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Wolbachia is a facultative endosymbiont infecting D. melanogaster, among
many other arthropod species. In D. melanogaster, Wolbachia is a reproductive
manipulator, but also gives some benefits to its host, such as protection against
viruses (1; 2; 3; 4). We used open access libraries of D. melanogaster resequenc-
ing data (3; 5; 6; 7; 8; 9; 10; 11; 12) and yet unpublished sequences from our
lab, to study the phylogenomics and geographical diversity of Wolbachia in D.
melanogaster from five continents. We confirmed the clade structure of Wolbachia
infecting D. melanogaster and the vertical transmission of Wolbachia from a sin-
gle ancestral infection in D. melanogaster for almost all samples as shown in
previous studies (3; 13; 14; 15; 15; 16; 17). However, for the first time, we found
some discrepancies between Wolbachia and mitochondrial clades, indicating po-
tential horizontal transfers. The geographical distribution of the clades, and the
variation in proportion of uninfected flies between clades suggest that the clade
composition and infection rate in different populations is the result of trade-off be-
tween local adaptations and Wolbachia transmission efficiency. After confirming
the tight coevolution between Wolbachia and D. melanogaster, and the existence
of diversity in Wolbachia strains, we analysed the gene expression of Wolbachia
in different clades and host backgrounds. We first looked at the variations in gene
expression of Wolbachia wMel across the developmental life cycle of the ISO1 line
of D. melanogaster. We found 93 Wolbachia genes differentially expressed across
the D. melanogaster life cycle and/or between adult males and females. Most of
the stage-specific genes follow a similar pattern of expression with up-regulation
after embryonic stages and stronger up-regulation in early larvae and late pupae,
and most of sex-specific genes were up-regulated in males. Then, we analyzed
Wolbachia wMelCS gene expression in a nos-gal4, UAS-DCR2 driver mutant line
of D. melanogaster (DCR2), in embryo, ovaries and ovarectomized carcasses. We
found 118 genes differentially expressed between embryo and female carcasses, a
lot of them (46) being also differentially expressed between embryo and ovaries,
and up-regulated in embryo. A small number of the genes differentially expressed
between embryo and female carcasses are up-regulated in female carcasses and
are, for most of them, also found differentially expressed between ovaries and car-
casses in the same dataset, and between embryo and female adult in Wolbachia
wMel infecting the ISO1 line of D. melanogaster. Both RNAseq analyses showed
that most of the Wolbachia genes were expressed and that the expression level
of most of the genes was relatively constant across the life cycle stages, sex and
tissues tested.
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Chapter 1

Introduction

In this chapter, I will start by introducing the model organisms used in this thesis:

Drosophila melanogaster and the endosymbiotic bacteria Wolbachia. Then, I will

present the basis and history of the symbiotic relationship between these two

organisms.

1.1 Drosophila melanogaster : a model for study-

ing host-symbiont interactions

1.1.1 D. melanogaster life history

D. melanogaster is a model insect in the order Diptera and family Drosophilidae;

it is a human commensal species, and has a worldwide cosmopolitan range (18).

Its developmental cycle takes around eight days after hatching, at 25°C (18).

Adult, D. melanogaster can live around 30 days (18). Females can lay up to 100

eggs a day, that will hatch after 22-24 hours and go through three larval stages

(18). At 25°C, the first two larval stages last around 24 hours and the third larval

stage lasts 48 hours (18). After four days of pupation, adults emerge and will

start mating around 12 hours after eclosion (18). In the wild, larvae usually feed

on decaying vegetable matter such as rotten fruits (19).

D. melanogaster is a well known model organism and has been shown to be a

useful tool to study host-microbe interaction (20; 21; 22; 23; 24; 25). Indeed, its

microbiome is well characterized and is relatively simple, composed of few taxa

(21; 24; 25; 26). Moreover, D. melanogaster genome, physiology, and behaviour

is extensively documented and studied, making it a good model for studying the

13



14 CHAPTER 1. INTRODUCTION

effects of symbionts.

1.1.2 D. melanogaster biogeography

To interpret genetic data of D. melanogaster symbionts, like Wolbachia, it is

important to have an understanding of the biogeography and demography of this

species (27). While it is found worldwide, the site of origin of D. melanogaster

is thought to be in sub-Saharan Africa (6; 28; 29). This is based on the fact

that all species in the melanogaster species subgroup have an African origin, and

that levels of genetic diversity observed in sub-Saharan African populations of

D. melanogaster are higher than elsewhere ((6; 27; 30; 31) reviewed in (29; 32)).

In Zimbabwe, D. melanogaster populations are very diverse at a molecular level

(31; 32) and show an excess of derived mutations (33; 34). A study based on

populations from Europe and Africa suggests that expansion of D. melanogaster

in Africa started from Zimbabwe, 60,000 years ago (35). However a more recent

study by Duchen et al. (30), proposed that a bottleneck model explains the

diversity of the Zimbabwe population better than a simple expansion model.

Moreover, a study of sequence variation in 25 D. melanogaster populations (21

from Sub-Saharan Africa) suggests that the Uganda population is closest to the

original range, from which flies spread to western and eastern Africa and later

Eurasia (33).

It is currently thought that D. melanogaster spread from Africa first to Eurasia

and that secondary migrations from Europe allowed the colonisation of Australia,

Japan, America and Pacific islands with the help of human activities in the last

500 years (30; 36). The date of the bottleneck event corresponding to Euro-

pean colonisation was first thought to be between 6,400 and 16,000 years ago,

depending on the study (reviewed in (29)). However, most recently, Duchen et

al. (30) estimated the time of split between European and African population

to be 19,000 years ago. The duration of the bottleneck was estimated by Li and

Stephan (35) to last about 340 years.

Caracristi and Schlötterer (27) found the phylogenetic position of North Ameri-

can populations to be between European and African populations. These authors

interpreted this finding to be consistent with a scenario of admixture between
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African and European populations (27). More recently Duchen et al. (30) con-

firmed these findings by showing that a model including admixture between Euro-

pean and African populations best explains North American population diversity.

Duchen et al. determined the proportion of European and African ancestry in

North American populations to be 85% and 15% respectively (30). Admixture

is also seen in African populations with evidence of non-African sequences in

many African genomes (6). The proportion of admixture in African populations

varies between populations and across the genome, which suggests a non-neutral

introgression process (6).

The current scenario for recent biogeographic events in D. melanogaster is

summarised in Figure 1.1. In red is the African expansion, likely from an origin

population close to Uganda (33). In orange is the migration to Eurasia estimated

to have occurred around 19,000 years ago (30). In yellow are recent colonisations

of North America from both Europe and Africa during the last 500 years (30). In

green are the introgression events of non-African populations back into African

ones. These migrations likely occurred several times after the expansion of D.

melanogaster out of Africa (6). Biogeographic events for other regions of the

world have not yet been investigated in detail.

1.1.3 D. melanogaster genome

The D. melanogaster genome is organised as four chromosomes comprised of

three autosomes (two large and one small) and a large X chromosome in females

and one X and Y in males. The genome size is around 180 mega-bases (Mb) in

total with about 120 Mb of euchromatin and 60 to 100 Mb of heterochromatin

(the Y chromosome being 40 Mb long and only constituted of heterochromatin)

(37; 38). Euchromatin contains most of the genes and corresponds to the major

part of the reference genome sequence. Heterochromatin is mainly composed of

repetitive sequences that are challenging for the whole genome shotgun assembly

and therefore underrepresented in the reference genome sequence (38).

The D. melanogaster mitochondrial genome is a circular, double stranded

molecule of around 19 kilo-bases (Kb) in length (39; 40). It has a biased A+T

composition and contains a region particularly rich in A+T, known as the con-

trol region (36). The control region includes a sequence involved in replication
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Figure 1.1: Summary of the recent biogeographic event in D.
melanogaster. This figure summarise the main migration events in recent D.
melanogaster history. In red: African expansion, in orange: migration to Eura-
sia, in yellow: recent colonisation of North America and in green: introgression
events of non-African populations back into African ones. See text for details.

and also sequences having a role in transcription (40). This sequence is also rich

in variable repetitive sequences, that makes the mitochondrial DNA size vari-

able within individuals (40; 41). Longer mitochondrial genomes are favourably

transmitted to the offspring (40; 41).

While, it is not used to resolve precisely the phylogeography of D. melanogaster

(32; 42), the mitochondrial genome, due to its maternal inheritance, has been suc-

cessfully used in several studies to investigate evolution of D. melanogaster and

Wolbachia (14; 15; 16; 43).

The availability of the first D. melanogaster complete reference genome se-

quence (37) and advances in high throughput sequencing enabled several major

resequencing projects such as the Drosophila Genetic Reference Panel (DGRP)

and the Drosophila Population Genomics Project (DPGP2 and DPGP3). The

DGRP aimed to study variation in one outbred population by comparing genomes

from 192 inbred strains coming from North Carolina, USA (5). The DPGP 2 se-

quenced 161 genomes from 22 sub-Saharan wild population and one European
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population in order to study diversity and demographic history of D. melanogaster

in Africa. The DPGP3 added 197 samples from Zambia to the DPGP2 project

(6). Many other resequencing projects were published (7; 9; 10; 11; 12) and fur-

ther studies used these available projects and added new resequencing data to

expand the knowledge of the D. melanogaster genome. For instance, Lack et

al. in 2015 (8) added new sequences from sub-Saharan populations to existing

projects (including DPGP3 and DGRP), reaching a sample size of 623 genomes in

a project called The Drosophila Genome Nexus (DGN). The aim of this project

was to develop a methodology to assemble D. melanogaster genome sequence,

minimising the methodological differences between data sets (8). Together with

the raw data from these projects (DGRP, DPGP and DPGP3), we used data from

several other study. Grenier et al. (7) sequenced 85 D. melanogaster samples from

populations in Australia, China, Netherlands, USA and Zimbabwe with the aim

of modeling metabolic regulation by using natural genetic variation. The data

published by Grenier et al. (7) was also used by Early et al. (15), who showed

monophyly of Wolbachia in D. melanogaster and geographical variation of infec-

tion rate. Another 18 D. melanogaster genomes were sequenced by King et al.

(9) from an advanced generation cross between eight inbred founders in order to

improve the understanding of the genetics of complex traits in D. melanogaster.

A project by Campo et al. (10) sequenced 37 D. melanogaster genomes from two

USA populations to study demographics and adaptations of D. melanogaster in

north America. Versace et al. (11) sequenced the genome of 48 flies in a study

using experimental evolution to understand fitness dynamics of Wolbachia in D.

melanogaster. They showed how cold environment could influence relative com-

petitiveness between different Wolbachia strain in a same host background (11).

56 more genomes were sequenced by Bergman and Haddrill (12) from Ghana,

France, and USA, and finally, 9 lab strains were sequenced by Chrostek et al.

(3) to determine the genome sequence of the reference genotypes of Wolbachia

infecting D. melanogaster. From those projects and with the addition of unpub-

lished sequences, we used a total of 839 samples to study the phylogenomics of

Wolbachia in D. melanogaster.

D. melanogaster, as a model organism, is also part of the two organisms used

by the modENCODE project with the aim of decoding the genomic informa-

tion and characterizing functional networks (44). As part of the modENCODE
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project, the D. melanogaster transcriptome was sequenced across the fly life cy-

cle, from embryo to adult (45; 46; 47). As the D. melanogaster line used in this

RNA-seq project was infected with Wolbachia, we were able to use the produced

dataset to study the dynamics of Wolbachia gene expression across the host life

cycle.

1.2 Wolbachia pipientis: a model for studying

endosymbiosis

Wolbachia is an endosymbiotic α-proteobacteria from the Rickettsiae family

infecting many species of nematodes and arthropods (48; 49). The transmission of

Wolbachia in its host is mainly vertical through ovaries but horizontal transfer of

the bacteria between two organisms and cases of paternal transmission have been

shown (48). The Wolbachia clade has been separated into seven main supergroups

(A, B, C, D, E, F, H), plus a few unclassified Wolbachia that have also been

detected (50). The impact of Wolbachia interaction with its hosts ranges across

the spectrum from mutualist to parasite.

On one end of the spectrum, Wolbachia from groups C and D that infect ne-

matodes are obligate (used here as obligate from the standpoint of the host) and

mutualist symbionts, providing hosts with essential amino acids (51; 52). This

makes Wolbachia a potential target for new treatments for nematode infections

such as river blindness (53; 54). As an obligate mutualist endosymbiont, Wol-

bachia in nematodes has a reduced genome compared to the other supergroups

(50; 55). Gerth et al., (50) showed that those two supergroups were paraphyletic,

suggesting that Wolbachia switched from arthropod to nematode hosts twice and

that the genome reduction in supergroups C and D happened independently.

Wolbachia from supergroup F can infect both arthropods and nematodes,

and can act both as mutualist and reproductive parasite (56; 57; 58). Two Wol-

bachia screening studies found new groups among the arthropod-only infecting

groups: supergroup E which infects collembola (springtail), and supergroup H

which infects termites (59; 60).
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The A and B Wolbachia supergroups infect arthropods and display more diverse

interactions from mutualist to parasite and are even pathogenic in some labora-

tory strains (4; 56; 61; 62; 63; 64; 65). Those two groups form a monophyletic

clade, suggesting that the capacity of infecting and adapting to a wide range of

arthropod hosts evolved only once (50). The arthropod infecting Wolbachia are

mainly facultative for the host and often involve reproductive parasitism in order

to increase maternal transmission (65). Several reproductive manipulation strate-

gies are implemented by the bacteria, each optimizing the reproductive success

of infected females: male killing, male feminization, induction of parthenogen-

esis, and cytoplasmic incompatibility (48; 65; 66). Cytoplasmic incompatibility

is a type of reproductive manipulation, where infected males are unable to pro-

duce a viable offspring with uninfected females, while other crossings are possible.

Cytoplasmic incompatibility-inducing Wolbachia have been envisaged as a biolog-

ical control of insects pest to reduce the number of viable offspring by releasing

infected males into natural populations, and therefore reducing the reproduc-

tive chances of uninfected males by introducing ”sterile” competitors (66). This

method has been attempted in insect vectors of human diseases such as Culex

pipiens and in agricultural pests such as Ceratitis capitata (67; 68).

Among arthropods, Wolbachia infects a very large proportion of arthropod

species. It has been estimated that 66% of arthropod species harbour Wolbachia

(69), however, more recent studies have lowered this estimate to 40% (70). Due to

its effects on sexual reproduction, such as cytoplasmic incompatibility, Wolbachia

is also thought to potentially play a role in speciation by inducing reproductive

isolation (48). Besides reproductive manipulation, Wolbachia in insects causes

a wide range of effects such as behavioural modification, impact on nutrition,

protection against viruses (4; 56; 61; 62; 63; 71; 72). The fact that Wolbachia can

protect some insects against viruses has been seen as a potential tool for fighting

dengue transmission through mosquitos (73; 74; 75; 76). Although Wolbachia is

mainly a facultative symbiont in insects, it has been found in several mutualistic

obligate symbioses such as in a parasitic wasp and a bedbug (56; 61).
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1.3 Wolbachia in Drosophila melanogaster

1.3.1 Phenotypic effects of Wolbachia in D. melanogaster

Wolbachia in D. melanogaster has been found to induce low-level cytoplasmic in-

compatibility (1; 2). When it induces cytoplasmic incompatibility, Wolbachia in

the male pronucleus causes a delay in de novo nucleosome assembly with maternal

core histones and a delay in replication in the early embryo (77). These effects

leads to a delay in Cdk1 activation and improper paternal chromosome segrega-

tion (78; 79). Lethality is rescued in eggs containing Wolbachia (48). However,

the molecular factors that cause the modification and rescue are unidentified.

Wolbachia cytoplasmic incompatibility induction varies with strains and hosts

(80). The Wolbachia endosymbiont of D. melanogaster (wMel) cytoplasmic in-

compatibility is moderate in its host, but high in D. simulans, while other strains

of Wolbachia infecting various Drosophila species can display stronger or no cy-

toplasmic incompatibility (80).

Besides sexual parasitism, Wolbachia in Drosophila can cause other pheno-

types likely taking place in different specific tissues (62; 64; 81). Zug and Hammer-

stein (82) show for instance, that in D. melanogaster, Wolbachia infection helps

reducing oxidative stress caused by external factors (83). Wolbachia was also

found to increase D. melanogaster fecundity in iron-restricted and iron-overloaded

diets (62). Garlapow et al. also showed that Wolbachia infection increases food

intake in females of D. melanogaster (84).

Distinct Wolbachia variants infecting D. melanogaster were shown to provide

protection against viruses, at different levels (3; 4). The protection against viruses

was associated with higher replication rate of the bacteria and reduced longevity

of D. melanogaster (3; 4). The virus protection is not a side effect of a Wolbachia-

triggered immune reaction (85). While Wolbachia doesn’t trigger an immune

response in long-term associations, it might induce an immune response in new

and/or virulent infections such as wMelPop which induce mortality in its host by

over-replicating (3; 74; 86; 87).

Wolbachia infection in D. melanogaster is also linked with physiological and

behavioural modification such as chill coma recovery, sleep time during the day,

ethanol sensitivity, locomotor startle response and olfaction response (88). The

chill recovery influence of Wolbachia is not systematic and observed only in a

few lines, between which the effects on recovery time vary (88). The starvation
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survival is affected by Wolbachia in different ways in different lines as well, some

of which show higher longevity before tetracycline treatment and some showing

no effect or higher longevity after the antibiotic treatment (88).

Those positive effects, with the addition of the reproductive manipulation,

make Wolbachia a very efficient symbiont in D. melanogaster, able to persist in

the natural populations. In an experimental evolution experiment, Versace et al.

(11) showed that when a D. melanogaster population was partially infected with

Wolbachia in the lab, the bacteria always went to fixation, no matter the initial

frequencies and temperature (11).

However, Wolbachia can also produce negative effects in D. melanogaster.

Vale and Jardine observed an increased somnolence in both males and females

and an increased lethargy in males of D. melanogaster infected with Wolbachia

(89). Likewise, some variants of Wolbachia, wMelCS-like have been shown to

have a deleterious effect on the fly longevity (3).

1.3.2 Wolbachia distribution inside D. melanogaster

Being maternally inherited, Wolbachia is present in female germline in order

to infect the next generation (65). The distribution of Wolbachia in embryo

is determined during oogenesis stages 8 to 10 and does not change until late

embryogenesis (90).

Differences in the distribution of Wolbachia can be observed in embryo de-

pending on the Wolbachia strain (90). In the wMel Wolbachia strain, the bac-

teria are concentrated in the germ plasm, located in the posterior part of the

embryo (90). Wolbachia wMel positioning in the posterior cortex of the oocyte

and redistribution into the posterior region is done by cargo transport by the

kinesin-1 motor along the microtubules (91; 92; 93). The distribution stay the

same when Wolbachia wMel is transinfected to D. simulans, suggesting a bac-

terial control of the distribution pattern (90). However, another study shows

that in Trichogramma, the normal Wolbachia distribution in embryo was lost

in naturally uninfected lines transinfected with Wolbachia, suggesting that the

Wolbachia distribution can be context-dependent (94). The density of Wolbachia

in the posterior part of the embryo, rather than in the whole embryo, has been

proposed to affect cytoplasmic incompatibility intensity (90).

At the end of D. melanogaster embryogenesis, Wolbachia located in the germ
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plasm start colonizing other tissues (90). The intracellular distribution of Wol-

bachia during development is dynamic and guaranties infection of the germline.

Somatically infecting Wolbachia can migrate to the germline to be passed to the

next generation (90; 91; 95). Indeed, Wolbachia present in the gonads are usually

in only a fraction of the total bacterial load (96). Wolbachia has been localized

to the Drosophila brain during larval and adult stages (97). Albertson et al., (88)

found that, in D. melanogaster, Wolbachia wMel is always present in the brain,

not in axons but in, or next to, the cell bodies. In brains of D. melanogaster

infected with the pathogenic variant wMelPop, the bacteria density is higher and

seems to form extracellular clusters (88). The position of Wolbachia in the brain

is dependent on the Wolbachia strain (88). In wMel, the bacteria are present

evenly in the central brain except for the soma surrounding the optic lobe but

the titer is affected also by the host (88). The amount of infected cells is lower

than 40% in D. melanogaster infected with wMel (88). Wolbachia is also found

in the ventral nerve cord in similar amount than it is in the brain (88). The infec-

tion of D. melanogaster brain by Wolbachia can explain some of the behavioural

modifications induced in D. melanogaster (88). Besides the brain cells, Wolbachia

is also always found in D. melanogaster fat bodies (88).

In males, meiosis starts in testes of the third instar larvae and Wolbachia can

be observed in sperm cysts at this stage (98). During spermatogenesis, Wolbachia

inside the spermatocyte aggregate near the periphery when the spermatids begin

elongation (98). The presence of Wolbachia in male gonads is probably linked

with the modification of sperm cells involved in cytoplasmic incompatibility, as

cytoplasmic incompatibility is driven by a delay in the de novo nucleosome as-

sembly with maternal core histones (77). In D. simulans infected with Wolbachia

wRi, the number of Wolbachia in testes increases during the pupal development

and decreases with age in adult males, while the density of Wolbachia in the so-

matic cells increases (98). It has also been shown by Chrostek et al. that overall

density of Wolbachia increases with age in D. melanogaster (3).

1.3.3 Wolbachia genomics in Drosophila

The genome of Wolbachia wMel, endosymbiont of D. melanogaster, was fully

sequenced by Wu et al. (99). It consists of a circular double stranded DNA

molecule of 1,267,782 base pairs (bp) which is AT rich with a G+C content of

35%. The coding sequences represent 85.4% of the total length and are distributed
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across 1195 genes (99). A characteristic of the wMel genome is that it contains

a large proportion of repeated sequences, among the highest for a prokaryotic

genome, many of which correspond to mobile elements (99). Other endosymbionts

like Buchnera, and Wigglesworthia show less repetitive DNA and mobile elements

(99; 100; 101).

Little is known about the functions of Wolbachia genes and how they relate

to the phenotype induced in their hosts. Studies based on comparative genomics

have brought attention to two main features of the Wolbachia genome: a eight-

gene region (called octomom) that is highly triplicated or deleted in wMelPop and

wMelPop-PGYP respectively, two pathogenic strain of Wolbachia (3; 102; 103;

104), and genes coding for proteins with ankyrin repeat-like domains (99; 102;

105; 106; 107). The number of copies of the octomom region has been shown to be

associated not only with pathogenicity but also to higher Wolbachia replication

and higher protection against viruses (3). The ankyrin repeat is a motif of 33

amino acids that mediates protein-protein interactions in eukaryotes (108). These

domains are found in many proteins with a wide variety of functions (108). In

some intracellular pathogens, ankyrin repeat proteins are type IV secretion system

effectors (109). Ankyrin repeat proteins occur more in eukaryotes but can be seen

in some bacteria, mainly in Proteobacteria (110). However, Wolbachia wMel

has a higher number of ankyrin repeat proteins than is usually found in the

Proteobacteria (99; 110). This high number of ankyrin repeat proteins is also

observed in other arthropod-infecting Wolbachia but is absent in the nematode-

infecting Wolbachia (55; 107; 111). Various studies have tried to link ankyrin

repeat proteins with the phenotype that Wolbachia induces in its host, such as

cytoplasmic incompatibility (105; 107; 111; 112; 113; 114; 115).

In bacteria, regulation of gene expression relies mainly on operons, regulatory

proteins and sigma factors (116). However, in obligate intracellular bacteria,

genome reduction lead to a loss of those mechanisms (116; 117). In this case,

mechanisms such as post-transcriptional regulation through antisense RNAs are

thought to provide regulatory potential (116). The genome of Wolbachia wMel

does encode a few proteins for regulatory responses (99). Among those, some

regulatory systems, such as two-component signaling pairs, are well conserved

in Wolbachia, but some differences compared to other α-proteobacteriae suggest

that there could be differences of regulation in Wolbachia (118). In the wMel

strain, one type of two-component regulatory system, a sensor histidine kinase
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and paired response regulator which are involved in sensing and responding to the

environment, is encoded by the genes WD1215-16, WD0732, WD1284, WD0221,

WD0728 (118).

1.3.4 History of Wolbachia infection in D. melanogaster

Knowledge about infection rates and Wolbachia diversity in D. melanogaster

are necessary to have a good understanding of the co-evolution process. The

prevalence of Wolbachia in D. melanogaster is widespread, with the proportion

of infected individuals per population ranging from 10 to 90% in general, how-

ever in some cases population showing around 1% of infection have been de-

scribed ((13; 14; 17; 43; 119; 120; 121; 122), reviewed in (16), (15)). In an early

screen of Wolbachia infection in 1994, 266 lines of D. melanogaster from Africa,

Europe and North-America showed around 30% of infected strains, with no ev-

idence for a geographical pattern of infection rate (13). The infection rate in

this study did not appear to vary with the collection date of the lines (13). The

authors also suggested that infection occurred only once early in the history of

D. melanogaster and that the polymorphism in Wolbachia infection results from

repeated loss events rather than independent acquisition (13). Later, studies on

co-phylogeny between Wolbachia and various D. melanogaster populations world-

wide also found evidence for a single origin with incomplete vertical transmission

and no horizontal transfer (14; 15; 16).

Using the Wolbachia genome sequence published in 2004 by Wu et al. (99),

Riegler et al. (17) identified polymorphic markers and designed PCR primers to

identify distinct Wolbachia genotypes in D. melanogaster, which did not show

polymorphism for the gene sequences, such as 16S, ftsZ, wsp, studied previously.

The authors defined five distinct Wolbachia genotypes on the basis of the pres-

ence or absence of structural variants including IS5 transposon insertion site and

several variable number tandem repeats: wMel, wMel2, wMel3, wMelCS and

wMelCS2 (Figure 1.2 from Riegler et al. (17)). Another genotype called wMel4

was found later by Ilinsky et. al in 2013 from a single population in the Sinai

Peninsula (Egypt) (16).

The use of whole genome resequencing enabled the different Wolbachia geno-

types (and the associated D. melanogaster mitochondria genotypes) to be fur-

ther separated into distinct clades based on a phylogenomics analysis of SNPs.

Richardson et al. first defined six clades (I to VI) based on the phylogeny of
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Figure 1.2: Chromosomal Maps of Five Different Genotypes of Wol-
bachia Isolated from Drosophila melanogaster from Riegler et al.
(17) . The genotypes are differentiated by two variable number tandem repeat
(VNTR) loci, two differential insertion sites of IS5, and a large chromosomal
inversion.

D. melanogaster mitochondrial and Wolbachia genomes (14) (Figure 1.3 from

Richardson et al. (14)). Clades I to IV were infected with wMel-like genotype

and clade VI was infected by wMelCS-like genotypes (14). No infection was de-

tected in flies carrying clade V mtDNA in this study (14). Clades I and III were

found in strains from Africa, Europe and North America (the three sampled lo-

cations) (14). Clade II was composed of only African strains and clade IV was

composed of only five Ethiopian strains (14). Clade V contained only two Euro-

pean strains while clade VI contained strains from North America (14). Clade

III was found associated with both wMel and wMel3 genotypes (3).

Because Wolbachia in D. melanogaster has been shown to be transmitted only

vertically with loss events from a single origin, the phylogeny of both Wolbachia

and D. melanogaster mitochondria are congruent. Therefore, the clades defined

on the basis of Wolbachia phylogeny have corresponding mitochondrial clades,
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Figure 1.3: Maximum likelihood genealogies from Richardson et al.
(14). Maximum likelihood genealogies of mtDNA (A) and Wolbachia (B) from in-
fected DGRP and DPGP strains. Strains highlighted with a grey background are
from the North American DGRP sample and the remainder are from the African
and European DPGP sample. The major cytoplasmic lineages discussed in the
main text are shown as clades I–V. Reference sequences for mtDNA (dm3 and
NC 001079) and Wolbachia (AE017196) are labelled and dashed arrows represent
their positions on the tree. Asterisks represent two Ugandan strains that are also
predicted to be infected with Spiroplasma. The mitochondrial tree is based on
an ungapped multiple alignment of 181 sequences of 12,236 bp in length, and
the Wolbachia tree is based on an ungapped multiple alignment of 180 sequences
of 957,546 bp in length. Unrooted ML trees were midpoint rooted for visualiza-
tion and branches with ¿80% RAxML bootstrap values are shown with coloured
boxes. Scale bars for branch lengths are in terms of mutations per site.

and uninfected flies can be associated to one of those clades (14; 15; 16).

A study by Ilinsky et al. (16) reported another cytoplasmic lineage, named

clade VII, based on the mtDNA and associated with the wMelCS2 genotype
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in populations from eastern Europe (Ukraine, Moldavia, Georgia, Tajikistan, Be-

lorussia, and Russia). This study also found Wolbachia infection in D. melanogaster

from clade V in populations from Central Asia, Russia and Ukraine (16), extend-

ing the European distribution seen by Richardson et al. (14) to Eurasia. The

wMel genotype was also found to be associated with clade III in populations from

Russia, USA, Egypt and Zimbabwe (16), confirming the wide geographical range

of clade III found in Richardson et al. (14). Ilinsky et al. (16) found wMel2 asso-

ciated with clade IV, in a population from Japan, adding to the Ethiopian strains

found by Richardson et al. (14). Wolbachia from the same wMel2 genotype were

found in populations from Japan, China, India and Southeast Asia, (14; 17; 43).

However, those wMel2 genotypes might not belong to clade IV, since Wolbachia

genotypes are defined at low resolution and can be associated with several clades.

Early et al. report in 2013 finding a new clade associated with a wMel-like

genotype, based on Wolbachia SNPs and named clade VIII, in a population from

Beijing (15). Based on sequencing type strain defined by Riegler et al. (17), the

wMel2 genotype was found associated with clade VIII in a population from Japan

(3). The cytotypes found by Early et al. (15) are geographically structured but

not isolated, with the exception of clade VIII found only in Beijing and clade V

and VI in the Netherlands.

Riegler et al., found that the frequency of Wolbachia genotypes in samples of

lab and wild stocks changed over time; with wMelCS being predominant in old

stocks collected prior to 1970 and wMel being more frequent in recent collections

(17). They suggested that wMel replaced wMelCS starting from an origin in

North America in 1930.

However, the date of the most recent common ancestor (MRCA) of the Wol-

bachia infecting D. melanogaster was estimated to be around 8,000 years ago by

Richardson et al., based on phylogeny of whole Wolbachia and D. melanogaster

mitochondrial genomes, suggesting that the scenario originally proposed by Riegler

et al. (17) concerning the wMel replacement event requires revision. Another

study by Ilinsky et al., estimated the divergence between the wMel-type and

wMelCS-type clades to be over 1000 years ago and suggest that it happened

before the spread of D. melanogaster by humans and before the last glaciation

(10 to 12000 years ago) (16). These authors also propose that the replacement

of wMelCS-type by wMel-type happened at different rates in different regions

of the world (16). Early et al. also attempted to date the separation between
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wMel and wMelCS clades by dating of the most recent common ancestor of all

wMel-like clade using two different methods: one using the mitochondrial muta-

tion rate like in Richardson et al., and the other using age priors for the nodes

of the clades found only in America and Australia (15). The divergence between

wMel and wMelCS was found to be around 6000 and around 2239 years ago re-

spectively using these two methods, the latest being the favored hypothesis by

the authors (15). Although the dates of the separation between the wMel-like

and wMelCS-like clades diverged from one study to another, they all agree that

there was a recent replacement of wMel-like variants but that the emergence of

the wMel genotype was much older than hypothesised by Riegler et al. (17).

Concerning the separation of the newer subgroups, Richardson et al., sug-

gested that wMel-like clade started to diverge about 5000 years ago, most likely

in Africa. Ilinsky et al. (16), based on the geographical location of the wMelCS-

like clades, notably the wMelCS2 genotype only found in eastern Europe, propose

that the wMelCS2 clade arose in Middle Asia and Eastern Europe (16). So far,

clades I, III, IV and VI were found widely distributed (found on at least two

continents), clade V has been found in Eurasia, clade VII in eastern Europe only

and clade VIII in Asia.

The geographical structuring of the Wolbachia and mitochondrial clades, and

relative proportions of different clades in a given location, have been suggested

to be based mainly on selection upon Wolbachia (15; 16; 42). This has also been

suggested by the experimental evolution experiments from Versace et al., in 2014

(11) who found difference in fitness between the different Wolbachia clades but

only when flies were infected (11). Versace et al., recorded the relative frequencies

of the different Wolbachia/mitochondrial clades in a fly population derived from

a natural population and maintained during more than 30 generations. In cold

environment, Wolbachia from clade V and VI had a significant advantage over

Wolbachia from clades I, II and III (the relative frequencies of clades V and VI

were increasing); and clade V Wolbachia were providing a significantly higher

fitness than clade VI Wolbachia (11). The fitness difference was not observed in

warmer environment (11).

However, it remains to be seen if the geographical distribution of some clades

could be due to sampling effects. Geographic sampling is still to be completed to

understand the origin and diversity of Wolbachia in D. melanogaster.
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1.4 Aim

The aim of this research is to investigate further the symbiosis between Wolbachia

and D. melanogaster, both on a functional and evolutive side. In light of the

evolutive history and geographical variation of Wolbachia in D. melanogaster,

identifying genes potentially involved in the host manipulation could shed light on

the mechanisms and adaptation used by Wolbachia for its successful transmission

in D. melanogaster, which in turn could be used for potential applications such as

pest control or human health. Chapter 2 shows the methods for all the analyses

used in the following chapters.

In Chapter 3, I use a phylogenomic approach to study the evolution and

co-adaptation of Wolbachia in D. melanogaster, and set the geographical and

historical context to the following chapters.

In Chapter 4, I use RNA sequencing (RNAseq) data to study Wolbachia gene

expression across the D. melanogaster developmental life cycle, in an attempt to

find genes involved in host interaction, but also identify key moments in the D.

melanogaster -Wolbachia interaction.

The diversity of Wolbachia strains infecting D. melanogaster comes with vari-

ability in the effects that Wolbachia has on its hosts. In the Chapter 5, I used

RNAseq data in a different host/strain context to try to evaluate the conserva-

tion of the previous findings through the variation of Wolbachia-D. melanogaster

couples.

Finally, Chapter 6 brings a conclusion to the results of all the precedent chap-

ters and propose perspectives for this research work.
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Material and methods

2.1 Phylogenomic analysis

2.1.1 Datasets

We gathered D. melanogaster resequencing data from numerous projects, to

which we added 59 unpublished sequences, sampled in four locations in Ukraine

(Chornobyl, Kiev, Uman, and Varva) by Iryna Kozeretska.

The unpublished Wolbachia sequences, sampled in Ukraine by Iryna Koz-

eretska, were sequenced by Casey Bergman using the following protocol. Genomic

DNA was prepared from isofemale strains 11-13 generations after collection in

2011 from four field sites (Uman, Varva, Kiev, Chornobyl Nuclear Plant). Fifty

females were pooled and snap-frozen in liquid nitrogen, then DNA was extracted

using a standard phenol-chloroform extraction protocol with ethanol and ammo-

nium acetate precipitation. Sequencing libraries were generated using Nextera

DNA Sample Preparation Kit (Product No. FC-121-1030). Following a cleanup

using the Zymo-Spin kit (Cat. No. D4023) the purified, fragmented DNA was

then amplified via limited-cycle PCR which also added the indices (i7 and i5)

and sequencing primers. AMPure XP beads (Cat. No. A63881) were then used

to purify and size select the library DNAs. The libraries were then normalized

to 2nM and pooled prior to cluster generation using a cBot instrument. The

loaded flow-cell was then paired-end sequenced on an Illumina HiSeq instrument.

Demultiplexing of the output data (allowing one mismatch) was performed with

CASAVA 1.8.3. In total, three sequencing runs were performed. The first in-

cluded 10 samples from Uman and were sequenced as 101x85 nt on an Illumina

30
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HiSeq2000. The second included 19 samples from Varva, 15 from Kiev and 4

from Uman and were sequenced as 101x101 nt on an Illumina HiSeq2500. The

third included 9 samples from Chornobyl Nuclear Plant and 4 from Uman and

were sequenced as 101x101 nt on an Illumina HiSeq2500.

The published projects we used are the following:

1. The DGRP (project ID SRP000694) consisting of 213 samples from popu-

lations in North Carolina, USA (5).

2. The DPGP2 (project ID SRP005599) consisting of 161 samples from many

populations from Africa and one European population (6).

3. The DPGP3 (project ID SRP006733) which consists of 194 more samples

from Zambia www.dpgp.org/dpgp3.

4. A project of 85 samples (project ID SRP050151) from populations in Aus-

tralia, China, Netherlands, USA and Zimbabwe, described by Grenier et al.

(7).

5. 53 samples (ID SRP050307) sequenced from five African populations by

Lack et al. to build the Drosophila Genome Nexus Project (8),

6. The DSRP project (ID SRP011971) consisting of 18 samples from eight lab

lines (9).

7. The 37 D. melanogaster lines from two USA populations sequenced by

Campo et al. in 2013 (project ID SRP009033) (10).

8. A project of 48 samples from Portugal sequenced by Versace et al. (project

ID ERP003956) (11).

9. A project of 56 sample from Ghana, France and USA sequenced by Bergman

and Haddrill (12) (project ID ERP009059).

10. Finally we used 9 lab strains from Chrostek et al., used to determine the

different reference genotypes of Wolbachia (project ID ERP002662) (3).

We discarded 84 samples from these datasets to keep only Illumina paired end

reads. For ERP003956, we merged the fastq files of Wolbachia and mitochondrial

sequencing for each infected samples and used only mtDNA samples for uninfected

www.dpgp.org/dpgp3
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lines. For this project, we also discarded 36 experimental evolution samples that

were not base population lines. From the DPGP2 project, we discarded 33 sam-

ples that had been crossed with a balancer line since the origin of their cytoplasm

could not be determined. We removed 8 samples containing pooled data from

project ERP009059. Finally we discarded the sample SRS167162 because it did

non contain mitochondrial DNA, and the sample SRS172501 because it was a

mislabeled D. simulans.

In total we used 839 samples from 1220 runs. The flies were sampled from

22 countries from five continents (North America, Africa, Europe, Asia, and

Australia).

2.1.2 Generating consensus sequences for Wolbachia and

mitochondrial genomes

To map the sequencing reads, we used a reference hologenome consisting of the

Release 6 version of the D. melanogaster genome (BDGP Release 6 + ISO1

MT/dm6 from UCSC) and the Wolbachia wMel reference genome (Ensembl

Genomes Release 24, Wolbachia endosymbiont of drosophila melanogaster.GCA -

000008025.1.24) (123; 124).

The raw data from sequencing were downloaded from EBI, using aspera ver-

sion 2.7.9, for each run. Then, the fastq files for each run were mapped to the

hologenome using bwa mem version 0.7.5a (125), in paired end mode. The re-

sulting bam files were then sorted before being merged by sample and sorted

again using samtools version 0.1.19 (126). Once all the sample bam files were

sorted, they were indexed, and the reads mapping to Wolbachia and mtDNA

were extracted to produce Wolbachia and mtDNA bam files, respectively, using

samtools.

Wolbachia and mtDNA bam files were indexed using samtools, and variants

were called with samtools mpileup, with a maximum read depth of 100000, and

converted in vcf files using vcfutils.pl varFilter and a maximum read depth of 1000.

Using the same mpileup parameters, the consensus sequences were produced using

vcfutils.pl vcf2fq taking in account only SNPs with coverage between 10 and 100

as described in Richardson et al. (14).

The consensus sequence-making process did not take into account insertion

or deletions. Therefore, all sequences should have the same length than the
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reference sequence. However, if there was no coverage for the end of the genome,

the resulting consensus sequence would miss the last nucleotides. To restore the

proper length, ”N”s were added to the end of the incomplete sequences using a

custom perl script.

Bam files were also used to make wiggle track files of the mapped read using

bedtools version 2.22.0 (127). We also used samtools flagstat to record statistics

about the reads mapping to D. melanogaster and Wolbachia genomes.

2.1.3 Predicting infection status

We determined if a sample was infected based on the breadth (number of sites

with a non-zero coverage) and average depth of coverage of the Wolbachia genome.

We used bedtools genome coverage to compute per base coverage and calculated

the mean depth and breadth using a custom perl script. We considered a sample

to be infected when the breadth of coverage was greater than 90% and the mean

depth was greater than one, as used previously by Bergman and Haddrill in 2015

(12).

2.1.4 Phylogenetic analysis

For all the infected samples, the Wolbachia consensus sequences were gathered in

a single fna alignment file. For all samples, the mitochondrial consensus sequences

were put together in another fna alignment file.

For both Wolbachia and mitochondrial alignments, fastree version 2.1.8 was

used to make phylogenies using the generalized time-reversible option (128).

The phylogenies were analysed in R v3.1.1 using the package ape (129). To

determine the correspondence between previously described clades and our phy-

logeny, we initially used a custom function, working with ape package in R, to

identify the monophyletic group encompassing two most distant samples in the

same clade from the other study. We used this approach to determine clades

I, II, III and IV and VI, based on the Richardson et al. study (14) Only two

samples ZI420-HE and ZI374-HE couldn’t be attributed to any clade since they

were branched from the base of clades I and II respectively, but seemed to belong

to clades III and I respectively on the mitochondrial phylogeny. We left them as

intermediate samples. Clades V and VIII, were defined based on which samples

were found in these clades in other studies (3; 11).
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Clades for the mitochondial tree were defined in the same way as Wolbachia

clades.

Clade definitions made in R were used to produce data files to plot the phy-

logenies using iTOL website http://itol.embl.de (130).

The distribution of the aforementioned clades from the various geographical

location on a world map was plotted using mapPie function of the rworldmap

package (131) in R v3.1.1.

2.2 Gene expression analysis

2.2.1 Datasets

We studied Wolbachia gene expression in two different contexts. First, we stud-

ied Wolbachia transcriptome variation across D. melanogaster development in

the BDSC ISO1 substrain (later refered as ISO1). To do so, we used the total

RNA-seq libraries from the modENCODE developmental time course (45; 46; 47).

This dataset consists of 30 time points from embryo to adult, within which males

and females are mixed in non-adult samples, in unknown proportions, and adult

females samples are a mix of virgin and mated females in unknown ratio. Biolog-

ical replicates are available for 24 of the 30 time points. The RNA-seq libraries

are 100bp reads, rRNA-depleted, paired-end and stranded.

In addition, we studied Wolbachia gene expression in a nos-gal4, UAS-dcr -2

driver transgene line of D. melanogaster (later refered as DCR2) in a dataset

produced by Czech et al., (132). In this dataset, samples were taken from whole

embryos, ovaries, and from the ovariectomized virgin female carcasses. Biological

replicates are available for all samples. The reads are 50bp long, single-end and

stranded. The females from which ovaries and carcasses samples were taken, at

around two days post eclosion, come from heat-shocked embryos (132). Embryo

samples were collected between zero to one hour after egg laying, from virgin and

mated females, and were not heat-shocked (132)(Czech personal communication).

2.2.2 Genome sequencing and phylogeny

To identify which strain of Wolbachia infects the ISO1 and DCR2 D. melanogaster

lines, the genomes were sequenced by Danny Miller, and Casey Bergman put

http://itol.embl.de
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together those sequences with other genome sequences from known Wolbachia

genotypes to build a phylogeny.

Genomic DNA for the BDSC ISO1 and DCR2 strains was prepared from 10

starved, adult males using the Qiagen DNeasy Blood and Tissue Kit (Qiagen,

69504). 1µg of DNA from each was fragmented using a Covaris S220 sonicator

(Covaris Inc.) to 250 base pair (bp) fragments by adjusting the treatment time

to 85 seconds. Following manufacturer’s directions, short fragment libraries were

made using the KAPA Library Preparation Kits (KAPA Biosystems, KK8201)

and Bioo Scientific NEXTflex DNA Barcodes (Bioo Scientific, 514104). The

resulting libraries were purified using Agencourt AMPure XP system (Beckman

Coulter, A63880), then quantified using a Bioanalyzer (Agilent Technologies)

and a Qubit Fluorometer (Life Technologies). Libraries were pooled with other

strains, re-quantified and run for 100 cycles in paired-end high output mode

over multiple lanes on an Illumina HiSeq 2000 instrument using HiSeq Control

Software v1.5.15.1 and Real-Time Analysis v1.13.48.0. CASAVA v1.8.2 was run

to demultiplex reads and generate fastq files. Raw fastq reads were submitted to

ENA as project ERP009035.

DNA-seq fastq sequences from ERP009035 were downloaded and mapped

against a “hologenome” consisting of the Release 5 version of the D. melanogaster

genome (Ensembl Genomes Release 24, Drosophila melanogaster.BDGP5.24.dna

.toplevel.fa) and the Wolbachia wMel reference genome (Ensembl Genomes Re-

lease 24, Wolbachia endosymbiont of drosophila melanogaster.GCA 000008025.1.24)

(124; 133). Hologenome reference mapping was performed using bwa mem v0.7.5a

(125) with default parameters in paired-end mode. Mapped reads for all runs

from the same sample were merged, sorted and converted to BAM format us-

ing samtools v0.1.19 (126). BAM files were then used to create BCF and fastq

consensus sequence files using samtools mpileup v0.1.19 (options -d 100000).

Fastq consensus sequence files were converted to fasta using seqtk v1.0-r76-dirty

(https://github.com/lh3/seqtk) and concatenated with consensus sequences of

Wolbachia type strains from Chrostek et al. (3). Maximum-likelihood phyloge-

netic analysis on resulting multiple alignments was performed using raxmlHPC-

PTHREADS v8.1.16 (options -T 6 -f a -x 12345 -p 12345 -N 100 -m GTRGAMMA)

(134).
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2.2.3 Estimating gene expression levels

RNA-seq fastq sequences were downloaded from SRP001696 (ISO1) and SRP021103

(DCR2). Reads were then mapped against a ”hologenome” file containing both

D. melanogaster and Wolbachia genomes using bwa mem v0.7.5a (125) with de-

fault parameters, in paired-end mode for ISO1 and single-end mode DCR2. The

hologenome consists of the Release 5 version of the D. melanogaster genome (En-

sembl Genomes Release 24, Drosophila melanogaster.BDGP5.24.dna.toplevel.fa)

and the Wolbachia wMel reference genome (Ensembl Genomes Release 24, Wol-

bachia endosymbiont of drosophila melanogaster.GCA 000008025.1.24) (124; 133).

Once mapped, the reads were sorted and converted to BAM format using

samtools v0.1.19. (126). We used the resulting BAM files to estimate the expres-

sion level of the different Wolbachia genes annotated by Wu et al. (99) found

in the gtf file from ensembl (ftp://ftp.ensemblgenomes.org/pub/bacteria/

release-21/gff3/bacteria_23_collection/wolbachia_sp_wri) after exclud-

ing non-coding RNA genes. Because of the operon structure of bacterial genomes,

transcripts can correspond to several genes expressed together and therefore, a

single read can overlap more than one gene model. However, since it has been

shown that inside an operon the gene transcription level can vary (135) and the

operon structure of Wolbachia is not known, we decided to keep the expression

level estimation at a gene level rather than transcript level. As the probability of

overlap decrease with the read length, individual read counts are preferable than

fragment (pair of reads) counts. Therefore, we decided to count the reads inde-

pendently for both ends of the sequenced fragment for ISO1 and the single reads

for DCR2. We counted reads using BEDtools coverageBed v2.22.0 (127), allow-

ing the read to extend beyond the gene limits, and counting reads independently

for each gene, meaning that reads overlapping more than one gene are counted

twice. We did so after making sure that any potential bias of counting reads

overlapping genes twice was negligible by comparing with a method discarding

the overlapping reads.

To compare gene expression between the different time points, we normalized

within-sample read counts using units of transcripts per million (TPM) (136). Ef-

fective gene length in TPM calculations was set to be gene length+read length−1

to account for reads that extend beyond annotated gene models. TPM normal-

ization was performed on R v3.1.1 (137).

ftp://ftp.ensemblgenomes.org/pub/bacteria/release-21/gff3/bacteria_23_collection/wolbachia_sp_wri
ftp://ftp.ensemblgenomes.org/pub/bacteria/release-21/gff3/bacteria_23_collection/wolbachia_sp_wri
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2.2.4 Comparing global expression pattern

To compare the global gene expression between the different life stages in ISO1,

we computed a Pearson correlation coefficient across gene expression values for

all genes in TPM between all samples. The correlation coefficients between the

different stages was visualized on a heatmap using R v3.1.1.

2.2.5 Detecting variation in gene expression

To study variation of Wolbachia gene expression across D. melanogaster life cycle,

we used two approaches. First we used the read counts from ISO1 for probabilistic

clustering of genes using all samples, with and without replicates, to look for

common expression profiles across the host life cycle. We used MBcluster.seq v.1.0

(138) with the Poisson model with two clusters and the expectation maximization

method. Because the method is probabilistic, the results may vary over clustering

iteration. In order to take this variability in account, we repeated the clustering

a thousand times and recorded the results. To match clusters across iterations,

we defined Cluster 1 as the cluster containing most of the genes, and Cluster 2

as the cluster with the smallest number of genes.

To investigate further gene expression variation across the entire host life cycle,

we also used read counts from ISO1 to perform differential expression analysis

using edgeR v3.6.8 GLM approach (139) on all the 24 time points with biological

replicates. We then adjusted the P-values using the Benjamini, Hochberg, and

Yekutieli method (140) to correct for multiple testing. We set an adjusted p-value

threshold of 0.05 to select differentially expressed genes.

We also performed a series of pairwise differential expression analysis to de-

tect genes showing differences between: (i) adult males and females in ISO1;

(ii) embryo and adult females in both ISO1 and DCR2 using most similar samples

(embryo 0-2h and female one day old in ISO1, and embryo and female carcasses in

DCR2); (iii) ovaries and somatic tissues in DCR2. Raw read counts were used in

edgeR v3.6.8 with an exact test approach (141). We also corrected the P-values

using the Benjamini, Hochberg, and Yekutieli method (140). We set a selection

threshold to a P-value less than 0.01 and fold change more than two.



Chapter 3

Phylogenomics of Wolbachia in

Drosophila melanogaster

populations

3.1 Introduction

While the history of Wolbachia and D. melanogaster has been widely investigated

(11; 13; 14; 15; 16; 42), some questions remain unanswered. Many studies agree

that Wolbachia in D. melanogaster is strictly vertically transmitted, with some

uninfected lineages due to recent loss of infection (11; 13; 14; 15; 16; 42). However,

the dating of the first divergence between the two main groups of Wolbachia

(wMel and wMelCS) and the history of the evolution and interaction between

the different clades of Wolbachia remains unclear (14; 15; 16; 17).

In an attempt to bring new elements to answer those questions, we used

available resequencing data of D. melanogaster populations from ten projects

(3; 5; 6; 7; 8; 9; 10; 11; 12), to which we added unpublished data of 59 samples

from several Ukraine populations, from our own lab. Out of the ten projects,

three (DGRP, DPGP3 and DPGP2) account for 536 of the 839 samples used

in total. From the DGRP project we used 204 samples, all coming from North

Carolina, USA (5). 194 samples were from the DPGP3 project, coming from

a Zambia population, and 138 samples from DPGP2 were coming from 13 Sub-

Saharan African populations and one European population www.dpgp.org/dpgp3

(6). 85 samples came from a resequencing of D. melanogaster from five population

across the world (Australia, China, Netherlands, USA and Zimbabwe) by Grenier

38

www.dpgp.org/dpgp3
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et al. (7). 53 samples came from five African populations (Egypt, Ethiopia,

Kenya, South Africa, and Uganda) sequenced by Lack et al. (8). 50 samples were

coming from sequencing of D. melanogaster from populations in USA, France and

Portugal by Bergman and Haddrill (12). A population in Portugal sequenced by

Versace et al. gave 12 of the sequences we used (11). 17 sequences came from a

resequencing by Campo et al. from two USA populations (10). Finally, we used

18 samples from the DSRP project (9) and nine samples resequenced by Chrostek

et al., all coming from lab strains (3).

Using these 839 samples, we reconstructed Wolbachia and mitochondrial genome

sequences and built a Wolbachia phylogeny to study the diversity of cytoplasmic

clades in D. melanogaster. Finally we looked at the geographic distribution of

the Wolbachia and mitochondrial clades to understand the spacial patterns of

diversity in Wolbachia infection.

3.2 Results and discussion

3.2.1 Rates of Infection by Wolbachia

We predicted Wolbachia infection in each sample using the breadth and depth

of coverage of the Wolbachia genome. A sample was considered infected when

breadth of coverage was greater than 90% and the average depth of coverage was

greater than one. Figure 3.1 shows a distribution of the samples based on their

breadth and depth of coverage. In blue are the uninfected samples and in red the

samples we determined as infected. For infected samples, the maximum depth is

4573.2, and the median of depth of coverage is 36.1.

Although most of the samples are neatly split between infected and uninfected

in terms of coverage, there are 44 sample which have an intermediate breadth of

coverage (between 20% and 90%) and low depth of coverage. Most of those

are project-specific and come from the DGRP, DPGP3 and Drosophila Genome

Nexus projects (project ID SRP000694, SRP006733, and SRP050307). These

projects are among those with the largest sample sizes. Such samples with in-

termediate breadth of coverage had been reported by Richardson et al (14) for

the DGRP project. We can’t determine if those samples are truly infected, and

because our study is based on phylogenomic analysis, we chose to take a more

conservative approach and considered those samples as uninfected, and kept only
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Figure 3.1: Breadth and depth of coverage of the Wolbachia genome for
839 samples. The 542 infected samples are plotted in red and the 297 uninfected
samples are plotted in blue.

good quality genome sequences.

Counting those intermediate coverage samples as uninfected could affect the

infection rate estimates. However, most of those intermediate samples come from

Raleigh (USA) and Siavonga (Zambia), which are the largest sampled areas, with

respectively 207 and 198 samples. Therefore, the impact of considering those

samples as uninfected is quite low. These intermediate coverage samples could

be due to a polymorphic Wolbachia infection in the stock, leading to Wolbachia

sequence being on the edge of the detection levels.

We also compared predicted infection status determined here with the infec-

tion status found previously in other studies determined by PCR or genomic data
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(5; 12; 14; 88; 142). For 369 out of 839 samples, we could compare infection sta-

tus with previous studies. Only 7 samples showed discrepancies between infection

status between studies. None of those samples were part of the samples with in-

termediate breadth of coverage. For four of those samples, the discrepancies lie

between other studies and the infection status we find matches most of the other

studies (Table 3.1). Only three samples (BCM-DGRP303, BCM-DGRP307, and

BCM-DGRP774) are found infected here but were found uninfected by many

other studies (Table 3.1). Overall there is a very good between-studies concor-

dance in infection status and we can be confident about the criteria used here to

determine the infection status.

sample infection prediction 2 3 4 5 6 7 8 9
BCM-DGRP303 1 0 0 0 0 0 0
BCM-DGRP307 1 0 0 0 0 0 0
BCM-DGRP38 0 1 0 0 0 0
BCM-DGRP705 1 1 1 0 1 1 1
BCM-DGRP774 1 0 0 0 0 0 0
BCM-DGRP911 0 1 0 0 0 0
GA08 1 1 0

Table 3.1: Infection status of samples with discrepencies between stud-
ies. ”1” represents presence of Wolbachia infection and ”0” absence of infec-
tion. Columns 2 and 3 corresponds to Richardson et al. study (14), PCR and
predictions respectively. Column 4 corresponds to Albertson et al. study (88)
predictions. Columns 5 and 6 corresponds to the DGRP website information and
Mackay et al. study (5). Column 7 corresponds to Huang et al. study (142).
Columns 8 and 9 corresponds to Bergman and Haddrill study (12), predictions
and PCR respectively

The total infection rate across samples is 64.6%, which is within the previ-

ously reported range for Wolbachia infection in D. melanogaster (16). However,

the proportion of infected individuals seems quite variable across populations as

shown in Figure 3.2 and Table 3.2. Indeed, we can see from the map in Figure

3.2, that few populations have a similar rate of infection. As seen in Table 3.2,

most of the locations are represented by a relatively small sample size, but two

locations have been sampled extensively: Raleigh (USA) and Siavonga (Zambia),

with respectively 207 and 198 samples. Between those two locations, there is

a clear difference, with the proportion of infected samples being much higher

in Siavonga (82.32%) than in Raleigh (54.59%). Moreover, in the East part of

sub-Saharan Africa, although the sample sizes are low, the infection rate is very
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high for most of the populations (Figure 3.2 and Table 3.2). Those differences

in infection rates could be due to an environmentally dependent advantage of

Wolbachia, or variation in Wolbachia strain transmission efficiency, or a mixture

of both. It is worth noting that very few populations are entirely uninfected.

Country locality sample nb Infected Infection rate

Congo Kisangani 2 1 50

Ethiopia Gambella 5 3 60

Ethiopia Bonga 5 5 100

Ethiopia Dodola 5 5 100

Ethiopia Fiche 5 2 40

Ethiopia Masha 3 2 67

Ethiopia Debre Birhan 5 4 80

Ethiopia Ziway 4 4 100

Kenya Malindi 4 2 50

Kenya Nyahururu 5 4 80

Kenya Marigat 4 4 100

Kenya Thika 2 2 100

Rwanda Cyangugu 2 2 100

Rwanda Gikongoro 27 26 96

South Africa Barkly East 5 3 60

South Africa Dullstroom 5 4 80

South Africa Port Edward 3 2 67

South Africa Fouriesburg 5 5 100

South Africa Phalaborwa 7 7 100

Tanzania Uyole 3 2 67

Uganda Namulonge 4 4 100

Uganda Kisoro 5 2 40

Uganda Masindi 3 3 100

Zambia Siavonga 198 163 82

Zambia Livingstone 1 1 100

Zambia Solwezi 2 2 100

Zimbabwe Harare 14 12 86

Zimbabwe Lake Kariba 3 3 100

Zimbabwe Sengwa 4 4 100

Cameroon Oku 10 7 70
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Gabon Franceville 10 5 50

Ghana Accra 15 1 7

Guinea Dalaba 5 0 0

Nigeria Maiduguri 6 1 17

Egypt Cairo 3 2 67

France Lyon 9 3 33

France Montpellier 20 8 40

Netherlands Houten 19 12 63

Portugal Povoa de Varzim 12 4 33

Ukraine Varva 29 17 59

Ukraine Kiev 15 11 73

Ukraine Chornobyl 9 6 67

Ukraine Uman 6 5 83

China Beijing 15 8 53

Australia Tasmania 18 14 78

USA Raleigh NC 207 113 55

USA Athens 15 10 67

USA Ithaca 19 14 74

USA Winters 17 0 0

Table 3.2: Summary of sample size and infection at the different sample
sites. The sample size and number of infected samples are summarized for the
samples coming from known location. The location are colored by geographical
area. Blue for Sub-Saharan Africa West, green for Sub-Saharan Africa East,
light green for north Africa, yellow for Western Europe, light orange for Eastern
Europe, dark orange for Asia, Red for North America and purple for Oceania.

3.2.2 Wolbachia clades

We used complete genome sequences of infected samples to reconstruct phylogeny

and matched our clades to previous results. The phylogeny is aproximative and

used at a large scale to group samples at the level of clade. On the phylogeny

of Wolbachia in Figure 3.3, we do find the same clades found by Richardson et

al. (14). In both studies the branches supporting the relationship of clades I,

II and III are very short, and little supported. In our phylogeny, we also see

two Wolbachia clades found in previous studies that were not seen in Richardson

et al. (14): clade VIII containing notably wMel2 samples (3; 15) and clade V,
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that was found in Richardson et al. (14) for the mitochondrial phylogeny but only

contained uninfected samples. Ilinsky et al. (16) described a clade VII, associated

with wMelCS2 genotype. As no sample in our phylogeny clustered with the two

wMelCS2 type samples, we labeled them as clade VI, with the other wMelCS

samples, for simplicity. We also find two samples for which we assigned no clades

because they branch quite deep between the clades I, II and III.

Although we didn’t find any new clade, the two samples to which no clade

were assigned (ZI374 and ZI420) might be a sign that more clades are present at

very low levels. However, it could also be that these flies were infected with two

different strains of Wolbachia as has been observed in D. simulans (143; 144),

and that the resulting sequence is a mixture of both genomes.

3.2.3 Geographical distribution of Wolbachia clades

Figures 3.4 to 3.9, show the proportion of the Wolbachia clades, defined in Figure

3.3, plotted on a world map, split by geographical zones. These data clearly show

that Wolbachia clades are geographically structured.

In the east side of sub-Saharan Africa, Figure 3.4, the sampled D. melanogaster

populations are mostly infected by clade III between Kenya and South-Africa.

These populations are also infected with the less frequent clade II. In Ethiopia,

the dominant clade is clade IV, which is not found elsewhere in the world, with

a lower proportion of clade III. In the east part of Sub-Saharan Africa, clade I is

only present in Uganda and Congo.

In contrast, on the western part of sub-Saharan Africa (Figure 3.5), clade I

is the dominant clade, while clade II is also present at lower frequency. This

Wolbachia infection pattern extends to some populations in Uganda and Congo

(Figure 3.4).

As seen in Figure 3.6, the population from Egypt is infected with Wolbachia

from clade III, which is also dominant in most populations in western Europe. In

Western Europe, only the Portuguese population contains Wolbachia from clades

I and VI (Figure 3.6). clade V is present only in European populations, in larger

proportion in eastern Europe than in western Europe. Indeed, populations from

eastern Europe show the presence of clades III and V in similar proportions, a

smaller proportion of clade VI, and a few samples from clade I.

The Figure 3.7 shows that populations from USA are dominated by clade

I, with a small proportion of clade III and a few samples from clade VI. The
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populations from Australia (Figure 3.8) is mainly infected with clade III, with a

few samples infected with clade I.

In China, clade VIII is found together with clades I and III (Figure 3.9). clade

VIII is associated with wMel2 and not found elsewhere.

We can see that clades I and III, although more prevalent in certain regions,

are very widespread. In contrast, clades IV and VIII have only been found in

specific regions, Ethiopia and China, respectively. We only found clade II in

Sub-Saharan Africa, but with a relatively wide geographical distribution within

Africa. However, it is almost always found in lower frequencies compared to other

clades (I and III), except for one population from Uganda. Clade V is found only

in Europe, with higher frequencies in eastern Europe. Finally, clade VI is found

in Eurasia and USA, with significant frequencies only in eastern Europe.

The geographical distribution of the various clades matches the previous stud-

ies (14; 15; 16; 17; 43) except for clade IV which is only found in Africa in our

study. Ilinsky et al. (16) finds Wolbachia clustering with wMel2 in Japan, which

he reports as associated with clade IV. This is the only time it had been reported

outside Africa. However two other studies found wMel2 associated with clade

VIII in Asian populations (3; 15). In the study by Ilinsky et al, clade IV divides

in two main clades (16). Since clade VIII had not been defined yet at that time

and clades IV and VIII branch consecutively in the phylogeny (see Figure 3.3),

it is possible that the Asian samples associated with wMel2 found by Ilinsky

et al were in fact samples from clade VIII that were wrongly affiliated to clade

IV. Under this hypothesis, clade IV is restricted to Ethiopia, while clade VIII is

restricted to Asia.

Comparing Figure 3.2 and Figures 3.4 to 3.9, we can also notice that clade I

is mainly present in zones with lower infection rates such as North America and

West Africa, and clade III and IV are found in areas with high infection rates

such as East Africa. This might be a reflection of transmission efficiency of the

different Wolbachia clades, with clade III and IV having better transmission rates

than clade I. However, clade I is very widespread and therefore potentially more

competitive than other clades such as clade II. It is also difficult to separate the

environmental effect from a clade effect. It could be that in Eastern Sub-Saharan

Africa, selection to keep the Wolbachia infection is higher than in the Western

Sub-Saharan Africa or North America, independent of the relative competitive-

ness and transmission rate of the strains. Moreover, the fact that both strains
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from clade I and III are widely distributed suggests that the geographical struc-

turing of those clades is not simply due to a lack of migration, but may rather

result from local adaptation. Many studies suggest that the diversity of Wol-

bachia in D. melanogaster is the result of selection and local adaptation on the

Wolbachia strains (11; 15; 16).

3.2.4 Coevolution of Wolbachia and D. melanogaster

To get a better understanding of the efficiency of Wolbachia transmission between

the various strains, it is important to know to which clade the uninfected samples

belong, since uninfected samples have been proposed to be the result of recent

loss of infection (11; 13; 14; 15; 16; 42). To do so, we built a phylogeny based on

mitochondrial sequences and assigned the samples to the clades corresponding to

those found in the Wolbachia phylogeny.

Figure 3.10 shows the mitochondrial phylogeny with the different cytoplasmic

clades in different colors. On the mitochondrial phylogeny, we find the same

clades as found for the Wolbachia phylogeny, with some slight variation in the

relationships between clades I, II and III. However, the branch length between

those clades are again very short, as they are for the Wolbachia phylogeny. Figure

3.10 also shows the clade for the associated Wolbachia genome (based on Figure

3.3) for infected samples (first circle). For almost all samples, there is a strict

concordance between the Wolbachia and mitochondrial clades. This is consistent

with previous studies that found that Wolbachia transmission in D. melanogaster

was strictly vertical with periodic loss of infection (14; 15; 16). However, three

samples show discrepancies between Wolbachia and mitochondrial phylogeny: In

the mitochondrial clade V, two samples from Ukraine are infected with Wolbachia

from clade III, and one sample from Ukraine is infected with Wolbachia from

clade I (See zoomed area in Figure 3.10). This suggest that some horizontal

transfer of Wolbachia from another clade happened in those samples. This is

the first time that evidence for potential horizontal transfer has been found in

natural populations of D. melanogaster (14; 15; 16). The two clade V samples

infected with Wolbachia from clade III are closely related to each other (zoomed

area in Figure 3.10). These two Wolbachia from clade III infecting samples from

clade V are also closely related to a third clade III bacteria, infecting a clade III

sample from the same population (see zoomed area in Figure 3.3, the Wolbachia

associated with a different mitochondrial clade are labeled with an asterisk.).
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This pattern could be the result of a single transfer of a clade III Wolbachia into

a clade V population in Ukraine. In contrast, the clade I Wolbachia infecting

the clade V mitochondria is not closely related to the other Wolbachia in clade I

from the same region (see Figure 3.3). These putative horizontal transfer events

come from a newly sampled population in Ukraine. European populations are

infected with several Wolbachia clades and don’t present a dominant clade 3.6.

This might increase the likelihood of detecting a horizontal transfer of Wolbachia

into a different cytoplasmic clade, which would not be detected in populations

that have a dominant cytoplasmic type.

3.2.5 Geographical distribution of mitochondrial clades

for uninfected samples

We observed variation in infection rates between populations and geographical

structure of the Wolbachia clades. To understand whether the variation of infec-

tion rate between population might be explained by the Wolbachia clade struc-

ture, we need to look at the mitochondrial clades distribution of uninfected sam-

ples, and their relative proportions in the different populations.

When looking at the maps of the geographical distribution of the mitochon-

drial clades for uninfected samples in Figures 3.11 to 3.16 we can see that it

globally matches the Wolbachia clade distribution, as is expected for vertical in-

heritence. The mitochondrial clades of uninfected samples match the Wolbachia

clades of infected samples from the same area. This is consistent with what had

been found in previous studies (14; 15; 16). However, some variation can be ob-

served in the proportion of infected and uninfected samples across clades. The

proportion of clade III and IV, or II and III are rather conserved in uninfected

versus infected samples from Sub-Saharan Africa (Figures 3.4 and 3.11). How-

ever, in the areas where clades I and III are coexisting such as North America and

Australia (Figures 3.7 and 3.12; Figures 3.8 and 3.13), the proportion of clade I

relative to clade III is higher in uninfected samples. This suggests that the trans-

mission rate of clade I is lower than the transmission rate of clade III. Indeed,

when looking at the infection rate by clades, clade I shows a global infection rate

of 46.47% compared to a global infection rate of 79.47% for clade III. Therefore,

it is possible that the lower transmission rate of Wolbachia from clade I partly

explains the association between low infection rate and clade I in several regions
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of the world. Wolbachia from clade I might confer higher selective advantages

to be able to be maintained in those populations together with other Wolbachia

clades despite the lower transmission rate.

Clade II, on the other hand, seems to be less competitive due to its more

restricted geographic distribution and lower prevalence in most population. How-

ever, it seem to have a higher global rate of transmission, possibly explaining that

it can maintain itself in populations infected with more abundant clades such as

clade I. Indeed, while clade I has the lowest global infection rate, clade II has one

of the highest infection rates with 81.08% of samples infected with Wolbachia.

Clade IV seem very competitive in its area of distribution in Ethiopia, where it

is largely dominant, and has very good transmission rates since this zone show

high rates of infection (83.33% of samples from clade IV are infected).

The clades V and VI, mainly found in Europe have similar global infection

rate (respectively 51.06% and 53.85%), lower than the global infection rate of

clade III (79.47%). This is consistent with the fact that the proportion of clade V

and VI is higher in uninfected samples than in infected samples in the European

populations (Figures 3.6 and 3.15), suggesting again that infection rates might be

driven by Wolbachia clades more than by local environmental conditions. Clade

VIII has a similar infection rate to clades I, V and VI, with 50% of infected

samples.

Differences in fitness have been measured between Wolbachia clades when

exposed to cold temperatures (11). Versace et al., showed that in a cold envi-

ronment, clade V and VI had a significant advantage over clades I, II and III.

Such environmental effects on Wolbachia clade competition could be driving the

geographical structure and area of distribution of the Wolbachia clades. It is also

worth noting that while Wolbachia in clade VI are only found in USA and Eu-

rope, mainly in eastern Europe, two uninfected samples from clade VI are found

in Sub-Saharan Africa, in Gabon and Rwanda, suggesting that Wolbachia from

this clade might be present in African populations at a low frequency, perhaps

due to migration back into Africa from Europe or North America (6).

3.3 Conclusion

Here we show that Wolbachia clades are geographically structured and that in-

fection rates of Wolbachia in D. melanogaster vary across populations. We also
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compared the diversity of mitochondrial and Wolbachia clades to study infection

rates across clades and populations.

For almost all samples, we found a perfect concordance between Wolbachia

and mitochondrial clades, confirming the prevalence of vertical transmission of

Wolbachia in D. melanogaster with subsequent loss of the infection in some pop-

ulations as shown in other studies (13; 14; 15; 16).

However, for the first time, we find three samples which show discrepancies

between mitochondrial and Wolbachia clades, in a population from Ukraine. We

propose that two horizontal transfer events occurred, one from a Wolbachia from

clade III in a clade V mitochondrial background, and that we witnessed in two

samples; and one from a Wolbachia from clade I into a clade V mitochondrial

background. Further work is needed to fully confirm these as horizontal transfer

and discard the possibility of contamination or mislabeling.

Based on the geographical concordance between clades of infected and un-

infected samples and the variations in infection rates among clades, we suggest

that the presence and proportion of the difference clades at a given location are

the result of local adaptation and selection of the cytoplasmic clades, while the

proportion of infected individuals is mainly a result of clade-specific transmission

rates. A trade-off between those different factors could explain the coexistence of

several Wolbachia clades at a single location.

Clade I and III seem to be competitive in a variety of environments while

clades IV, VIII and V are more competitive in smaller geographic areas, perhaps

due to more specialized adaptation to a particular environment. Clade IV seems

to be better at competing against generalist clades like III, maybe partly due to

high transmission rate.

Although the wMelCS-type and wMel-type genotype diverged between 8000

and 2239 years ago (14; 15), the global replacement of the wMelCS-type by wMel-

type bacteria proposed by Riegler et al. (17) is a much more recent event (after

1930). It could be the result of a recent spreading of generalist wMel clades such as

clades I and III. We saw that different clades seem to have different transmission

rates, and Versace et al. showed that wMelCS strains performed better than many

wMel clades in cold environments (11). It has also been shown that the wMelCS

strains generate stronger CI and better protection against viruses (3; 4). Based on

these fitness differences between wMel and wMelCS, we propose, as an alternative

hypothesis, that the bias toward wMelCS infection in lines collected before 1930
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shown by Riegler et al. (17), could be an artefact of a better persistence of

Wolbachia wMelCS compared to wMel in those old D. melanogaster lines.



52 CHAPTER 3. PHYLOGENOMICS OF WOLBACHIA

Z
I317-H

E

ZW184

B
C

M
-D

G
R

P
21

I03

O24

Y30

UM118-HE

ZK186

ZI31N
-H

E

T09

ZI448-HE

ZI324-HE

BCM
-DG

RP819

B
C

M
-D

G
R

P
397

E
D

5N
-H

E

B
C

M
-D

G
R

P
528

KN133N-HE

K36

BCM
-DG

RP336

B
C

M
-D

G
R

P
634

T23

ZI504-H
E

ZI394N
-H

E

ZI177-HE

B
C

M
-D

G
R

P
882

B
C

M
-D

G
R

P
223

ZI126-H
E

B
C

M
-D

G
R

P
801

B
C

M
-D

G
R

P
832

BCM-DGRP181

wMel2 a

Z
I530-H

E

BCM-DGRP365

I04

ZI161-H
E

CO1

N19

Z
I210-H

E

GA02

ZI291-H
E

I13

Z
I466-H

E

CBY23

ZI104-HE

BCM
-DGRP589

S
D

67

SE55

Z
I505-H

E

ZI392-HE

N10

B
C

M
-D

G
R

P
176

K
M

36

ZH33

B
C

M
-D

G
R

P
352

Z
I241-H

E

RG28-HE

ZI364-H
E

RG18N-HE

ZI240-HE

RG4N-HE

ZI28-H
E

wMel3

SD98

ZI231-HE

ZI433-HE

ED2

T36B

ZI200-HE

ZI514N-HE

GA145-HE

Z
I265-H

E

Z
I444-H

E

B
C

M
-D

G
R

P
783

E17

ZI374-HE

FR45

O27

RG9-HE

K30

B
C

M
-D

G
R

P
897

ZI292-HE

EA87

Y22

ZI81-HE

RG15-HE

SF447

E14

T24

ZI216N-HE

G
A

09

G
A

11

B
C

M
-D

G
R

P
531

BCM
-DGRP721

RG33-HE

B10

B
C

M
-D

G
R

P
892

EZ5N-HE

Z
I490-H

E

m
t.fly2

RG10-HE

ER156

EM6

E
A

71

ZI206-H
E

B
C

M
-D

G
R

P
361

Y24

wM
el

ED6N-HE

ZI264-HE

ZI68-H
E

ZI239-HE

B
C

M
-D

G
R

P
189

RG39-HE

ZI398-HE

BCM
-DGRP639

BCM-DGRP75

B
C

M
-D

G
R

P
356

S
F

428

B
C

M
-D

G
R

P
853

I22

Z
I91-H

EZ
W

155

KN6-HE

CBY15

B
C

M
-D

G
R

P
802

ZI252-HE

I16

I31

NG6N-HE

BC
M

-D
G

R
P318

Z
I386-H

E

ZI381-H
E

K26

B
C

M
-D

G
R

P
852

ZI431-H
E

B
C

M
-D

G
R

P
374

G
A

12

G
A

01

ZI329-HE

B23

ZI273N
-H

E

B
C

M
-D

G
R

P
776

B59a

N17

ZI476-HE

ZS11-HE

B
C

M
-D

G
R

P
513

ED10N

UK57

FR28

K40
BCM

-DG
RP796

ycnbwsp-HE

N14

UG5N-HE

ZI218-HE

Z
I90-H

E

N
07

EG69N

ZI232-H
E

ZI468-H
E

ER11

I23

Z
I319-H

E

RG34-HE

EB237

Z
W

144

GH15

SB10

ZI230-HE

CO9N
Z

I397N
-H

E

T35

ZI456-HE

ZI103-H
E

B
C

M
-D

G
R

P
591

S
E

16

Z
I253-H

E

ZW140

ZI379-HE

B
C

M
-D

G
R

P
310

E18

KT6-HE

G
A

13

B
C

M
-D

G
R

P
321

N16

KT1-HE

B
C

M
-D

G
R

P
317

Z
I486-H

E

ZI472-HE

Z
I191-H

E

ZI455N-HE

ZI443-H
E

ZI527-H
E

B
C

M
-D

G
R

P
887

BCM-DGRP716

C
BY26

B
C

M
-D

G
R

P
712

E
Z25-H

E

B26

R
G

25-H
E

GA160-HE

BCM-DGRP307

O4

T04

K15

BCM-DGRP820

SP235-HE

Z
I50N

-H
E

CK2-HE

T10 female

RAL-304

ZI420-HE

RG19-HE

G
A

04

Z
I267-H

E

B
C

M
-D

G
R

P
360

FR
14-H

E

ZI271-HE

BCM-DGRP355

SF7

RC1-HE

B28

FR70-HE

ZI313-HE

Z
I235-H

E

BCM-DGRP100

ZI348-HE

N04

KR7-HE

BCM
-DGRP790

BCM-DGRP486

ZI295-HE

FR23

ZI261-H
E

EZ2-HE

T14A

CBY17

Z
I373-H

E

Z
I402-H

E

ZI321-HE

B
C

M
-D

G
R

P
555

w
M

elC
S

2 a

ER85

I24

ZI194-HE

GA191-HE

B
C

M
-D

G
R

P
340

KR4N-HE

Z
I336-H

E

B
C

M
-D

G
R

P
727

B
C

M
-D

G
R

P
837

BC
M

-D
G

R
P850

B37

UG19-HE

CO2

B
C

M
-D

G
R

P
370

RG2-HE

E19

TZ10-HE

RG13N-HE

S
P

173-H
E

Z
I342-H

E

B51

FR310-HE

BCM-DGRP738

ZI118N
-H

E

CO14

ZI362-HE

ZI114N-HE

Z
I76-H

E

ZI286-HE

w
M

elPop

KN34-HE

E13

BC
M

-D
G

R
P530

B34

B
C

M
-D

G
R

P
913

ZS37-HE
ZI219-HE

ZI352-H
E

I34

Z
I129-H

E

ZI26-H
E

ZI368-HE

Z
I10-H

E

Z
I179-H

E

ZI251N
-H

E
EB132

E12

SB51 ZI467-H
E

B
C

M
-D

G
R

P
821

BCM-DGRP382

ZI59-HE

RG5-HE

O29

ZI221-HE

I06

O34

B
C

M
-D

G
R

P
884

B43a

ZI339-HE

Z
W

139

Z
I165-H

E

FR48

BC
M

-D
G

R
P805

TZ14-HE
Z

I268-H
E

BCM-DGRP774

ZI316-HE

B
C

M
-D

G
R

P
441

ZI311N-HE

ZO12-HE

T25A

RC5-HE

ZI281-H
E

B
C

M
-D

G
R

P
822

S
P

241-H
E

ZI61-HE

S
P

254-H
E

K37

BCM-DGRP69

ZI198-H
E

Z
I418N

-H
E

m
t.fly6

Z
I524-H

E

ZK84

BCM
-DG

RP761

BCM
-DG

RP879

G
A03

EA49

Z
I136-H

E

ZI233-HE

B
C

M
-D

G
R

P
551

B
C

M
-D

G
R

P
272

BCM-DGRP149

GA10

ZI384-HE

B44

EB25

B18

RG32N-HE

wMel2 b

ZI400-HE

N13

w
M

elC
S a

BCM-DGRP861

ZI405-HE

B
C

M
-D

G
R

P
227

BC
M

-D
G

R
P440

Z
I202-H

E

Z
I388-H

E

FR44

K24

K12

I07

ZI220-HE

B
C

M
-D

G
R

P
303

RG3-HE

mt.fly14

S
F

332

B
C

M
-D

G
R

P
409

ZI27-HE

EB18

Z
I225-H

E

B
C

M
-D

G
R

P
705

ZI314-HE

ZI199-HE

ZI344-HE

BCM-DGRP380

RG11N-HE ZI185-HE

Z
I173-H

E

B
C

M
-D

G
R

P
48

ZI190-HE

N29

B
C

M
-D

G
R

P
304

ZI227-HE

K13

Z
I445-H

E

ZI197N-HE

ZI99-H
E

T45B

CO16

Z
I212-H

E

ZI170-HE

B
C

M
-D

G
R

P
383

SD82

KR39-HE

ZI320-HE

CBY18

ZI188-HE

Z
I471-H

E

S
P

80-H
E

Y26

UK73

B55

FR46

m
t.fly18

ycnbwsp

B14a

B13

E
Z9N

-H
E

B
C

M
-D

G
R

P
505

EM40

B
C

M
-D

G
R

P
890

T05

T22A

B
C

M
-D

G
R

P
338

Z
I226-H

E

RG21N-HE

ER63

ZW177

N03

RG37N-HE

BCM
-DGRP787

B
C

M
-D

G
R

P
855

ZS56-HE

B
C

M
-D

G
R

P
40

B
C

M
-D

G
R

P
707

B
C

M
-D

G
R

P
595

BCM
-DG

RP786

Z
I213-H

E

ZI284-HE

RG24-HE

GA187-HE

BCM-DGRP535

S
F110

ZI176-HE

KR42-HE

BCM
-DG

RP748

Z
W

09

E16

BCM-DGRP287

ZI380-HE

GA125-HE

ZI263-HE

BCM-DGRP136

ZO65-HE

G
A

08

ZI184-HE

Z
I138-H

E

B
C

M
-D

G
R

P
320

Z
H

26

Y25

UM526-HE

ZI293-H
E

S
P

221-H
E

UM37-HE

Z
I279-H

E

EF39

BCM
-DG

RP859

B43

ZI167-HE

ZK131

FR24

KM92

B05

N
25

Z
S

10

ZI332-HE

Z
I157-H

E

S
D

145

ZI182-HE

ZI351-HE

B
C

M
-D

G
R

P
584

RG7-HE

ZI365-HE

ZH23

Z
I457-H

E

CO13N

Z
I178-H

E

I01

SB31

ZI250-HE

UG7-HE

EB148

B
C

M
-D

G
R

P
280

ED3

Z
I395-H

E

S
A

M
N

00014230

B
C

M
-D

G
R

P
804

BC
M

-D
G

R
P737

SP188-HE

CO10N

ZH
42

ZI460-HE

C
BY13

B
C

M
-D

G
R

P
554

ZI56-HE

BC
M

-D
G

R
P49

Z
I214-H

E

BC
M

-D
G

R
P335

N11

RG38N-HE

B
C

M
-D

G
R

P
461

B04

RG36-HE

Z
I237-H

E

RG22-HE

EF120

Z
I255-H

E

ZI453-HE

FR35

Z
S

5-H
E Z
I377-H

E

BCM-DGRP398

K20

RG35-HE

I35

O25

B
C

M
-D

G
R

P
405

RG6N-HE

BCM-DGRP73

ZI358-HE

B
C

M
-D

G
R

P
646

ZI303-HE

B
C

M
-D

G
R

P
818

ZI370-HE

ZI458-HE

T43A

B
C

M
-D

G
R

P
319

B
42

BCM-DGRP256

KN20N-HE

I17

ZI228-H
E

T01

B
C

M
-D

G
R

P
142

w
M

elC
S

2 b

ZI276-HE

ZI85-H
E

ZI207-H
E

UG28N HE

ZL130-H
E

B
47

w
M

elC
S b

EG73N

ZI335-H
E

K4

B
C

M
-D

G
R

P
393

T
ree scale: 0.0001

S
E

55

S
F

447

E
G

69N

B
18

B
14a

B
13

S
P

188-H
E

* *

B
C

M
-D

G
R

P
307

B
C

M
-D

G
R

P
774

C
B

Y
18

B
C

M
-D

G
R

P
535

B
C

M
-D

G
R

P
287

B
C

M
-D

G
R

P
73

*

clade I
clade II
clade III
clade IV
clade V
clade V

I
clade V

III

F
igu

re
3.3:

P
h
y
lo

g
e
n
y

b
a
se

d
o
n
W

o
lba

c
h
ia

g
e
n
o
m

e
.

T
h
e

colors
rep

resen
t

th
e

d
iff

eren
t

clad
es.

C
lad

e
I

is
in

b
lu

e,
clad

e
II

in
p
u
rp

le,
clad

e
III

in
red

,
clad

e
IV

in
oran

ge,
clad

e
V

in
yellow

,
clad

e
V

I
in

green
,

an
d

clad
e

V
III

in
d
ark

green
.

T
h
e

stars
in

d
icate

th
e

sam
p
les

w
h
ere

th
e

W
olbachia

clad
e

is
d
iff

eren
t

th
an

th
e

m
ito

ch
on

d
rial

clad
e.



3.3. CONCLUSION 53

clade I
clade II
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clade V
clade VI
clade VIII

Figure 3.4: Map of the proportion of the different Wolbachia clades
for infected samples from East Sub-Saharan Africa. The circle area is
proportional to the samples size and the colors represent the Wolbachia clades
for the infected samples. Clade I is in blue, clade II in purple, clade III in red,
clade IV in orange, clade V in yellow, clade VI in green, and clade VIII in dark
green.
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clade I
clade II
clade III
clade IV
clade V
clade VI
clade VIII

Figure 3.11: Map of the proportion of the different mitochondrial clades
for uninfected samples from East Sub-Saharan Africa. The circle area is
proportional to the samples size and the colors represent the mitochondrial clades
for the uninfected samples. Clade I is in blue, clade II in purple, clade III in red,
clade IV in orange, clade V in yellow, clade VI in green, and clade VIII in dark
green.
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Chapter 4

Wolbachia gene expression over

D. melanogaster life cycle

4.1 Introduction

We saw, in Chapter 3, that several Wolbachia clades infect D. melanogaster and

that the infection rate and relative efficiency seem subject to variation between

the different clades. Moreover, the different Wolbachia variants have been shown

to produce distinct effects on their host, with more or less cytoplasmic incom-

patibility, protection against viruses, and deleterious effect on longevity (3; 64).

The wide range of effects induced by Wolbachia on its hosts makes it a bacteria

of interest to understand coevolution of insect-bacteria symbiosis, but also for

human health and agriculture as it can be used as a tool to control insect vectors

such as mosquitoes (73; 74; 75; 76).

However, finding which Wolbachia genes are involved in host/bacteria interac-

tions is made difficult by the inability to culture and manipulate this species in a

free-living state. Therefore, candidate genes that might mediate interaction with

their hosts have been primarily identified using comparative genomic approaches.

For example, an unusually large number of ankyrin repeat domain encoding genes

has been found in the genome of Wolbachia wMel, and other strains in facultative

associations with arthropod hosts, relative to other bacteria (99; 105; 113; 145),

while few ankyrin repeat domain encoding genes are found in the obligate Wol-

bachia endosymbionts of nematodes (52; 55). Comparative genomic analysis of

more closely-related strains of Wolbachia has also been used to identify candidate

genes involved in host-symbiont interaction (3; 104; 105; 113; 114). For example,

66
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a cluster of eight genes (called the Octomom region), identified as being specifi-

cally amplified in the pathogenic “Popcorn” (wMelPop) strain of Wolbachia from

D. melanogaster (3; 104), was recently shown to cause the high bacterial titres

and virulence associated with this strain (103).

Other studies have successfully used RNAseq data to understand better func-

tional interactions between host and symbiont. Humphrys et al. (146), 2013,

show an in vitro expression profile of the pathogenic bacteria Chlamydia tra-

chomatis and its host cells through the first stages of infection, shedding light

on potential mechanisms underlying this disease. Darby et al. (52) found tissue-

specific differential expression revealing different roles of Wolbachia in the soma

and germline of the nematode host Onchocerca volvulus. Darby et al. (147) also

have shown that Wolbachia expression is regulated in vitro when its host cells

were exposed to a potent stressor.

In this chapter, we study the gene expression of Wolbachia inside D. melanogaster

throughout fly development. We used a time series of gene expression data from

D. melanogaster at different life stages generated by the modENCODE project,

which also contains transcriptomic data for Wolbachia (45; 46; 47).

4.2 Results and discussion

4.2.1 The modENCODE life cycle expression dataset con-

tains a complete Wolbachia transcriptomic.

We discovered that the ISO1 line of D. melanogaster was infected with Wol-

bachia (148). The phylogeny build from genome sequences of Wolbachia in ISO1

among other characterized Wolbachia genomes (Figure 4.1) shows that the ISO1

line of D. melanogaster is infected with a Wolbachia wMel strain, close to the

Wolbachia reference genome. This line, notably used as the D. melanogaster ref-

erence genome (37), was also used to generate total RNAseq libraries across the

D. melanogaster life cycle by modENCODE (45; 46; 47). This project contains

RNAseq data from 30 time points from embryo to adult stage, 24 of them with

biological replicates. The samples from embryo to pupae contain RNA from a mix

of males and females, while adult stages are separated into males and females.

We mapped the raw RNAseq reads to a file containing both D. melanogaster

and Wolbachia wMel reference genomes (37; 99). All the samples contained reads
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wMel

wMelCS2_a

wMelCS2_b

wMelCS_a
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DCR2
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wMel_ref
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1e−05

Figure 4.1: Genome-based phylogeny of Wolbachia strains used in
RNAseq analysis. The other Wolbachia genome sequences used were produced
and characterized by Chrostek et al. (3). The samples in red are the Wolbachia
from Iso1 and Dcr-2 samples used for the RNA-seq analysis.

mapping to the Wolbachia genome, ranging from 0.1 to 7 million reads per sample

(0.3%-8.5% of total reads) with a median of 1.7 million reads per sample (1.6%

of the total reads).

Figure 4.2 shows the reads mapping to Wolbachia in a strand-specific manner

for a few time points. The coverage and strand-specificity of the modENCODE

RNAseq dataset is high enough to show clear correspondence with the bound-

aries of the majority of annotated Wolbachia gene models, given their presumed

operonic structure and lack of annotated untranslated regions. The correspon-

dence between the genes and read orientation also shows the absence of DNA

contamination into RNAseq data.

We next counted reads mapping to each gene and estimated expression levels in

transcripts per million (TPM) for each of the 1195 characterized protein-coding

genes in the Wolbachia genome in each of the modENCODE RNAseq samples.

On average, 1104.4 genes were expressed (defined as having a non-zero TPM)

across all samples, ranging from 948 genes to 1170 genes. 1193 genes out of 1195

were found to be expressed in at least one of the samples. This indicates that the

majority of the Wolbachia genome is transcriptionally active throughout the D.
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Figure 4.2: Expression landscape of Wolbachia in D. melanogaster.
Gene models and RNAseq coverage plots for a 12-gene window of the Wolbachia
genome in representative stages of the D. melanogaster life-cycle. Gene models
and RNAseq coverage are shown on the forward and reverse strands in blue and
red, respectively. RNAseq plots are shown on the same absolute y-axis scale.
To provide an internal normalization factor for comparison across samples, mean
coverage of the stably-expressed Wsp/WD1063 gene (not shown in this interval)
divided by twenty is depicted by the dashed line in each panel.
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melanogaster life cycle.

4.2.2 Most Wolbachia genes are transcriptionally stable

across the host’s life cycle.

To evaluate how Wolbachia global gene expression varies across the host life

cycle, we visualized the correlation of Wolbachia gene expression levels between

every pair of samples across the host life stages (Figure 4.3). Expression levels

are in units of TPM, so they are normalized by the sample total read count and

can be compared between samples.

Correlation among biological replicates of the same stage is very high (r > 0.94)

and highly significant (p < 2.2e − 16). The lowest correlation among biological

replicates is observed for three stages from the third larval instar (L3 dark blue

gut, L3 light blue gut and L3 clear gut), which show higher similarity between

stages from the same replicate series than they do between biological replicates

from the same stage.

Correlation of expression levels is also reasonably high and highly significant

among all life-cycle stages (r > 0.61, p < 2.2e − 16). Despite this low global

variability, two weakly-differentiated, partially-overlapping clusters can be ob-

served that include embryonic to white prepupal (WPP) stages, and late larval

to adult stages, respectively (square blocks of yellow spanning multiple stages

in Figure 4.3). Overall, these results suggest that differences in Wolbachia gene

expression do exist among D. melanogaster life-cycle stages, but that the global

pattern of Wolbachia gene expression does not change dramatically across the D.

melanogaster life cycle when assayed at the level of the whole organism.

To investigate further how Wolbachia gene expression varies across the host

life cycle, we looked for genes which would display similar behaviour across time

by clustering the genes based on their expression levels in all samples (138). This

clustering approach enables us to use information from samples with no biological

replicates. After testing several parameters, we found that the genes were dividing

best in two clusters. However, the probabilistic nature of this method leads to

slightly different outcomes over iterations so we recorded the cluster affiliation

for each gene over 1000 clustering iterations.

We identified two main clusters that could be matched across independent

clustering runs (Figure 4.4 A). The first cluster contains 1033 genes out of 1195
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Figure 4.3: Wolbachia gene expression levels are highly-correlated
across biological replicates and life cycle stages. Each cell in the heatmap
represents a Pearson correlation coefficient of expression levels across all genes (in
units of TPM) for a pair of samples in the ISO1 total RNAseq dataset. Higher
similarity among pairs of samples is represented by bright yellow and lower sim-
ilarity by dark blue. All but six stages in the modENCODE total RNAseq time
course have biological replicates (Embryos 4-6 hrs, Embryos 6-8 hrs, Embryos 8-
10 hrs, Embryos 14-16 hrs, Embryos 16-18 hrs, and Embryos 20-22 hrs). Replicate
samples from the same stage were collected in two independent series, denoted
by r1 and r2 suffixes.
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(86.4%) whose expression pattern remains relatively stable across the host life

cycle (Figure 4.4 B). We still can observe variation in expression for individual

genes in this cluster (Figure 4.4 B) but these peaks are mainly single-sample

effects and not a trend across the developmental life cycle. It is worth noting

that the general variability is higher in embryo and larvae samples. The lower

variation in expression observed in pupae and adult samples could explain the

pupae and adult cluster in the correlation heatmap (Figure 4.3). The second

cluster contains the remaining 162 genes (13.6%) (Figure 4.4 A) which show

variation in expression pattern across the host life cycle (Figure 4.4 C to E).
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Figure 4.4: Clustering analysis of Wolbachia gene expression in the
modENCODE life cycle time course. (A) Histogram showing the number
of independent clustering runs (out of a 1000 runs) that a gene was affiliated
to Cluster 2. Normalized expression profiles for genes in Cluster 1 are shown in
panel (B), for genes in Cluster 2a in panel (C) and for genes in Cluster 2b in
panel (E). Heat map of row-normalized expression levels for genes in Cluster 2a
is shown in panel (D) and for genes in Cluster 2b in panel (F). For panels (B),
(C) and (E), TPMs for each gene at each stage are normalized (shown in grey)
by subtracting the mean TPM for that gene across different life cycle stages.
The mean and median of normalized expression levels for all genes at each stage
are show for each cluster in black and blue, respectively. For panels (D) and
(F), row-normalized expression levels are visualized as a heatmap where each row
represents a gene; expression levels is expressed in terms of Z-scores (observed
TPM minus row mean TPM, divided by the standard deviation of TPMs for that
row). Note that the heatmap color scale differs in panels (D) and (F).

4.2.3 A small subset of Wolbachia genes show dynamic

expression across the host life cycle

Both correlation and clustering analysis reveal stable gene expression profiles for

most Wolbachia genes across the life cycle of its host, but also that some variation

exist for a subset of genes. The clustering analysis showed that most of the genes

formed a first cluster with relatively constant expression across D. melanogaster

life cycle, while a subset of 162 genes formed another cluster (Figure 4.4 A).

Closer inspection of the number of runs in which a gene was assigned to Cluster 2

(Figure 4.4 A) shows that a group of 103 genes is affiliated to the second cluster

87.1% of the iterations and a group of 59 genes is affiliated to the second cluster

88.9% of the iterations. We will refer to these two groups as respectively Cluster

2a and Cluster 2b.

Both Cluster 2a and 2b show up-regulation after embryogenesis. The first, Cluster

2a, shows modest up-regulation after embryogenesis with the characteristic dip

in expression at larval L3 (12 hrs) for the set of 103 genes (Figure 4.4C and D).

The second, Cluster 2b, shows clearer up-regulation for 59 genes and the dip in

expression at larval L3 (12 hrs) but stronger up-regulation in early larvae and

late pupae (Figure 4.4E and F). For a few genes in Cluster 2b, the pattern is less

strong but they show an important increase in expression in adult males after

five days.
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Genes found in Cluster 2 are a principal factor in the high correlation found

between embryos and larvae in Figure 4.3. Indeed, when redoing the correlation

heatmap after removing expression levels for those genes, we find that only the

pupae and adult high correlation remains (data not shown). We propose that

the correlation heatmap (Figure 4.3) reveals the stability of gene expression of

Wolbachia across the host life cycle, and two clusters of more similar expression:

one coming mainly from the expression of genes in Cluster 2, and the other coming

mainly for a lower variability of gene expression in adult samples compared to

the other samples. This could come from the fact that adult samples contain a

higher number of bacteria, making the signal clearer.

The clustering experiment shows that despite the relative constancy of expression

for Wolbachia genes at a whole organism level, some gene show not only varia-

tion across the host life cycle, but also a common expression pattern, revealing

potential co-regulation and/or implication in a same function.

We also investigated if variation in expression pattern could be detected using

a differential expression analysis on the samples with biological replicates (24 of

the 30 stages). Because of the large number of life-cycle stages and their complex

developmental dependencies, an analysis involving all-by-all pairwise comparisons

was deemed unfeasible. Instead, we used an omnibus test of changes in expres-

sion across all stages simultaneously using an ANOVA-like GLM approach (149).

This analysis allowed us to identify 80 genes (6.7%) whose expression changes in a

reproducible manner across the D. melanogaster life cycle (in one or more stages)

independently, using a threshold of adjusted p-value ≤ 0.05 (Figure 4.5). All 80

genes have a greater than two-fold change between at least one pair of stages.

We note that both up- and down-regulated genes exhibit a wide range of abso-

lute expression levels, and many show quantitative shifts rather than dramatic

qualitative changes in expression level.

The majority of the Wolbachia genes found differentially expressed (75/80, 93.8%)

show a common pattern of expression with higher expression in either larval,

pupal and/or adult stages, and a transient decrease in expression at larval L3

(12 hrs) as described for the genes in Cluster 2. Indeed, 74 out of the 80

(92.5%) differentially expressed genes are found in Cluster 2 (a or b). Only

six genes (GroES/WD0308, ABC transporter/WD0455, succinate dehydrogenase
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subunit/WD0727, WD0804, DnaK/WD0928, Hsp90/WD1277) identified as dif-

ferentially expressed in the life-cycle GLM were not found in Cluster 2 and are

instead merged together with the stably-expressed genes in Cluster 1, most of

which (with the exception of succinate dehydrogenase subunit/WD0727) are up-

regulated in embryo, and down regulated in the later stages. Indeed, five genes

show the pattern of having higher relative expression in embryos with down-

regulation later in the life cycle (Figure 4.5). The dynamics of up-regulated and

down-regulated genes show nearly complementary transitions at the end of em-

bryogenesis, suggesting response to common signals or possible cross-talk between

these gene sets.

Overall, both the differential expression and clustering results support the same

conclusions that only a small proportion of Wolbachia genes show robust differ-

ences in expression across the modENCODE life-cycle time course at the level of

the whole organism, and that the majority of dynamically-expressed genes show a

common pattern of up-regulation after embryogenesis. However, the greater num-

ber of genes identified in Cluster 2 relative to those identified by the life-cycle

GLM suggests that our differential expression analysis may have only detected a

conservative subset of Wolbachia genes that show the strongest expression differ-

ences across D. melanogaster development.

4.2.4 Dynamically-expressed Wolbachia genes are pre-

dicted to be involved in stress response and host-

microbe interactions

The 80 Wolbachia genes that exhibit dynamic expression across the D.

melanogaster life-cycle fall into three broad classes (Figure 4.5). The first is a

small class of five genes that show high relative expression in embryos with down-

regulation later in the life cycle. Three of these genes are involved in chaperone

function (GroES/WD0308, DnaK/WD0928, and Hsp90/WD1277). The chaper-

one GroEL/WD0307, which putatively forms a complex with GroES/WD0308, is

co-transcribed with GroES/WD0308 and shows similar down-regulation at later

stages of the life cycle, but does not pass the significance threshold in the life-cycle

GLM (adjusted p-value=0.15). Both GroES/WD0308 and GroEL/WD0307 are

in the top 15 most abundant transcripts based on average TPM across all stages,
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Figure 4.5: A small subset of Wolbachia genes show differential expres-
sion across the D. melanogaster life-cycle. Row-normalized expression
levels are visualized as a heatmap where each row represents a gene (ordered
top-to-bottom by its position in the genome) and each cell represents the relative
expression level for a particular sample in terms of Z-scores (observed TPM mi-
nus row mean TPM, divided by the standard deviation of TPMs for that row).
Gene names and identifiers are shown on the left. Membership in dynamically-
expressed gene classes is shown by dots on the right. Stages that lack biological
replicates in the modENCODE total RNAseq time course were not used in this
analysis and are not shown here.
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confirming that chaperones are among the most highly expressed genes in Wol-

bachia (52; 147; 150). High basal expression of GroEL or other chaperone proteins

was suggested to be a compensatory mechanism for the accumulation of slightly

deleterious non-synonymous mutations in endosymbionts that arise because of

their small population size and lack of recombination (151; 152). The differential

expression of Wolbachia chaperones during the D. melanogaster life cycle that we

observe may indicate higher stress level for Wolbachia in the embryo compared

to larvae, pupae and adults.

The second class, comprising the majority of up-regulated genes detected (57/80),

shows an increase in relative expression starting at the larval L1 or L2 stages

and persisting until adult stages, with a decrease in expression level at the

larval L3 (12 hr) stage and stronger up-regulation at the white pre-pupal

2 and 3 day stages. Genes in this class are mostly unannotated, but in-

clude eight genes that code for proteins with membrane or secretion system

function (WspB/WD0009, TerC/WD0194, SPFH domain/WD0482, type II se-

cretion/WD0500, HlyD/WD0649, type I secretion/WD0770, VirB3/WD0859,

Rhoptry surface protein related/WD1041) and four ANK-containing genes

(WD0191, WD0385, WD0438, WD1213). The ANK-containing genes from sev-

eral bacterial species have been shown to be type IV secretion system effector

molecules that have diverse effects on eukaryotic cells (109; 153; 154; 155; 156).

Thus, these results suggest secretion of ANK-containing genes into the host

cell may be enriched during early larval and mid-to-late pupal stages of D.

melanogaster development. Up-regulation of components for secretion systems

(type III) has been observed in pupal stages for other arthropod endosymbionts

(157), suggesting that metamorphosis may be a general period that is enriched for

up-regulation of secreted symbiont effector proteins involved in host interaction.

These genes could also be involved in cytoplasmic incompatibility and have some

early effects on male sperm. Indeed, the density of Wolbachia increases in testes

of male pupae, where those genes show high up-regulation (98). Other effects

such as tissue colonization or protection against viruses could be connected to

these up-regulated genes. Indeed, it has been shown that Wolbachia in embryos

stay in the same location and start colonizing tissues only at the end of embryo-

genesis (90). This could also explain the higher expression in late pupal stages

where the adult tissues start differentiating and where Wolbachia might need to

colonize the newly formed tissues.
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A third class of 22 Wolbachia genes show up-regulation primarily in D.

melanogaster adults, with higher expression in adult males relative to adult

females at the same age (see more below). Most of the genes in this ”sex-

biased” class are also unannotated, however three are ANK-containing genes

(WD0291, WD0292, WD0438). Our observation of sex-specific expression of

ANK-containing genes based on global gene expression profiles of Wolbachia in

D. melanogaster extends results from targeted RT-PCR analysis in Wolbachia

strains from other insects (107; 113; 114; 115; 158), and provides further evidence

for their possible involvement in cytoplasmic incompatibility.

Finally, we note that our qualitative classification of up-regulated genes in classes

2 and 3 is not mutually exclusive, and the existence of four genes (WD0438,

WD1288, WD1289 and WD1290) with sex-biased expression that also show dif-

ferential expression at larval or pupal stages suggests possible shared regulation

of these classes.

4.2.5 Some Wolbachia genes have a sex-biased expression

with an age-dependent effects

The global clustering and differential expression analysis showed that some Wol-

bachia genes are preferentially expressed in adult males. To further explore gene

expression variation in response to the host sex, we did a pairwise differential

expression analysis between males and females at matched developmental stages.

For this analysis, we used an exact testing framework (141) because the GLM-

based approach used for the complete life cycle is not the optimal method to use

in a pairwise context.

We identified a total of 41 genes that exhibited greater than 1.5-fold difference

at an adjusted p-value cutoff of 0.01 in pairwise tests between male and female

samples at either 1, 5 or 30 days post-eclosion (Figure 4.6). Most of the genes

differentially expressed between males and females have a higher expression in

males than in females. The expression of those genes seems to increase with

age for both males and females, but do so earlier and more drastically in males

than in females. This might explain why more genes are detected as differentially

expressed between 5 days old (35 genes) males and females than at one and thirty

days old (1 and 15 genes respectively). This demonstrates that sex-biased gene

expression in Wolbachia is also age-dependant.
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Figure 4.6: Wolbachia genes show age-dependent sex-biased expression.
Row-normalized expression levels are visualized as a heatmap where each row
represents a gene (ordered top-to-bottom by its position in the genome), and each
cell represents the relative expression level for a particular sample in terms of Z-
scores (observed TPM minus row mean TPM, divided by the standard deviation
of TPMs for that row). For each stage, two biological replicates are shown for
each female (F) and male (M) sample as distinct columns. Values higher than row
means are represented by yellow, and values lower than row means are represented
by red. Gene names and identifiers are shown on the left. Dots on the right
indicate if a gene is differentially expressed between males and females at 1-day,
5-days or 30-days post eclosion, respectively.

Our whole-organism RNAseq analysis at 5 days post-eclosion correctly predicted

the presence (3/3) or lack (13/14) of sex-biased expression differences for 16/17

ANK-containing genes in a wMel strain previously classified by RT-qPCR to have
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over 1.5-fold difference in expression level between testes and ovaries of 2-day old

flies (115) (the only exception being that WD0292 shows sex-biased expression

in the RNAseq data at 5-days that is not observed in the RT-qPCR at 2-days).

The capacity to detect genes differentially expressed between adult gonads using

RNAseq on whole organism suggests that gene expression patterns observed in

adults are largely dominated by Wolbachia in ovaries and testes and/or that the

quality of the RNAseq data from modENCODE is good enough to detect small

yet significant variation in expression.

The majority of sex-biased genes in the pairwise male-vs-female analyses showed

higher expression in males relative to females at matched stages, with only seven

genes (rluC/WD0415, uppS/WD0527, sodium/alanine symporter/WD1047,

WD1056, WD1261, cation antiporter subunit G/WD1301, WD1304) showing

relatively higher expression in females at one or more time point. This could be

due to the fact that modifications leading to cytoplasmic incompatibility mainly

happen in the sperm cells (77).

Most sex-biased genes in this analysis were identified in one or both of the up-

regulated classes in the life-cycle GLM above (28/41, 68.3%), indicating these

complementary approaches identify a similar set of Wolbachia genes with de-

tectable sex-biased expression in the modENCODE data set. Likewise, sex-biased

genes comprise over one-third of differentially-expressed genes identified in the

life-cycle GLM (28/80, 35%), suggesting that sex-biased expression is a domi-

nant component of major differences in Wolbachia gene expression that can be

observed across the D. melanogaster life cycle. This could also mean that genes

implicated in sex-biased function are also implicated in other non-sex-related

functions, or that the sex-biased function have a basis in earlier life stages.

Our finding that Wolbachia genes with sex-biased expression also show age-

dependent effects is consistent with a decline in the strength of cytoplasmic incom-

patibility reported in males at 1-day versus 5-day post eclosion in D. melanogaster

(1; 159; 160). The observed pattern of sex-biased genes being up-regulated in

older males is compatible with these Wolbachia genes playing a role in attenuat-

ing the modification of D. melanogaster sperm that leads to embryonic lethality

in incompatible crosses (161). Alternatively, if the host is responsible for reducing

the effects of Wolbachia on the sperm of older males, up-regulation of Wolbachia

genes in older males could represent a compensatory effect and hence indicate

these genes play a role in promoting cytoplasmic incompatibility.
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4.3 Conclusion

The work presented here represents the most comprehensive gene expression pro-

filing to date of an endosymbiotic bacteria in its native host context. We establish

that most Wolbachia genes are expressed in all D. melanogaster life-cycle stages,

but that major changes in expression levels of Wolbachia genes are rare when

studied simultaneously across all D. melanogaster tissues. Additional work is

needed to rule out lack of power to detect real differences due to the low number

of replicates and averaging of tissue-specific expression in our study, but global

stability in Wolbachia expression is mechanistically consistent with the limited

number of regulatory genes encoded in the wMel genome (99). Global stability

of Wolbachia gene expression across the D. melanogaster life-cycle may be an

adaptive response that simply reflects the stable environment of an intracellular

endosymbiont, or that suggests Wolbachia co-exists in non-obligatory symbioses

largely in a stable “stealth mode” that reduces the chances of being detected by

the host as a pathogen.

Nevertheless, a set of 93 Wolbachia wMel genes that show robust stage- and/or

sex-specific differential expression can be identified at the whole-fly level, many

of which share common expression dynamics and therefore may be co-regulated.

These genes provide many new candidate genes for understanding, and possi-

bly manipulating, the genetic basis of how Wolbachia interacts with arthropod

hosts. Furthermore, differences in expression levels among Wolbachia genes pre-

viously implicated to mediate host-symbiont interaction can provide insight into

the likelihood and mechanistic basis of existing candidates.

Importantly, we also provide the first detailed insight into the developmental

dynamics of Wolbachia gene expression in an insect host, which suggest larval

and pupal stages (where Wolbachia have been detected cytologically (162)) merit

further study to understand how Wolbachia manipulates host biology to maintain

persistent infections and affect transmission.

The fact that the same genes are found showing stage-specific and sex-specific

expression could be a sign of overlapping functions or regulation, but could also

be a sign of generally reduced regulation of gene expression, with only a few genes

remaining susceptible to regulation. Investigating gene expression of Wolbachia

in different context and or tissue might help understanding if more genes can

show variation in expression when the bacteria is under different conditions.



Chapter 5

Comparison of Wolbachia gene

expression in different contexts

5.1 Introduction

As described in Chapter 1, Wolbachia has a large diversity of effects, positive or

negative, on its hosts (4; 56; 61; 62; 63; 64; 65), even inside a single species (3; 88).

We confirmed in Chapter 3, that in D. melanogaster, Wolbachia is separated in

two main groups: wMel and wMelCS (17). The effect on D. melanogaster varies

between the two groups of strains: for instance, wMelCS induces higher levels of

CI and protection against viruses than wMel (3; 4). wMelCS also has deleterious

effects on D. melanogaster longevity that are not observed in wMel infections (3).

At a finer scale, different Wolbachia clades found in different region of the world,

demonstrate variation in efficiency when in competition at cold temperatures

(11).

In Chapter 4, we showed that a group of 80 genes from Wolbachia wMel vary

across the life cycle of D. melanogaster. Most of those genes are up-regulated

after the embryonic stages, with higher expression in pupae and adults. Only a

few genes were up-regulated in the embryo, and these were mainly involved in

stress response. A group of 41 genes were found differentially expressed between

males and females, mostly at 5 days post eclosion, and most of which also show

variation during host development.

Given the variable effects that Wolbachia can have on its hosts, we wanted to

test whether these findings apply to different conditions and strains. Indeed,

in order to leverage those findings for further studies, it is important to know

83
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how specific they are to one strain and host context. Studying Wolbachia gene

expression in other strains also can give us insights into the gene expression

regulation capacities of Wolbachia in D. melanogaster.

Here, we investigated Wolbachia gene expression variation in a different host-

microbe context using data from Czech et al., (132). This dataset consists of

total RNA from embryos, ovaries from one day old females and the ovarectomized

one day old female carcasses from a nos-gal4, UAS-Dcr -2 transgene line of D.

melanogaster, referred to as DCR2. We built a phylogeny using the genome from

the Wolbachia strain infecting the DCR2 line and other genomes from known

clades, and determined that the DCR2 line of D. melanogaster is infected with

a wMelCS-like genotype of Wolbachia (Figure 4.1). The nos-gal4, UAS-Dcr -2

transgene induce an over-expression of Dcr -2 specifically in ovaries (132). The

over-expression of Dcr -2 in ovaries enhance the RNA interference effects (163).

This is a limitation of this dataset as we can’t predict how this might affect

Wolbachia biology in ovaries, and its gene expression.

In this chapter, we first show that a few genes are differentially expressed be-

tween embryo, ovaries and female carcasses in the DCR2 line of D. melanogaster.

Then we compare those results to genes found differentially expressed between

Wolbachia infecting embryo and adult females of ISO1 line of D. melanogaster,

using the stages the closest to the samples from the DCR2 line.

5.2 Results and discussion

5.2.1 Wolbachia gene expression can be detected in the

DCR2 line of D. melanogaster

For the six samples in the DCR2 dataset, a median of 0.4 out of 13.8 million reads

(2.9 percent) mapped to Wolbachia genome. This is lower than the median of 1.7

million reads for the data from ISO1, but gene expression is still detected for 1123

of the 1195 genes (TPM > 0). The Figure 5.1 shows the amount of read mapping

to Wolbachia genome in a window containing the genes WD0968 to WD0978.

Compared to the same plot for ISO1 in Figure 4.2, the coverage is much lower

for the DCR2 dataset. Indeed, the scale goes only up to 30 in DCR2 but up to

150 in ISO1. The orientation of most of the mapped reads in the DCR2 dataset

is consistent with the orientation of the genes, but a small number of antisense
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Figure 5.1: Expression landscape of Wolbachia in Dcr2 transgene nos-
gal4 driver D. melanogaster. Gene models and RNA-seq coverage plots for
a 12-gene window of the Wolbachia genome showing gene expression levels in
representative stages of the D. melanogaster DCR2 dataset. Gene models and
RNA-seq coverage are shown on the forward and reverse strands in blue and red,
respectively. RNA-seq plots are shown on the same absolute y-axis scale. To
provide an internal normalization factor for comparison across samples, mean
coverage of the stably-expressed Wsp/WD1063 gene (not shown in this interval)
divided by twenty is depicted by the dashed line in each panel.
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reads, possibly coming from a low amount of genomic contamination, are visible.

Overall the DCR2 data, although of lower quality than the ISO1 dataset, provides

expression data for almost all Wolbachia genes enabling qualitative evaluation of

gene expression between the different time points and tissues in a second strain

of D. melanogaster.

5.2.2 A small group of genes show changes in expression

between tissues and stages in DCR2.

We used a pairwise differential expression analysis to compare gene expression

between the embryo, carcasses and ovaries. We found that 118 genes are differen-

tially expressed between embryo and carcasses, 18 between ovaries and carcasses

and 59 between embryo and ovaries. As in ISO1, the majority of genes don’t show

detectable variation between the different life stages. It is important to note that

due to the lesser quality of the data compared to ISO1 samples, the sensitivity

to detect smaller differences in expression level between stages is also lower.

All genes differentially expressed between at least two of the DCR2 samples (138

genes in total) are shown in Figure 5.2, 5.3 and 5.4. The columns on the right

show in which pairs of samples the genes are found to be differentially expressed.

A venn diagram in Figure 5.5 shows how genes differentially expressed overlap

between the different pairwise comparisons.

Comparing Wolbachia gene expression between D. melanogaster tissues, in

ovaries and female carcasses, we can see that only 18 genes are differentially

expressed. This is consistent with the findings from the ISO1 dataset where most

of Wolbachia genes keep a relatively similar gene expression between the host

time stages and seems to expand this rule to the variations between female tis-

sues as well. For the genes that do show variation in expression between ovaries

and female carcasses, most of them are up-regulated in female carcasses com-

pared to ovaries, suggesting a role in female soma rather than in ovaries. Most

of the genes showing differential expression between ovaries and female carcasses,

also show differential expression between embryo and female carcasses (Figure

5.5), in both case, being up-regulated in female carcasses. In the DCR2 line of

D. melanogaster, Wolbachia gene expression does not show much differences be-

tween ovaries and carcasses, and when it does, the expression in ovaries is similar

to embryos.
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While some of the 118 genes differentially expressed between embryo and female

carcasses are up-regulated in female carcasses and show similar differences be-

tween ovaries and female carcasses, the majority of them are up-regulated in

embryos. This differs compared to the findings for ISO1 in Chapter 4, where

most of the genes showing differential expression across the life cycle were up-

regulated after embryonic stages. In the heatmaps in Figure 5.2, 5.3 and 5.4

there is a visually notable difference in color between embryo and other samples.

This shows that Wolbachia in embryonic samples of the DCR2 dataset has a

quite distinct gene expression profile compared to female carcasses and ovaries.

Ideed, the differential expression between the embryo and other stages counts for

most of the differentially expressed genes between all samples (118 out of 138)

and many genes differentially expressed between embryo and carcasses, are also

differentially expressed between embryo and ovaries (46 out of 138) (Figure 5.5).

Moreover, a lot of the genes, up-regulated in embryo compared to female car-

casses, not significantly differentially expressed between embryo and ovaries still

show a similar trend, with a lower expression in ovary samples. This also shows

that the number of differentially expressed genes is probably an underestimation,

likely due to the lowed data quality and therefore a higher variation between

replicates.

The effects of the Dcr -2 over-expression in ovaries could be disrupting the expres-

sion pattern of Wolbachia in ovaries. However, unlike in embryo, Wolbachia in

ovaries does not show a peculiar expression compared to the two other samples:

most of the genes showing difference in expression between ovaries and female car-

casses also show differential expression between embryo and female carcasses; and

most of the genes showing differential expression between ovaries and embryo also

show differential expression between female carcasses and embryo (Figure 5.5).

However, it is a possibility that the low amount of differentially expressed genes

between ovaries and carcasses is the result of a Dcr -2 disruption of Wolbachia

gene expression.

5.2.3 Differentially expressed genes between stages and

tissues belong to distinct functional groups

Genes differentially expressed between embryo and female carcasses or ovaries,

up-regulated in embryo, are mainly involved in stress response, transcription,
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Figure 5.2: Wolbachia genes differentially expressed between Dcr-2
samples. Part 1/3.
Genes differentially expressed between embryos and adults, adults and ovaries, or
ovaries and embryos in DCR2. Each row represents a gene in order top-to-bottom
of its position in the genome, and each cell represents the relative expression level
for a particular sample in terms of Z-scores (observed TPM minus row mean TPM,
divided by the standard deviation of TPMs for that row). Values higher than
row means are represented by yellow, and values lower than row means are rep-
resented by red. The column on the right of the heatmap show in which pairwise
comparison a gene is found to be differentially expressed.
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Figure 5.3: Wolbachia genes differentially expressed between dcr2 sam-
ples. Part 2/3.

translation or DNA replication (Figure 5.2, 5.3 and 5.4). Besides those main

functions, a number of differentially expressed genes between embryo and female

carcasses and/or ovaries are phage genes and parts of the IS5 transposable element

(Figure 5.2, 5.3 and 5.4).

The large number of metabolic genes with a higher expression in embryo than
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Figure 5.4: Wolbachia genes differentially expressed between dcr2 sam-
ples. Part 3/3.

in the adult tissues could be due to a stress response (164). Moreover, it was

shown that phage titres in Wolbachia increase in response to heat-shock in Na-

sonia vitripennis (165). While the embryo from the DCR2 dataset were not

heat-shocked, increase in phage titers might be part of a more general stress

response, potentially activated by other stimuli. Results from ISO1 already sug-

gested that up-regulated genes in embryo were linked with stress response. How-

ever, the number of genes up-regulated in the DCR2 embryo is much higher than

the few genes observed in ISO1 dataset. The difference in the intensity of the
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Figure 5.5: Overlap between groups of differentially expressed genes in
Dcr-2 Venn diagram of the genes differentially expressed between embryos and
adults, adults and ovaries, or ovaries and embryos in DCR2. The circle areas are
proportional to the size of the gene groups.

embryo response could be due to the Wolbachia strain, the host background or

environmental conditions. It has been shown by Chrostek et al. (3), that the

wMelCS variant, while providing better virus protection to its D. melanogaster

host, showed higher titers than the wMel variant. The high number of metabolic

genes expressed in Wolbachia wMelCS infecting D. melanogaster embryo might

be partly due to the high replication of this Wolbachia strain, making the embryo

a potential key stage to determine Wolbachia titers in D. melanogaster. However,

another study suggested that the Wolbachia titers were mostly controlled by the

D. melanogaster rather than the Wolbachia strain (90).

The small proportion of genes differentially expressed between embryo and

female carcasses, down-regulated in embryo compared to female carcasses, are
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mainly genes coding for membrane protein or involved in secretion systems;

and the genes differentially expressed between ovaries and carcasses, mostly up-

regulated in female carcasses, are mainly secretion system proteins of membrane

proteins, similarly to the functions of differentially expressed genes in ISO1 that

are mostly up-regulated in adults (Figure 5.2, 5.3 and 5.4).

5.2.4 Comparison of differentially expressed genes in

DRC2 with genes differentially expressed in ISO1

After identifying the genes differentially expressed between samples of the DCR2

dataset, we compared the expression pattern of Wolbachia wMelCS in DCR2 to

the expression pattern of Wolbachia wMel in ISO1. Since the host background,

Wolbachia genotype, and experimental procedures are all batch effects that differ

for the DCR2 and ISO1 datasets, we cannot perform direct quantitative analyses

between these datasets, nor can we fully control for all factors in determining the

causal basis of any potential differences that we may observe in their Wolbachia

gene expression. However, comparison of DCR2 life-cycle stages inter se does

offer the ability to test the generality of our findings about stage-specific Wol-

bachia expression based on comparisons within ISO1. Using the ovarectomized

carcasses in DCR2 to compare with adult females from ISO1 data can be an issue

if most of the expression pattern observed in the adult females in ISO1 comes

from Wolbachia in the ovaries. This is a possibility since Wolbachia density is

high in females ovaries (96). However, comparing expression pattern of Wolbachia

in adult females with its expression in females carcasses and ovaries, can give in-

sights as to whether the expression pattern observed in adult females samples is

driven by Wolbachia in somatic tissues or ovaries.

To compare the differentially expressed genes in ISO1 and DCR2, we decided to

compare the set of genes showing differential expression between embryo, ovaries

and female carcasses in DCR2 with the set of genes differentially expressed be-

tween embryo and adult females in ISO. To do so, we used a pairwise differential

expression analysis between the ISO1 stages closest to the DCR2 samples: em-

bryo 0-2 hours and adult females one day old. We found 65 genes differentially

expressed between those two time points in ISO1 dataset. 54 of these genes were

found in the set of genes found differentially expressed across the life cycle in

ISO1.
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Figure 5.6 shows a heatmap visualization of the genes differentially expressed

between samples from the DCR2 dataset and embryo and adult females in the

ISO1 dataset. The block A represents 8 genes differentially expressed between

embryo and carcasses in DCR2 and embryo and adult females in ISO1 but not

between ovaries and carcasses in DCR2. The block B are 11 genes differentially

expressed between embryo and carcasses in DCR2, ovaries and carcasses in DCR2

and embryo and female adult in ISO1. The block C contains 7 genes differentially

expressed between ovaries and carcasses in DCR2 and embryo and adult female

in ISO1, but not between embryo and carcasses in DCR2. The genes in blocs D

to F are genes not found to be differentially expressed between embryo and adult

females in ISO1. The block D represents 54 genes differentially expressed between

embryo and carcasses in DCR2, not found to be differentially expressed between

embryo and ovaries in DCR2. The block E represents 45 genes differentially

expressed between both embryo versus carcasses in DCR2 and embryo versus

ovaries in DCR2, and the bock F shows 13 genes differentially expressed between

embryos and ovaries in DCR2 but not between embryo and carcasses in DCR2.

Finally the block G shows the 41 genes differentially expressed between embryo

and adult females in the ISO1 dataset, but not differentially expressed between

samples of the DCR2 dataset.

As mentioned earlier, only 18 genes were found differentially expressed between

ovaries and female carcasses in the D. melanogaster DCR2 line. We started by

comparing the genes differentially expressed between ovaries and carcasses in the

DCR2 dataset, to the genes differentially expressed between embryo and whole

females in the ISO1 dataset. As shown in the Venn diagram Figure 5.7, 16

of the 18 genes differentially expressed between ovaries and carcasses are also

found differentially expressed between embryo and adult females in the ISO1

dataset. Figure 5.6 B and C shows the 18 genes differentially expressed between

ovaries and carcasses in DCR2. We can see that for all of them, including the 2

genes not differentially expressed between embryo and adult females in ISO1, the

gene expression pattern is similar in ISO1 with embryo being similar to ovaries.

This confirms that, where differences between ovaries and female carcasses are

observed, Wolbachia in ovaries seem to behave in a more similar way to Wolbachia

in embryo than in female carcasses. Moreover, this indicates that the females

carcasses in DCR2 can be used for the comparison with adult whole females

in ISO1 since they show similar expression for genes showing variation between



94 CHAPTER 5. GENE EXPRESSION IN DIFFERENT CONTEXTS

dcr2 iso1

ovaries Embryos female
carcasses

Embryos Adult
females

−2
.0

9
−1

.6
5

−1
.2

2
−0

.7
9

−0
.3

5
0.

08
0.

51
0.

95
1.

38

z−score

A

B

C

D

E

F

G

Figure 5.6: Summary of the comparison of Wolbachia gene expression in ISO1
and DCR2 background. Row-normalized expression levels are visualized as
heatmaps where each row represents a gene, clustered by presence in different
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row).



5.2. RESULTS AND DISCUSSION 95

2 (C)

0

13 (F)

5 (C)

0

0

0

45 (E)

41 (G)

0

1 (A) 11 (B)

0

54 (D)

7 (A)

iso1, 
embryo vs female

dcr2, 
embryo vs carcass

dcr2, 
ovary vs carcass

dcr2, 
embryo vs ovary

Figure 5.7: Venn diagram of the comparison of Wolbachia gene expression in ISO1
and DCR2 background. Diagram of genes found to be differentially expressed in
the three pairwise analysis between DCR2 samples and embryo vs adult female
in ISO1. Next to the number in each section is displayed a letter corresponding
to the bloc in which those genes are displayed in the Figure 5.6.

ovaries and female carcasses. This also suggest that Wolbachia expression pattern

in female might not be driven by the expression in ovaries.

Of the 118 genes differentially expressed between embryo and females carcasses

in DCR2, 19 are also found differentially expressed between embryo and adult

females in the ISO1 dataset (Figure 5.7). Figure 5.6 A and B show the heatmap of

the 19 genes differentially expressed between embryo and female adult/carcasses

in both ISO1 and DCR2. For most of them, as seen in Figure 5.7, the expression

in ovaries is similar to the expression in embryo with a significative difference

to female carcasses (Figure 5.6 B). For the rest of the 19 genes, the Wolbachia

gene expression pattern in ovaries tends to be similar to the expression in embryo

although not in a significant way (Figure 5.6 A). There are therefore a few genes

where expression varies between embryo and adult females or carcasses regardless

of changes in context such as Wolbachia and D. melanogaster strain, and for which
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the expression in ovaries is similar to the expression in embryos.

However, for most of the genes differentially expressed between embryo and female

carcasses in DCR2, no differences are found between embryo and adult females

in ISO1 (99 genes out of 118). For this set of genes, displayed in Figure 5.6 D

and E, the Wolbachia gene expression in ISO1 is more similar to the expression

of Wolbachia in ovaries and carcasses. This is also the case for the 59 genes

differentially expressed between ovaries and embryo in DCR2, as shown in Figure

5.6 E and F. All but one of the genes differentially expressed between ovaries and

embryo do not show differential expression between embryo and adult females in

ISO1 (Figure 5.7). This confirm that the strong up-regulation of those genes is

specific to the embryo samples of the DCR2 dataset.

Finally, the block G of the Figure 5.6 show the 41 genes found differentially

expressed between embryo and adult females in ISO1 but not found differentially

expressed between samples of the DCR2 dataset. For this set of genes, while no

significant differences can be observed between samples from the DCR2 dataset,

we can see that while the female carcasses sample is more similar to the adult

female samples from ISO1, the DCR2 sample which is more similar to ISO1

embryo, is the DCR2 ovary samples. The greater similarity between ovaries

from DCR2 and embryo from ISO1 than between embryos from DCR2 and ISO1

confirms the particularity of Wolbachia gene expression in embryo samples from

DCR2, which could be due to host context, Wolbachia strain or experimental

conditions.

The absence of significant differential expression between ovaries and female car-

casses for the genes differentially expressed between embryo and adult female in

ISO1 where a similar trend can be seen might be due to the lower quality of

the data in the DCR2 dataset, or to the strong up-regulation in DCR2 embryo

masking more subtle differences. However, the trend observed for many of those

41 genes between ovaries and female carcasses, together with the embryo-like ex-

pression of ovaries for the 18 genes differentially expressed between ovaries and

female carcasses, suggest that the expression patter in females for those genes is

not driven by Wolbachia in ovaries. As 26 of the 65 genes differentially expressed

between embryo and adult females in the ISO1 dataset are also found differen-

tially expressed between males and females in the ISO1 dataset, it is possible

that some of the sex-biased genes in ISO1 are detected as down-regulated in fe-

males because of a significant proportion of Wolbachia in ovaries, displaying an
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embryo-like expression. A study by Papafotiou et al. (115) shows that for two

genes (WD0438 and WD1213) differentially expressed between adult testes and

ovaries (which we find differentially expressed between ovaries and female car-

casses), the expression in adult soma is similar between males and females, while

the expression is lower in ovaries and higher in testes. This is consistent with

the difference we find between ovaries and female carcasses, and suggest that the

embryo-like expression in ovaries would not account for all the difference between

males and females for genes up-regulated in males, since the expression in testes

is higher than in males and females soma.

The comparison of Wolbachia gene expression pattern between ISO1 and

DCR2 datasets confirmed that embryo samples in DCR2 have a very specific

up-regulated set of genes, and that ovaries from the samples in DCR2 have an

expression pattern more similar to embryo than to female carcasses for the genes

that show variation in expression between embryo and adults in ISO1.

5.2.5 Summary and conclusion

Here we show that Wolbachia gene expression in the DCR2 dataset shows de-

tectable variation between samples only for a small number of genes (138 out

of 1195 genes detected to be differentially expressed). This stability in expres-

sion, while partly due to the low sensitivity of the differential expression analysis

on this dataset, is broadly consistent with what was seen in ISO1 in Chapter

4. When variation is detected, genes fall into two broad categories: one set of

genes shows variations between embryo and the two other samples (ovaries and

carcasses) and are involved in stress response, cell cycle and phage/IS5 genes; a

second set of genes, show variation between embryo and/or ovaries and carcasses

in DCR2 in the same way they do between embryo and adult females in ISO1

dataset.

The first three blocks in Figure 5.6 contains the genes for which variation in ex-

pression is relatively conserved between ISO1 and DCR2. The differences between

embryos and ovaries when compared to carcasses, in the first and third blocks,

could be biological differences between Wolbachia expression between embryo and

ovaries. But, as we can see in the venn diagram (Figure 5.7), only one of those

genes (in block one) is also found differentially expressed between embryo and
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ovaries. It is possible that the noise in the data or the peculiarity of the Wol-

bachia expression in the embryonic samples of DCR2 where some genes show a

very strong up-regulation masks more subtle differences in expression.

The similarity in gene expression patterns between embryos and ovaries for those

genes might give some indications regarding the role of those genes. Indeed, it

has been shown that the distributions of Wolbachia inside the oocyte takes place

in the ovaries and does not change in embryo. Genes with similar expression in

ovaries and embryo are unlikely to be involved in this process. However, genes

up-regulated in somatic tissues of adults could be involved in other function such

as behavioural changes, protection against viruses, metabolic variations etc...

The main part of the expression variation between the DCR2 samples is found

between the embryo and the other samples and is mostly with genes for which

no changes are found between Wolbachia gene expression in embryos and adult

females in ISO1. The genes differentially expressed between embryos and car-

casses in DCR2 split in two groups: one that clusters with the genes differentially

expressed between ovaries and carcasses in DCR2 and embryos and adult females

in ISO1, and one that clusters with genes differentially expressed between em-

bryos and ovaries in DCR2. Genes in the first set are mainly up-regulated in

carcasses and genes in the second set are mainly up-regulated in the embryo.

The second set of genes is represented in the heatmap Figure 5.6, blocks D to F.

In those blocks, the expression of Wolbachia in embryonic samples from DCR2 is

different to all the other samples, despite a lack of statistical detections for one

of the pairwise comparison in blocks D and F. The genes from the second cluster

notably contain IS5 transposable elements and prophage genes. It is not clear

whether the differences in expression observed between the two datasets are due

to the Wolbachia strain difference or to the host background. However it has been

shown that the transposable elements found differentially expressed are present

in both strain (104) and therefore the difference observed is on the expression

rather than presence/absence of the sequence.

The main differences we found between Wolbachia wMel gene expression in ISO1

line and Wolbachia wMelCS gene expression in DCR2 line are: (i) There are

fewer genes up-regulated in female carcasses compared to embryo and/or ovaries

in the DCR2 dataset than genes up-regulated in females compare to embryos

in the ISO1 dataset. This difference, while probably not due to the absence of
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ovaries in the female carcasses from DCR2, could be due to biological differences

coming from the Wolbachia strain or D. melanogaster line. However, there is a

possibility that it is due to a noisier dataset in DCR2. (ii) There is a large number

of genes up-regulated in embryos from DCR2 dataset compared the ovaries and

females carcasses. The genes up-regulated in embryo could correspond to a stress

response, or high replication in the embryo. It is unclear if the strong pattern in

DCR2 embryos is due to an abiotic environment, host background, or Wolbachia

strain specificities.

Although this analysis remain mainly inconclusive regarding the causes of the

observed variation due to many changing parameters and lower dataset quality,

it gives insights on possible generalisation of the findings on the ISO1 dataset,

and potential leads to investigate the variability of Wolbachia gene expression

regulation. Studying gene expression of Wolbachia wMelCS in the ISO1 host

background would help identify gene expression variation related to Wolbachia

strain and avoid effects coming from host. Focusing on embryo might be inter-

esting since it displays such a peculiar expression pattern in the samples from the

DCR2 dataset. In another experiment, the gene expression of Wolbachia wMel

could be tested in the DCR2 host background to study whether the nos-gal4,

UAS-Dcr -2 transgene could affect Wolbachia biology.



Chapter 6

Conclusion and perspectives

We started investigating the Wolbachia-D. melanogaster symbiosis by looking

at the diversity of Wolbachia clades infecting D. melanogaster and their geograph-

ical distribution. In Chapter 3, we show a phylogenomic study of Wolbachia in

D. melanogaster from various populations across North America, Africa, Europe,

Asia and Australia. We find that for almost all samples, there is a correspon-

dence between Wolbachia and mitochondrial clades, confirming a large prevalence

of vertical transmission of Wolbachia in D. melanogaster and subsequent loss of

the infection in some populations, as shown by previous studies (13; 14; 15; 16).

However, for three samples, we find discrepancies between Wolbachia and mito-

chondrial clades, indicating possible horizontal transfer. It is the first time that

horizontal transfer of Wolbachia in D. melanogaster has been reported in the

wild. However, the limited number of clades in most populations might have

made other horizontal transfer events more difficult to detect, and they might be

more frequent than thought previously.

The geographical distribution of the clades suggests different adaptation capac-

ities between them. The Wolbachia and mitochondrial clade structure, and the

variation in infection rates of the different populations, suggest differences in

competitiveness between the various Wolbachia clades, as well as differences in

transmission efficiency.

Our findings confirm that Wolbachia transmission is almost exclusively vertical,

from a single ancestral infection, making the bacteria and its host’s evolution

tightly tied. Moreover, the geographical distribution and relative abundance of

the different Wolbachia clades suggest variations in the adaptations and efficiency

100
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of the different clades. The result of the conjoint evolution and various adapta-

tions of the Wolbachia probably left its mark on the bacterial genome. However,

some of these adaptations might rely on expression regulation, rather than on

gene mutations and duplication or deletions.

We continued the study of the Wolbachia-D. melanogaster symbiosis by look-

ing at Wolbachia gene expression in D. melanogaster at different time points and

tissues, in two different Wolbachia strains and host backgrounds. In Chapter 4,

we looked for Wolbachia wMel genes showing differential expression between the

life stages of the ISO1 line of D. melanogaster, using the developmental transcrip-

tomic data from modENCODE (45; 46; 47). Across the D. melanogaster life cycle,

80 genes were found to be differentially expressed, most of them following a sim-

ilar pattern of expression with up-regulation after embryonic stages and stronger

up-regulation in early larvae and late pupae. We also found 41 genes differen-

tially expressed between adult males and females, most of them being identified

as differentially expressed at five days old and most of them being up-regulated

in males compared to females. 28 genes were found to be differentially expressed

in both sets of genes, showing age and sex-biased expression. In total, 93 genes

were found to have a stage- and/or sex-specific differential expression, and are

candidate genes for understanding the basis of Wolbachia host manipulation.

In Chapter 5, we investigated Wolbachia gene expression in D. melanogaster in a

second RNAseq dataset. We used an experiment by Czech et al. (132) containing

expression data from Wolbachia wMelCS in the DCR2 line of D. melanogaster.

We compared Wolbachia gene expression between the embryo, ovaries and female

carcasses samples. We found 118 genes differentially expressed between embryo

and female carcasses, a lot of them (46) being also differentially expressed between

embryo and ovaries, and up-regulated in embryo. Another part of the genes

differentially expressed between embryo and female carcasses is up-regulated in

female carcasses and are, for most of them, also found differentially expressed

between ovaries and carcasses in the same dataset, and between embryo and

female adult in Wolbachia wMel infecting the ISO1 line of D. melanogaster.

The RNAseq analysis done on two different strains of Wolbachia, wMel and

wMelCS, in different host backgrounds showed that most of the genes were ex-

pressed and that the expression levels of most of the expressed genes was relatively

constant across the life cycle stages, sex and tissues tested. This is consistent with
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a scenario of intimate coevolution, where the bacteria does not express strong vir-

ulence (3) and it does not trigger an immune reaction (82; 85).

The common gene expression pattern for genes differentially expressed over the

life cycle shows a possible involvement in same function and co-regulation. The

fact that some of those genes are also differentially expressed between embryo

and adult of both wMel and wMelCS in D. melanogaster ISO1 and DCR2 lines

respectively indicates that some of the age-specific functions are conserved over

strains and host contexts. Most of the genes showing a similar expression patterns

in the two datasets also show differential expression between ovaries and female

carcasses, with expression in ovaries similar to the embryo. This suggests that

some of the adult-specific functions in females might not take place in ovaries,

but in the somatic tissues, despite the high concentration of Wolbachia in ovaries.

Most of the genes found to be differentially expressed in between males and

females are up-regulated in males, and also differentially expressed across the

host life cycle. This suggests that sex-biased Wolbachia functions are mainly

taking place in males, and that similar mechanisms could be involved in stage

and sex-biased functions.

The main difference we found between the two strains and backgrounds was the

number of genes up-regulated in the embryo. Indeed, we found that a lot of genes

were up-regulated in DCR2 embryonic samples compared to adult stages. Those

genes were involved in translation, transcription, and chaperone functions, indi-

cating a potential stress response. However, this might be a sign of higher repli-

cation observed in wMelCS, compared to wMel. The variation in gene expression

patterns between the two datasets indicates that Wolbachia in D. melanogaster

kept the capacity to regulate its gene expression, and that some of the adaptations

leading to the variety of fitness and transmission efficiency between Wolbachia

clades might be based on gene expression regulation.

This work provides a set of candidate genes potentially involved in host-symbiont

interactions. These findings can be leveraged to investigate further the mecha-

nisms behind Wolbachia host-manipulations, and potentially be used in manip-

ulating or selecting Wolbachia strains that are more adapted for purposes such

as pest control or blocking insect-mediated virus transmission. Moreover, we

found that besides adult stages, different time points across the development

of D. melanogaster might be linked with Wolbachia activity, such as early lar-

vae and late pupae for Wolbachia wMel in ISO1, and embryo for Wolbachia
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wMelCS in DCR2. Studying Wolbachia distribution and Wolbachia titers in D.

melanogaster in those stages could shed light on the potential functions of those

genes. To continue looking for the mechanisms of interaction between Wolbachia

and D. melanogaster, the RNAseq dataset from modENCODE can still be used in

many ways: after the study of Wolbachia and D. melanogaster gene expression,

independently, conjoint gene expression from D. melanogaster and Wolbachia

could be studied using the same dataset to find host and bacterial genes with

a similar pattern of expression across fly development, possibly indicating some

interaction. Moreover, as we saw in the Figure 4.2, we are able to detect yet

unannotated small non-coding RNAs in Wolbachia transcriptome. The dataset

could be therefor used to identify those small non coding RNAs and measure their

expression variation, as they might be involved in gene expression regulation and

are still not fully characterized to this day. The gene expression from the modEN-

CODE dataset, thanks to the good sequencing depth of Wolbachia transcriptome,

could also be used to characterize the operon structure in Wolbachia. This would

help understanding co-regulation and functional links between Wolbachia genes.

Since we couldn’t distinguish between Wolbachia strain and host background

effects when comparing the two RNAseq datasets, it would be interesting to

investigate further the effects of both host background and Wolbachia strain,

in a more controlled experiment. Wolbachia wMelCS gene expression could be

studied after transinfection in an iso1 line of D. melanogaster. It would also

be interesting maybe to study the gene expression of Wolbachia wMel in the

DCR2 host background. This would help to link more precisely variations in

gene expression with phenotypic differences.

Previous studies showed that gene copy number variations were associated with

phenotypic differences generated by Wolbachia (3; 103). The D. melanogaster re-

sequencing data that we used in the phylogenomic analysis could be also used to

investigate copy number variation in the different strains, adding complementary

information to the RNA sequencing to identify genes implicated in host manip-

ulation. Indeed, Wolbachia being an endosymbiont, it is difficult to manipulate

and using natural diversity of Wolbachia strain is a good way to investigate the

effect of Wolbachia genes. The large amount of available Wolbachia sequences

make it possible to detect these structural variation and use this to link gene and

phenotype in the Wolbachia and D. melanogaster symbiosis.
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The many D. melanogaster resequencing experiments allowed us to study the vari-

ability of Wolbachia strains in wild populations of D. melanogaster, and we found

for the first time a potential horizontal transfer of Wolbachia in D. melanogaster

populations. In order to be able to confirm whether horizontal transfer happened

in Ukraine, the populations could be sampled more heavily in order to see if the

discrepancies we observe between Wolbachia and mitochondrial clades are con-

firmed. Although the resequencing data of D. melanogaster is very large, some

areas remain poorly sampled. Sampling D. melanogaster populations from Cen-

tral and South America, and Asia would help complete our understanding of Wol-

bachia-D. melanogaster coevolution. It would also be interesting to sample more

deeply several populations, to confirm or correct the trends that we observed con-

cerning the infection rate and clade proportions. Indeed, deeper sampling would

allow to quantitatively verify the findings of our qualitative approach. Moreover,

as some clades might subsist in low prevalence, such as wMelCS in Sub-Saharan

African populations, a deeper sampling in those populations could help charac-

terize better the clade diversity.
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Hewitt, and J. L. Bella, “Wolbachia effects in natural populations of Chor-

thippus parallelus from the Pyrenean hybrid zone,” J. Evol. Biol., vol. 27,

pp. 1136–1148, June 2014.

[59] T. T. Vandekerckhove, S. Watteyne, A. Willems, J. G. Swings, J. Mertens,

and M. Gillis, “Phylogenetic analysis of the 16s rDNA of the cytoplasmic

bacterium Wolbachia from the novel host Folsomia candida (Hexapoda,

Collembola) and its implications for wolbachial taxonomy1,” FEMS Micro-

biology Letters, vol. 180, pp. 279–286, Nov. 1999.

[60] S. Bordenstein and R. B. Rosengaus, “Discovery of a Novel Wolbachia Su-

pergroup in Isoptera,” Curr Microbiol, vol. 51, pp. 393–398, Oct. 2005.

[61] F. Dedeine, F. Vavre, F. Fleury, B. Loppin, M. E. Hochberg, and M. Boule-

treau, “Removing symbiotic Wolbachia bacteria specifically inhibits ooge-

nesis in a parasitic wasp,” Proc. Natl. Acad. Sci. U.S.A., vol. 98, pp. 6247–

6252, May 2001.

[62] J. C. Brownlie, B. N. Cass, M. Riegler, J. J. Witsenburg, I. Iturbe-

Ormaetxe, E. A. McGraw, and S. L. O’Neill, “Evidence for metabolic

provisioning by a common invertebrate endosymbiont, Wolbachia pipien-

tis, during periods of nutritional stress,” PLoS Pathog, vol. 5, p. e1000368,

Apr. 2009.

[63] L. M. Hedges, J. C. Brownlie, S. L. O’Neill, and K. N. Johnson, “Wolbachia

and virus protection in insects,” Science, vol. 322, no. 5902, p. 702, 2008.

[64] K. T. Min and S. Benzer, “Wolbachia, normally a symbiont of Drosophila,

can be virulent, causing degeneration and early death,” Proc. Natl. Acad.

Sci. U.S.A., vol. 94, pp. 10792–10796, Sept. 1997.

[65] J. H. Werren, L. Baldo, and M. E. Clark, “Wolbachia: master manipulators

of invertebrate biology,” Nat. Rev. Microbiol., vol. 6, pp. 741–751, Oct.

2008.



BIBLIOGRAPHY 115

[66] J. H. Yen and A. R. Barr, “New hypothesis of the cause of cytoplas-

mic incompatibility in Culex pipiens L,” Nature, vol. 232, no. 5313,

pp. 657–8, 1971. Yen, J H Barr, A R England Nature Nature. 1971 Aug

27;232(5313):657-8.

[67] H. Laven, “Eradication of Culex pipiens fatigans through Cytoplasmic In-

compatibility,” Nature, vol. 216, pp. 383–384, Oct. 1967.

[68] S. Zabalou, M. Riegler, M. Theodorakopoulou, C. Stauffer, C. Savakis, and

K. Bourtzis, “Wolbachia-induced cytoplasmic incompatibility as a means

for insect pest population control,” PNAS, vol. 101, pp. 15042–15045, Oct.

2004.

[69] K. Hilgenboecker, P. Hammerstein, P. Schlattmann, A. Telschow, and J. H.

Werren, “How many species are infected with Wolbachia?–A statistical

analysis of current data,” FEMS Microbiol Lett, vol. 281, no. 2, pp. 215–

20, 2008. Hilgenboecker, Kirsten Hammerstein, Peter Schlattmann, Peter

Telschow, Arndt Werren, John H Meta-Analysis Research Support, Non-

U.S. Gov’t Research Support, U.S. Gov’t, Non-P.H.S. England FEMS mi-

crobiology letters FEMS Microbiol Lett. 2008 Apr;281(2):215-20. Epub 2008

Feb 28.

[70] R. Zug and P. Hammerstein, “Still a Host of Hosts for Wolbachia: Analysis

of Recent Data Suggests That 40% of Terrestrial Arthropod Species Are

Infected,” PLoS ONE, vol. 7, p. e38544, June 2012.

[71] F. Gutzwiller, F. Dedeine, W. Kaiser, D. Giron, and C. Lopez-Vaamonde,

“Correlation between the green-island phenotype and Wolbachia infections

during the evolutionary diversification of Gracillariidae leaf-mining moths,”

Ecol Evol, vol. 5, pp. 4049–4062, Sept. 2015.

[72] C. E. Rohrscheib, E. Bondy, P. Josh, M. Riegler, D. Eyles, B. v. Swinderen,

M. W. Weible, and J. C. Brownlie, “Wolbachia influences the production

of octopamine and affects Drosophila male aggression,” Appl. Environ. Mi-

crobiol., pp. AEM.00573–15, May 2015.

[73] L. Lambrechts, N. M. Ferguson, E. Harris, E. C. Holmes, E. A. McGraw,

S. L. O’Neill, E. E. Ooi, S. A. Ritchie, P. A. Ryan, T. W. Scott, C. P. Sim-

mons, and S. C. Weaver, “Assessing the epidemiological effect of wolbachia



116 BIBLIOGRAPHY

for dengue control,” The Lancet Infectious Diseases, vol. 15, pp. 862–866,

July 2015.

[74] L. A. Moreira, I. Iturbe-Ormaetxe, J. A. Jeffery, G. Lu, A. T. Pyke, L. M.

Hedges, B. C. Rocha, S. Hall-Mendelin, A. Day, M. Riegler, L. E. Hugo,

K. N. Johnson, B. H. Kay, E. A. McGraw, A. F. van den Hurk, P. A. Ryan,

and S. L. O’Neill, “A Wolbachia symbiont in Aedes aegypti limits infection

with dengue, Chikungunya, and Plasmodium,” Cell, vol. 139, pp. 1268–

1278, Dec. 2009.

[75] G. Bian, Y. Xu, P. Lu, Y. Xie, and Z. Xi, “The endosymbiotic bacterium

Wolbachia induces resistance to dengue virus in Aedes aegypti,” PLoS

Pathog., vol. 6, p. e1000833, Apr. 2010.

[76] A. A. Hoffmann, B. L. Montgomery, J. Popovici, I. Iturbe-Ormaetxe, P. H.

Johnson, F. Muzzi, M. Greenfield, M. Durkan, Y. S. Leong, Y. Dong,

H. Cook, J. Axford, A. G. Callahan, N. Kenny, C. Omodei, E. A. Mc-

Graw, P. A. Ryan, S. A. Ritchie, M. Turelli, and S. L. O’Neill, “Successful

establishment of Wolbachia in Aedes populations to suppress dengue trans-

mission,” Nature, vol. 476, no. 7361, pp. 454–7, 2011. Hoffmann, A A

Montgomery, B L Popovici, J Iturbe-Ormaetxe, I Johnson, P H Muzzi, F

Greenfield, M Durkan, M Leong, Y S Dong, Y Cook, H Axford, J Callahan,

A G Kenny, N Omodei, C McGraw, E A Ryan, P A Ritchie, S A Turelli, M

O’Neill, S L Evaluation Studies Research Support, N.I.H., Extramural Re-

search Support, Non-U.S. Gov’t Research Support, U.S. Gov’t, Non-P.H.S.

England Nature Nature. 2011 Aug 24;476(7361):454-7. doi: 10.1038/na-

ture10356.

[77] F. Landmann, G. A. Orsi, B. Loppin, and W. Sullivan, “Wolbachia-

Mediated Cytoplasmic Incompatibility Is Associated with Impaired Histone

Deposition in the Male Pronucleus,” PLoS Pathog, vol. 5, p. e1000343, Mar.

2009.

[78] U. Tram and W. Sullivan, “Role of Delayed Nuclear Envelope Breakdown

and Mitosis in Wolbachia-Induced Cytoplasmic Incompatibility,” Science,

vol. 296, pp. 1124–1126, May 2002.



BIBLIOGRAPHY 117

[79] U. Tram, K. Fredrick, J. H. Werren, and W. Sullivan, “Paternal chromo-

some segregation during the first mitotic division determines Wolbachia-

induced cytoplasmic incompatibility phenotype,” J Cell Sci, vol. 119,

pp. 3655–3663, Sept. 2006.

[80] S. Zabalou, A. Apostolaki, S. Pattas, Z. Veneti, C. Paraskevopoulos, I. Li-

vadaras, G. Markakis, T. Brissac, H. Merçot, and K. Bourtzis, “Multiple
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