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Abstract

TheWolbachiagenus of bacteria is comprised of obligate intracellular endosymbionts that

are known to infect arthropods and nematodes. Most filarial nematodes of humans host
maintain Wolbachia endosymbionts in a mutualistic associatidhat is essential for

nematode a@velopment, reproduction and the longevity of the adult parasites. As a result,

much research has gone into investigatplbachid@d NRBt S Ay | RdZ & ySY!I
understanding the basis of the mutualistic relationship, asll was exploiting the
endosynbiont as a target for treatment. Less attention has been applied to understanding
Wolbachiddda NBfS Ay (GKS oAz2fz23e 2F fFNBIf aidl 3Sa

To better characteriseWolbachi®?a NBf S& RdzZNAy 3 (-ge§uarSingf | NI f
technologies wereemployed to investigate the relationship between the parasitic filarial
nematodeBrugia malayji and itsWolbachiaendosymbiont during larval development and
microfilarial transmission. This first involved the development of auadly curated, revised

annotation of the Wolbachiagenome using gene expression data, further corroborated by
RTgPCR and proteomics experiments. Second, the transcriptomes for both nematode and
Wolbachiawere then investigated across two major nematodevdlopmental stages: the

two weeks immediately after nematode infection into the mammalian host spanning the L3

to L4 developmental moult, and followirWolbachiadepletion fromB. malayimicrofilariae

during transmission to the mosquito vector.

The reanntation of the Wolbachiaendosymbiont genome resulted in the identification of

21 new protein coding genes, 5 instances of-naodel translational events, and 3 functional
RNAs. Several newly identified genes were predicted to be unique td/tibachiagerus,

with a potential role m Wolbachianematode interactions. The transcriptome of developing

L3 to L4 stages demonstrat¥¢olbachiddd | 0 Af A& (2 dzy RSNH2 022 NJF
carbon metabolism to enable rapid population growth. The consistent wpadgn of
metabolic pathwgs, such as haem, nucleotide biosynthesis and Type IV secretion systems,
complements the nematode host transcriptome, which was focused predominantly on its
own growth and development, as well as regulatidlbachiapopulation diring the L4
stage.B. malai microfilariae depleted otWolbachiahave a significantly reduced ability to
infect the mosquito vector, with transcriptome analysis of treated and untreated nematodes

identifying targeted downregulation of chitinase andyype ATPase transcripts in theeated
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Taken together, these observations illustrate a complex and dynamic medai that

Wolbachiahas with its nematode host, expanding to more than just a mutualist important

for adult parasite longevity and reproduction.
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1. Introduction

1.1 Filarial diseases of mans

Parasitic filariahematodes are the causative agent of several severely debilitating diseases
in humans and animals, with a total of 8 different species of nematodes known to infect
humans. These incledNVuchereria bancroftiBrugia malayiB.timori, Onchocerca volvulus

Loa loaMansonella perstans, M. ozzardindM. streptocercaTo date, the primary focus of
Global Neglected Tropical Disease programs has been on the control and more recently, the
elimination of the first 4 named speciesfdérial nematode$? which together cause 2 major
diseases in humans: lymphatic filariasis, and onchocerciasis. For these tweesliséase,
recent estimates by the GlobalRlen of Disease study shoveambined disease prevalence

of just over 108 million people globally

1.1.1 Lymphatic filariasis
Lymphatic filariasis (LF, also known colloquially as elejdss}, is a parasitic disease caused

by 3different species of parasit filarial nematodesy. bancroftj B. malayj andB. timori

W. bancroftiis the predominant cause of LF infections throughout the world and can be
found within tropical countries aoss South America, Central Africa, Seleist Asia, and the
Caribbeah*®. The distribution oB. malayandB. timoriby contrast is restricted ttndia and
SouthEast Asia As of 2018, 51 countries across the Warld classified as endemic for the
diseasé®, with a maximum estimated 71 million people suffering from the diseéSgure

1-1). Infection with these nematodes often dsnot result in any vert pathology-°. Instead,

the localisation and migration of the nematodes within the infected iitdial results in
significant inflammation and damage to the lymphatic systems, which odwoeifigre overt
symptoms appedr The damaged lymphatic systewan progress to merclinically obvious

symptoms that are directly debilitating, such gsiphoedema and hydrocefé.
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Figure 1-1: Distribution of LF across the world, overlaid with current status of preventatitiernotherapy (PC),
as of 2016Image adapted from the World Health @rzatior? on the 26" July 2019

The life cycle of these 3 nematodes share much in common, withbeginning life as
microfilariae (mf) encased within a chitinous stieacirculating within the blood of an
infected host. These can then be transmitted to a variety of mosquito vector species,
includingmembers of theAedes AnophelesCulex andMansona gener&, although vector
competency can vary significantly by stfdfitl Subsequent to uptake via a blood meal, mf
then penetrate the midgubf suscetible mosquito vectors, shedding thesheatts in the
process™!?, and migrate through the haemocoel to the flight muscle cells of thaovét

Here the nematodes develop over a period of apfimately 2 weel& and pragress through

two developmental moults to become known as thsthge [3) infective larvae which
migrate to the mouthparts of the mosquito. Upon the next blood méa, L3 escape from

the mosquito mouthparts, and enter the wound caused by the vector. The L3 then migrate
into the lymphatics system, before undergoing two additional moultg finst within 2
weeks of infection, and the second after 2 months, with reprciéye maturity and release

of new mf taking up to a year after initial infectiéd®. Nematodes remain reproductively
active for between 8B year$, during which they produce thousands of microfilariae a day

that migrate to the blood system and complete the ddgcle Figurel-2).
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Figure 1-2: Depiction of the life cycle oBrugia malayi Taken from the Centerfor Disease Control and
PreventioA®, accesed on 29 July 2019.

1.1.2 Onchocerciasis

Human achocerciasiss caused by single nematode specie®,. volvulus A total of 31
countries across the World aassified as endemic for this disease, with the majority of
them focused across much of S8ahara Africa, and some parts of South America and
Yemen (Figure 1-3). Clinical manifestations of onchocerciasis are due primarily to host
immune responses towards dead or dying mitasiag*!’. As mf of these species typically
localise and ngjrate through subcutaneous tissues, this frequently results in inflatoma
mediated skin disases that range from troublesome itching and acute, chronic papular
dermatitis, to depigmentation of skin, as well as a loss of skin elasticity and strtfture
These mf are also known to migrate through ocular tissueth, wflammation to dead mf
resulting in visual impairment, and eventuaindness of patientd. There have also been
studies which indicate the presence of different strains @f volvulusseparated by
geographical area, #i areas of Africa predominantly occupied by savannah regions
associated more with blindnesshan areas predominantly occupidsy forested regions,

which are more associated with skin disedsé
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Figurel1-3: Didribution of Onchocerca volvuluacross the world, overlaid with currerstatus of PG as of 2016.
Image adapted from the World Health Organizafivon the 26" July 2019

Unlike the mf of Li€Eausative nematodes, mf d. volvulusdo not maintain a chitinous
sheath. Their cutaneous localisation allows for transmission to the blackfly vector of the
genusSimulium which take up mf during a blood meal. Mf then peage through the
blackfly midgut, before migrating through the haemetand into the thoracic muscles. The

mf then undergo 2 moults to become infective-dtage larvae over the next weksimilar

to filarial nematodes tht cause LF. These-&taige larvae then migrate to the mouthparts of
the blackfly, where upon taking another blood meal, the L3 larvae escape from the blackfly
YR YAIANIGS Ayid2 G§KS 0A0S 42 dzy R d-otekvhinpo Qa
week after initial infection, the second between 1 to 3 months after infecti before
reaching reproductive maturity. These adults reside in fibrous, highly vascularised nodules
in subcutaneous and deeper tissues, releasinged mf a day for up to 11 yedfsThesemf

then migrate through the subcutaneous tissues, repeating the cycle dgaiurél-4).

Page |19



Onchocerca volvulus

Blackfly Stages Human Stages
OBIackﬂ'.l {genus Simuliwm)
lakes a blood meal
[L3 I ender bila wound) 9

© rigrate o hes ! ‘5;?)\/

Subcutaneous tissues
and blackfly's probosces

anﬂulas in subcutaneous nodule

o L1 larvae

gEII.a.ckI’ﬁ.' takes
a blood meal
{ingesls macrofilanse)

9 Microfilariae pentrate W’
Blackfly's midgut ¥

o Adults produce unsheathed
micrafilariag that typically ang

found in skin and in lymphatics

R, of connective tissues, but also

and migrate to e | —

thoracic muscles -

ﬂ= Infective Stage
M\ = Diagnostic Stage N

Figure 1-4: Life cycle ofOnchocerca volvulus Taken from the Centerfor Disease Control and Prevenfi§n
accessed 29July 2019

1.1.3 Current treatment strategies

Treatment for these filarial nematodes as advocated by the Wblddlth Organisation
(WHO) involves mass drug administration (MDA) aombination of ivermectin (IVM),
albendazole (ALBnd/or diethylcarbamazine (DEC) at least once yearly for a minimum of 5
years in endemic regions for lymphatic filariasis, or a minmof 15 years of IVM for regions
endemic for onchocerciasi$*?X The drug combination varies dependi on the
geographical distribution and eendemicity of other filarial species, and primarily target and
kill the mf of the nematods (microfilaricidal activity), thus blocking transmission. The Global
Programme to Eliminate Lymphatic Filariasis (GPE&A$)amnched in 2000 with an initial
goal of global elimination by 202¢&. However, the present covage of MDA is estimated at
only 40%, withonly aresutant 30% decline of disability adjusted life years since 1990
highlights the extent of disease burden still presén®ne explanation for the continued
persistence of LF is that current drugs do not target the adult worms (macrofilaricidal activity)
which continue to survive, breed and reprodéte Therefore, MDA regimens that
incorporate these drugs are designed to suggs mf populations and prevent transmission,

whilst allowing mature adtinematodes to die via their natural life cy&le
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This strategy does pose certain problems, not least of which is thefisdsistance arising

to these drug& %, with the earliest reports from 2004 bwadziet al. observing certain
adult femaleO. volvulumematodes that did not respond adequately to multiple doses of
Ivermectirf®. In addition, IVMand DEC are known to cause severe adverse effects in
individuals ceinfected with L. loadue to the rapid killing of mf of these species, and
subsequent sequestration and blockage otrivasculature)eading to encephalopathy.

This increases the logisticatreening and monitoring requirements before thepappriate
treatment regimen can be selected. Furthermore, experiencadwerse events are strongly
associated with norwompliance to IVM treatmenrt. Simultaneously, external geopolitical
factors that may ariseluring the course of MDA can easily disrupt infrastowe or transport
logistics that must be put in place to perform these annual MDAs. Alternative treatment
strategies or targets are thus of significant importance if the disease Il teliminated
within acceptable timeframes. One such alternative taigetn intracellular bacterium with

a mutualistic symbiotic association with these filarial species, knowlalsachia pipientis

1.2 Biology of the obligate intracellular bacteriifolbadia

Wolbachia pifentisis an obligate intracellular, gramegative alha-proteobacteria of the
order Rickettsiales, transmitted vertically via the maternal germifitfe and usually found
within hostderived vacuolar membran&s®. It isthe sole member of thgenusWolbachia

and notable for infecting a large number of differemthropod species, as well as a selection

of filarial nematodes of both medical, veterinary, and to a limited extent agricultural,
importance®3%33, With such a broad range of host species, comes an equakyl bamge of
effects that the Wolbachiaendosymbiont elicits within theihosts. Such effects include
parthenogenesis (asexual reproduction), feminization of genetic males, or cytoplasmic
incompatibility (CI), where intraspecies crosses of arthropods ieéewith differentstrains

of Wolbachia or crosses ofWolbachiainfected male arthropods with uninfected females,

fail to result in viable offspring34 As of 2019, these bacteria are classifas members of
RAFTFSNBY( WadzZLISNENER dzZLJA Q ¢ A ( RSyAnekdedionddhisdza = RS
is supergroup G, which has been decommissidhdde to concerns the genes used to
classify the supergroup were the result of recombination between supergroups A and B, and
may not be a unique clade in its awight”’. Classification between supergroupsas
traditionally based upon phylogenetic analyses of one or ridoébachiagenes®353839 This
included, but was not limited to, 16S rDNAftsZ (cell division protein)wsp (Wolbachia
surface protein),or gltA (citrate synthase). Developments in hitifroughput genetic

sequencing has allowed for sign#fitly higher resolution of theéWolbachia species
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boundary, and has letb recent efforts to more accurately categorise the supergroups into
distinct speees, with some preexisting supergroups possibly having multiple species within
them?®®4L Whilst these new categorisations have been proposed, none have yet to be

formally adopted.

1.2.1 Distributbn, history, and role dVolbachiaamongst arthropods
Wolbachiawas first discovered in 1924 when Hgrand Wolbach identified the presence of

intracellular bacteria within the reproductive tissues of the mosq@tdex pipierf$, which

were eventually namedWolbachia pipient®8. Wolbachi@2a  LINB & Sint® BeenK | &

QX

identified in a wide range of arthropotlsand has been predictedto be presentin the
majority of all arthropod species, with Hilgenboecletral* predicting that over 65% of
arthropod species play host Wolbachia These estimates make tthgolbachagenusone

of the most abundantintracellular genera of bacterigurrently knowr?. Interestingly,
althoughWolbachiahas been predicted to infect such a broghge of arthropod species,

the effectiveWolbachiainfection rate within species varies between the extream¥arious

a0 dzRASE KI @S -dAINERA OLISREI ENWY2AKSNSE SAGKSNI AYRADAR
species have either a near complete infeatrate, or are barely infectéi*.

The asociation betweenNolbachiaand their reprodetive parasitism of arthropods, most
notably in the form of cytoplasmic incompatibility, has since dmee the hallmark of
Wolbachi?d LINE&aSyOSe® ¢KSaS Ay RdzO8BbadhiRlay BIANBH RS LINB
through host populations due to their maternal iaitance patterri®. Despie this, there has

been a growing body of work that sugges#olbachiawithin arthropods may play an
additional, more facultative role outside of simplyeing a modulator of reproductive
processes (as reviewed by Zug and Hammer¥jeiuch roles have been observed to
include nutritonal mutualism, particularly in iron acquisit to benefit host fecundit{f-4”.
Additional roles include increasing resistance against infection of arthrqguaddogenic
viruse$®3, or human viruses that use the arthropod as a ve®tdr In an extreme cse,
Wolbachiaof Cimex lectulariysor the canmon bedbugwyCle, member of supergroup F), has
become an obligate endosymbiont for arthropod fecugddevelopment and survivar®. In

this relationship Wolbachiahas been shown toc as a nutritional mutualist that provides
vitamin B to allow the bedbug to successfully develop through its instar moults, as well as

reproduce siccessfull§f>®.

1.2.2 Distribution and history dVolbachiaamongst nematodes
The presence of bacteria infecting the hypodermal tieswof filarial nematodes was first

identified in 1975 by McLaren and Worthim Dirofilaria inmitis (the causative agent of dog
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heartworm) andBrugia pahangfilarial nematodes (a close relative Bf malayithat infects
dogs and cats). Despite ghidentification of the presence of these bacteria, these
observations were left mostly ignored untiluch closer to the beginning of the 2tentury,
when Sironiet al. in 1995were able to successfully identify the bacterialn immitisas
members of he Wolbachiagenus by sequencing of its 16S rDNASubsequent studies
identified Wolbachi@d @ LINB & Sy O $thek fifariali feraadodeS, anang &f which are
parastes of human®. Examples of these include members of ®echocerc®, Brugia®>®
and Mansonellagener&®®L Until this point,Wolbachiawas believed tanly be present in

arthropod species.

Wolbachi@@d RAAGNRAOdziA2Yy | LIS NBE  hocetihde Sdvnd i 2
Dirofilariinag®386263 although more recent studies have identified\olbachiapresence
within the Pratylenchidae faryi of plant parasitic nematodes, such d@ratylenchus
penetransor Radopholus simifi$®*5 UnlikeWolbachiaof arthropods, which are digbuted

over >10 supergroup3)Nolbachiaof nematodes have been separated to just 5 different
supergroys: Sipergroups C, D, J (which are comprised soleWaibachiaof medically and
veterinaryimportant parasitic nematodes, supergroup F, (which contiedbachiaof both
nematodes and arthropods that exhibit a predominantly commensal phenotype, and
supegroupL (which containgVolbachiaof plant parasitic nematodes of the Pratylenchidae
family*>%9. In addition to this sigjficantly narrowed range of host$Volbachiaof filarial
nematodes, in species that harbour them, have been noted to be present in 100% of
nematode indivduals studied, suggesting that their maintenance within the nematode is
obligate, as reviewed by Taylet al.®’. Tre only possible exception to this Mansonella
perstans with different studies both confirmirf§®® and denyin&® the presence of

Wolbachia

Peihaps because of this apparently obligate requirementVgélbachiddd LINBa Sy OS
nematodes, questionsdve arisen as to whyvolbachiais not present in all members of the
Onchocercidae, such &s log or otherOnchoceca species that parasitize animaSeveral
hypotheses that may explain this phenomenon involve the possibility of separate
acquisitions irdifferent nematode species over the course of evolution, or tétlbachia

infection occurred by a single ancestbefore being lost over tinté,

1.2.3 Population dynamics and localisation during filarial nematode life cycles
McGarryet al.in 2004° were able to identify the quanty and localisation o¥Wolbachiain

the nematode B. malayRa f A ¥ S O & 9din® Studiédi inickiding theyrdf, L2 and L3

stages, as well agdacking L3 development through the L4 stage, and into reproductive
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adults® (summarised irFigure 1-5). Wolbachiapopulations were quantified via reéime
quantitative Polymerase Chain Reaction (QPCR) techniques. This used a normalised ratio
between theWolbachiasurface protein geneasp) andB. malayiglutathione Stransferase

gene (gst), both of which the study had determined existed as shuglpies withn the
organism&®. This technique highliged that Wolbachiapopulations aretypically present at

a low level (approximately 16200 bacteria penematode) during the early life cycle stages

(mf through to L3).

| 'S, @| Human host Mosquito vector Human host
. ki)
. l.‘ T 3
z. __ E 2 Microfilariae | L2 \ L3 \ L4 i Reproductive Adult | Death
©om =
Blood Flight muscles 1 Proboscis Lymph system
L

~ 14 days > ~11 days >| 10+ years ]

Wolbachia
population

Figurel-5: Schematic overview of th#&Volbachiapopulation across the fe cycle of éB. malayinematode host,
not drawn to scaleNote te very low population levels during the first few life cgtdges, before infection into
the final mammalian host. Also note that in a matter of da®lbachiapopulations expand rapidly, before the
nematode reaches the L4 developmental stages. Imag®¥¢olbachiataken from Taylor et &7, andB. malayi
taken from the Centarfor Disease Control and Preventifon

Within the first week after infection of the mammalian hostWolbachiapopulations were

noted to increase by approximately 6@6ld*°. This population growth was noted to continue

throughoutthS ySYI G2RSQa tAFTSALI Y oA lGKwolsgrosthl £ Sasx f A1 S
in size of the nematode as well as accumulation of new embryos and mf, aidothe
Wolbachiapopulations, within the nematode reproductive trdgtBy contrast, adult male

nematodes appeared to maintain a consisteWolbachia population throughout the

remainder of their lifespahi.

Electron microscopy found thes®&/olbachia to be localised within the developing
hypodermal chords of the L3 developmental stage onw&rd$his continues until 21 days
after infection (by now at the L4 stage) where the hypodermal chords are properly
developed, with none found wiin the gonad tissue. In older, reproductively active female
nematodes, Wolbachiacould still be observed within the hypodermal chords in large
numbers,as well as the ovaries and inttdierine developmental stages. No such invasion of
Wolbachia could be seen in male testes or spettnh These obsemtions in terms of

Wolbachiapopulation changes and/or their localisation, was further corroborated in a
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subsequent study by Fenn and Blaxter in 2004gisimilar techniqued, and by Fischest
al. in 2011, focusing on microsgy technique&. The latter publication was also able to
identify Wolbachianfecting the testis of male nematodes , but never within the spermatozoa

or mature spematids’,

Within adult femalesgermline invasion oB. malaynematodeshy Wolbachiavasobserved
and trackedby Landmanret al.”® This showedhow the first zygote cleavage parallels that in
the model nematodeCaenorhabditis elegans generatethe somaticAB precursor cell, and
the smaller B germline precursor cell, witthWolbachiapreferentially localizig in the R
blastomere, rather than the AB blastomeM/olbachialocalised within the P1 blastomere
would eventually become concentrated germline cells, as well as dks that form the
hypodermis of the microfilarigethe latter of which will eventuallydevelop into the

hypodermal chords

1.2.4 Role ofWolbachian their nematode hostgpathology and survival
Since this initial discovery, it is now recognigledt the majorityof known parasitic filarial

nematodes that infect humans maintain\&@olbachiaendosg/mbiont, with the exception
being L. lod“ In contrast to the varied phenotypes the¥®olbachia bacteria cause in
arthropods, the presence diVolbachiain nematodes has been shown to be obligate, and
required for successful nematode growth, tiity, and longlife span. This has been shown
via a variety of studies which looked at the effectsantibiotic treatment, and subsequent

Wolbachiadepletion, on filarial nematodes.

Antibiotic treatment of filarial nematodes was first shown to havelitbry effects on bbth

the development of nematodes, as well as a halt in embryogenesis, by Bosshatdtin
1993. The association of this phenotype to the depletidrthe Wolbachiaendosyniiont
was not fully established until 1999. Here, Hoeraul.” utilised mice and Mongolian jird
animal models infected with.itomosoidessigmodontis a parasitic filarial nematode of
rodents that harboursWolbachia and treatment with tetacyclines for up to 41 ays
immediately after infection. The authors subsequently noted a block in nematode
embryogenesis, a minimum ofmonths of nemabde infertility, as well as stunted growth
and development. Treatment with other classes of drugs thied not known to affect
Rickettsiales bacteria did not show this effect. The authors also showed that
Acanthocheilonema vitgeanother filarial parasitdhat does not maintain aVolbachia
population, did not suffer any deleterious effects upon treatmenithwtetracycline
antibiotics’®. A similar study by Bandit al.”” in 1999 also confirmed similar observations in

the filarial nematodesDirofilaria immitis and B. pahangi Using cattle infected witlO.
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ochengj Langworthyet al.”® in 2000successfullydentified a reduction in adult male and
female nematode viability, via reduction in their motilitgs well as reduction in size, and
clearance ofnodules after treatment with oxytetracyclin€&urthermore, they also identified
a significant reduction in fecungitof adult females following treatment, with an observable
reduction in developing embryo quantitieas well as an increasedte of malformed
embryod® These described studigsovide some ofthe first evidence of macrofilaricidal

activity via depletion of th&Volbachiaendosymbiont.

Experiments to confirfiVolbachiaas a valid target in firial nematodes of humans were first
done by Hoeraugt al.”® in 2000, using doxycycline treatment 6f volvulusnematodes.
These results again reflected that of early studies, namely that a relatively shoredg
course) of atibiotics treatment, irthis case doxycycline, was sufficient to achieve Jmm
sterility of adult female nematodes, as well as degeneration, or sihed lifespan of adults
in general. This was followed by a series of additional studies in thelfilari@atode species

B. maayi® andW. bancofti®#2that showed similar results.

There has also been a limited amount of work done investigating the effestotifachia
depletion wthin the mcrofilariae stagesa point in the nematode life cycle where the
Wolbachiapopulation is comparatively smakigurel-5). Initial studies by Suchast al.®®

as early as 1978 first iderigfl that tetracycline treatment oB. pahangmf, before infection

in Aedes togoresulted in a reduced recovery rate of the infective L3 stage. At the time,
Wolbachidd LINBASy O0S Ay vy SMdblisied Subsequentiexperinégntsiby
Srivastavand Bhattchary® in 2003, Arumuganet al® in 2008, and Alberst al®in 2012
utilising either tetracycline or doxycycéirtreatments further corroborated the observation
of a reduction in mf that successfully developed to the L3 stagessigmodontis, B. malayi
and O. wlvulus respectively. Only the latter 2 studies werble to directly attribute
reductions in L3 rec@ry rate toWolbachiadepletion however, and the exact mechanisms

behind this has yet to be elucidated.

Outside of these direct effects on the nematod®oplbachiahas been implicated in actively
contributing to pathology seen in patients, primarily via thduction of strong immune and
inflammatory responses against varidt¥elbachigproteins, such agspandpeptidoglycan
associated lipoproteins (PAIY°. Injection of Wolbachiaof arthropods, orWolbachia
containing extracts fron8. malayior O. volvulushas been sbwn to elicit he recruitment
of neutrophils in a mouse model of ocular onchocerciasis. Convergelgtioms of nematode

extracts depleted ofVolbachia or extracts ofA. viteae(which does not hav&Volbachig

Page |26

(V)



showed significantly milder respon$é&-°2 This recruitment results in a feedback loop, with
the constant recruinent of additional neutrophils, and the eventual disruption of normal
corneal clarity*2 This strong immune reaction elicited Byolbachiahas also led to the
generation of hypdteses that theintracellular endosymbiont may act as a defensive
mutualist, aiding in the evasion ohé& host immune system. For instance, studies in
Onchocercaspp. nematodes results in the recruitment of neutrophilite blood cells that
are usually employed for armantibacterial immune response, to infected regions, or regions
injected with filarial &tracts containing/Volbachid®%4. These neutrophils were shown to be
replaced by eosinophils aft®olbachiadepletion by antibiotics, permitting a more effective
immune response againsthe host nematod&, possibly resulting in thenacrofilaricidal
activity. A similar effect has been observedimrmalayj where the strong immune response
of the host againsWWolbachia coupled withlongterm exposire, eventually results in a

significantly dampened immune respofise

1.2.5 Wolbachiaas an alternative treatment target for human parasitic filarial
nematodes
Thesestudies into he essentiality ofVolbachiaF 2 NJ § KSANJ ySYI 12 RS K2 aidQ:

their contribution to pathology, represented a significant advance in treatment options,
when compared to standard anthelminthic drugs IVM, ALB, and/or DEC. Aictilgigimens
using doxycycline were tested in clinical trials, and indicated that up -wee& long
treatment courseswere sufficient to induce macrofilaricidal effects and a block in
embryogenesi¥. A series of regimen reduction studies were conducted in an attempt to
reduce the time required for treatmentas well as eamine whether a combination of
different drugs, including antibiotics, could achieveteeresult$”°%%, Turneret al1 for
instance showed that a-®&eek course of treatmendith a combination of doxycycline and
ALBor IVM was sufficient to induce lortgrm amicrofilaremia in treated individuals
(minimum of 24 months amicrofilaremiahrough blockage of embryogenesis, buoot
enough to induce macrofilaricidal effectélready this short course of treatment shows
improvements than standard treatment with ALB or IN8lipalet al 1912 years later showed
that 6-weeks of treatment with a combination of doxycycline and ALBEC resulted in
sustained reduction of microfilariae, macrofilaricidal effects, as well as a reduction in adverse

events experienced by the patient.

Optimising the treatment regimen is only one stage of the process however, as tetracyclines
are contraindicated in pregnant women and children aged 8 ot%skus necessitating the

search for alternative drugs. The most recent efforts to identify and modify exuhtirgg,or
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design entirely new drugs for the treatment of filarial nematodes via targefitudbachia
have been spearheaded by the Altiolbachia(AWOL) Consortium. Established in 2007 via
funding from the Bill and Melinda Gates foundation, the consortiasitdentified a number

of potential candidates that can achieve potent awvtblbachiaactivity within 7 days of
treatment, or les&2 One example is the antibiotic rifampicin, used to treat bacterial
infections ofMycobacterium tuberculosa Legionella pneumophil@lithough early studies
have shown that treatment with a standard regimen in humans (10mg/kg) was insufficient
to achieve equivalent antiVolbachiaactivity to doxycyclin€®31%4 subsequent studies and
pharmacokinetic modelling showed that a larger dose (30 to 40 mg/kg) would be sufficient,
and safe in human®. Turneret al. was ultimately able to show that 7 days of treatment
with this enhanced dose of rifampicin plus ABZ was sufficient to induce both-raicdo
macrofilaricidal effects in prelinical model¥®. This is but one out of several thousand
candidates that the AWOL consortium has identified in its dedaxg history howevef?1%8

In addition, there are 2 new antWolbachiacompounds that are being developed, or have
entered clinical trials, that promise both specificity agav#blbachiaas well as superior
efficacy tocurrently known compounds: TylaMac (a modified macrolide) and AWZ1066 (a

thienopyrimidine/qunazoline derivativey®110

1.3 Application of Omics technologies to undarst nematodéWNolbachia
symbiosis
Whilst the exploitation ofNolbachiaas a target for treatment of filarial nematode infection
has been identified and refined since 1998, the basic biology underpinning the symbiotic
relationship between the two organisnsstill poorly understoodlhe advent of sequencing
technologiesallowed a more indepth understanding of the rol&olbachiaplays in the
symbiotic relationship with their nematode host, starting with the genome sequences of
both Wolbachia!! and nematode host? This review will first cover the developments in
sequencing technologé before reviewing how these developments have contributed to

advan@s made in elucidating the relationship betwedéfolbachiaand its nematode hosts.

1.3.1 History of sequencing technologies
As reviewed by Shenduet all'3 the first major breakthrough in tge-scale sequencing

technologies was made by Sanger, Nicklen andsGoun 19774 The technique utilised the
inability for dideoxynucleotides to be incorporated into DNA sequences in the place of
deoxynucleotides which are normally incorporated into DNA sequencesulstituting a
small amount of regular deoxynucleotides for -ddioxynucleotides within DNA

polymerization reactions, it was possible to generate DNA fragments of varying lengths based
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onwhere the dideoxynucleotide was incorporated, with the variablegimgents run on a gel,

and the underlying DNA sequence elucidated. This technique served to underpin early
genome sequencing projects, most notably that of the Human Genome in200ke next

major NS | { 6§ KNRdzZZ3K Ay aSljdzSyOAy3 (SORyStRHARSanah
with the development of massively parallel, or Next Generation Sequencing (NGS)

techniques.

Multiple companies have designed workflows and machines to exploit masszedliep

sequencing techniques, as reviewed by Slakal!®s o6dzi Fff N85 o6FaSR 2
aSdzSyOAy3aQ | LILINRIF OKd Ly SaaSyo0Sxz (GKS 5b! as
(typically less than 200 baspair length) sequences, immobilized onto a mediuefole in-

vitro amplification to generate millions of target DNA templates separated into distinct
clusters of the same template. The exact DNA sequence of these template clusters eould th

be determined via sequential washing of labelled nucleotides dker medium, with

nucleotides releasing a detectable fluorescent signal upon incorporation into the
immobilized clusters by DNA polymerases. An alternative technique that has recendg gain
prominence is Single Molecule, R@aine (SMRT) sequencing by Radsiosciences, which

rather than sequencing amplified small fragments of the targkdwsentire lengths of large

DNA sequencsto be read directly instead. This utilises a gap lass thalf the wavelength

of lightin whichan engineered DNA polymermgnzyme can be anchored within. As a target

DNA template is allowed through, fluorescently labelled nucleotides are incorporated and

the fluorescent signal then measured from the gapisTtechnique allows for direct

sequencing of DNA strands up to, oce&ding, 50 kilobaspairs long**116

1.3.2 gDNA sequencing, assembly, annotation
One of the primary goals of most DNA sequencing projects is the eventual sequeinaing

2NHFyA&aYQa 3ASy2YSod Yy2pft SRAS 2F GKS 3ISy2YS |
and signalling processes that the organism is able to undergo, by theficatntin of coding

genes (either for proteins or functional RNAs) within the genobBi¢A sequencing is only

the first step towards this goal, as subsequent assembly of the reads into contigs and

a0 F¥2f Ra  NB NBIjdzA NBR 0 | &&iencesyAsseriibly of i NI | LJL
generated by NGS techniques can be computationally diffigult due to the prevalence of

repetitive, or duplicated, sequences within genomes of many organténi$he shorread

lengths mean that repetitive regions may be misidentified and result in incorrectly
assembled, or even collapsed, genome sequences that omit fragro€ntgling regions’.

These issues pose a challenge when studying the genome or transcriptomes arjgrath
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organisms that have global distribution, as such sequencing or assembly eragrnot be
easily separated from the backdrop of natural biological variability in the genomes of field
derived samples. Alternative techniques do exist to reduce thesblems however, with
techniques such as SMRT sequencing leveraging itséanigengths to effectively sequence
through repetitive regions of a genome, thus aiding genome assembly. Whilst the throughput
and accuracy of SMRT technology is not as highG&s tchniques, sequencing projects that
utilise combinations of the two techniquese generated higiguality genome assemblies

for analysi§'®119

Full exploitation of genom assemblies requires accurate annotation of genes and their
function. This has typally been accomplished computationally thanks to algorithms
developed for the large amount of sequence data that can be generated from a single
project. Early programs thavere designed for identifying such open reading frames relied

on preset algorithns trained on model organisms. As time passed and more sequence data
became available, such programs have become increasingly complex, incorporating
information from multipk databases, as well as additional sequencing data in the form of

RNA, to influencecalls for coding gené¥. However, new algorithms are often never

reapph SR (2 3ISy2YSa GKIFIG KIFI@S 0SSy aSljdzsSyOSR |
Fyy2G4FGA2yQ aGNXGS3ezx O2YLJzit dGAazylrtte |aaai
are often inferred from homology, or the presence of conserved motifs or domairmsnwit

the translated amino acid sequence, from databases of existing genes via té sesrch

engines such as BLAST or InterProSt44 If annotations from te source genome do not
incorporate the latest knowledge, this computational assignmevill only serve to
propagate any errors, unless human curation of the results is actively involved, or new

annotations are retroactively applied to source genomes.

1.3.3 RNA sequencing, assembly, and differential expression analysis
RNA sequencing relies dmet same basic principles of DNA sequencing technologies, except

utilising reverseranscribed, complimentary DNA sequences compared to genomic DNA
sequences. It is aalternative and complementary strategy to Microarray technology, the
latter of which hagpredominantly been used to measure differential gene expression within
a sample population, tissue, or organism, of interest (as reviewed by Bumg&nBoth
techniques allow for the measure of gene expression during a variety of experimental
conditions. Examples could include environmental changes in temperature or chemical

exposures, or internal life cycle processes, such as different phases of growth. Migroarra

(§SOKy2f238 K26SOSNI NBldANBA 4 tS8SFad &a2YS8 1y26fS
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in advance for the designing of Expressed Sequence Tags (ESTs) for eacthgegenome.

By contrast, RN&equencing does not require prior knowledge of an orgariiQa 3-8y 2 Y S
O2dz R AyailiSIRE 0SS dzaSR (G2 RANBOGf& laaSyvyofs
within an organism without oné* This lack of reliance on an existing genome sequence

allows RNAsequencing to be used for more than just analysis of differential expression, such

as identifying the presence of previously unrecognised genes within a gédbnog

detection of novel splice variants of geA&d?

Specifically for analysis of differential expression between samples, sequenced RNA reads
are aligned computationally, either against an assembled trgpsene, or against an
existing genome. This alignment step would need to contend witueecing errors,
repetitive regions, nucleotide variants within either the genome or transcriptome, as well as
splicing within eukaryoté$*12¢ Once aligned, gene expression and quantification can be
estimated computationally, aftdseing normalised for factors such as sequencing depth, the
length of a particular gene, or controlled for the presence of gene isoféfité After these
steps, differential expression analysis can then begin via using tools sidgaR, DESeq2,

or CuffDift?%1%, In general, differential expression analysis tools attempt to identify genes
that show statistically significant differences in expression between given experimental
conditions. These tools empt a number of statistical models and assumptions, primarily in
an attempt to account for biological variability in sampt#é$*® EdgeR and DESeq2 for
instance utilise variants of Poisson and negative binomial distributions respleti '8 and
operate on the null hypothesis that there are no differentially expresse@garithin a given
dataset. After the identification of genes that show statistically significant differential
expression, further biological insight can be gained via investigation of these candidates in
iKS O2yGSEG 2F 3ISyS wWams bfagones taksfaieSa partylad & S i 2
property, such as being members of a metabolic or signalling pathway, beogiaed with

a specific Gene Ontology (GO) té#h1*2 or showing ceexpression during a given phenotype

or biological evertf*!3 Determining if such gene sets may have more differentially
expressed genes than what one would esipey chance, allows for a greater understanding

of the underlying biology within the experimental samples.

1.3.4 Observéions from the genome sequencesWblbachiaand filarial
nematodes
The first genome sequencing projectsvdblbachiawere performed by Wit al 3¢ in 2004

and Fosteret al!'! in 2005, lookingat the Wolbachia endosymbionts ofDrosophila

melanogastefwMel) andBrugia malayrespectively\wBm). Between 2005 to 2019, over 40
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different Wolbachiagenomes have been uploaded to thé N L Q& ! 3aS¥ote RIGIOLF 3
ALl YyYAY3I  NIy3IS FTNRBY AyaSOwwalbadhiedeRodesiill G2 ySYI G2F
have based much of their analysis on the genomeg\d¢| ard wBm, yet these two genomes

have received little in the way of realysis in light of modern knowledge, outside of
Fdzi2YFGSR Ff3IA2NARGKYaA &dzOK | & ) The tloSast thedieR | | NB 2 G A O
available is a ment wBm resequencing effort using modern PacBio and Illushased

techniques in 2019 by Lefouloat al!®*®, Even then this study did not undertake a

(p))
oY

comprehensive reanalysisof YQa Fyy2GlGdA2yas Fa Ad sl a y2a

of investigaton®?°,

By contrast, the first genome sequence of a parasitic filarial nematode was tiBatigia
malayi sequenced in 2007 by Ghedi all'2 A total of 12 filarial nematodgenome
sequences from the Onchocercidae family have been publisktdeen 2007 to 2019,

several of which are known to harbour straind/@blbachia

In general Wolbachiagenomes across all supergroups range in size from 0.9 to 1.6 (Mbp)
The mutualismtWolbachiaof nematodes often exhibit smaller genome sizes within thigea

as compared to the parasititolbachieof arthropods. As an exampBm was determined

to have a genome size of 1.08 Mbp encoding 806 preteiting genes on first publishing,
whilstwMel had a genome size of 1.26 Mb encoding 1,270 preteiting gens. Wolbachia
genomes in general are also comparatively smaller than what can be expected of bacteria in
general, with the genome of the model bacteischerichia cobtrain K12 for exanple
having a genome size of 4.64 MBpThis reduced genome size is a common feature amongst
intracellular symbionts, sin as other members of the Rickettsiales, as the biochemical
pathways of the bacteria become degenerated and supplanted by the host oveftitte
Despite these reducesdizesWolbachiagenomes in general have been noted to contain a
large number of@peated sequences and mobile insertion sequence elements, which can be
ANRdzLISR Ayid2 aSLI NI GS Wiwolbachiabf arbrdds vére naté&dj dzSy OS & A Y
as often haing a higher abundance of these elements when compareWadbachiaof
nematoded!' 118142 The families of insertion sequess in particular also appear to be
Wolbachiaspecific, with the genome sequencing projecY¥dlbachian Culex pipien&vPip)

noting that there was little family overlap thiwMel**.

In addition, the presence of an integrated bacteriophag®@ibachia known as Prophage
WO has been observed within multipM/olbachia of arthropods, but appears ither

degenerated, or absent, Wolbachiaof nematodes!'142144146, This corroborates previous
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observations that have identified the presence of a bacteriophage in't9@ubsequent
studies by Beckmanet al}*¢and LePaget al1*°in 2017 within prophage WO identified the
presence of an operon of two genesdAcidB. The two studies convergently identified the
genes as acting together to form a bacterial teairtidote system to induce cytoplasmic
incompatibility phenotypes in arthropods. Interestingly, this operon within phage WO has
been noted to be degenerated in naytoplasmic incompatibility inducing strains of

Wolbachia®®, such aWolbachiaof nematodes!.

Genome sequencing &Yolbacha from different hosts have either not mentioned, or have
been unable to find, evidence of flagellar, fimbrial, or pili genes that may be responsible for
Wolbachiamotility within the host!L It has instead been predicted that they migrate via co
opting of host actin filaments:%1152 which is a feature that appears conserved amongst
the Rickettsiale$®>1% In addition, whileWolbachiagenomes generally maintain the genes
required for the synthesis of lipid the major precursor monomer of peptidoglycan for cell
walls, the pathwaydor synthesis of additional cell wall componentsa@nine and b
glutamate appear absent. Additional gmaes that are used to catalyze the crdisging of

the cell wall are also absent in multiplé/olbachia genomes, particularly that of
nematodes!’. These truncated pathways go some way to addressing previaenations

that the cell wall structure ofVolbachiais atypicd’.

Unusual for a member of the Rickettsiae, the gensméall sequencelVolbachiato date
appear to conserve the pentose phosphate pathway, followed by the delhovo
biosynthetic pathway for purine angyrimidine nucleotide¥!1181% Certain strains of
Wolbachiaalso maintain the pathwayof further refinement into the enzyme cofactors
riboflavin and flavin adenine dinuleotide (FAD). Following on from this, the pentose
phosphate pathway tilises intermediates from the glycolysis pathwaywéblbachia which

has been noted to be incomplete inany sequencetlVolbachiato date, both in arthropods

and nematode¥ 1118136142 gpecifically Wolbachialack the genes for direct upka of
extracellular glucose for entry into the glycolysis pathway (involving phosphoglucomutase
and glucoses-phosphate isomerase), and thus must refyan alternative carbon source for
feeding metabolic pathways, or ATP requirements. Hypotheses havesedcan the
potential for gluconeogenesis to remedy this gap, primarily due to the absence of enzymes
catalysing irreversible glycolysis reactioBgphosphofructokinase, and pyruvate kind3$€°.

In the place of pyruvate kinase, is a pyruvate phosphate dikinase (PPDK) enzyme which, while
able to act in both the glycolytic and gluconeogedirections, has been predicted to operate

primarily in the gluconeogenic direction withiWolbachi&*!*¢ The existence of PPDK in
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Wolbachiahas received some interest as a possiblegafgr exploitation, as it is only known

to be present in certain plants, bacteria, and arcHae&®

Finally, allWolbachiagenomes have been noted to erg®m components for the Type IV
secretion system, a common transmembrane structure that is used by bacteria for transfer
of material to a target. Commonlgssociated with virulence factors or transfer of DNA
sequences as part of recombination, it could absoutilised byWolbachiafor transport of
molecules to its nematode host. Type IV secretion sysgactureshave also been directly

observed on the stiaces ofwBm by immunetransmission electron microscopy.

The first parasitic filarial nematode genome to be sequencedBvasalayi first reported in
200490, then fully analysed in 2007, by Gheedinal 1'% revealing a lengtklightly under 94
Mbp and containing 11,472 genes (NCBI Bioproject PRINA27801). This is inscontpari
the freeliving nematodeCaenorhabditis eleganshich, according to the latest genome
sequencing project in 2019, has a genome size of just over 1Y) &hd encodes 28,416

genes (NCBI Bioproject PRINA13758, Assembly GCA_000002985.3).

Since then, 1Zdifferent parasitic nematodes of the Onchocercidae family have been
sequenced Table 1-1), 8 of which have been piished recently by the International
Helminth Genomes Consortidfh The genomes of these 12 parasitic nematodes range in
size from 77 MbpWuchereria bancroffito 96.4 Mbp ©. volulus), encoding between 10,397
(Acarthocheilonema viteaeto 16,117 genegdnchocerca flexuo}a

The presnce ofWolbachiaDNA sequences within several filarial nematode genomes has
also been identified in several studi&s starting in 2007by Hotoppet al. who observed a
large number ofWolbachialike DNA fragmentsvithin the B. malayigenomethat was
indicative of laterabene transfer event&®. Butperhaps more interestingly, McNulgt al 164

in 2010 identified the pmrsence ofWolbachia sequences within the filarial parasites
Acanthocheilonema vitaéa parasite of rodents) an@nchocerca flexuas(a parasite of
deer), with neither of these filarial nematodes known to harbour Vdolbachia
endosymbiont®59185 After BLAST searches, McNutal.identified 49 and 114Volbachia

like DNA sequences within the two matodes respectively, with 40 and 104 of the genes
having identifiable homologues wBmM!®* Asthe study did not undrgo comprehensive
sequencing and analysis of the genomes of the two nematodes, the humb&olbkchia

like DNA sequences that have been integrated into these nematodes could belffigher
Regardlessthe existence of thee DNA fragments appears to be most congruent to the

hypothesis that theNolbachiaendosymbiont has beelost over the course of evolution in
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some species of filarial nematod&$®* Whether this contributed to the eveual removal of

Wolbachiain these nematode species remains to be elucidated.

Assembly NCBRssembly Ger_10me AR Wolbachia
Nematode size codng
release ID present?
(Mbp) genes
Acanthocheilonemag 2012 GCA_900537255.| 77.4 10,138 No
viteae
Brugia malayi 2007 GCF_000002995.] 93.7 11,472 Yes
Brugia pahangi 2018 GCA_900618355.| 90.5 14,599 Yes
Brugia timori 2018 GCA_900618025.| 64.9 15,861 Yes
Dirofilaria immitis 2012 GCA_001077395.| 84.9 10,179 Yes
Elaeophora elaphi | 2018 N/A 82.6 10,410 No
Litomosoies 2018 GCA_900537275.| 64.8 10,246 Yes
sigmodontis
Loa loa 2013 GCA_000183805.{ 91.4 15,440 No
Onchocerca 2018 GCA_900618345.| 86.2 16,066 No
flexuosa
Onchocerca ocheng 2018 GCA_900537205.| 95.5 13,698 Yes
Onchocerca 2016 GCA_000499405.] 96.3 12,534 Yes
volvulus
Wuchereria 2018 GCA_900622535.| 77.0 13,058 Yes
bancrofti

Table 1-1: Sequenced fildal nematode genomes available on the NCBI Assembly database for gentfes
data taken on 29" July 2019Note that thecompletegenome sequence of Elaephora elaphi haseenreleased

to the NCBI Assembly databaseof September 2018ut has an associated publication dahlelt?

1.3.5 Comparative genomics Wolbachiaand filarial nematodes
The essenality of theWolbachiasSy R2 4@ Yo A2y G F2NJ 0 KSANI ySYIG2R

been a source of interé4o the research community as a viable drug target for treatment
options, as discised earlier. Similarly, this same interest has extended into attenp
investigate the basic biology of symbiosis that exists between the two organisms. Initial
comparisms between the genomes @fBm and its nematode host revealed the presence of
pathways that were intact in one, but missing in the oth&his includegpathways forde-
novobiosynthesis of important organic molecules offactors, such as purines, pyrinméis
and haem?!, which are found within thevBm endosymbiot but not within the nematode
host. SimilarlywBm was noted to maintain intact gaways for thede-novobiosynthesis of
flavine adenine dinucleotidé~AD), another important efactor. In turn, the nematode host
maintains a complete glycolysis pathwayr fthe import of extracellular glucose and
conversion to intermediates for the Tridarxylic acid (TCA) cycle, whilst the endosymbiont
lacks the abilityto import such extracellular gluco¥é!8136.142 |nstead, it has déen
hypothesised thaivBm utilises host pyruvate for the TCA cyaitel energy production, or its

unique PPDK enzyme in a gluconeogenic fashion for the synthesis of me&bdfi1>¢ In
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addition, the nematode host maintains genes for the biosynthesis of folate, dsawe

multiple amino acidswhich theWolbachiaendosymbiont lacks™.

Interestingly, analysis of th&Volbachiaendosymbiontof O. ochengi(wOo) in 20122
highlighted a lack of the riboflavin biosynthetic pathwia its entirety a trait shared with

the closely relatedVolbachiaendosymbiont ofO. volvulus sequened in 2016, and a
contrast towBm, which maintains the pathwaly. Instead, these pathways appear to be at
least partially present withithe Onchocercéilarial hosts, a further contrast from the system

in B. malayi What is consistent between the two systems however, is the conservation of
the de-novo nuckotide biosynthetic, as well as haem biosynthetic, pathway within the
Wolbachia endosymbionts, and absence of the corresponding pathways within the
nematode host*21%¢ |n addition, bothwOo andwOv appear to maintain genes for tloke-

novo biosynthesis of folke, which may be partially present i@. ochengibut not inO.

volvulus marking a further contragb the wBm andB. malaysystem.

Further analysis dbirofilaria immitisand itsWolbachiaendosymbiont wDi) was performed
in 2012 by Godaedt al1*°. Like otheWolbachiaendosymbiontf nematodes as mentioned,
here the authors observe a conservation of tleenovobiosynthetic patlvaysof haem and
nucleotides withirwDi. Much likevOo, and unlikevBm, the authors also noted the presence

of genes for thale-novofolate biosynthetic pdtway withinwDi.

It is interesting to note that despite the individual differences that ekistween the
nematodeWolbachiasystems, all nematod&/olbachiaappear to conserve the haem and
nucleotide biosynthetic pathways, which their nematode hosts umsially lack. Indeed.
malayihas previously been demonstrated to be able to uptake exogehaesm usinghe
transporter BMHRGL, demonstrated via utilisation of modified yeast cells that require
exogenous haem to survit® The same study alsti@wved thatRNAinterference studies
targeting BMHRGL resulted in a block in adult female nematode embryogenesis within 2
days a strikingly similar phenotype tthat seen inWolbachiadepleted nematode¥’. It is
likely that the nematode acquires this haem from Walbachiaendosymbiont, due to the

Y SYI (2 eé&SDadevkelbped digestive tract in most life cycle stages, as well as the
difficulty of acquring exog@ous haem from the environments the nematode inhabits during

its life cyclé®”.
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1.3.6 Application of Transcriptomics to studjolbachiainteractions with their
filarial hosts
As of 2019, there have been 5 studies that have looked at the transcriptoMéltfachia

concurrently with their nematode hosts, namelB. malayi®®® (investigating tle
transcriptomes ofL1 to adult male/female nematodesD. immiti$’%1’ (investigating the
transcriptome of different life cycle stages or differemdudt nematode tissues) an@®.
ochengt*? (investigating the transcriptome of different adult nematode tissues). These
studies have largely focused on investigatingddife cycle stages of thnematode (L3 to
adults), or specific tissues of adults, with an exception of the study performed by @hung
al. in 2018%. The authors of this study have published, but has yet to analyse, the

transcriptome from L1 through to reproductive adults.

Generally, the analysis of these transcriptome studies hasoborated hypotheses that
were generated from analysis of the corresponding genome sequencing projects, and the
importance of certain pathways (such @s-novohaem or purine/pyrimidine biosynthesis)

in the symbiotic relationship. In addition, it has beelserved that the transgsiomes of

both the Wolbachia endosymbiont and their nematode hosts appear to be highly
coordinated depending on the life cycle stage of the nematode and to a more limited extent
the various tissues of the nematotté%%!7%, Fa instance, within theB. malaysystem it was
observed that the DNA replication machinery, components of the haem biosynthetic
pathway, as well as membrane transport functions, such as the Type IV secretion system,
show a high bsal level of transcriptioal activity inwBmt®, During later, reproductively
active nematode life cycle stagesyBm glycolysis/gluconeogenesis pathways were
upregulated when comparetb developing life cycletages this was accompanied bg.
malayi genes responsible for glycogen catabolism also being upregulated, indieatingQ a
dependence on the host for energy producttéh In developig female nematodes, certain
componeris of the nucleotide biosynthesis pathwaysiBm were also upregulated, as were
additional genes for energy production and chaperone functions, with these chaperones

known to be expressed irsponse to oxidative stresor heat shock®.

Within O. ochengi it was noted thatwOo within the nematode germline exhibited
upregulation of components of the DNA replication, as aeliranslational machingr likely
indicating thatwOo is rapily replicating so as to invade host oogonia and facilitate transfer
to the next generatiotf2 By contrastwOo within the nematode soma exhibited upregulated

membrane transport machinery, such as metal ion transporters, components of the oxidative
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phosphorylation pathway, Typ¥ kecretion system componts, as well as the Sec secretion

components#2,

Within the D.immitis system, the haem biosynthetic pathwaywbDi was notedo be highly

upregulated during the mf life cycle stages, with other studied life cycle stages showing a low

level of transcriptional activity in this pathwd$ The authors postulate that haem

biosynthesis might be hightyzLINS 3 dzf + § SR RdzNAYy 3 YT &%an@Sa a | Tz
preparation forD. immiti€) RS@St 2 LIYSy i oA GKAY (MaSmodigmljdzi 62 @SO
parasite specie$’? This profile is replitad for the purine and pyrimidine biosynthetic

pathways, as well as membrane transport mechanisms, altheihshowed upregulation

in both mf as well as the L4 life cycle std@esThese observations suggest stapecific

expression and supplementatidoy wDi for its nematode host°.

1.4 Project aims

Despite the existing knowledge gained from analysing and comparing the genomes and
transcriptomes oWolbachiaand their nematode hosts, the fact mains that no studies

have yet to fully investigate the transcriptome of developing nematode larvae in detail. More

specifically, there is an a®t unelucidated role tha¥Wolbachiaappears toplay in allowing

transmission of the nematode to their vectoosts. In additionWolbachi@?a NRBf S RdzZNAy 3 St N
L3 to L4 nematode development shortly after infection of the final host, as well as the

processes that allows its rapid population expansions lyat to be elucidated. And

underpinning this all, is the gen@sequence and annotation @fBm that, despite being

the basis for over 40 differewolbachiagenome sequencing projects, is nearing 20 years of

agewith only automated curation by NGB8 and lacking anfilumancuration using recent

technological advances.
As such, theesearch questions this thesis aims to address be summarised as follows:

1. With the berefit of new techniques, knowledge, and human curation, doesniBen
genome contain any previously unannotated genes that can reveal new biology
and/or interactions with its nematode host?
2. Utilising the L34 developmental transcriptome 8f mdayiand itswBm host, what
are the interactions between host and endosymbiont during this key developmental
stage, and are there any metabolic pathways that can explainy Q& LJ2 LJdzf F G A 2y
growth during these stages?
3. Utilising antibiotietreated and untreate B. malayimicrofilariae, what effects does
wBm depletion have oB. malayY A ONR FAf I NAF SQa FoAfAGe G2 AYyTFS
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utilising transcriptomic data, are there any distinct pathways, complexes, or enzymes

that could explain any observations oef

These reearch questions aim to provide a better understanding of the relationsBim may
have with its nematode hostt the genomic level, this could reveal new biology that may
be applicable to otheWolbachiagenome sequences that have been reledsince 208-
2005. At the phenotypic level, identification génes, pathways, or complexes that play a
role in symbiosis could be relevant to othéfolbachianematode symbiotic relationships,

but also may have implications for wider disease, or potegtigctor, ontrol strategies.
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Chapter 2 Reannotation ofhe wBm genome

2.1 Introduction

Developmentof technologieswithin the last decadein the form of massivelyparallel
sequencindy companiessuchasllluminaor PacBié'® hasmeantthat anincreasinghumber
of genomesare being sequencedand entering the public domain. However, although
sequencingechnologieshave advancedannotationandanalysiof theseresultinggenomes
haslaggedin comparison,with automatedstrategiesfor genomeannotationbecomingthe

norm dueto the sheeramountof datagenerated Automatedstrategiesare typicallybased
upon pre-setalgorithmstrained on modelorganismsandrequire frequent updatesto keep

up to date with the generationof new biologicalknowledge.

Thedevelopmentsof suchhightthroughput genomesequencingechnologyhavealsolead
to the developmentand proliferation of RNAsequencingechnology’®. Thisis a powerful
technique that can be applied to study the transcriptome of an organism generating
knowledgeasto what genesare expressedit certaintime-points, developmentaktagespr
environmental pressures.In addition, the i S O K y &bjliyz® Qécuratelyidentify gene
expressionin organisms lends itself well for annotation projeds'’s. Specifically, if
computationally predicted genescan be shown to have active transcription and gene
expressionby RNAsequencingthe validity of the predicted gene coordinateswould be
strengthenedsignificantly Asaresultof this, RNAsequencingechniqueshavebeenapplied
in recentyearsto validatenewly sequencedgenomesaswell asreannotategenomesthat
were sequencedbefore the technologybecamewidely available. Two recent examplesof
such reannotation work were performed by Tran et al. on the fungal dermatophyte
Arthroderma berhamiaé’®, and Yanget al. on 8 different Drosophilaspecie$. RNA
sequencinghelpedTranet al. to identify modificationsto 64%of the existingA. benhamiae
genomeincludingannotationof 383new genesanddeletionof 708 gened’, whilst Yanget
al. identified between 1,200 to 3,800 new genes’®, as well as extensionof the coding

sequenceof manyexistinggeneswithin the studied8 Drosophilagenomes.

In the caseof the Wolbachiaendosymbionf both insectsand parasiticfilarial nematodes,
Wolbachiaof Drosophilamelanogaster(wMel) and Brugiamalayi (wBm)were the first two
Wolbachiagenomesto be sequencedn 2004*¢ and 2005 respectively Thisyieldedtwo
comparativelysmall genomesof 1,267,782and 1,08),084 basepairs respectively with
subsequentannotation of these genomesrelyinginitially on severalautomatedprograms,

includingthe ERGGoftwaresuite and GeneMark®r GLIMMERrograms1176.177 followed
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by manualhuman curation Thispredicted 1,195 and 805 protein-codinggeneswithin the
genomesof wMel and wBm respectiely. By comparisonthese genomesare significantly
smallerthan the genomeof the model organismEscherichiaoli K-12, first sequencedn
1997%, which was determined to have genome lengh of 4,639,221 basepairs and

maintainedover4,000genes.

Whilst the automated annotation programsused on the Wolbachiaendosymbiontshave
receivedmultiple updatesto keepup with knowedge 8179 they have not beenre-run on
thesegenomesto take advantageof these updates.Forinstance the genomeof wBmhas
veryrecentlybeenresequencedput not reannotated,n 2019usingt | O . SingldMalecule
RealTime (SMRT)technology®. This resequencingeffort has revealeda slightly larger
genomethan previouslythought (1,080,93%s 1,080,84) and identified a minimum of 18
singlenucleotidevariants(SN\$)ascomparedto the original2005genomé=?, with these18
subseuentlybeingexperimentallywalidated.Theauthorsdo statehowever that it isdifficult
to know if these SNVsare dueto sequencingerrors, or genuinebiologyarisingfrom the 14

yeargapbetweensequencingfforts.

AsecondwWolbachiagenomethat hasbeenresequencedn recentyearsisthat of Wolbachia
in Aedesalbopictus(wAIbB*8 A.albopictusmosquitcesare knownto be infectedwith two
strainsof Wolbachiafrom supergroupsA and B. Theresultingcelllinesof thesemosquitoes,
suchas Aa23,retain only supergroupB81& and have been a usefulmodel organismfor
studying host-endosymbiontinteraction. Firstsequencedn 2012by Mavinguiet al.!® using
a 454 Titanium machine this identified a genomelength of 1,239,814basepairsand 1,209
protein coding genes,which is approximatelyin line for a Wolbachiaendosymbiontof
insects. In 2019, the genome of WAIbB was resequencedby Sinhaet al.l'® utilising a
combinationof PacBicandlllumina sequencingechnology.Thisidentified a genomelength
of 1,484,007basepairs,with all of the 20128 genomemappingto this new assemblyé,
makingthe genomeof wAIbB one of the largestof insect Wolbachia In addition, 1,205
protein codinggeneswere identified viathe NationalCener for Biotechnologyinformation
(NCBIprokaryoticannotationpipeline'?’. Thisis an automatedgenomeannotationpipeline
that combines information from various sources, such as the wealth of annotation
knowledge from NCB®Q enome and short-read archive databases as well as gene or

pseudogengredictiontools suchasGeneMakS+%.

Thesetwo genomes(of wBm and wAlbB)are the only two Wolbachiagenomesthat have

receivedany form of resequencingor reanalysisdespite over a decadeof researchinto
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Wolbachiaendosymbionts.This lack of reannotation efforts to take advantageof new
knowledgeand updatedalgorithmsposesa significantproblemin understanding/NVolbachia
biology. Sincethe publication of genomesfor wBm in 2005, over 40 different Wolbachia
genomes have been sequencedto various stages of completion 6 b / . As€erably
databasé®), all of which will have been built upon the knowledgefirst imparted by the
genomesof wMel and wBm. These40 genomesrepresentonly a small fraction of the
diversity presentin the Wolbachiagenus,which canbe subdividedinto 16 supergroupsA
through to Q%, of whichwBm is a member of SupergroupD. Thissupergroup,as well as
SupergroupC Wolbachia contain the majority of Wolbachiathat live in symbiosiswith a

nematodehost, almostall of whichshowa mutualisticrelationship.

Theobjectiveof this chapteris to undertakea comprehensivaeview and reannotation of
the wBmgenome aswell asanalysif thisgeromein the contextof other newly-sequenced
Wolbachiagenomes.Thiswill be achievedutilisingmodernknowledgeand technology,as
well as transcriptomic data derived from B. malayi nematodescollected 14 days post
infection of Mongolian jirds, with additional RNAsequencedata from days3, 7 and 11
servingasvalidation.The W (i 2 tiamsériftomefrom thesetime-points wasfirst taken from
the B. malayi host and partitioned into 2 datasets by alignment to their respective
genomes!t112 (i) B. malayiunique readsplus lateral genetransfer events,and (ii) wBm
unique reads.Thisis then followed by manualcuration of the genometo identify possible
codingregions, pseudogenespr RNAcoding genes,before the addition of bioinformatic
tools suchasBlast2G®&?to completethe reannotationof w. Y @eénome(seeFigure2-1 for
workflow overview).Thistime-point was chosenfor investigationdue to its significancan
the nematodeand wBm life cycle,occurringjust after the L3L4 moult aswell asthe rapid
population growth of wBmt>. Thisperiod of population expansiorwould theoreticallyresult

in the expressiorof muchof w. Y @énesthusaidingreamotation efforts.
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Figure2-1: Overview of experimental design for identifying and annotating new genesviBm. This comprises
of RNAsequencing and genome alignments, followed by manual curation and aimotof regions in the
genome that show high expression, before characteriratfonewlyannotated regions for either proteicoding
genes, pseudogenes, or Rbi#ding genes. This characterization process utilizes a variety of2fgéld 82187,

2.2 Results

2.2.1 RNASequencing and Alignment of RBB¥juence data tthe wBm Genome

All RNA extraction work in this section was done by Dr ChristBranowski, with

processing and sequencing done by the Liverpool Centre for Genomic Resources

To identify unannotatedregionsof the wBm genome,parasiteswere obtained from the
FilariasisResarch ReagentResourcgFR3)aboratory that spannedthe first two weeksof
nematode developmentwithin the Mongolian jird model (Meriones unguiculatu3. This
involvedinjection of infective L3 stagenematodesinto the peritonealcavityof the jird, and
incubationfor 3,7,11,and14 days beforethe nematodesverethen recoveredvianecropsy.
Forboth day 3 and day 7 time-points this yielded2,000L3stagenematodeseach,and days
11 and 14 yielded 1,000 L4 stage nematodeseach. RNAwas then collected via TriZol
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extraction,depletedof rRNAsvia TerminatorExonucleaseand sequencedisingan lllumina
GAlIx machine.Terminatorexonucleasdreatment was usedto remove rRNAsfrom both
eukaryotigB.malayi andprokaryotic(wBm)sourcesRNAsequencingrom thedayl14time-
point yieldedatotal of 80,258,564rimmed unalignedreadsacross2 separate singleended
technicalreplicatesand a final paired-end technicalreplicate. Asmentionedpreviously this
study utilizesthe day 14 time-point for reannotation efforts, whilst the remaining3 time-
points servedasadditionalvalidationacrossan additionallife-cycle,aswell asto aidin the
detectionof singlenucleotidevariants.Thefull resultsfrom all 4 time-points are described

in Chapter3.

Toobtain RNAsequencinglatafrom the wBmendosymbiontwe designeda bioinformatics
pipeline that allowed us to extract the wBm transcriptome from the significantlymore
abundantBrugiamalayitranscriptome.Thisis first done by aligningthe total transcriptome
datasetto the B. malayigenomeusinga spliceawarealigner,before extractingunmapped
readsand realigningtheseto the wBm genome.Thisoperation canbe run in the reverse
order,andthe resultingalignmentscanbe comparedo observeanypotential casesf lateral
gene transfer, which are known to occur in such Wolbachiahost symbiotic

relationshipg62.163

UsingSubreadAligner®, 88.45%of the first readswere successfullynappedto the Brugia
malayi genome.Theremaining9,273,693 unmappedreadswere then remappedto wBm,
resultingin 26.91%readssuccessfullynapped(3.11%of total readssequencedmappedto
wBm). Theremainingsequencereadsthat failed to mapto either genomewere discarded.
Themappedreadsobtainedfrom this alignmentwere usedto determinelengthnormalised
expressionlevels for genesin wBmQ genone. Thesewere calculatedby Cufflinkd® as
WC NI IPe&iyoibiagef exonperMillionmappedNB | (RRKEpeforealignedreadswere
visualisedusing Artemis®®®1, Aligned RNAsequencereads were used to confirm the
position of existinggenome annotationg!?, and usedto identify potential sites for new
annotationsto be added manually.In brief, regionsof the genomewere designatedas
Regionsof Interest (ROI)if they containedsignificantRNAsequencealignmentsrelative to
background,with such sites being identifiable by the presenceof large W & (i loORN& Q
sequencereadsalignedto the genome(Figure2-2). Relativeexpressionlevelsof allwh L Q a
were comparedby the generdion of a densityplot usingFPKMvalueswith a 5%confidence
interval (equallingan FPKMbf 5.4)in the datasetbeingestablishedandnewlyidentified ROI
beingconsideredsignificantif FPKM®xceededhis threshold(Figure2-3).
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Figure2-2: Example output of the Artemis genome viewer, focusing on thBm genome and RNAequence data generated from this studiote the top half of the image which shows a

visualzation of aligned RNAequence reads, illustrated as flac Yy R INB Sy WwWail 01aQed 'fa2 y20S8 GKS o02dd2Y KIfF¥ 2F oKS AYIl 3S
reverse direction. Stop codons within these reading frames arefiddny black bars, with annotated genes identified bytétost al. 2005 illustrated as blue (Coding Sequences) and yellow

(exon) bars located within regions that have no stop codons. I¥)omote the presence of two annotated genes identified bydfedtal. and the large RNA stacks above bdthfH0019and

Wbm0020, indicating high transcriptional expression. In [B) note the presence of a large RNA stack, but no annotated regions. Instead, in this box note the presence of a genome region

with nostop codonsdreen arrow). In box(C) note the presencef two genes that have comparatively small RNA stadkm{0025and WbmO002§, indicating low transcriptional expression.
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