isopods
(Pichon et al., 2012). Also, lytic WO phages modify cytoplasmic incompatability
levels in N. vitripennis. The ability of WO to lyse its host and reduce Wolbachia
density decreases the ability of Wolbachia to induce cytoplasmic incompatability
(Bordenstein et al., 2006). Lytic WO in Wolbachia wVit can be induced by
temperature stress (Bordenstein and Bordenstein, 2011). Using quantitative PCR

to identify which of the threeWO phages in wRi was capable of replicating,
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Biliske et al. (2011) were able to determine that only WORIiC was active,
generating extrachromosmal copies of phage genes.

The WO bacteriophage is a source of recombination in Wolbachia (Ishmael et
al., 2009; Bordenstein and Werengreen, 2004). Horizontal transfer of phages
between Wolbachia strains coinfecting a single host has been reported in the
parasitoid Nasonia vitripennis (Kent et al., 2011) and the leaf beetle Neochlamisus
bebbianae (Chafee et al., 2010) and acts as a mechanism for acquiring new genes
through horizontal gene transfer. The transfer of potential effector molecules that
have a function in the biology of Wolbachia may account for the phenotypic
difference seen among Wolbachia strains.

The intracellular lifestyle limits the transfer of genes between Wolbachia
strains; however there is the potential to transfer genes from other endosymbionts
such as Rikettsia endosymbiont of the tick Ixodes scapularis to Wolbachia
(Ishmael et al., 2009). The bacteriophage WO is a potential vector for horizontal
gene transfer of Wolbachia genes to the eukaryotic host, as is observed in Aedes
aegypti in which WO prophage genes are associated with the integrated
Wolbachia genes (Klasson et al., 2009). WO may be the vector for other observed
prokaryote-eukaryote horizontal gene transfer (Hotopp et al., 2007; Nikoh et al.,
2009). The potential to use the WO bacteriophage for the transformation of
Wolbachia is important for future research as currently no methods exist for
genetically manipulating Wolbachia (Metcalf and Bordenstein, 2012).

This study compares the genomes between known active phages WOVitAl

and WOCauB2 found in N. vitripennis and C. cautella respectively and the
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uncharacterized prophages of wMel in D. melanogaster and wRi in D. simulans in
order to examine conservation of shared genome structure. This comparison
identifies regions of similarity between these phages and estimates the core set of
genes required to generate virus particles. Since each sequenced WO prophage
region has undergone numerous rearrangements, whole genome alignments were
used to identify regions of collinearity. Comparative analysis of the genome
architecture of these prophages identified the conserved genomic backbone in
different WO strains. My results identify modules for head assembly and DNA
packaging as well as tail morphogenesis present in wMel and wRi and conserved
in all known active WO phages. These regions can be used to predict potentially

active phages in future sequencing projects.

Materials and methods
Sequence analysis

Annotated genomes of Wolbachia strains wMel (GenBank:NC_002978) (Wu
et al., 2004) and wRi (GenBank:NC_012416) (Klasson et al., 2009), and phage
strains WOCauB2 (GenBank: AB478515) (Tanaka et al., 2009), and WOVitA
(GenBank:HQ906662) (Kent et al., 2011) were retrieved (Benson et al., 2008).
The phage regions WRi_005250-005970 in WORiB and WRi_006570-
WRi_007250 in WORIC from the wRi genome were used for whole phage
genome alignments. The region WD0562-WD0646 from the wMel genome was
used for WOMelB genome alignments. Whole genome comparisons were

performed using the Mauve plug-in v.2.2.0 (Darling et al., 2004) for Geneious
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v5.4.4 (Drummond et al., 2011). The predicted amino acid sequences for the large
terminase subunit and baseplate assembly gene W were used for phylogenetic
analysis to determine the evolutionary history of different components of the core
bacteriophage genome.

Proteins were aligned using the ClustalW multiple alignment algorithm
implemented in Geneious v5.4.4. (Drummond et al., 2011). Model selection was
performed using Prottest 2.4 (Abascal et al., 2005) with Akaike's information
criterion (AIC) to select for an appropriate evolutionary model for each data set
prior to analysis: terminase (JTT+I+I'+F) and baseplate assembly protein W
(JTT+I'). Maximum likelihood analysis was conducted using PHYML with the
JTT substitution model with gamma correction for terminase (estimated
proportion of invariable sites, four substitution rate category) and baseplate
assembly protein W (four substitution rate category) (Guindon and Gascuel, 2003).
Bootstrap values were calculated from 1000 replicates replicates with NNI branch

swapping

Results

Naming of WO phages followed the convention established by the published
genome of Wolbachia from D. melanogaster which revealed two integrated
prophages WO-A and WO-B relative to their postion to the origin of replication
(Wu et al., 2004). The sequencing of D. simulans showed four integrated
prophages. Based on genome similarity with WO from wMel, these were labeled

as WO-A, two WO-B regions, and, with sharing little similarity to WOMel
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phages, the last was named WO-C. The sequencing of the phage genomes from
purified virions and subsequent Wolbachia genomes led to the convention of
listing the Wolbachia strain origin between the WO and letter/number
classification, such that WOMelA and WORIA are from D. melanogaster and D.
simulans respectively. Thus, D. simulans genome has three distinct prophage
regions named WORiA, WORIiB, and WORIC.

The genome of the active WORIC prophage from wRi is predicted to be
77,261 bp and to contain 56 ORFs (WRi _006570 to WRi_007250) (Biliske et al.
2011) (Figure 3.1). The core genome containing a DNA packaging and head
assembly module and a tail morphogenesis module is 24.2 kbp (WRi_006910 to
WRi_007210). The 35% GC content of the phage genome is identical to the GC
content of the wRi genome indicating a long period of co-evolution between
prophage and bacteria.

The WO genomes isolated from active virus particles that have been
sequenced to date belong to Wolbachia of C. cautella, WOCauB2 and
WOCauB3 (Tanaka et al., 2009; Kent et al., 2011). More recently, Kent et
al. (2011) used microarrays to capture the sequences of WOVitA and WOVitB
which are the active phages in wVitA and wVitB respectively, infecting N.
vitripennis. In my study, genomes from these active phages were compared to
WORI prophage genomes to identify conserved regions. Figure 3.2 shows the
overall gene synteny between the WO phages. In this figure the heights of the
coloured peaks represent the degree of nucleotide similarity between collinear

genomes. Pairwise alignments were performed between WORiIC and WOCauB2
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(Figure 3.2 A A), WORIC and WOVitAl (Figure 3.2 B), WORiC and WORiB
(Figure 3.2 C) and WOMelB (Figure 3.2 D). Additionally, pairwise alignments
between WORIiA and WOMelA to WORiC and WORiB were also performed
(Figure 3.3 A-D). The WOMelB sequence used for comparisons included the
upstream adjacent pyocin region identified by Wu et al (2004). These
comparisons revealed conserved regions of homologous sequence and identified
rearrangements and inversions between the genomes. The genes encoding
putative structural and packaging proteins are present in two adjacent and
conserved regions in WORIC, WOVitAl and WOCauB2. WORiA and WOMelA
did not align with other WORIi phage genomes (Figure 3.3 A-D).

Comparisons between WORIiC and WOCauB2 reveal a single block of
homologous sequences spanning the structural and packaging regions (Figure 3.2
A). There are three separate areas of dissimilarity between WORiC and
WOCauB2. These include two transposable elements and an uncharacterized
phage protein (WRi_007190).

Notable areas of dissimilarity between WOVitAl and WORIC (white areas;
Figure 3.2 B) include two transposable elements (WRi_006820) interrupting an
ankyrin repeat protein gene (WRi_006810, WRi_p06840).The major region of
dissimilarity between WOVitAl and WORIC, adjacent to the structural module in
WOVitAl, could be a result of horizontal gene transfer into WOVitAl or gene
loss in WORIC. These ORFs in WOVitAl encode MutL and three transcriptional

regulators (ADW80184.1, ADW80182.1 to ADW80179.1). Although WOVitAl
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and WORIC share 36 homologs compared to 33 shared between WORiC and
WOCauB2, WORIC is more similar to WOCauB2 (92.4%) than WOVitAl.

Genome alignments were also used to assign possible functions to previously
annotated hypothetical ORFs. A hypothetical gene, (WRi_p07030), shares 74.7%
pairwise identity to the virulence protein gene VrlC.1 of WOVitAl and is
pseudonized by the transposon insertion (WRi_007040). The annotated
hypothetical protein (WRi_007070) is homologous to tail protein I from
WOVitAl (96%, 3e-143).

The WORIiB genome shares only ORFs found within the packaging region
(WRi_005460 to WRi_005610) with WORIC (figure 3.2 C). This packaging
region is also conserved in WORIiA with the addition of two upstream ORF’s
coding for ankyrin proteins (WRi_005440 to WRi_5610) (Figure 3.2 B). Between
WORIiA and WORIB (data not shown) the points of dissimilarity include two
transposable elements (WRi1_012560 and WRi_012520). One of these
(WRi_012520) appears to have moved within the packaging region and shares
100% nucleotide similarity with the transposase adjacent to the packaging region
of WORIiB (WRi_005420). ORF’s coding for a PQQ repeat containing enzyme
(WRi_012580) and a hypothetical protein (WRi_012620) are present in WORiA
but absent in WORIB. These differences also occur between WORIC and WORIA,
as well as an additional transposable element with a frameshift mutation
(WRi_p12500) and a lysozyme gene (WRi_012650) instead of the

uncharacterized phage protein (WRi_007190) that is only found within WORiC.
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The comparison of WOMelA to WORIC shows the conservation of the DNA
packaging and head assembly region (WRi_007070 to WRi_007210) and
similarities between ankyrin repeat containing genes. WOMelA shares a large
region of homologous sequence with WORIiB that includes aParB-
methyltransferase gene (WRi_005640).

When the pyocin sequences, containing the viral structural genes, are included
in the WOMelB genome and aligned with WORIC, the structural and packaging
regions are conserved, but rearranged in WOMelB compared to WORiC
(Figure 3.2 D).

The evolutionary relationships of the tail morphogenesis and head assembly
module and the DNA packaging module were examined by phylogenetic analysis.
Phylogenetic trees based on baseplate assembly protein W (tail morphogenesis)
and the large terminase subunit (DNA packaging) showed different evolutionary
relationships for related phages, with the exception of the WOMelB, WORiB1
and WORIiB2 clade (Figure 3.4). WORIC shows the greatest phylogenetic
relatedness to WOCauB2 and WOCauB3 for baseplate assembly protein W
(Figure 3.4 A), which is indicated by the high degree of nucleotide similarity
(97.8% pairwise identity) in the alignment (Figure 3.2 A). In contrast, the large
terminase subunit of WORIC is most closely related to the wMel and wRi B-type

phages (Figure 3.4 B).
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Discussion

Using quantitative PCR to identify which of the four WO phages in the wRi
genome was capable of replicating, Biliske et al. (2011) determined that only
WORIC was active, generating extrachromosmal copies of phage genes. In this
study, a comparative genomic approach was taken to identify the core genome
conserved between WORIC and two previously characterized temperate
bacteriophages WOVitAl (from Wolbachia of N. vitripennis) and WOCauB?2
(from Wolbachia of C. cautella), in order to identify putative essential regions
required for phage generation. The genomes of WORiC, WOVitAl, and
WOCauB2 show considerable sequence homology which supports the view that
WORIC is the active form of phage in wRi. The two conserved modules shared by
WORIC and the temperate phages WOCauB2 and WOVitAl include the DNA
packaging and head assembly region and the tail morphogenesis region (Figure
3.2A-B). In contrast, the WORiB genome and the WOMelB genome lacking the
upstream pyocin region share few homologous sequences with WORIiC. Genes
with sequence homology in WORiB, WOMelB, and WORIC belong to the DNA
packaging and head assembly region. However, the core tail structural region of
WORIC aligns with WOMelB once the pyocin region is included in the analysis.
WORIB lacks the pyocin-like region and is therefore deficient in most tail
morphogenesis genes.

The chimeric nature of WO phages was initially identified by Masui et
al. (2001), who described the large terminase subunit, portal protein and minor

capsid protein of the DNA packaging region in WOKue as lambda-like, and the
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baseplate assembly proteins of the tail structural region as P2-like. This
hybridization of lambda and P2 sequences is not exclusive to WO phages, since
chimeric phages have been described in other systems; for example Xylella
fastidiosa phages XfP1 and XfP2 are also lambda/P2 chimeras (Canchaya et al.,
2003). Due to recombination and genetic mosaicism, different parts of a
bacteriophage genome can have different evolutionary histories (Lawrence et al.,
2002). In the chimeric WO phages (Figure 3.4), the large terminase subunit
sequence from the DNA packaging and head assembly regions shows a different
phylogenetic relationship than the baseplate assembly protein W sequence from
the tail morphogenesis regions. This modular nature of WO phages has been
described previously (Kent and Bordenstein, 2010). I have shown that the most
conserved region shared by all sequenced WO bacteriophages is the DNA
packaging region.

The genome encoding the DNA packaging and head assembly module
includes ORFs that putatively code for a portal protein, a minor capsid protein and
the large subunit of the terminase protein (Figure 3.1). This large terminase
subunit contains a DNA-dependent ATPase domain and site-specific nuclease
domain which are both involved in DNA translocation during packaging. In
double-stranded DNA phages, terminases are generally accompanied by a small
subunit involved in DNA binding (Black, 1989; Rao and Feiss, 2008). However,
no homolog of this small subunit has been identified in any WO genome. The
portal protein of tailed bacteriophages forms a complex with the terminase

proteins which translocates phage DNA into the prohead during phage replication
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(Rao and Feiss, 2008). The conservation of these packaging genes suggests that
DNA packaging in WO phages is driven by an ATP-dependent DNA
translocation motor similar to other tailed bacteriophages.

Similarly, the organization of the tail morphogenesis module is conserved
among WOVitA, WOCauB, and WORIC. Genes involved in tail assembly include
the tail proteins, tail tape measure protein, the tail sheath protein, the contractile
tail tube protein and baseplate assembly proteins J,W, and V. Tail morphogenesis
in the subfamily Myoviridae, which have long contractile tails, is the most
complex of all tailed bacteriophages. In the Myoviridae, T4, P2 or Mu, baseplate
assembly occurs first and is required for sheath and tail polymerization. It is from
the baseplate that the tube polymerizes to a length determined by the tail-tape
measure protein and this is followed by the tail sheath which extends the length of
the tail (Leiman et al., 2010).

The presence of the tail sheath gene in active WO genomes suggests that, with
respect to tail structure and assembly, these phages are more similar to
Myoviridae than to the subfamily Siphoviridae, which includes lambda and lacks
contractile tails. The phage tail mediates genome delivery into host cells, and is
required for the generation of infectious phages. The absence of this region in the
WORIB genome may contribute to the inability of WORIB to form infectious
particles.

Unlike WORIC, in which the packaging region is located adjacent to the
structural proteins, in WOMelB the structural proteins are divided in the genome

and separated from the packaging region by approximately 18kbp (Iturbe-
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Ormaetxe et al., 2005). One region of structural genes found in WOMelB was
initially characterized as a pyocin-like region. Therefore, active phage generation
in D. melanogaster wMel could result from the coordinated replication of both
packaging and structural regions. Despite much previous interest in Wolbachia's
ankyrin containing genes (Iturbe-Ormaetxe et al., 2005; Duron et al., 2007), and
the suggestion that they may influence phage function, the ORFs encoding
ankyrin-containing motifs are outside the core conserved regions of WORIC,
WOVitAl and WOCauB3. The role of ankyrin coding genes in the WO-
Wolbachia-host relationship remains elusive (Walker et al., 2007, Yamada et al.,
2010).

My results suggest that Wolbachia phages WORIiC and known active phages
WOCauB and WOVitAl represent a conserved class of Wolbachia phages.
Interest in the conserved genetic modules of the lambda-like DNA packaging and
head assembly genes and P2-like tail morphogenesis genes led to the investigation
of the relatedness of the Wolbachia phages. Phylogenetic analysis shows
similarity between WORiIC and WO-B's found in wMel and wRi (based on large
terminase subunit phylogeny) and similarity between WORiIC and WOCauB2 and
WOCauB3 (based on the baseplate assembly protein W phylogeny). These
divergent topologies are indicative of the horizontal transfer events occurring
between phage genomes. Similarity of genomes of active WO phages may be due
to the fact that they have a common, recent origin, or because active WO phages
are operating within a limited framework of endosymbiotic bacteria, where

opportunities for incorporating novel gene sequences by recombination are



limited. Given the present level of knowledge of active WO bacteriophages, |

cannot distinguish between these and other possible evolutionary scenarios.
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Chapter 4
Molecular and phylogenetic characterization of the WO-encoded ParB-

Methyltransferase in Wolbachia

Introduction

Numerous epigenetic systems control gene expression in organisms.
According to Cassadesus and Low (2006), epigenetic gene regulation occurs
when gene expression is affected without any modification to the DNA sequence.
The simple addition of a methyl group to amino acid residues in histones or
nucleotides in DNA alters the state of those molecules and in turn changes gene
expression. In the case of DNA methylation, the epigenetic modification is the
presence or absence of a methylated base which can prevent or enhance
transcription factors from actively binding to their target site. The presence of a
methyl group on a base adds additional information to the DNA molecule, without
changing the gene sequence.

DNA methylation was first discovered by Hotchkss (1948) in DNA from calf
thymus and subsequently has been described in virtually all living systems (Cheng,
1995). Methylation of DNA is carried out by enzymes known as DNA
methyltransferases (MTases). All known MTases methylate DNA by transferring
a methyl group from the cofactor S-adenosyl-; -methionine (AdoMet) to a target
base, either adenine or cytosine (Bujnicki and Radlinska, 1999). These bases are
known to be methylated by MTases within or near a recognition site of 4-7 base

pairs. All known MTases share structurally similar domains and motifs. In spite of

The work presented here (including data generated and data analysis) was carried
out by the author. A portion of this data has been published in Saridaki et al.,
2011. PLoS One, 6(5):e19708
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these structural similarities MTases are classified according to how they interact
with the target bases, the catalytic mechanisms used, and their evolutionary
history.

On the basis of catalytic mechanisms of the addition of AdoMet to nucleotide,
DNA MTases are grouped into two classes (Jeltsch, 2002). One class forms C5-
methylcystosine (SmC) and a second class forms N6-methyladenine (N6mA) and
N4-methylcytosine (N4mC) (Cheng, 1995). In the formation of SmC, a covalent
intermediate is formed between a Cys residue in the MTase and the C6 atom of
cytosine. This covalent bond leads to the addition of a methyl group from AdoMet
(Cheng, 1995). It is only after this step that the enzyme is released (Jeltsch, 2002).
Unlike the C-MTases, the N4- and N6-MTases do not form this covalent
intermediate. In both classes, enzyme binding to a target site results in a
conformational change in both the DNA and the protein, where the nucleotide that
will be methylated is flipped out into the active site of the enzyme in order to be
methylated (Jeltsch, 2002; Cheng 1995).

The structure of MTases consists of two conserved domains, the large and
small domain. The small domain is the target recognition domain (TRD), which is
responsible for recognition of the target site (Jeltsch, 2002). The large domain,
which differs greatly between cytosine-MTases and adenine-MTases, is composed
of up to 10 conserved motifs (Jeltsch, 2002). The large domain of N-MTases is
made up of nine conserved motifs (Malone, 1995). The two most conserved
motifs are motif I, which is the region that binds to methionine in AdoMet and

motif I'V, also called the DPPY-motif, which is involved in catalysis of methyl
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transfer between AdoMet and the target base. Based on the order of these nine
motifs and the position of TRD, adenine-MTases can be further subdivided into 3
groups: the a-, B-, and y-group. The order of the a-group is motif I-TRD-motif IV,
the order of the B-group is motif [V-TRD-motif I, and the order of the y-group is
motif [-motif IV-TRD (Malone et al., 1995). Adenine-MTases occur in all three
groups (Jeltsch, 2002).

The phylogenetic relationship of N4-MTases and N6-MTases shows that these
two families of MTases have diverged from a common ancestor (Bujnicki and
Radlinska, 1999). It has been suggested that the origin of N4-MTases was from a
B-group N6-MTase, which would mean that the a-group of N4 and N6-MTases
arose independently of one another (Bujnicki and Radlinska, 1999). Phylogenetic
analyses of various N-MTase genes by Bujnicki and Radlinska (1999) shows that
these genes underwent frequent horizontal gene transfer between bacteria and
Archaea. A lack of congruence between organismal and gene topologies suggests
HGT, but discrepancies may also be the result of other biological processes, such
as recombination or orthologous replacement (Paptsova and Gogarten, 2007).

SmC methylation is found in most eukaryotes, whereas N6mA and N4mC
are primarily or exclusively found in prokaryotes. In prokaryotes MTases either
belong to a restriction-modification system or are considered orphan MTases. The
biological role of these MTases in prokaryotes is diverse, ranging from viral
defense using the R-M (Restriction-Modification) system to cell-cycle regulation
and DNA repair (Jeltsch, 2002). In the R-M system there is a restriction

endonuclease and a cognate DNA MTase (Wion and Casadesus, 2006). A
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restriction endonuclease cleaves a target DNA sequence unless that site has been
methylated by a related methyltransferase (Casadesus and Low, 2006). Since the
DNA MTase ensures that genomic and plasmid DNA is completely methylated,
any foreign DNA, such as that from a bacteriophage, is not methylated and is
subsequently cleaved and destroyed (Casadesus and Low, 2006). Many of the R-
M systems are regulated by their associated MTases, which suggests a possible
evolutionary link between MTases in the R-M system and the orphan MTases
which are commonly involved in epigenetic gene regulation.

The roles of orphan MTases in controlling cell cycle and DNA repair are best
described in the Escherichia coli dam (for dNA adenine methyltransferase)
system and similar systems in other gammaproteobacteria, and the cell-cycle
regulated DNA MTase (CcrM) family found in alphaproteobacteria (Casadesus
and Low, 2006; Jeltsch, 2002). Dam is an a-group MTase which methylates the
N6 atom of an adenine residue within a 5’-GATC-3’ sequence. In E. coli, almost
all the GATC sequences are methylated. The role of the Dam enzyme was
determined by Heusipp et al. (2007) using Dam-overproducing and Dam mutant
strains. These roles include regulating gene expression, DNA replication, and
DNA repair (Wion and Casadesus, 2006). In DNA mismatch repair, removal of
the region with the mismatch and re-synthesis of a new strand occurs near
methylated sites (Lgbner-Olesen et al., 2005). The sequestering protein SeqA
binds to unmethylated ‘GATC’ sites, preventing DNA replication as well as
chromosome segregation (Lgbner-Olesen et al., 2005). The Dam enzyme controls

DNA-protein interaction, whereby specific regulatory proteins will only bind to
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hemimethylated (one methylated and one unmethylated DNA strand) or fully
methylated (both strands are methylated) DNA, while other proteins bind to non-
methylated DNA and block Dam methylation (Wion and Casadesus, 2006).

The B-group MTase known as CcrM was first described in the
alphaproteobacterium Caulobacter crescentus. In this organism CcrM is essential
for cell-cycle regulation (Wion and Casadesus, 2006). The CcrM protein
methylates the newly synthesized strand of the bacterial chromosome after
replication, which allows for the next cycle of replication by activating the
transcriptional regulator dnaA. CcrM is only expressed and active during
replication before being quickly degraded. Its activity is controlled by CtrA,
which like SeqA, prevents DNA replication by binding to the origin of replication.
Transcription of CcrM is activated by CtrA which leads to the accumulation of
CerM in the cell, and subsequently methylation of the newly synthesized strand of
DNA, initiating another round of replication (Collier et al., 2007).

It is interesting that novel forms of MTases exist in some bacteria. An
example is the B-group MTases with an N-terminal ParB-like nuclease domain
(ParB-MTases) that appear to have resulted from a gene fusion event. This fusion
gene has been described in six bacterial phyla; 47.5% are in the order
alphaproteobacteria. ParB nucleases are part of the parCBA operon found in
plasmids RK2 and RP4 (Johnson et al. 1999). The three cotranslated proteins of
this operon include a recombinase (ParA), a calcium dependent nuclease (ParB)
and ParC which has an unknown function. These proteins maintain low copy

number plasmids within a growing bacterial population (Sobecky et al., 1996).
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ParB is a monomer that has sequence homology to extracellular nucleases of
Staphylococcus aureus (Johnson et al., 1999).

The function of the ParB-Mtase enzymes in prokayotes is presently under
investigation. This gene is present along with CcrM in a number of bacterial
genomes which suggests that unlike CcrM, ParB-Mtases have a nonessential role
in cell viability. However, the presence of this gene in endosymbionts, including
Wolbachia, which contain no other DNA MTases, suggests a role for this protein
in the symbiotic interaction between the microbe and the host. The mechanism by
which Wolbachia cell division is regulated within host cells has not been
identified and the ParB-MTase may be involved in integrating replication of the
bacterial cell with that of its host cells. Alternatively, it may be involved in
epigenetically altering host DNA. In an earlier proteomic study, it was the only
Wolbachia protein found in the egg cytoplasm of infected Drosophila embryos 15
min post fertilization (H. Braig and H. Harris, personal communication)
suggesting that Wolbachia alters its host’s DNA through methylation in the
earliest stages of development. This is precisely the stage where rescue of
modified sperm from infected males takes place, although the factors responsible
for rescue remain to be identified.

The sequencing of the Wolbachia genomes infecting Culex pipientis, C.
quinquefasciatus, D. melanogaster and D. simulans revealed the existence of the
ParB-MTase within certain prophage regions. However, there has been no
demonstration of adenine methylation of Wolbachia DNA or the DNA of infected

hosts to date.
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The purpose of this study is threefold: (i) to determine the phylogenetic
relationships of the ParB-MTase genes present in bacteria, (ii) to analyze the gene
structure of ParB-MTases and their genomic synteny, and (iii) to examine the
extent of horizontal transferr of ParB-MTases between bacterial hosts.

My study examined the evolutionary history of the family of ParB-MTases in
alphaproteobacteria. I focused on the incongruence of species (based on 16S
ribosomal RNA (Williams et al., 2007)) and gene phylogenies to evaluate the
extent of horizontal transfer. This study also investigated the conserved synteny of
the genomic region containing ParB-MTases to identify possible functional role
of this protein. In addition I attempted to express the recombinant protein in E.coli
and determine DN A adenine MTase activity as well as nuclease activity of the

ParB domain, although this part of the study is still ongoing.

Materials and Methods
Sequence Alignment and Model Selection

For Wolbachia ParB-MTases found in Drosophila, nucleotide and amino acid
sequences (Saridaki et al., 2011) were aligned using the ClustalW Multiple
Alignment algorithm implemented in Geneious v.5.3.3. (Drummond et al., 2010;
Hall, 1999). The appropriate evolutionary model JTT+ I" was selected by the
Akaike Information Criterion (AIC) using Prottest v.2.4 (Abascal et al., 2005).
Models of substitution for nucleotide alignments were selected using AIC in
jModeltest v.0.1.1. (Darriba et al., 2012). The appropriate evolutionary model was

TPM1uf+I+I" for the MTase genes.
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For the evaluation of the evolutionary history of ParB-MTases in prokaryotes
from annotated genomes (Table 4.2), amino acid sequences were retrieved from
the PIR protein database (Wu et al., 2002) and aligned using the ClustalW
Multiple Alignment algorithm implemented in Geneious v5.4.4 (Drummond et al.,
2011; Hall, 1999). The evolutionary model WAG+I1+G+F appropriate for the
Wolbachia ParB-MTase genes was selected by the Akaike Information Criterion

(AIC) using Prottest v.2.4 (Abascal et al., 2005).

Phylogenetic analysis

For Wolbachia ParB-MTases found in Drosophila, the evolutionary history
was inferred by the maximum likelihood (ML) criterion conducted for amino acid
data using PHYML with the JTT substitution model (four substitution rate
category) (Guindon and Gascuel, 2003). Bootstrap values were calculated from
100 replicates replicates with NNI branch swapping. ML trees generated were
midpoint rooted.

The evolutionary history for prokaryotic ParB-MTases was determined using
ML method using MEGA v5.2.2 (gamma distribution of rates at variable sites:
alpha shape parameter = 1.5139; rate categories= 5). (Tamura et al., 2011). All
positions containing gaps and missing data were eliminated. Bootstrap values
were calculated from 100 replicates replicates with NNI branch swapping.
Bootstrap values were added to the midpoint rooted tree with the highest log

likelihood (-16207.4413).
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To examine the evolutionary relationship between the terminase, portal
protein and ParB-MTases, ML analysis was used using PHYML with the GTR
substitution model (estimated proportion of invariable sites, and estimated gamma
distribution) and NNI branch swapping. Trees of highest log likelihood scores are
shown: terminase (-24759.77392), portal protein (-19676.86249) ParB-MTase (-

19280.97995).

Evaluating Phylogenetic Congruence

In order to determine the occurrence of horizontal gene transfer of ParB-
MTase between different bacterial taxa, congruence tests were applied to the
organismal (16S) nucleotide data and the ParB-MTase gene of 10 species of
alphaproteobacteria using the approximately unbiased (AU) test, and the
Shimodaira-Hasegawa (SH) Test employed in CONSEL (Shimodaira-Hasegawa,
2001; Shimodoria and Hasegawa, 1999). For these tests optimal ML trees
generated using the above models selected by the heuristic search method with
100 random sequence additions.

In order to test whether or not horizontal gene transfer occurred between
different taxa, four different constraints were selected between the tree topologies.
In each tree two different branches with high bootstrap support were selected and
made monophyletic (constrained). For the 16S data set, two subsequent MLL
analyses were performed for constraints for the two highly supported branches in
the ParB-MTase tree and for the ParB-MTases data set. I performed two

additional ML analyses for constraints for the two highly supported branches in
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the organismal phylogeny. If both the organismal and ParB-MTase trees were
equally good at explaining the data (null hypothesis) which would mean that it
shared and evolutionary history with the genome then I could reject the other

alternative tree topologies suggesting that horizontal transfer did not occur.

Wolbachia ParB-MTase cloning and expression

Genome visualization, primer design, and in silico gateway cloning were done
in Geneious v5.4.4. (Drummond et al., 2011). Primers were designed based on the
Gateway cloning guidelines to amplify either the ParB or MTase domains based
on sequence date (WRi_005640) (Table 4.2, Figure 4.1). In order to determine the
result of the Gateway cloning an in silico experiment was run using retrieved
plasmid sequences for both the donor vector (p)DONR221) and destination vector
(pDEST17). Simulation of the BP and LR reactions (Figure 4.2) was carried out
in Genious v.5.4.4. (Drummond et al., 2011) in order to determine whether the
destination vector would contain the in frame ParB or MTase domains for
expression.

I used two rounds of PCR to amplify the attb-TEV-Gene-attb PCR product
using five primers (Table 4.2). The first round of PCR amplification was designed
to introduce a TEV protease site at the 5° end of the PCR product with attB sites
flanking either the ParB or the MTase domain only. The second PCR was done to
introduce the 5’-attb site to the TEV-Gene-attb. Each PCR reaction was done in a
100u1 reaction mixture containing lul of template DNA, 10ul 10X reaction buffer,

8ul ANTP mixture (2.5mM each), 2.5ul 20mM of appropriate forward and reverse
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primers, and 1ul of Tag DNA polymerase (Qiagen). The cycle parameters
consisted of a 5 min initial denaturation step at 94°C, followed by 30 cycles of
94°C for 30 sec, 60°C for 30 sec and 72°C for 1 min. Each PCR ended with a final
72°C annealing step for 7 min. The first PCR reaction was set up to amplify a
TEV-Gene-attb product using primers N1/N3 and C/C2. A subsequent PCR
reaction was done using primers N2 and C/C2, using the previously purified PCR
product as a template to get the final attb-TEV-Gene-attb required for cloning.
Two reactions were carried out simultaneously. The final PCR product was
cleaned up using a PCR purification kit (Qiagen) and the concentration and purity
were determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific). Each attB PCR product was diluted to a final concentration of 50 fmol

prior to the BP reaction.

Construction of clone banks

Purified PCR amplicons were cloned into the pPCR®4-TOPO vector for
sequencing. The TOPO cloning reaction was carried out in a 200ul PCR tube
containing 4 ul of PCR product, 1 pl salt solution and 1 pl of the TOPO vector.
This was left for 30 minutes and stored on ice until transforming TOP10 cells
with 2 ul of the reaction mixture. Cells were incubated for 10 min and heat
shocked. Transformed cells were shaken at 37°C for 1 hr before being plated onto
LB agar plates containing Ampicillin (100 pg/ml) and allowed to grow overnight.
Colonies were selected from two plates and grown overnight in LB broth

containing Ampicillin (100 pg/ml). Plasmids were isolated from each culture
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using a QIAprep Spin MiniPrep Kit (Qiagen) and a restriction digest was done
using EcoRI overnight at 37°C. The digested plasmids were run on a 1.5%
agarose gel to identify successful cloning of the attb-TEV-Gene-attb PCR
amplicons and confirmed by sequencing using the M13 forward and reverse
primers that flank the PCR insert. The bacterial culture containing in frame attb-

TEV-Gene-attb was stored in glycerol at -80°C.

Gateway cloning and pilot expression

The entry vector was set up using the manufacturer’s instructions. Sul of the
attb-TEV-GEne-attb PCR product was added to 1ul of pPDONR and 2ul of TE pH
8.0. A positive control was done using 2ul of pEXP7-tet and Sul of TE pH 8.0.
Reactions were incubated for 1 hr at room temperature and then stopped using 1ul
of proteinase K solution for 10 min at 37°C. Transformation was done using 2ul
of each reaction and 50ul of competent DHSa cells using identical procedure to
the previously described TOPO cloning transformation. The cells were plated on
LB agar plates containing 100ug/ml of kanamycin. Extracted plasmids were
sequenced using the same M13 primers used previously.

Purified pPDONR-MTase or pPDONR-ParB (50-150ng) from the BP reaction
was mixed with 1ul of pDEST17 and TE pH 8.0 for a total volume of 8ul per
reaction. The reaction procedure was identical to the BP reaction (Figure 4.2).
Transformation was done using 2ul of each reaction and 50ul of competent DH5a
cells. The cells were plated on LB agar plates containing 100ug/ml of ampicillin.

Extracted plasmids were sequenced prior to expression. Purified pDEST-MTase
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isolated from DH5a cultures was used to transform BL-21-Al strain of E. coli.
Cells were grown in S5ml of LB medium containing ampicillin until mid-log phase
(ODg0onm=0.5). 0.2% arabinose was added to induce expression. After 2hr
induction 1.5ul samples were centrifuged for 1min at 14,000xg. Soluble protein
was extracted from bacterial pellets using Qproteome Bacterial Protein Prep Kit
(Qiagen). After centrifugation the supernatant containing soluble protein was
placed in a new 1.5ml eppendorf tube and 200ul of lysis buffer (8M urea, 100mm
NaH,PO,, 10mM Tris-Cl, 10mM imidazole, pH 8.0) was added to the remaining
pellet which was agitated overnight at 37°C. The lysates were centrifuged at
14,000xg for 30min at 4°C. The supernatant containing any solubilized protein
was transfered and placed in a new 1.5ml eppendorf tube.

The remaining pellets and 40ul aliquots of the soluble and insoluble fractions
were resuspended in 40ul of 1x Laemmli sample buffer and heated for 10 min at
95°C. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was done in 12.5% acrylamide separation gels with a 4% acrylamide stacking gel.
Gels were poured into 1242 well comb Criterion™ empty cassettes (Bio-Rad) and
run in a Criterion™ gel electrophoresis cell, after 20ul of each sample was loaded
into each lane, for 50 min at 200V. Protein bands were visualized using
Coomassie brilliant blue R 250 staining overnight. This was followed by multiple

washes with destain solution (30% acetic acid, 15% methanol).
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Growth curve

In order to assess the viability of E. coli cells expressing either recombinant
ParB or recombinant MTase, growth curves were generated. Growth of
transformed bacterial cultures was performed at 37°C for cultures containing
either pDEST-MTase or pDEST-ParB. Fresh cultures of E. coli containing either
pDEST-MTase or pDEST-ParB were started by innoculating 10ul of overnight
culture in Sml of LB broth containing 100pg/ml of ampicillin. Cultures were
either left uninduced or induced 0.2% arabinose when OD=~0.4-0.5 and were
grown at 37°C for 7 hrs. Bacterial density was determined at hourly intervals by
measuring OD at Agponm 1n replicates of 5 using a Genesys 20 spectrophotometer

(Thermo Scientific).

Results
Phylogenetic analysis of Drosophila ParB-MTase

Phylogenetic analysis of ParB-MTases from Wolbachia-infected Drosophila
was performed in order to evaluate the evolutionary relationship of the genes and
associated phages with their respective Wolbachia strains. Naming of ParB-
MTases from Wolbachia is based on sequence similarity to the methyltransferase
gene found in WOMelA (metl) and WOMelB (met2) (Saridaki et al., 2011)
(Figure 4.3). Phylogenetic analysis of met/ and met2 amino acid sequences using
ML methods reveals the seperation of the metl genes from met2 (Figure 4.4)

corresponding to the division of supergroup A and B of Wolbachia. The clustering
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of the met2 gene is congruent with the accepted wsp phylogeny of associated

Wolbachia strains.

Phylogenetic analysis of prokaryotic ParB-MTase

Prokaryotic ParB-MTase sequence data was derived mainly from whole-
genome sequencing projects. The main source of the ParB-MTase sequences were
from Gram negative Proteobacteria (67.8%); 47.5 % from alphaproteobacteria,
and the Gram positive Firmicutes (23.5%). Phylogenetic analysis of 64 ParB-
MTase amino acid sequences (Table 4.2) was performed in order to identify the
evolutionary relationship of this protein. The phylogeny shows the separation of
the bacterial phyla Firmicutes from the Proteobacteria, however within each of
these clades the grouping of bacterial species belonging to different bacterial

classes suggest the horizontal transfer of this gene (Figure 4.5).

Evaluating Phylogenetic Congruence

Horizontal gene transfer was evaluated by comparing tree topologies of ParB-
MTase with 16S organismal phylogeny. Analysis was done on sequences from 10
species spread over five orders of alphaproteobacteria in order to statistically test
for incongruence between these tree topologies. Horizontal gene transfer between
these bacteria would be reflected by incongruency between the ParB-MTase and
16S topologies. Analysis of 16S ML phylogenetic tree resulted in little support
for many of the nodes. There is agreement between the tree topology and

published species trees for alphaproteobacteria (Williams et al., 2007). In the
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published tree, Rhizobiales and Rhodobacteracea were sister groups, which is
reflected in the 16S phylogeny with moderate bootstrap support (74%) (Figure
4.6). The lack of resolution to separate Rhodospirillales and Sphingomonadales
may be due to the fact that there is only a single taxon from each order. In
addition, Figure 4.6 is also in concordance with published phylogenies of
alphaproteobacteria where the Rickettsiales order is basal to every other order in
alphaproteobacteria (Williams et al., 2007).

Constraints were made on each tree topology corresponding to the highly
supported clades found on the other tree. An optimal ML tree, without constraints
was constructed. Additional separate ML trees for each constraint were generated.
A score file containing the site-wise log-likelihoods was produced in PAUP*
excluding gaps, and used for AU and SH in CONSEL. Comparing gene and
organismal topologies, these constraints resulted in significant differences
between the trees for all tests (P<0.01) and as a result the rejection of the
constrained trees. The results of the AU and SH tests resulted in the rejection of
the null hypothesis (the likelihoods of the topologies of both trees are not
significantly different) and the acceptance of the alternative hypothesis (the
topologies of both trees are significantly different) where ParB-MTases do not
share evolutionary histories with their associated genome. The data suggests that
the ParB-MTase has undergone horizontal gene transfer between species of
alphaproteobacteria with the exception of Nitrobacter sp Nb-311A and
Nitrobacter hamburgensis. In this case the monophyletic constraints resulted in a

phylogeny that was not different from the consensus tree. In the case of
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Nitrobacter this result is not surprising since the Rhizobiales order is highly
supported in both trees. However although this constraint suggests that I cannot
reject the alternative topologies based on the SH test, AU test (P<0.05). The AU
test is similar to the SH test, such that it looks at a collection of trees and uses
bootstrap resampling to create a distribution to correct for selection bias, however,

it is less conservative than the SH test (Shiimodaira, 2002).

Comparative genome regions

For each ParB-MTase found in prokaryotic genomes, the gene neighborhood
was analyzed. Examination of the gene location reveals that the ParB-MTase is
usually associated with a prophage region in each of the taxa, and occurs
upstream of terminase-portal protein systems (Figures 4.7, 4.8 and 4.9) with no
observable shared gene organization of the regions upstream of the ParB-MTase
between the bacteriophages (data not shown). The exceptions are Clostridium
tetani, Dahalococcoides ethenogenes and Streptococcus agalactiae serotype 111
within the Firmicute clade and Congregibacter litoralis, Hypomonas neptunium,
Methylobacterium extorquens and Nitrobacter hambergenesis. The ParB-MTase
in each one of these genomes is within a region flanked by transposases or
resolvases. This suggests that the location of these genes is the result of
recombination or translocation.

In all the genomes examined ParB-MTase gene is generally associated with an
annotated terminase gene (74.6%) and an associated annotated portal protein gene

(60.3%). Based on this association the ParB-MTase is most likely involved in
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translocation and head packaging of phage DNA. There are examples of shared
regions between prophages with genetically similar ParB-MTase in different
bacterial genera, as well as collinear prophage regions between genetically
divergent ParB-MTase within the same genera. However there is no general
consensus of gene synteny for prophages containing ParB-MTase. The Wolbachia
ParB-MTases forms a single monophyletic clade. This clustering is similar to the
Wolbachia phylogeny (Figure 4.5), suggesting a long association between the
ParB-MTase, the associated WO phage, and respective Wolbachia strains.

Interestingly, the presence of two side by side ParB-MTase genes from two
distinct clades is shared by six different genera of bacteria (Figures 4.8 and 4.9).
One gene is a ParB-MTase with a DPPY catalytic site in motif IV of the MTase
domain (Figure 4.9), whereas the other ParB-MTase has a SPPY catalytic site
(Figure 4.8). These phages, which have collinear genomes probably resulted from
horizontal transfer between their host bacteria, which now contain both a DPPY
N6mA MTase and a SPPY N4mC MTase.

An examination of evolutionary relationship between the ParB-MTases and
the terminase and portal proteins of prophages from 18 species of bacteria
belonging to Firmicutes and Proteobacteria showed similar clustering of the portal

proteins and terminase but not ParB-MTases (Figure 4.10).

Expression of recombinant ParB-MTase
The Wolbachia ParB and MTase subunits were cloned seperately into the

pDEST17 vector in which ParB and MTase was fused to an N-terminal 6xHis-tag.
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The expression of each recombinant protein was assayed (Figure 4.2). Both
recombinant proteins were highly expressed in E.coli using the T7 promoter.
Unfortunatly both recombinant proteins were insoluble, and were found only in
the pellet after lysozyme treatment and centrifugation. Attempts to solubilize the
MTase recombinant protein using 8M Urea were only partially successful, and
downstream purification methods were unsuccessful in isolating this protein (data
not shown).

Cultures expressing either ParB or MTase induced with 0.2% arabinose
showed no significant change in growth rate (Figure 4.11) compared to uninduced
cultures, indicating that E. coli cells expressing either one of these recombinant

proteins were fully viable.

Discussion

In order to determine the relationship of the ParB-MTases in Wolbachia, a
phylogenetic analysis was conducted. ParB-MTases from 11 different Drosophila
species were labeled met] or met2 corresponding to the naming of the MTase
genes found in WOMelA or WOMelB respectively, and compared
phylogenetically. Unlike other phage genes in Wolbachia, WO which show no
concordance with Wolbachia strain (Biliske et al., 2011), the phylogenies of
ParB-MTases, specifically the met2 gene shows congruence to the accepted wsp
clustering of Drosophila Wolbachia strains. This suggests that the ParB-MTase

gene and the prophage have a long and stable association with Wolbachia.
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By examining Wolbachia strains that can rescue cytoplasmic incompatibility
in Drosophila, Sardaki et al. (2011) demonstrated that a correlation exists between
the expression of met2 and the rescue phenotype. Each CI inducing strain of
Wolbachia has a functional and transcriptionally active met2 gene. There is
however a difference in the rescue ability between A- and B-supergoup
Wolbachia met2 genes. In A-group Wolbachia, the CI rescue phenotype occurs in
strains that contain met2, and is absent in strains lacking a functional met2. This is
not the case in B-group Wolbachia in which the rescue phenotype is associated
with strains that have no functional met2 gene, suggesting that this supergoup
may rely on a different mechanism for regulating CI (Sardaki et al., 2011). When
screening multiple candidate genes for the regulation of CI, Yamada et al. (2011)
expressed met2 in transgenic D. melanogaster; however this expression was
unable to rescue the CI phenotype. These results suggest that the ParB-MTase is
probably not the single gene responsible for this reproductive phenotype.

Ninety percent of all the sequenced ParB-MTases are found within Firmicutes
(24%) or Proteobacteria (67%) genomes. Phylogenetic analysis of the ParB-
MTase was done in order to determine the relationship of ParB-MTases. The
ParB-MTase gene phylogeny (Figure 4.5) shows separate clustering of Gram-
positive and Gram-negative bacteria. However, the phylogeny does not agree with
published taxonomies of the Firmicute or Proteobacteria phyla which may
indicate HT, or possibly recombination. The one exception to this is the
Wolbachia ParB-MTases which represents a single monophyletic clade,

suggesting that the gene was present in the common ancestor of Wolbachia A and
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B supergroups, thus the long association of ParB-MTase with Wolbachia genomes.
Extensive genome reduction has occurred in Wolbachia genomes suggests an
essential role as all non-essential genes have been either lost or pseudogenized as
a result of Wolbachia’s intracellular lifestyle. Because of the genetic isolation of
the Wolbachia clade, Wolbachia ParB-MTases are an exception to the horizontal
transfer normally seen between distantly related Proteobacteria (Figure 4.5), and
provide evidence of a long association between this gene and respective
Wolbachia genomes.

The phylogeny suggests limited horizontal gene transfer of ParB-MTase
across bacterial phyla but extensive transfer within bacterial phyla. The limited
horizontal transfer between phyla is due to the nature of HGT which occurs more
commonly between closely related organisms with restrictive host ranges. To
examine the extent of horizontal transfer of the ParB-MTase alternative
topologies between the 16S phylogeny of alphaproteobacteria and the ParB-
MTase phylogeny were analyzed. Comparisons between optimal trees and
alternative topologies where clades were constrained to be monophyletic revealed
that the trees do not share an evolutionary history (Figure 4.6) indicating HGT of
the ParB-MTase within alphaproteobacteria.

The genomic neighborhood of ParB-MTases in numerous prokaryote and
phage genomes was examined in order to predict a possible functional role based
on gene association. The position of the ParB-MTase gene in close association
with the terminase and portal proteins suggests a role in bacteriophage DNA

packaging. The terminase and portal proteins often occur as neighboring genes in
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phage genomes (Burroughs et al., 2007). Together they are responsible for the
DNA translocation involved in packaging phage DNA into procapsids during
viral replication. This mechanism of DNA packaging is highly conserved among
bacteriophages. DNA packaging is carried out by a terminase complex made up of
subunits, the small and large terminase proteins. The small terminase subunit has
a DNA-binding domain and is involved in binding specifically to phage DNA
whereas the large subunit contains two domains, an endonuclease domain and an
ATPase-containing translocase. Oligomers of the small terminase will initiate
DNA packaging by binding to concatemeric phage DNA. This will form a
complex with the large terminase subunit which cuts the phage DNA into
genome-sized fragments prior to binding to the portal protein. During viral
assembly, a dodecamer ring of portal protein forms on the procapsid. The large
terminase packages the phage genome though the central channel of this ring into
the procapsid (Sun et al., 2011).

It is unknown whether ParB-MTases have any role in this conserved
bacteriophage DNA packaging system. Although phage associated MTases are
part of R-M systems, as discussed below, solitary MTases involved in DNA
packaging are uncommon. The only identified MTase involved in phage
packaging is described for the bacteriophage P1 (Sternberg and Coulby, 1990).
Unlike Wolbachia phages, the P1 bacteriophage exists as a plasmid and does not
integrate into the genome. The P1 bacteriophage undergoes rolling-circle
replication which generates a concatemer of the P1 genome. During DNA

packaging the role of the P1 MTase is to methylate sites located on this
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concatemer, known as pac sites (reviewed in Lobocka et al., 2004). These pac
sites are cut prior to DNA packaging into the prohead and must be fully
methylated for cleavage by the P1 packaging enzyme (pacase) to occur
(Skorupski et al., 1994). Given that the bacteriophage P1 MTase is not
homologous to the ParB-MTases examined in this study it is unlikely that the
ParB-MTases have a related function despite their close association with the
terminase and portal protein. However, their potential role in bacteriophage
replication within Wolbachia should not be ruled out.

Given the mosaic nature of bacteriophage genomes resulting from widespread
horizontal transfer (Hendrix et al., 1999) a phylogenetic analysis was performed
in order to evaluate whether the ParB-MTases share an evolutionary history with
the portal protein and terminases. Although the phylogenies of terminase and
portal proteins share a similar evolutionary history, the incongruency between
these genes and the ParB-MTase suggests that HGT of ParB-MTase occurs
between bacteria within a single phylum and also among phages (Figure 4.10).

HGT is associated with MTases found in R-M systems of prokaryotes
(Kobayashi, 2001). The mobility of these R-M systems results from their location
near other mobile genetic elements such as bacteriophages or transposases. In
prokaryotes, R-M systems exist as a defense against invading foreign DNA, such
as bacteriophages. These systems are generally categorized into three different
gene complexes (Roberts et al., 2003). The best characterized system is the Type
IT R-M, composed of a restriction (R) enzyme (REases), an endonuclease that will

cleave specific sequences of DNA, and a separate modification (M) enzyme, an
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MTase, that will methylated this same sequence. Methylation prevents REase
activity thereby protecting the bacterial chromosomal DNA but cleaving invading
unmethylated bacteriophage DNA. Within Type II R-M systems are subgroups of
restriction enzymes composed of fused MTase and endonuclease domains within
a single polypeptide (Roberts et al., 2003). Although the ParB-MTases examined
in this study do not share any homology to these hybrid restriction enzymes their
location within bacteriophages or in the case of Clostridium tetani (Figure 4.7) or
Xanthomonas albineans (Figure 4.9) with transposases is a characterisitc also
shared with Type II R-M systems.

Changes in DNA adenine methylation during the establishment of symbiosis
occurs in the bacterial symbionts Bradyrhizobium japonicum and Mesorhizobium
loti which are important for nitrogen fixation in host plant roots (Ichida et al.,
2007). The methylation patterns on the bacterial genome changed during the
bacterial-plant symbiotic interaction from the pattern seen in the non-symbiotic,
free-living state, suggesting a change in the regulation of gene expression. The
methylation status of Wolbachia DNA has not been determined. However,
changes in host methylation as a result of a Wolbachia infection have been
observed in Aedes aegypti where the presence of Wolbachia alters cytosine
methylation in genes associated with membrane transport and communication (Ye
et al., 2013). The feminizing Wolbachia strain found in the leathopper Zyginidia
pullula also alters the cytosine methylation patterns in males to resemble the
pattern found in females which in turn alters gene expression required for sex

differentiation (Negri et al., 2009). It is currently unknown how Wolbachia
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mediates epigenetic cytosine modifications in the host genome. The role of
adenine methylation in general and the ParB-MTase in the regulation of gene
expression of essential endosymbiotic factors is under investigation. The presence
of the Wolbachia ParB-MTase in egg cytoplasm of infected Drosophila embryos
15 minutes post fertilization (H. Braig and H. Harris, personal communication)
provides a potential mechanism for the rescue of CI by adenine methylation of
host DNA during first mitotic division.

The activity of the MTase domain of Wolbachia ParB-MTase from D.
simulans could not be confirmed because the methylation site is currently not
known. The dam-like methylation of GATC sites has been excluded for ParB-
MTase with the use of methylation sensitive restriction enzymes (J. Haukedal,
personal communication). Expression of separate ParB and MTase domains in
E.coli was unsuccessful in determining nuclease or methyltransferase activity
because expression of recombinant protein led to the formation of insoluble
protein aggregates. Insoluble aggregates frequently occur when expressing
recombinant proteins in a bacterial expression system (Frankel et al., 1991). This
may not be a result of the properties the expressed bacteriophage protein.
Overexpression of E.coli proteins for example the E.coli sigma subunit also
results in the formation of insoluble aggregates (Gribskov and Burgess, 1983). In
the case of ParB and MTase expressions, the use of chaotropic agents, e.g. urea,
did not solubilize a sufficient amount of protein for downstream purification.

Overexpression of either domain in E. coli resulted in no inhibition of cell growth,
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indicating that these proteins are compatible with viability of E. coli cells.
Alternatively, the insoubility of the recombinant proteins resulted in inactivation.
This study provides the groundwork for understanding the previously
uncharacterized gene, ParB-MTase. The results demonstrate that the Wolbachia
ParB-MTase is found primarily within prophages in a broad range of bacterial
species. This gene has undergone HGT between bacteriophages and bacteria. This
ParB-MTase may have a functional role in DNA packaging of capsid proteins
based on the genomic neighborhood, but may have other roles in bacterial-insect
symbiosis. Whether Wolbachia ParB-MTases act as solitary MTases or have a
greater role in Wolbachia’s ability to establish and maintain endosymbiosis with a

new host, warrants future investigations.
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Tables

Table 4.1: BP Cloning Primers

Primer Sequence Tm (°C)
N1 5’-GAGAACCTGTACTTTCAGGGTATGAATTTAGCAATCCACTAC-3’ 62.5
N2 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTCGGAGAACCTGTACTTTCAG -3’ 67.6
C 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTATTATTGCTGTTTTTCTTCTTGAAT- 3’ 66.3
N3 5’-GAGAACCTGTACTTTCAGGGTATGGCAGATATTACTGTTTGTGAT- 3’ 63.9
C2 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTATTATTGATTTGCCAGTAACCGAAA- 3’ 67.5
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Organism/Species Phylum;Class Gene Name UniProtKB | Gene Ref Genome Ref Reference Name
Acession Seq Seq
Natrialba phage PhiCh1 Myoviridae PhiCh1p95 QIT1P2 NP_66601 | NC_004084 Klein et al. 2002 adenine
2 methyltransferase
Elusimicrobium minutum (strain Elusimicrobia; Emin_0959 B2KDB6 YP_00187 | NC_010644 Herlemann et al. DNA modification
Peil91) Elusimicrobia 5849 2009 methylase
Hyphomonas neptunium (strain Proteobacteria; HNE_2545 QOBZS55 YP_76123 | NC_008358 Badger et al. 2006 DNA methylase
ATCC 15444) Alphaproteobacteria 8
Congregibacter litoralis KT71 Proteobacteria; KT71_18786 | A4ACV0 ZP_01104 NZ_CH67240 | Fuchs et al. 2007 DNA methylase N-
Gammaproteobacteria 405 2 4/N-6
Nitrobacter hamburgensis (strain Proteobacteria; Nham_0803 Q1QQ16 YP_57614 | NC_007964 Starkenburg et al. DNA methylase N-
X14 /DSM 10229) Alphaproteobacteria 1 2008 4/N-6
Methylobacterium extorquens Proteobacteria; METDI0935 | C7CCL6 YP_00306 | NC_012988 Vuilleumier et al. phage
(strain DSM 5838 / DM4) Alphaproteobacteria 6581 2009 methyltransferase
(Methylobacterium
dichloromethanicum (strain DM4)
Rhodobacter sphaeroides (strain Proteobacteria; RSKD131_4 | B9KVS51 YP_00252 | NC_011958 Lim et al. 2009 DNA modification
KD131/KCTC 12085) Alphaproteobacteria 069 1002 methylase
Janthinobacterium sp. (strain Proteobacteria; mma_2700 A6T1J3 YP_00135 NC_009659 Audic et al. 2007 DNA modification
Marseille) (Minibacterium Betaproteobacteria; 4390 methylase
massiliensis)
Ralstonia solanacearum (strain Proteobacteria; RSc0844 Q8Y149 NP_51896 | NC_003295 Salanoubat et al. hypothetical protein
GMI1000) (Pseudomonas Betaproteobacteria; 5 2002 RSc0844
solanacearum)
Methylococcus capsulatus (strain MCA2654 Q60372 YP_11505 | NC_002977 Ward et al. 2004 prophage
ATCC 33009 /NCIMB 11132/ 8 LambdaMcO1,
Bath) DNA
methyltransferase
Stenotrophomonas maltophilia Proteobacteria; Smlt1882 B2FM38 YP_00197 NC_010943 Crossman et al. DNA methylase
(strain K279a) Gammaproteobacteria 1709 2008
Acidovorax ebreus (strain TPSY) Proteobacteria; Dtpsy_3217 BOMHI18 YP_00255 | NC_011992 Byrne-Bailey etal. | DNA methylase n-
(Diaphorobacter sp. (strain TPSY)) Betaproteobacteria; 4646 2010 4/n-6 domain-
containing protein
Janthinobacterium sp. (strain Proteobacteria; mma_2756 A6T1P9 YP_00135 NC_009659 Audic et al. 2007 phage related DNA
Marseille) (Minibacterium Betaproteobacteria 4446 methyltransferase
massiliensis)
Oligotropha carboxidovorans (strain Proteobacteria; OCA5_c313 B6JDM6 YP_00463 NC_015684 Volland et al. 2011 | DNA methylase
ATCC 49405 / DSM 1227 / OMS) Alphaproteobacteria 20 4057
Magnetococcus sp. (strain MC-1) Proteobacteria; Mmcl_2753 AOLBA3 YP_86665 NC_008576 Schiibbe et al. nuclease
Alphaproteobacteria 2 2009
Magnetococcus sp. (strain MC-1) Proteobacteria; Mmcl_2583 AQL786 YP_86523 NC_008576 Schiibbe et al. nuclease
Alphaproteobacteria 5 2009
Magnetococcus sp. (strain MC-1) Proteobacteria; Mmcl_2825 AOLBHS5 YP_86672 NC_008576 Schiibbe et al. nuclease
Alphaproteobacteria 4 2009
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Organism/Species Phylum;Class Gene Name UniProtKB | Gene Ref Genome Ref Reference Name
Acession Seq Seq
Magnetococcus sp. (strain MC-1) Proteobacteria; Mmcl_2055 AOL9B3 YP_86596 NC_008576 Schiibbe et al. nuclease
Alphaproteobacteria 2 2009
Magnetococcus sp. (strain MC-1) Proteobacteria; Mmcl_1249 AOL717 YP_86516 NC_008576 Schiibbe et al. nuclease
Alphaproteobacteria 6 2009
Magnetococcus sp. (strain MC-1) Proteobacteria; Mmcl_2905 AOLBQ3 YP_86680 NC_008576 Schiibbe et al. nuclease
Alphaproteobacteria 2 2009
Nitrobacter winogradskyi (strain Proteobacteria; Nwi_1546 Q3SSD4 YP_31815 NC_007406 Starkenburg et al. DNA methylase N-
Nb-255/ ATCC 25391) Alphaproteobacteria 9 2006 4/N-6
Magnetospirillum magneticum Proteobacteria; amb0363 Q2WAF8 YP_41972 | NC_007626 Matsunaga et al. modification
(strain AMB-1 / ATCC 700264) Alphaproteobacteria 6 2005 methylase DpnlIB
Magnetospirillum magneticum Proteobacteria; amb1160 Q2W3861 YP_42052 | NC_007626 Matsunaga et al. modification
(strain AMB-1 / ATCC 700264) Alphaproteobacteria 3 2005 methylase DpnlIB
Propionibacterium acnes (strain Actinobacteridae PPA1586 Q6ATD9 YP_05628 | NC_006085 Briiggemann et al. ParB family DNA
KPA171202 /DSM 16379) 4 2004 methylase
Lactobacillus gasseri (strain ATCC Firmicutes; Bacilli LGAS_1480 | QO41N5 YP_81527 | NC_008530 Makarova et al. ParB-like nuclease
33323 /DSM 20243) 5 2006 domain-containing
protein
Lactobacillus reuteri Firmicutes; Bacilli 1r0584 AS5JIUO ABQ4438 EF537905 Wall et al. 2007 ParB-like nuclease
2 domain and DNA-
modification
methylase domain
protein
Dehalococcoides ethenogenes Chloroflexi; DETO0066 Q3ZADI1 YP_18081 NC_002936 Seshadri et al. DNA methylase
(strain 195) Dehalococcoidetes 8 2005
Bacillus cereus (strain ATCC Firmicutes; Bacilli BCE_0392 Q73EG6 NP_97672 | NC_003909 Rasko et al. 2004 DNA methylase
10987) 0 family protein
Clostridium kluyveri (strain ATCC Firmicutes; Clostridia CKL_2649 ASNOLS YP_00139 | NC_009706 Seedorf et al. DNA methylase
8527 /DSM 555 / NCIMB 10680) 6032 unpublished
Clostridium tetani (strain Firmicutes; Clostridia CTC01930 Q893A1 NP_78250 | NC_004557 Briiggemann et al. chromosome
Massachusetts / E88) 4 2003 partitioning parB
family protein
Streptococcus pyogenes SpyM6 Firmicutes; Bacilli Q6SZ19 AARS8321 AY445042 Banks et al. 2003 hypothetical protein
mefA phage-element 6
Streptococcus agalactiae serotype Ia | Firmicutes; Bacilli; SAK_0738 Q3K288 YP_32936 | NC_007432 Tettelin et al. 2005 | prophage
(strain ATCC 27591/ A909 / CDC 5 LambdaSa04, DNA
SS700) methylase
Streptococcus agalactiae CJB111 Firmicutes; Bacilli SAM_2141 Q3DD78 ZP_00788 | NZ_AAJQO1 Tettelin et al. 2005 | prophage
405 000036 LambdaW4, DNA
methylase
Bacillus halodurans (strain ATCC Firmicutes; Bacilli; BH3535 Q9K738 NP_24440 | NC_002570 Takami et al. 2000 hypothetical protein
BAA-125/DSM 18197 / FERM 2 BH3535
7344 /JCM 9153 / C-125)
Listeria monocytogenes serotype 4b Firmicutes; Bacilli; LMO7858_ | Q4EJO5 ZP_00230 NZ_AADRO1 Nelson et al. 2004 adenine
str. H7858 pLMB80_004 385 000010 methyltransferase,
0 putative
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Organism/Species Phylum;Class Gene Name UniProtKB | Gene Ref Genome Ref Reference Name
Acession Seq Seq
Enterococcus faecalis (strain ATCC Firmicutes; Bacilli; EF1452 Q835C5 NP_81517 | NC_004668 Paulsen et al. 2003 adenine
700802 / V583) 3 methyltransferase
Heliobacterium modesticaldum Firmicutes; Clostridia HM1_2890 BOTCUS YP_00168 | NC_010337 Sattley et al. 2008 DNA methylase
(strain ATCC 51547 /Icel) 1410 family protein
Heliobacterium modesticaldum Firmicutes; Clostridia HM1_2891 BOTCU9 YP_00168 | NC_010337 Sattley et al. 2008 DNA methylase
(strain ATCC 51547 /Icel) 1411
Heliobacterium modesticaldum Firmicutes; Clostridia HM1_2946 BOTD04 YP_00168 | NC_010337 Sattley et al. 2008 DNA methylase
(strain ATCC 51547 /Icel) 1466
Dehalococcoides ethenogenes Chloroflexi; DET1092 Q37712 YP_18180 | NC_002936 Seshadri et al. DNA methylase
(strain 195) Dehalococcoidetes 7 2005
Streptococcus phage EJ-1 Myoviridae EJ-1p37 Q708N6 NP_94527 | NC_005294 Romero et al. 2004 | transferase
6

Streptococcus agalactiae serotype III | Firmicutes; Bacilli; gbs1120 Q8E5B2 NP_73556 | NC_004368 Glaser et al. 2002 hypothetical protein
(strain NEM316) 6 gbs1120
Streptococcus pyogenes serotype Firmicutes; Bacilli; SPy_0679 QI9A0P6 NP_26891 | NC_002737 Ferretti et al. 2001 phage associated
Ml 7 protein
Streptococcus equi subsp. equi Firmicutes; Bacilli SEQ_0163 COMBI3 YP_00274 | NC_012471 Holden et al. 2009 | phage DNA
(strain 4047) 5581 methylase
Enterococcus faecalis (strain ATCC Firmicutes; Bacilli; EF2114 Q832Vv4 NP_81577 | NC_004668 Paulsen et al. 2003 adenine
700802 / V583) 7 methyltransferase
Fusobacterium nucleatum subsp. Fusobacteria; FNV2234 Q7P8F6 ZP_00143 NZ_AABF02 Kapatral et al. Chromosome
vincentii ATCC 49256 Fusobacteriales 186 000002 2003 partitioning protein

parB
Desulfovibrio vulgaris (strain Proteobacteria; DVU2878 Q727H7 YP_01209 | NC_002937 Heidelberg et al. adenine specific
Hildenborough / ATCC 29579 / Deltaproteobacteria 0 2004 DNA
NCIMB 8303) methyltransferase
Desulfovibrio vulgaris (strain Proteobacteria; DVU0192 Q72FM1 YP_00941 NC_002937 Heidelberg et al. adenine specific
Hildenborough / ATCC 29579 / Deltaproteobacteria 7 2004 DNA
NCIMB 8303) methyltransferase
Janthinobacterium sp. (strain Proteobacteria; mma_2757 A6T1Q0 YP_00135 NC_009659 Audic et al. 2007 DNA modification
Marseille) (Minibacterium Betaproteobacteria 4447 methylase
massiliensis)
Acidovorax ebreus (strain TPSY) Proteobacteria; Dtpsy_3216 BOMH17 YP_00255 | NC_011992 Byrne-Bailey etal. | DNA methylase n-
(Diaphorobacter sp. (strain TPSY)) Betaproteobacteria 4645 2010 4/n-6 domain-

containing protein
Stenotrophomonas maltophilia Proteobacteria; Smlt1881 B2FM37 YP_00197 NC_010943 Crossman et al. DNA
(strain K279a) Gammaproteobacteria 1708 2008 methyltransferase
Janthinobacterium sp. (strain Proteobacteria; mma_2701 A6T1J4 YP_00135 NC_009659 Audic et al. 2007 phage related DNA
Marseille) (Minibacterium Betaproteobacteria 4391 methyltransferase
massiliensis)
Methylococcus capsulatus (strain Proteobacteria; MCA2655 Q60371 YP_11505 | NC_002977 Ward et al. 2004 prophage
ATCC 33009 /NCIMB 11132/ Gammaproteobacteria 9 LambdaMcO1,
Bath) DNA

methyltransferase
Ralstonia solanacearum (strain Proteobacteria; RSc0845 Q8Y148 NP_51896 | NC_003295 Salanoubat et al. hypothetical protein
GMI1000) (Pseudomonas Betaproteobacteria 6 2002 RSc0845

solanacearum)
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Organism/Species Phylum;Class Gene Name UniProtKB | Gene Ref Genome Ref Reference Name
Acession Seq Seq
Acidithiobacillus caldus ATCC Proteobacteria; ACA_2137 C6NTPO6 ZP_05292 NZ_ACVDO1 Valdes et al. 2009 DNA methylase
51756 Gammaproteobacteria 387 000058
Hahella chejuensis (strain KCTC Proteobacteria; HCH_05682 Q2SAI7 YP_43676 | NC_007645 Jeong et al. 2005 DNA modification
2396) Gammaproteobacteria 2 methylase
Xanthomonas albilineans (strain Proteobacteria; XALc_2626 D2UFE3 YP_00337 | NC_013722 Pieretti et al. 2009 DNA modification
GPE PC73 / CFBP 7063) Gammaproteobacteria 7098 methylase
Xanthomonas albilineans (strain Proteobacteria; XALc_2394 D2U9D2 YP_00337 | NC_013722 Pieretti et al. 2009 adn
GPE PC73 / CFBP 7063) Gammaproteobacteria 6866 methyltransferase
Magnetospirillum gryphiswaldense Proteobacteria; MGR_2343 A4TYQ9 CAM7576 | CU459003 Richter et al. 2007 | DNA methylase N-
Alphaproteobacteria 6 4/N-6:ParB-like
nuclease
Wolbachia sp. subsp. Drosophila Proteobacteria; WRi_01030 COR349 NC_012416 Klasson et al. 2009 | DNA methylase
simulans (strain wRi) Alphaproteobacteria 0
Wolbachia pipientis wMel Proteobacteria; WD_059%4 QOSHL6 NP_96636 | NC_002978 Wau et al. 2004 prophage
Alphaproteobacteria 3 LambdaW4, DNA
methylase
Wolbachia endosymbiont of Culex Proteobacteria; ClA_1204 B6Y9A3 ZP_03335 NZ_DS99694 | Puiu et al. Phage related DNA
quinquefasciatus JHB Alphaproteobacteria 516 2 unpublished methylase
Wolbachia pipientis subsp. Culex Proteobacteria; WP0429 B3CPN4 YP_00197 | NC_010981 Klasson et al. 2008 | Phage related DNA
pipiens (strain wPip) Alphaproteobacteria 5212 methylase
Wolbachia pipientis wMel Proteobacteria; WD_0263 QOSHLY9 NP_96606 | NC_002978 Wau et al. 2004 prophage
Alphaproteobacteria 9 LambdaW1, DNA

methylase
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Figure 4.1. Schematic of primer design for the amplification of seperate ParB and MTase domains for Gateway cloning.

Adapted from a Nallamsetty and Waugh (2007).
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ExpressionClone
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Figure 4.2. Schematic of gateway cloning of ParB and MTase domains. The PCR

amplicon of each domain with attB sites is cloned into an entry vector through the

BP reaction. The transfer of this insertion into an expression clone is done through

the LR reaction with a destination vector.
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Figure 4.3. Amino acid alignment of Metl and Met2 proteins of Wolbachia strain wMel. Black highlight indicates

amino acid identity; greyhighlight indicates amino acid similarity.
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Figure 4.4. Phylogenetic tree of Wolbachia MTase (metl and met2) gene sequences found in Drosophila. The tree was

constructed by Maximum Likelihood analysis. Numbers on the nodes indicate bootstrap values.
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Figure 4.5 Phylogenetic tree of bacterial ParB-MTases sequences retrieved from
PIR. Tree of highest likelihood is shown. Clades representing Firmicutes (I) and
Proteobacteria (II and III) are labeled. Tree is midpoint rooted with bootstrap
values for nodes are listed for maximum likelihood analysis.
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Figure 4.6: Maximul likelihood phylogenetic tree of organismal phylogeny (based on 16S sequence data) of

alphaproteobacteria (left) and of associated ParB-MTase (right).
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Figure 4.7: Gene neighborhood of ParB-MTase in Firmicutes (I). Neighborhoods are aligned at the ParB-MTase genes

(blue) for each bacterial species. Size of each bar corresponds to gene size, arrowhead indicates orientation.
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Figure 4.8: Gene neighborhood of ParB-MTase in Proteobacteria clade (II). Neighborhoods are aligned at the ParB-

MTase genes (blue) for each bacterial species. Size of each bar corresponds to gene size, arrowhead indicates

orientation.
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Figure 4.9: Gene neighborhood of ParB-MTase in Proteobacteria (III). Neighborhoods are aligned at the ParB-MTase

genes (blue) for each bacterial species. Size of each bar corresponds to gene size, arrowhead indicates orientation.
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Figure 4.10: Evolutionary relationship of genomic neighborhoods of ParB-
MTases in bacteria from Proteobacteria and Firmicutes. Maximum likelihood
phylogenetic trees are shown for (A) Terminase (B) Portal protein and (C) ParB-
MTase. Each tree is midpoint rooted.
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Figure 4.11: Growth of E. coli following expression of the (A) ParB domain and
(B) MTase domain from Wolbachia wRi in E.coli. E.coli with plasmids pDEST-
ParB or pDEST-MTase was grown in LB broth at 37°C to an ODg of ~0.4 before

induction with 0.2% arabinose.
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S. Conclusions

In order to understand method of genetic exchange in endosymbiotic bacteria,
this thesis examines the movement of Wolbachia, the bacteriophage WO, and one
phage gene, the ParB-MTase, between hosts. Wolbachia, as well as other
facultative endosymbionts, has the ability to move into new host populations, and
to be horizontally transferred between phylogenetically distant insect species.
This plasticity has led Wolbachia to become the most widespread heritable
intracellular bacteria. The factors required for the establishment or maintenance of
symbiosis between Wolbachia and its diverse hosts and the conditions required
for colonization of a new insect species have not been identified despite intense
study. The establishment of symbiosis represents a coordination of multiple
genomes, including nuclear, bacterial and viral. The aim of this study was to
examine the extent of horizontal transfer of Wolbachia and its WO prophage to
investigate genetic mechanisms involved in these multitrophic exchanges.

Wolbachia strains infecting host-parasitoid systems were identified and typed
in order to determine the movement of Wolbachia and WO prophages between
two canola insect pests and their parasitoids. Phylogenetic analysis suggests that
horizontal transfer has occured between Plutella xylostella and its parasitoid
Diadegma insulare, but not between Ceutorhycus obstrictus and its parasitoid
Trictomalus lucidus. Two different Wolbachia strains infect Ceutorhycus
obstrictus (recently introduced to Alberta) and Trictomalus lucidus (currently
undergoing host switching from native hosts). Examining Wolbachia density of

Ceutorhycus obstrictus showed that the absence of horizontal transfer is not a
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result of low Wolbachia titer but is more likely due to the recent establishment of
this host-parasitoid system.

The genetic mechanism used by Wolbachia to infect a new host species is
currently unknown. One of the major sources of genomic differences between
Wolbachia strains is the presence of integrated prophages, WO. I have shown that
all replicating WO bacteriophages share a conserved genomic backbone that
includes modules for DNA packaging and head assembly, and tail morphogenesis.
Although Wolbachia density is correlated with CI expression, no phage encoded
virulence or symbiotic factors have been identified that may enhance Wolbachia
transmission and facilitate colonization of new insect species.

One prophage encoded factor which has the potential to epigentically modify
DNA is a methyltranferase containing a ParB-nuclease domain. The phylogenetic
relationship of this gene revealed co-inheritance with Wolbachia in Drosophila
Wolbachia strains. The phylogeny of this gene in prokaryotes showed that it is
widespread and its position in each prokaryotic genome revealed a close
association with bacteriophage DNA packaging genes. Unlike ParB-MTases in
Drosophila Wolbachia strains, this gene has undergone horizontal transfer
between distantly related bacterial species.

Deciphering molecular mechanisms, is essential for unraveling Wolbachia’s
ability to invade new hosts The results of my study provide the framework for
future research into multitrophic interactions between insects, bacteria, and

viruses in Wolbachia-host systems.
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Appendix I: Phylogenetic Analysis

Sequence Alignment

Prior to analysis DNA or protein sequences were aligned using ClustalW
using the IUB weight matrix. Retrieved sequence formats were either retrieved as
either GenBank format (.seq), Fasta format (.fasta). Once the alignment is created

it was the quality was examined using

Modeltest and Prottest

Using the nexus file for each DNA alignment, modeltest was run through
PAUP* with the command “execute modelblock.txt”. The outfile will contain the
parameters for the model selected either from hierarchical likelihood ratio test
(hLRTs) or Akaike information criterion (AIC). This can be implemented in
PAUP* prior to maximum likelihood analysis.

Prottest was used for protein alignments using the graphical interface
version. Alignments in nexus-sequence format were used with a BIONJ tree
calculated and slow optimization strategy. Output will contain AIC or the
Bayesian information criterion (BIC). These parameters for these models are

implemented in PHYML.

PAUP* - Parsimony Analysis
Commands used for parsimony analysis.

log start=yes file=filename.txt;
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tstatus;

cstatus;

set criterion=parsimony;,

set increase=auto;

set rootmethod=mid;

set storebrlens=yes;

set storetreewts=yes;

bootstrap nreps=100 treefile=filename.tre search=heuristic/ addseq=random
nreps=10;

gettrees file=filename.tre storetreewts=yes;

savetree file=filename.tre savebootp=NodelLabels brlens=yes;
contree all/ strict=no majrule=yes percent=50 usetreewts=yes
file=finaltreename.tre;

end;

PAUP* - Likelihood Analysis commands

Similar to parsimony analysis with the following substitutions:

set criterion=like; instead of set criterion=parsimony;

Include Lset command to implement model parameters prior to boostrap
analysis ,e.g.:

Lset Base=(0.34680 0.14410 0.23130) Nst=6 Rmat=( 2.1114 5.3497 0.5505

1.2374 10.8359) Rates=gamma Shape= 0.2582 Pinvar=0.7612;
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PHYML

Select the best protein substitution model determined by Prottest. Select bootstrap
for branch support and the number of bootstraps to run. Enter values for
proportion of invariable sites and gamma distribution parameter if values are
known, otherwise keep as estimated. Enter number of substitution rate categories
and select what values to optimize (e.g. tree topology, branch lengths, substitution

rate). Lastly select topology search method (default is NNI).

MEGA

Choose construct/test maximum likelihood tree under phylogeny option. Select
maximum likelihood as statistical method. For test of phylogeny select bootstrap
method and enter the number of bootstraps to run. Select the best protein
substitution model determined by Prottest, rates among sites and number of
gamma categories. I selected complete deletion for gaps/missing data. Lastly

select topology search method (default is NNI).



