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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

Page |18



folalels]

7 ]

[

i o /V —

\ [ Endemic countries thought not requiring PC ﬁ\

B Endemic countries not implementing PC or not reported in 2017

Ii 777 Countries verified elimination of transmission O P I
0 Countries applied for of iption of i e
s I Endemic countries. PCin 2017 with coverage <100% | MNon-endemic countries
Il Endemic countries. PCih 2017 with coverage 100% [] Notapplicable

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).
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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
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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

Page |37



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.

Page |39



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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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.

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
(S GKS o2Gd42Y KIFET
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Density Plot of Log2-transformed FPKM values
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Figure2-3: Density plot ofFPKM dataNote the labelled, solid red line which signifies theaffipoint set in this

study, above which a gene is considered expressed, as represented by the area of the density plot shaded in blue.
The red line signifies the 5% threshold usetiimgtudy (34 FPKM), whilst the grey dashed lines and labels show
reference points for 100 and 1,000 FPKM on the tmapsformed scale. The overlaid boxplot indicates the
distribution of FPKMs for genes that were newly annotated during this study. Naiteatith the exception of 1

gene, all of these newdgnnotated genes exceeded the 5% FPKM threshold and have comparable FPKMs to
existing genes.

From this distribution of FPKMswe determined the median and mean FPKMsfor the
protein-codingregionspredided by Foste et al. in 2005* at 81 and 278 FPKMespectvely.
In addition to this, there were severalregionsof the wBm genomethat lackedannotation
but had observableRNAsequencestacksthat were comparablein sizeto existingprotein-
codingregions(Figure2-3, boxplot indicatesFPKMlistribution of all newlyidentified genes).
Assumindhat the majority of originalannotationsin the wBmgenomedeterminedby Foster
etal.arecorrect,thisindicatedthe presenceof severahewgeres,pseudogenesandnon-
standardtranscriptomicevents.Both originaland new genepredidions were combinedasa

singleannotationfile in GeneralFileFormat(GFFA 1-1).

2.2.2 Overview of newly identified putative coding genes
Atotal of 1,048ROIwhichexcludesvBmQ @reviouslyannotated34 tRNAsand 3 rRNAsvere

identified in the analysisThiscomprise959 ROIthat met the FPKMhreshold(Figure2-4A,
W9 E LINBD & &@8d}and a further 89 newly identified pseudogenesor genesfrom the
originalgenomeannotation that failed to meet the FPKMthreshold (Figure2-4A, red and
greensegments)ROIlwere designatedasprotein codingif they had expressedRNAand at
leastone of the following: (i) a clearopenreadingframe of at least300 nucleotides(Figure
2-4A, intersect with W/ f GpeM\ReadingC NJ Xi&I©, total 784) (ii) nearfull length
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homologyto anentry with knownfunctionin NCBprotein databasegFigure2-4A, intersect
with Ww S f Anilo&itions9 E Aciéclié, tal 843)or (iii) both (Figure2-4A, yellow segment,
total 697). Regionswere also designated as pseudogenesif the reading frame was
interrupted, or if high FPKMswere noted in a regiondespitea lack of openreadingframe
(Figure2-4A, unionof greenandblue segmenttotal 222).Thisfinal categorydoesinclude3
predicted functionatRNA genes, and 5 casesof potential stop-codon readthrough or

ribosomalframe-shifting.

Thisreadmappingand manualinspectionof genecoordinatesin wBmwasrepeatedusing
additional RNAsequencedatasetsobtained from existingdatabase&1% (NCBbioproject
number PRINA294264NCBI Gene ExpressionOmnibus number GSE93139)This data
originates from different life cycle stages of the B. malayi host, where the wBm
endosymbont will have a different transcriptome profile as compared to the L3

developmentaktages.

A B
RELATED ANNOTATIONS EXIST CLEAR OPEN
CLEAR OPEN READING FRAME ~ RELATED ANNOTATIONS EXIST
READING FRAME
EXPRESSED RNA EXPRESSED RNA

Figure2-4: Venn diagrams to show distribution of identified geneswBm, (excluding tRNAs and rRNA&ach
genewas categorised as having (i) a clear open reading frame (red) (ii) evidence of expression by RNASeq (blue)
or (iii) an annotated homologue in the NCBI protein database (gr&agtion Arepresents an overview of the
completewBmgenome annotaibn, combning new genes predicted from RNASeq expression evidence with the
2005 annotationsSection Brepresents an overview of the newly predicted genes and pseudogenes identified
using expression data from this study.

This analysisidentified a total of 133 new potential genesin wBm, (Figure 2-4B). Initial
analysisdentified 20 geneghat were consideredaspotentially protein-codingdueto having
aclearORFand meetingthe 5%thresholdto be consideredasexpressedOfthese,12 were
foundto havesequenceelationshipgo genesor transcriptsin adatabasehat wasindicative
of known function, or had generalstructuralmotifs that canbe ascribedto function (Table

2-1, Figure2-4B, yellow segment).Converselythe remaining8 had sequencerelationships
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to genesor transcripts which were describedas WK & LJ2 (i &r S Jd£D Hiflekisig) Q
databasegFigure2-4B, red segment).

Followingmanualreview, we electedto include one additionalgene (WBmNew0012 with

evidenceof an ORFof 396 nucleotidesdespitenot meetingthe 5% FPKMhreshold, making
a total of 21 newly discoveredgenes.Thisgeneshaved between 46 to 60%identity over
approximatelyd0%of querycoveragego an Ankyrinrepeatcontainingprotein that hadbeen
identified in other sequencedWolbachiagenomes suchasWolbachiaof Cimexectularius

(bedbug)or other arthropods(Table2-1, Figure2-4B, red andyellow segments).

In additionto these codinggenes,3 additionalfunctionatRNAgeneswere identified which
did not havea clearORFut hadappropriateannotationswhencomparedagainsthe RFAM

databasé®* (Figure2-4B, includedaspart of greensegment).

Ofthe 15 geneswith knownfunction (includingthe 3 functionalRNAgenes) 3 encodedfor
separatecopiesof a VirB2subunit, 1 encodedfor VirB7 subunit,and one encodeda SecE
subunit. Theseb transportrelated genesare comparativelysmallin size(<400 nucleotides,

Table2-1), whichmakest more likelyfor automated detectionmethodsto misidentifythem.

The VirB2 subunits (wWBmNew0003wBmNew0008wBmNew0022, while small, act as an
integral componentof the TypelV secretionsystem,and at leasttwo of the three newly
identified copiesare predicted to have full length open reading frames and significant
transcript expressionlevels (130 FPKMminimum). These subunits are responsiblefor
constructingthe connectingpilusthat allowsfor substratetransferbetweenthe originating

bacteriumandits target'®+1%5(Figure2-5).

The newly identified VirB7 subunit (wWBmNew0O0O02 is another integral component of the
Type IV secretion system. This subunit shows high transcript expressionlevels when
comparedto generalFPKMdistribution (385 FPKM)and functionsas part of the TypelV
secretiond & &  ®réc@mplex® 1% Togetherwith VirB9and VirB10(whichwere already
identified in the 2005annotation),this complexformsthe main pore channelthat spansthe
transmembraneregion,aswell asboth the innerandouter membranes®*1° + A Nbpediia
role appearsto keepthis core complexstable by fusingVirB9and VirB10together, whilst

localisedat the outer membraneportion of the complex®+1%(Figure2-5).
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Figure2-5: Representation of the Type IV secretion systerwidm, with newly identified genes from this study
highlighted in red.

The SecEsubunit (WBmNew002) again shows high transcript expressionleves when
comparedto the generaldistribution (215 FPKM Figure 2-3), and is a critical stabilising
member of the heterotrimeric Seetranslocasesystem complex®®1°” which is a major
pathway for the translocation of proteins acrossbacterial membranes$®. Translocated
proteinscanfunctionwithin wBmQ @eriplasm be embeddednto the membrane or excreted
into the extracellularspaceand thus into the nematode host. Together,these 5 newly
identified genesmay haveimplicationsfor the nutrient exchangamachinerybetweenwBm

andits nematodehost

Outsideof thesetransportrelated genes the genewBmNew0009vasnoted to havea 229
amino acid sequencewith 100%identity to the genewBmO0395 which encodesfor the E1

componentof the 2-oxoglutaratedehydrogenaseomplexandhasafull lengthof 887amino
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acds. This 100%identity implies wBmNew0009may be the result of a truncated, gene
duplicationevent. The newly identified genewas noted to have an FPKMvalue of 166.6,
whichis comparableto the full-length3 S y EPRNbf 255. lindicatingthat both genesshow
expression. Investigation of wBmNew0009did, however, identify several reads that
overlappedboth the open readingframe of the geneaswell asthe surounding intronic
regions.Thisindicatesthat this duplicatedgenemay be expressingranscriptsdirectly and

that readsfrom wBm0395are not doublemapping.

Thesenew codingfeatureshavebeencombinedwith the existing805 protein-codingand 37
RNAcoding regionsidentified by Fosteret al. in 2005t into one GFFannotationfile (Gene
FeatureFormat,version2.2),thus describinga combinedtotal of 866 genesand RNAcoding
regions.All regionsnewly identified from this study have been designatedwith the prefix
¥ . Y b Sndh@ GFRannotationfiles (A 1-1). A secondGFHile containsinformationon the
110pseudogeneidentifiedin this study,the 104 pseudogene&dentified by Fosteret al., as
well as5 instancesof non-standardtranslationalevents,for a total of 219 pseudogenegA
1-2). Additionally,25 genesidentified by the Fosteret al. annotation were noted to have
RNAsequencealignmentsoutside of their annotation coordinates with BLAS Bearchesof
the flanking regionsidentifying full, or nearfull length hits, providing evidencefor the
modification of the 25 3 S y S#taodons(Table 2-2). Theseregionsthat had modified

readingframeshavehada note includedin the approprate GFHile (A 1-1).
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SequencdD Length| DatabaseéDescription
(nuc)
wBmNew0001 | 648 DatabaseMatch ¢ Unknownfunction, membranebound; 74%similarityto genein Wolbachiaof Onchocercachengi
wBmNew0002 | 168 TypelV secretionsystemprotein VirB7, 79%similarityto genein Wolbachiaof Onchocercachengi

wBmNew0003 | 276 TypelV secretionsystem, TrbC/VirB2family protein; 72%similarityto genein Wolbachiaof variousDrosophila

wBmNew0004 | 267 DatabaseMatch ¢ Unknown function, membranebound; 72%similarityto genein Wolbachiaof variousDrosophila
wBmNew0005 | 627 OxidoreductaseNADbinding domain protein; 94%similarityto genein Wolbachiaof Cimexectularius
wBmNew0006 | 510 Predictedmembraneprotein; 82%similarity to genein Wolbachiaof Cimexectularius

wBmNew0007 | 312 PredictedLipoprotein; 57%similarityto genein Wolbachiaof Culexgquinquefasatus
wBmNew0008 | 339 TypelV secretionsystem, TrbC/VirB2family protein; 87%similarityto genein Wolbachiaof variousDrosophila

wBmNew0009 | 687 2-oxoglutarate dehydrogenasesubunit E1;, 94%similarityto genein Wolbachiaof variousDrosophila

wBmNew0010 | 153 6S/ SsrRNA RFAMe-valueof 6.7e12

wBmNew0011 | 396 Transposas®DEDomain 65%similarityto genesin FlavobacteriumCapnocytophagigand other gramnegativebacteria
wBmNew0012 | 396 Ankyrin repeat containingprotein; 75%similarityto genein Wolbachiaof Cimexectularius

wBmNew0013 | 198 DatabaseMatch ¢ Unknown Function,membranebound; 80.7%similarity to genein Wolbachiaof variousDrosophila

wBmNew0014 | 252 DatabaseMatch ¢ Unknown Functiory 89%similarityto genein Wolbachiaof Wuchereriabancrofti
wBmNew0015 | 349 BacterialRNAseP ClassA; RFAMe-valueof 8e-94
wBmNew0016 | 480 Phosphatidylglgerophosphatase?; 94%similarityto genein Wolbachiaof CimexXectularius

wBmNew0017 | 246 DatabaseMatch ¢ Unknown Function,membranebound; 93%similarityto genein Wolbachiaof Wuchererigbancrofti
wBmNew0018 | 471 DatabaseMatch ¢ Unknown Function,no identifiable domains 71%similarityto genein Wolbachiaof Dactylopusoccus
wBmNew0019 | 285 Alphatransfer-messengeiRNA RFAMe-valueof 3e-59

wBmNew0020 | 198 Preproteintranslocasesubunit SecE95.5%similarityto genein Wolbachiaof variousDrosoghila

wBmNew0021 | 372 Ankyrin repeat domain containingprotein; 66%similarityto genein

wBmNew0022 | 327 TypelV secretionsystem, TrbC/VirB2family protein; 87%similarityto genein Wolbachiaof Muscidufaxuniraptor
wBmNew0023 | 222 DatabaseMatch ¢ Unknown Function,no identifiable domains 100%similarityto gere in Wolbachiaof Wuchererigbancrofti

wBmNew0024 | 156 No DatabaseMatches
Table2-1: List of newly identified genes from this studiote the pesence of multiple Type IV secretion system components and functional RNAs that were identified from this study.
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Gene ID | Strand | Product Modification
WBND0011 | Antisense Permeasg of the major facilitatoy Start p95|t|on elongateql 45
superfamily nucleotides ense direction
WBMI013| Sense | Predicted protein Start pqsmon eI.ongated. 102.
nucleotides antisense direction
WBMD117 | Antisense| Lipoprotein Start pqsmon eIon_gateq 42
nucleotides sensdirection
WBn0D142| Sense | Predicted phosphatase Start pqsmon e!ongaudz 9.9 .
nucleotides antisense direction
WBnD208 | Sense | Predicted membrane protein Start pqsmon ellongated.48 .
nucleotides antisense direction
ABCtype protease secretion o
WBn0D216 | Antisense| system, ATPase and permease Start p95|t|on eIonggteng
nucleotides sense direction
component, AprD
wBno257|  Sense Mm_natch repair ATPase, MutS | Start pqsmon eI_ongated_45 _
family nucleotides antisense direction
WBND260|  Sense D_|oxygenases .related te 2 Start pqsmon e!ongatgd 21'
nitropropane dioxygenase nucleotides antiseresdirection
WB0285 | Antisense Methylase of polypeptide chain | Start pqsmon shortened. 96 '
release factor nucleotides antisense direction
. Multisubunit Na+/H+ antiporter, | Start position elongated 150
WBND421 | Antisense MnhE subunit nucleotides sense directio
WBNnD424 | Antisense| Na+/alanine symporter Start pqsmon eIonga_lted 9 0
nucleotides sense direction
WBND426 | Antisense Phosphatidylserine Start pqsmon eIonga_lted 39
decarboxylase nucleotides sense direction
WBND439 | Antisense Oligoketide cyglase/llpld Start pqsmon shorteped .111
transport protei nucleotides sense direction
WB0481 | Antisense I\/_Iembrangbound_ protoheme IX | Start pQS|t|on eIonggted 57
biogenesis protein, HemY nucleotides sense direction
WBnmD546 | Sense | Predicted esterase Start pQS|t|on e!ongateQS .
nucleotides antisense direction
WBN559 | Antisense Dihydrolipoamide Start pQS|t|on shortened_ 51 _
dehydrogenase E3 component | nucleotides antisense direction
WBND584 | Antisense Ubiquinone biosynthesis protein| Start pqsmon eIong_ated_ 51
CcOoQ7 nucleotides snse direction
WBN0598 | Sense Protein containing GNA_T family | Start pqsmon eI_ongated_ 90 _
acetyltransferase domain nucleotides antisense direction
WBND687 | Antisense| Predicted protein Start pQS|t|on eIonggted .516
nucleotides sense direction
WBn0716 |  Sense ABQtype Zn2+ transport system| Start pQS|t|on eIlongated. 147-
periplasmic component nucleotides antisense direction
WBm0722 | Sense ATP(_jependent p_rotease Hslv, | Start pqsmon eI_ongated_ 24 _
peptidase subunit nucleotides antisense direction
WBn0730| Sense | Predcted permease Start pqsmon el_ongated_ 75 .
nucleotides antisense direction
WBN0733|  Sense 1-acytsnglycerot3-phosphate Start pqsmon el_ongated_ 138_
acyltransferase nucleotides antisense direction
WB0763 | Antisense AsptRNAAsn/GIuRNAGIr) Start pQS|t|or1eI0nga'Fed 33
amidotransferasé\ subunit nucleotides sense direction
wWBmo788 | Sense Preprotein translocase subunit | Start pqsmon eIlongated.SS -
SecD nucleotides antisense direction

Table2-2: List of all 25 modications made to existing open reading frameswBmQ &

3SySas

presence of RNAequence data to these regions and homology from BLA&drch results.
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2.2.3 Bioinformatic characterisation of genes of interest
RNAsequencingprovides direct experimentl evidencefor transcription as comparedto

inferredannotationsandwasusedto prioritise someof the newlyidentifiedgenedfor further
investigation.Onein particular(wWBmNew000) showedvery high expressiorevelsin wBm
during the studied time-point (>1,000 FPKM).In addition, initial BLASTsearcheshave
identified possible homologues present in several Wolbachia of supergroup D. This
supergroup, along with supergroup C, contains Wolbachia that are exclusively
endosymbiontsof nematodes,with severa examplesof Wolbachiahostsin supergroupD

includingB. malayi Wuchereriabancrofti and Litomosoidesigmodontis

InterProScatt? searchesof wBmNew00OIpredictedthe presenceof two transmembrane
domainsnearthe N-terminusof the protein andalong,low-complexitytail at the Gterminus
(Figure2-6). Thepositionsof the transmembranedomainsandthe orientation of the protein
wasconfirmedby TMHMMandPhobus®-1%% FurtherPSiBlastP-2%'searchesdentified the
acylCoAdehydrogenasdamily ashavingconservedregionsthat alignedto wBmNew0001
Uponfurther alignmentusingthe t_coffee?®?program,aregionof 10residuesvasidentified,
6 of which were conservedacrossa number of acytCoAdehydrogenasegThre®?, GIut®,
Gy, Asp 1%, Alat®, Alat®l). Comparisorto the RCSBProtein Databank® identified this
regionaspatrtially overlappingwith the predictedactiveresiduesin an FADbindingdomain
(RCSBID number 1RX0_ A% Tyr%, Leu®® Thre™® Gly* Sef*s, conservedresidies
underlined)(Figure2-6). Thisdomainis found specificallyin IsobutyrytCoAdehydrognase,
responsiblefor valine catabolism.However,this partial overlap of two residuesmakesit
unclearif thisregionremansfunctional,asthis FADbindingsiteis alsopredictedto usethree

other domainsto form anactivebindingpocket.

Althoughinitial searcheddentified homologuespresentin only Wolbachiaof nematodes,
further BLASTR SIBLASTand manualalignmentswere done to identify if any homologues
of this geneexistwithin any other sequenced/Nolbachiastrains.Thesesearcheddentified
singlehomologuesn manyWolbachiastrains,with no related genesthat canbe identified
outside of the Wolbachiagenus.Usirg this data, comparativesequencealignmentswere
then constructedusingthe programT_Coffeé®? and a selectionof these sequencesFrom
this, we identified 3 regionsof the genethat showedhighlevelsof conservationaswell as
alargelow-complexityCterminusregion(Figure2-6). Interestingly it wasobsenedthat the
extent of similarity in this C terminus region appearedto be associatedwith Wolbachia

supergroup.

Page |53



Transmembrane domain Transmembrane domain Clade-specific domain
Intracellular

- Extracellular domain
domain

wDacA-Clade A/1-146 -ASPAGIAALFTAAVYFAAAAYASYQOMNATGERG- POGERGPVGDRGE OGEKGE - QGERGEQGPQGEIDEE
wDana-Clade A/1-203

wHa-Clade 4/1-197
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1

1

1

1

1
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ALT-—-ASPAGTAVIETAAVYEAAAAYASYOOMHKNEET S- EARKVSAEAAANKAEAAKTEREERTKDLATKTELVERVDSS-— 124
wov-Clade C/1-237 TTEPNVWEWENTVSVTETSTEGY - DGEDANFAVLIGDSVKSGEIVEKKVQETD 121
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whs-Clade D/1-216
with-Clade D/1-216
wcle-Clade F/1-150

Conservation for Clade B Wolbachia
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Conservation for Clade © Wolbachia
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Clade-specific domain
Acetyl -CoA conserved residues {Jade 0)
FAD-binding residues (Clade D)

whacA-Clade A/1-146 VLETMLOKTEVMETF ---—KFQEKTT 146
whana-Clade 4/1-203 AAL---ADKTDENYVDTELGKKANSADLAAKANTADVY TEKNYDDE ¥VDTELGKKANTADVYTETAAD- - TAFAKTNASNLIE 203
wHa-Clade A/1-197 AAL---TNKADKNYWDTELRKKANSANLAAKANTADVY TKENVDDE LAKEADTAALANKADEN--- ¥YUDTELGKKANSADLAARANTA- - DVYTRENVDDELA- 197
wCqPip-Clade B/1-225 - QKLNLELSKDDYEALTNGKNVGDEVTLN----—-———— VLLENKSVEVEFKHVAVANDNDNYKLELISVDGEVOLAEMKERLAMAPD SKSLTVAVGDEDLEALKNEVOAKLAEV-————-—-—=—=————— AVNAALS- 225
wVitB-Clade B/1-178 122 ----QKLNLELSKDDYQALTNDRKEGSEVVLH-————————— VL SEGRSVEVEFKHVAVADDNDNY KL ET B - —— —— = — = = — = =~ = = o o o 178
wheit-Clade B/1-151 125 -K--FNELLESSLEDSEVVQAF— 151
wov-Clade C/1-237 127 GRHTQQLFLVLEINDYRALAGD- VLLAGKKVEVELAHVDPKDDASEYKVEVAKVGGEDQLADMKTELGM- SNSNLLRVAVSNODLKALKANVSAKLADT —FAGKVA--| 237
woo-Clade ¢/1-237 - VLLAGEKVEVELAHVDPKDDASEYKVEVAKVGGEDOLADMKTELGM- SNSNLLRVAVSNODLEALKANVSAKLADT -~ SCAVEAATE- -~ KAGKVA-- 237

- GANTADQVTQAVNRANTASQAET ARQRVIEERTEDLATKTE- ~LGKRADAATLDAKADED=-==-¥VDARLNAKLNSSDLOEKVEEVLETLLOQNPEVMRTFESKFRARTGA- = o1&
whs-Clade D/1-216 SANTANQVTQAVNKINIASQAETAAQRVVEEKTRDLATKTE- --LGKRADAAVLATKVDRN-—-¥VDAELNTKINS CDLQKRVREVLETLLODEEVIETFE SKL QARTGA—— 216
witb-Clade D/1-216 GASTADQUTQAVNEANTASQAETAAQKVVEERTKDLATKTE LDKEADAATLDAKADKD-——¥VDAELNAKLNS SDLOERVEEVLETLLOYPEVMRIFE SKFRAKTGA | 216
wcle-Clade F/1-150 ———-ATKADLNTKADKSDVDROIGDIQTKLNEL---———--——-—---——— SVKQHOA--— SAATVILGY 150

Conservation for Clade B Wolbachia

Conservation for Clade © Wolbachia

Conservation for Clade D Wolbachia I I

-

Figure2-6: Comparison of the newly annotated gene wBmNew0001 to homologous genes foundsimal sample of otheWolbachiastrains, organised byVolbachiasupergroup.The
different coloured regions of the alignment correspond to their predicted domains. Regjpesricorrespond to transmembrane domains. Regionsnk correspond to extradiilar domains.
Regions irpurple and blue correspond to intracellular domanhwith regions irpurple being highly conserved across all compared supergroups, and regiong being highly variable, with
this variation possibly conserved by differenpartgroup. Note the yellow histograms below the alignments, showing highs lef&onservation within this sequence between the different
supergroups, specifically the two transmembrane regions and the domains surrounding it.
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2.2.4 Overview of newly identifiedspudogenes
In additionto new protein codinggenes.this study was able to identify 104 new potential

pseudogenegFigure2-4, greenandblue segments)in additionto the 110identifiedin 2005.
Thesel04 new potential pesudogenegxcludes3 newly identified functional RNAsand 5
instancesof non-modeltranslationalevents.Analysiof the new pseudogenesdentified 29
with homologuesto genesof known function in existingdatabaseswith the remaining74
havingno databasematchesor matchesto genesof unknownfunction (A 1-4). 25 of these
regionsshowedhigh FPKMg>100)despitetheir size (approximately200 nucleotides)and

lackof annotationsin existingdatabases.

The rate of pseudogeneoccurrencehas been obsaved to vary significantly between
Wolbachia rangingfrom 7 to 21%of the annotatedgenomé*8, Thecombinedpresenceof

214 pseudogenesepresentsapproximately20%of w. Y @#al genecount.

2.2.5 Potential NorStandard Translational EventsniBm
The central dogmaof molecularbiology describeshow geneticinformation in the form of

DNAis processednto mRNAviatranscriptionby RNApolymerasesbefore beingsynthesised

into proteinsviatranslationby ribosomesTraditionally jt wasexpectedthat translationonly
occurredon a singlereadingframe of DNA, and started or stoppeduponthe NA 6 2 82 YSQa&
encounterwith a correspondingstart or stop codon. In the past, it hasbeen known that
virusesoften do not follow theserules,and are ableto read paststop codons,or evenshift

reading frames part-way through translation, thus producing proteins that may have

different functiong%42%¢, Recentlyhowever,this phenomenonhasbeenobservedoccurring

in arangeof prokaryotes®’ and eukaryote$®2% thus generatingnew levelsof complexity

within certainorganisms.

Specificallyin wBm, potential sites of such ¥y tghdard translational LINE O Svéege S & Q
identified during the courseof reannotatingwBnmQ genome. Theseincluded?2 instancesof
StopCodonReadthrough (SCRwBmMNew0101wBmNew0102, whichare evidencedby the
presenceof alignedRNAsequencereadsto a large open readingframe interrupted by at

least one stop-codon, and high identity to homologtes in other sequencedWolbachia
genomes. An additional 3 instances of Programmed Ribosomal Frameshifting (PRF,
wBmNew0103o0 wBmNew010%were alsoidentified basedon the presenceof alignedRNA
sequencereads spread across?2 different reading frames, as well as high identity to
homologuesn other sequencedyenomesof Wolbachiaor other organismgtypically>90%
sequencecoveragefor the full product). Threecasesof PRFesultingin reclassificatiorand

extensionof existinggenesfrom 2005(Figure2-7).
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All'5 of the mentionedregionshad significantexpressiorguantitiesacrosshe length of the
transcript,while BLASBearchesacrosshe full lengthof theseregionsrevealednearly100%
identity homologuesn other Wolbachiawith knownfunction. Thisis despitethe stop-codon
interruptions or frame-shifts the geneshaveundergone.Takentogether, these 4 points of
evidencehasled to the 5 genesin questionbeingclassifiedas casesof SCRor PRFThese
regionswere possiblymissedby Fosteret al. in 2005dueto developmentsn knowledge and
the lackof RNAsequenceechnologyto allow for confirmationof geneexpressiorof these

regions.

Stop-Codon Readthrough

wBmNew0101: ATP-dependent Clp Protease, Subunit ClpA

130 amino acids 629 amino acids

Two identified stop codons:
TAG
TAA

wBmNew0102: Type Il secretion system, subunit GspD/Secretin

340 amino acids 161 amino acids

One identified stop codon:
TAG

Programmed Ribosomal Frame-Shifting
wBmNew0103: Alpha-Beta Hydrolase enzyme

197 amino acids

+1 frame-shift

wBmNew0104: ATP-Binding Cassette type multidrug transporter

165 amino acids -1 frame-shift

459 amino acids

wBmNew0105: PQQ Enzyme repeat dehydrogenase

170 amino acids -1 frame-shift
198 amino acids

Figure2-7: Overview of tle 5 genes that show evidence of either Stop Codon Réadugh or Programmed
Ribosomal Framéhifting.

An exampleof SCRincludesa protein homologousto the ATRbinding subunit of a Clp
protease,or the ClpAsubunit(wBmNew0101Figure2-7), whichwasoriginallyidentified by
Fosteret al. in 2005asa pseudogeneThisprotein hasbeeninterrupted by two stop codons,
with the averageFPKMof thesetwo fragmentsindicatinghighexpressior(>150FPKM)and
thus a potential caseof SCRThisregionis homologousto Clpproteinsthat canbe foundin
other Wolbachia Analysisof wBmQ éxistinggenomeindicatesthe presenceof 3 other Clp

proteasesubunits(ClpB,ClpX,ClpP) all of which are highly expressed>100FPKM)While
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the ClpPsubunit has some proteolytic capability on its own, it requires CIpAto obtain
effectiveproteaseactivity for regulatoryprotein degradatiod'®?'3 Separatelythe ClpBand
ClpXsubunitscanalsobind to the ClpPsubunit,which conferseither protein fold-refolding

capability,or DNAdamagerepair and protein quality control activity respectively*21,

An examplefor PRFcan be found in wBmNew0104(Figure 2-7), which encodesfor the
permeasecomponentof an ATPBindingCassettg ABC)T ransportersystem,separatedover
two readingframes.Despitethis interruption, the full genehasup to 94%query coverage
and 84%identity with variantsof ABCpermeasedound in other sequenced/Nolbachiaand
other members of the alphaproteobacteriaclass, such as Orientia tsutugamushi or
Caedimonassaricaedenslts high expressionlevel (150 FPKM)is also indicative of active
transcription. Analysisof w. Y @¥stinggenomeindicatesit maintainsmany similar ABC
transporters that work to move a diverse range of metabolites (such as haem or
phospholipidsandmetalions(suchasiron (lll)or zinc)acrosghe bacterialmembrane While
BLASTsearchesof wBmNew0104identified its function as an ABC transporter, no
homologueswith aknownsubstratewerefoundthat couldindicatethe specificsubstratefor

this gene.

2.2.6 Comparison oivBm genes against othevolbadtia
Asthe genomeof wBmwasthe first of manyWolbachiagenomego be sequencedit serves

asan important template for all succeedingNolbachiagenomes.Thus,it canbe assumed
that these 24 newly identified genesmay have been missedin these newly seqtenced
genomesAssuch,we then attemptedto investigateif any of these24 genesare presentin
these sequencedWolbachiagenomes,and if any may be conservedonly in mutualistic
strains,and not in strainsthat presenta parasiticphenotype.Forthis, a list of 30 different
Wolbachia genomes encompassingstrains from supergroupsA to E, F and L were
downloaded from NCBIland nematodespecific databases(Table 2-3). This list of 30
Wolbachiastrains was chosenbasedon their supergroupdistribution, spread across7
nematodeand 23 arthropod hosts,andthe existenceof a publiclyavailablegenome(Table
2-3). Thesewere comparedagainstthe genesof wBmviathe LargeScaleBlastScoreRatio
progrant!®. This utilises BlastXsearchesof a list of query proteins againsta list of test
genomesyesultingin a scoringmatrix of the individualgenesagainstthe test genome.The
givenscorerepresentghe percentagddentity of the querygenein the testgenome ranging
from noidentity (0%)to full match(100%)Forthe purposeof thisinvestigationahomologue
is defined asexistingin a givengenomeif it hasover 30%identity to the test wBmgene,a

thresholdthat has beenreferredto asthe W (i ¢ Al f 2AyE&@informatics$?’.
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Ofthe 24 newlyidentified genesthere is a core set of 8 genesthat havehomologuesn 26
of the 30 andysedgenomeswith a further 2 genesthat havehomologuesin 19 genomes
andafinal 3 genesthat havehomologuesn 12 genomegFigure2-8). Anadditional 7 genes
were identified asuniqueto Wolbachiaof Wuchereriabancrofti (wWWb) andwBm,with only

1 exception(wBmNew0010n Wolbachiaof Folsomeacandida,Figure2-8).

The genomeof wWh is known to be closelyrelated to wBn¥8, thus the identification of
homologuesfor all 24 geneswas not surprising. This was followed by the Wolbachia
endosymbiontof Litomosoidessigmondontis(wLg, a filarial parasite of rodents wLsis a
memberof supergroupD like wwWhb and wBm, which showed15 of the 24 newly identified
geneshavinghomologuesConverselythe genomewith fewesthomologuesat only 7, isthe
genomeof Wolbachiaof PratelynchugpenetrangwPpé, a plant parasiticnematode(Figure
2-8). Betweenthesetwo extremesare a mix of the 23 insectinfectingWolbachig andthe 3
nematodeinfecting Wolbachia of Supergroup C (Wolbachia of Dirofilaria immitis,

Onchocercachengiand Onchocercaolvulug.

Expandinghis analysigo the entirety of w. Y @riown genome,a similarpicture emerges
with a coresetof genesthat are highlyconservedamongstall the Wolbachiastrains(Figure
2-9). Again,the genomesof wwWb and wLsagainappearto be most closelyassociatedvith

the wBm genome,whilst wPpe showsthe lowest level of conservation.Interesingly, the

three Wolbachiastrainsof filarial nematodesfrom SupergroupC (Wolbachiaof Dirofilaria
immitis, Onchocercavolvulus and Onchocercacheng) do not show any unique blocksof

conservedgenesas comparedto the remaining23 arthropod-infecting Wolbachia(Figure
2-9). Indeed, the genesof wBm appearto be most specialised,or divergent, amongst
Wolbachiaof other filarial nematodeswhen comparedto the genesof arthropod-host
Wolbachia AmongstnematodeWolbachiaoutside of Supergrou Wolbachia only about
74%of their total genecount showedhomologyto the wBm genome(Table2-3). Theonly
genomewith a lower number of homologuesis the genomeof Wolbachiaof Drosphila

ananassaeand Wolbachiaof Muscidufaxuniraptor (Supergroup#\ andL respectively)

Wolbachiaof M. uniraptor appearsto be an exceptionto the generalrule however,with
manyWolbachiaof insectsnotedto havehighnumbersof homologuedo wBmQ genes.The
Wolbachiawith the highest number of homologuesinclude Wolbachiaof C. lectularius
(common bedbug, Supergoup F Wolbachia 85% genes with homology, Table 2-3),
Wolbachiaof severalDrosophilaspecies(SugrgroupA, up to 84%),and Wolbachiaof the
Nomadagenusd W O do03 S=aeigroupd, 83%).
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Overall, the analysisconducted with LSBSReffectively divides the analysedWolbachia
genomesbetween SupergroupD, and all others, regardlessf only the 24 newly identified
geneswere used,or the whole wBm genome. Specificallygenomesof Wolbachiafrom
SupergrouD frequently scoredhighly,whilst genomesfrom other Wolbachiasupergroups
had generallysimilar scores,with the exceptionof wPpe which consistenty scoredthe

lowest.
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Genome ID (NCBI reference ID) or Strain Strain host Supergroup| Release Genes > 309 Genes >30% | %of New (%
host website acronym Date identity identity of Genome)
(new geney | (wBm genome)

NZ_LSYX00000000.1 wDacA Dactylopus coccus A 2016 11 696 46% (80%
NZ_AAGB0000@D.1 wDana Drosophila ananassae A 2005 10 613 42% (71%
AE017196.1 wMel Drosophila melanogaster A 2004 13 721 54% (83%
NZ_AQQEO00000000.1 wMelPop | Drosophila melanogaster A 2013 13 720 54% (83%
CP003884.1 wHa Drosophilasimulans A 2013 14 725 58% (84%
NZ_CAOU00000000.2 wDSuzu | Drosophila suzkii A 2012 14 725 58% (84%
NZ_AWUH00000000.1 wGmm Glossina morsitans morsitans | A 2014 11 669 46% (77%
NZ_ACFP00000000.1 wuni Muscidufax uniraptor A 2017 11 589 46% (68%
NZ_MUMO00000000.1 WVitA Nasonia vitripennis A 2017 13 712 54% (82%
NZ_LYUY00000000.1 wNfe Nomada ferruginata A 2016 14 717 58% (83%
NZ_LYUWO00000000.1 wNfla Nomada flava A 2016 14 717 58% (83%
NZ_LYUV00000000.1 wNleu Nomada leucophthalma A 2016 14 717 58% B83%)
NZ_LYUX00000000.1 wNpa Nomada panzeri A 2016 14 717 58% (83%
NZ_CAGB00000000.1 wAlbB Aedes albopictus B 2018 11 700 46% (81%
NZ_CTEHO00000000.1 wPip.Mol | Cuex pipens molestus B 2013 11 709 46% (82%
AM999887.1 wCqPip | Culex quinquefasciatus JHB) | B 2008 11 711 46% (82%
NZ_LSYY00000000.1 wDacB Dactylopus coccus B 2016 10 690 42% (80%
NZ_AMZJ00000000.1 wDocitri Diaphorina citri B 2013 10 704 42% (81%
CP003883.1 wNo Drosophila simulans (Noumea) B 2013 11 707 46% (82%
NZ_AERWO00000000.1 wVitB Nasaia vitripennis B 2011 10 696 42% (80%
NZ_JYPCO00000000.1 wBaOb Operophtera brumata B 2015 10 698 42% (81%
HTTP://NEMATODES.ORG/GENOME wDim Dirofilaria immitis C 2012 9 637 38% (74%
HE660029.1 wOo Onchocerca ochengi Cc 2012 8 640 33% (74%
HG810405L wOvV Onchocerca volvulus c 2013 8 640 33% (74%
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NC_006833.1 wBm Brugiamalayi D 2005 24 866 | 100% (100%
HTTP://INEMATODES.ORG/GENOMH wLs Litomosoides sigmondontis D 2012 14 724 58% (84%
NZ_NJBR00000000.2 wwWhb Wuchereria bancrofti D 2017 24 855 100% (99%
NZ_CP015510.2 wkol Folsoma candida E 2017 11 667 46% (77%
AP013028.1 wCle Cimex lectularius F 2014 12 731 50% (84%
NZ_MJMG00000000.1 wPpe Pratylenchus penetrans L 2016 7 380 29% (44%

Table2-3: List ofWolbachia genomes used in the analysis, sorted by supergroup, lisbog|D numbers, host organism, and sequencing dates.
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Figure2-8: Heatmap to show levels of conservation amongst 4 newly identified gees from this study, amongst a selection of 8folbachiagenomes. Red indicates that the specifiBm
gene (row) has a homologue with high identity in the spedifitbachiagenome (column), whilst blue indicates that the gene has no homologue withépéledicWolbachiagenome. Note the
yellow highlighted columnshich indicate all nematod&/olbachiaendosymbiont genomes.
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Figure2-9: Heatmap to show levels of conservation of all codw@mgenes, includig those identified in this study, rRNAs and tRNAs, amongsekection of 30/olbachiagenomes
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2.2.7 Survey of potentiadf Single Nucleotide Variants in twBm genome
RNAsequencinglataprovidesanopportunity to checkfor the presenceof Sirgle-Nucleotide

Variants(SNVs)n codingregionsby comparingexpressedranscriptsto the wBmgenome.
Thisinformation is usefulto validatethe 24 newly identified genes,aswell asto checkfor
the presenceof sequencingerrors or variant mutations. Whilst there are a variety of
programsthat canbeenusedto identify variants,many of theseare primarily designedfor
population genomicsstudies rather than variant callingwith RNAsequencedata. These
programsalsosuffer from either high sensitivityand low positivepredictivevalue (PPV)pr
viceversa,and often have minimal concordancewith eachother?*22 Assuch,we utilised
SAMTools/BCFToétsfor variant identification, chosenfor its predicted balancebetween
sensitivityand PPV andworkflowsthat makeit suitablefor applyingto RNAsequencedata.
After quality filtering these variants (usingvcfutils by SAMTool&Y), the program SnpEff?2
was utilised to summariseand predict the severity of impact by analysingthe location of
these variantsand, if located within protein-coding genes,their predicted effects on the
protein codingsequenceSucheffectscouldincludeareadingframeshift dueto aninsertion
or deletion(whichareconsideredo havehighimpact),to non-synonymousinglenucleotice
polymorphisms(SNPs)that could cause hon-synonymousmutations in protein coding
sequencgmoderateimpact),or synonymoussSNPs$n protein codingsequencglow impact).
Thepresenceof suchvariantswere checkedagainstboth the 24 newly identified genes as

well asthe genomeof wBmin generalviathe newly-generatedGFHiles from this study.

Initial variantcallingandfiltering identified 530variantswithin the wBmtranscriptome with
the majority of these variantsbeing classifiedas deletion mutations (446 deletions, Table
2-4). Ofthe 530identified variants,328 were predictedto havea highimpactonwBmgenes,
23 predictedto have moderateimpact, and 41 predictedto have low impact (Table 2-4).
However,upon manual inspectionof variant cdl output files, the majority of deletions
identified by SAMToolsre dueto deletionsof singlenucleotidesin low complexityregions,
within stringsof 2 or more of the samenucleotides(69.5%. Subsequenvisualinspectbn
usingthe IntegratedGenomeViewer (IGV)progrant®further identified one of the replicates
as appearingto have a significantly higher number of SNPsas comparedto the other
replicates(Figure 2-10), againthe majority of these being deletions. Upon excludingthis
replicatefrom the analysisthe numberof variantsidentified wasreducedsignificantly with
none of thesevariantsbeingdue to deletion mutationsandthe majority beingdue to SNPs
(55identified variants,49 due to SNPsTable2-4). Theseobservationamply errors within

the machineusedto conductthe sequencingor the onereplicat, leadingto difficultiesin
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accuratelycallingstringsof the samenucleotide.Assequencingnaccuraciesvould impact

the ability for accuratevariantcalling replicatesfrom sample2 wereignoredfor thisanalysis.

Varianttype BCFTool&llreplicates) BCFToolghoreplicate2)
SNP 79 49

Insertion 5 6

Deletion 446 0

Total 530 55

Highimpact 328 5

Moderateimpact 23 27

Lowimpact 41 13

Table 2-4: Summary of variants, and their predicted impacts, identified in the transcriptomessm when

compared to the 2005 sequenced genonote the significantly reduced number of deletion variants dhee

second replicates were removed from analysis, &&t NB adzZ GAy3I STFFSOGaA 2y G NRI yd:
AYLI OGQ M 3SySa Ay

The number of identified variants in the wBm transcrippbme is higher than the 18
experimentally confirmed variants identified in the recent wBm genome resequencing

efforts!®® although these 18 are solelyexperimentallyvalidatedvariants.Ofthese,only one

is predictedto haveanydirectimpacton the 24 newly-identified genes.Thisaffectsthe 216-
residuelonggenewBmNew00], alteringresidue211from an Arginineto a prematurestop

codon(CGAA TGA)thusbeingclassifiedasa W K AirAipc@variant.

Outsideof the 24 newlyidentified genes 5 variantswere predictedto havehighimpactson
the previouslyidentified 805 genesof wBm. TheseaffectwBm0339(largeribosomalsubunit
protein L23),wBm0458(Ftype ATPsynthasesubunitb), wBm0540(aconitate hydratase),
wBmO0692(ribonuclease?),and wBm0738(an acylcarrier protein). All variantswere due to
insertionsof additional adenineor thiamine nucleotideswithin their codingsequerces,thus
causinga frame-shift mutation. It is interestingto note that theseinsertionsare frequently
part of alongstringof similarnucleotidesjndicatingpossiblesequencingerrors. Thefull list

anddetailsof identified SNVssincludedin Appendix1 asa VariantCallFile(VCFA 1-6).
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2.3 Discussion

The newly identified genesfrom this study highlights the importance of reannotating
genomedy incorporatingnew experimentaldata. Herewe report and descrile atotal of 24
new coding genes, 3 of which encode functionatRNAs,an additional 104 potential
pseudogenesaswell as5 casesof non-standardtranslationalevents. Thesenon-standard
translaional events are unlikely to have been identified based on simple automated
algorithms, which would have classifiedthem as pseudogenes.Knowledge of these
pseudogenesis particularly important when dealingwith a bacterial genusas diverse as
Wolbachia aiding phylogeneticstudiesand identifying casesof genesthat may havebeen
lost or gainedoverthe courseof evolutionand possiblyidentifyinggenesthat play a role in
symbiosisWe alsoreport changego 25 ORFs$n the wBmgenome jidentified with the aid of

RNAsequencealignmentsand BLAS Tesultsagainstexising databasegTable2-2).

During the course ahe reannotation and validation worNCBI independently released an

updated version of thevBm genome tat had been processed by the Prokaryotic annotation

Pipeliné?° (accession ICF_000008385.1 ASM83gvllhis annotation identified a total of

839 proteincoding genes andl67 pseudogenesinterestingly, this automatednnotation

method had reclassified several of Fostgrab Q& LINR (0 SA Yy pe@&gengsdor 3Sy S a
splittingindividual genes into two separate pseudogendgson manual comparison between

the two annotations (from this sty and NCEBla y Sgf & dddn)Sit wasSrieted: vy
OKEFG Fff Hn 3ISySa ARSYGATASR FTNRY GKA& &aid:
Fyy2GFrGA2y®d® CAdNIKSNY2NB>X ¢gKAfad b/ .LQa a&aidzF
compared to this study (both fuctional RNAs and proteicodinggenes), 55 of these genes

were identified as being hypothetical with no known function, and only 2 were noted to code

for proteins with known function. As to why these were not identified dgrihis study, the

vast majoriy of these genes were noted t@lsmall (<300 nucleotides in length) that did not

map well with RNAequence data generated from this study, the driving force behind this
reannotation work. While these factors by themselves mut indicate the presence of

spurious annotations, this studspecifically sought to avoid such falsesitives, and their

subsequent propagation in databases, via use of B&iencing, gene size eoffs, and

presence of homologues as validation metribkevertheless,as all new, idependently

identified genesare shared between the two annotationshis highlightghe accuracy of an

RNAseq based approach to the reannotation of genomes.
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Furthermore, the SecE gene has also been identified in a previodss Isy Frutoset al 2.
This gene was identified via manual investigation ofwfan genome as part @bmparative
analysion genomesgene synteny and ganisation in thédacteriumEhrlichia ruminantum
Gardel and Wlgevonden strainsand other members of the order Rickettsial€éBhis
bacterium isan alphaproteobacterium, a distant relative diVolbachia pipientisandthe
causative agent of heartwatea,tick-borne disease that affd#s ruminant livestock in Africa,
and has been recently introduced into the Ameridasitoset al??* notes that this gene was
likely missed by Fostet al. due to the small size of this ge, at only 69 amino acids. Again,
this emphasises the benefits of applying Ré&fuencing data to better identify such small

genes.

The annaation of SecEin the wBm genomeis important for the understandingof the
symbiotic relationship, as are 4 other newly-identified genesin wBm which encode
componentsfor both TypelV and SeeSecretiontransport mechanismcomponents(Table
2-1). This SecBubunitfunctionsasa keycomponentof the Seetranslocasesystemfor either
protein excretionor embeddinginto the bacterialmembrane.Whilstthe TypelV secretion
systemwas previouslydemonstratedto existasa functionalunit in wBm usingmicroscopy
and proteomics experimentd®®?25 the original genomesequenceof wBm lackedtwo key
componentsof the pathway, the VirB2and VirB7subunits,whichwere identified aspart of
this study.Bothof thesesystemdikely servevital rolesfor obligateendosymbiontdike wBm:
The Type IV secretion systemsfor instance are broadly distributed amongst bacterial
specie$®?2¢ and are well-known effector-translocator systemsfor directly transporting
moleculesor DNAinto eukaryotic/hostcells, or between other bacteriaMolbachia For
instance, the distantly related Rickettsiagenusis comprised of obligate intracellular
endosymbioic bacteria, with all known members encodinga related Type IV secreton
systent*?. The Secsecretionsystemmeanwhileplaysa role in insertion of proteinsto the
extracellularbacterialmembrane.Thisis an important processin wBm, asit is known to
maintaina hostof surfaceproteinsthat caninteractwith both the nematodeor mammalian
host for processesuchas motility within the nematocde, or eliciting pathologyand aiding

nematodeimmunesystemevasionwithin the mammalianhos889152.227

Thisstudy alsoidentified three functionatRNAcodinggenes(Table 2-1) by comparisonto
the RFAMdatabasé®*. TheseRNAcodinggeneswere noted to haveextremely high FPKMs
(>1,000FPKM)and have beenidentified as being ubiquitousin other bacteria. Theyfulfil
critical roles in tRNAmaturatior??® (bacterialRNAseclassP, wBmNew001}, transciption

regulatiorf?®23°(6SRNAwWBmMNew001 aswell asthe rescuingof stalledribosomesdue to
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incorrectlysequencedmRNA%122 (alpha transfermessengerRNA,wBmNew001 §2%232,

All of thesefeaturesappearto be widespreadin baderia and allow maintenanceand basic
survival.Thelackof annotationfor thesefunctional RNAsy Fosteret al. in 2005 s likely
due to these genesbeing highly interrupted with stop-codons,as well as a lack of RNA

sequencingechnology, makingit difficult to identify thesesmallgenes.

Ofthe 24 newlyidentified genes 8 geneswere noted to havehomologuesn databaseghat
haveno known function or did not haveanyknown homologuesat all. Prioritisationof one
gene (WBmNew0O0O}) due to its expression level, and subsequentcharacterisationby
InterProSca!?? and BLASTsearches against the Protein Data Bank®® identified 2
transmembraneregions,indicating its localisationwithin a membranelayer. Subsequent
BLASBearchesaindalignmentsagainstother organismsdentified homologuesonly in other
Wolbachiawith a clearassociatiorbetweendomainandWolbachiasupergroup Whilstthe
transmembraneregionsremain perfectly conservedamongstall homologuesregardlessof
supergrouporigin, the proteinli | Aaridifityappearsconservedy supergrouppointingto
an evolutionaryrelationship(Figure2-6). Thistail hasbeen predictedby multiple programs
to lie within the cytoplasmof Wolbachig makingit unlikely to have a role in directly
interactingwith the nematodehost. However,suchlow-complexityregiors are increasingly
beingassociatedvith protein-protein interactionswithin the literature®®, and mayinstead
act asa form of excretory/secretorymechanisnfor Wolbachia specialisedor the specific
supergrouprelationshipvia formation of a transmembraneoore asa multimeric complex.
Forinstance while it wasfound that a partial flavin adeninedinucleotide(FADbindingsite
was presentwithin this cytoplasmictail of wBm and other SupergroupD Wolbachia this
binding site is absent within Wolbachia from other supergroups(Figure 2-6). At least
amongst Wolbachia of SupergroupD and C (Wolbachia of nematodes), Wolbachia of
SupergroupD are the only known group that can produce FADde-nova*? whilst their
associatechematodehods are unableto do so and require Wolbachiato supplythis key

cofactor.

Outsideof theseprotein- or functional RNA codinggenes this study wasableto identify 2
casesof Stop CodonReadthrough(SCRpand 3 casesof ProgrammedRibosomalFrame
shifting(PRFJFigure2-7). Suchtranslationalprocessesremostcommony knownin viruses,
andhavebeenknownto existin bacteriafor manyyearg®2**(alsoreviewedby Baranw et
al.%® and Atkinset al.%9), althoughsucheventsare not aswell-studiedin eukaryotes.Both
processesare believedto play a role in gene regulatory mechanism&®23¢ particularlyin

responsdo externalstressorspossiblyin the form of environmentalkchange®r introduction
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of chemicaldlike antibiotics. The occurrenceof PRFeventsappearto be governedby the
presenceof W & Kskes, whizh are encodedinto the codingnucleotidesequencetself, and
their interactionswith bacterialReleaseFactorsl and 22%¢ (of which wBm maintainsboth).
Thesereleasefactorsare responsiblefor recognisingstop-codonsin mRNAsequencesand
forcesthe ribosometo stop translationof peptidesoncetheseare recognisedDueto the
ability of thesereleasefactorsrecognisingonly 2 of the 3 different potential stop-codons
each (TAA or TAGIn releasefactor 1, and TAAor TGA in releasefactor 2)?2"2% the same
releasefactorsalsoplayarole in permitting SCRy ribosomeswith thesestop codonsbeing

replacedby an alternative aminoacic?®.

Specificallyin Wolbachia none of these non-standardtranslationalevents have yet been
recorded,and may be worth additional study. If the mechanismsthat allow translation of
thesegenesinto functional proteins do existin wBm, this pointsto a more complexability
for wBm, and possiblyother Wolbachia to regulateprotein productionacrosstheir diverse
host range. Specificallythese 5 instancesof non-model translationalprocessegpotentially
encodeproteinsthat haveproteolyticor secretoryfunctions(Figure2-7). Suchgenesn wBm
may be selectively expressedin resporse to environmental changes,such as those

encounteredduringthe complex lifecycleof its nematodehost.

This study was also successfuln identifying 104 potentially new pseudogenesseveralof
which had high FPKMvalues.One potential reasonfor this could be that the alignedRNA
sequencegranscribedfrom them may be novelregulatoryRNAsequence¥®24. Severabf
these potential regulatory RNAsequencesare found neighbouringother large genesor

operonregions.

Comparinghe 24 newlyidentified genesto the genomesf 30 additionalWolbachiaspecies
identifies approximately 3 different clustersof genesthat show differing levelsof identity
(Table 2-3, Figure2-8). Analysisvia the LargeScaleBlast ScoreRatio systemwas initially
performedto checkif anyof the 24 newly-identified genesmaybe presentin onlymutualistic
Wolbachia such as those found in nematodes, or perhaps even Wolbachiaof Cimex
lectularius(wCle,commonbedbug).However,no suchrelationshipappearsto exist. When
the averagepercentageof genesthat show homologyto wBm amongstsupergroupsare
compared, it becomes clear that SupergroupC, which consistsof solely mutualistic
Wolbachia actuallyhasa lower percentageof geneswith evidenceof homologueso wBm
as compared to SupergroupsA and B, which consists of Wolbacha bestknown for

reproductive parasitism (Table 2-3, averaged 34.67% versus 52.85% and 43.70%
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respectively).The Wolbachiasupergroupwith lowest percentageidentity is SupergroupL,
which for this study containsonly Wolbachiaof Pratylenchugenetrans a plant-parasitic
nematode®. Thelow percentageidentity for this strain of Wolbachiaascomparedto wBmQ a
new genesmay be due to a distant evolutionaryrelationship,asit hasbeenpredictedthat

plant-parasiticnematodesmaybe the originalhostof Wolbachi&®.

Broadeningthis analysisto all previouslyidentified genesof wBm, a similar trend can be
observedto that of the 24 newly identified genes.Specificallythat there are no distinct
groupsof genesconserve solely between mutualistic Wolbachia suchasthose found in
Supergroup€andD.Instead there are 3 distinctgroupsof genes Oneconservednlywithin
wBm and wWhb, a secondgroup that is broadly conservedto varying degreesacrossall
Wolbachia and a final group of genesthat are highly conservedacrossall Wolbachia with

this grouplikely encodingfor ribosomd genessuchastRNAsor rRNAgFigure2-9).

Of additionalinterestis the comparisonof the genomeof wCle from the commonbedbug.
Therelationshipbetweenthe two hasbeenshownin the literature to be facultative,based
on vitamin B supplementationby the endosymbiontto the hosf*% To summarise,C.
lectularius larvae are unable to develop and moult through the instar stageswithout
Wolbachid gresencepr exogenoud/itaminB supplementatio®. Genomiccomparisonf
the vitamin B biosynthetic pathway by Nikoh et al.>* identified the pathwayto possibly
originatefrom alateralgenetransfereventby a commonancestorof wCleand Wolbachiaof
the parasiticnematodeOnchocercachengi(wOo),with the operonbeinglater lostin wOo.
Nikoh et al.>* were alsoonly able to identify a significantlyeroded, and non-functional de-

novovitamin B biosyntheticpathwaywithin wBm.

Overall,this genomiccomparisonof wBmto other Wolbachiagenomesndicatesthat there
isaW O 2sBLBF @neshat all Wolbadia maintainhomologuesof, with additionalgenesthat
appearto be strain specific.Thisis evidentin the blocksof conservedyenesbetweenwWhb
and wBmwith manyother Wolbachiagenomeg(Figure2-9). Outsideof this core set, there
appearto be no distinctgroupsof genesthat contribute directlyto a mutualisticphenotype.
Such observations suggestthat the parasitic phenotype which typically characterises
Wolbachiaof insectsis an acquiredtrait by specificWolbachiastrainsto increasetheir
biological fitness. A causativeexample of such traits would be the recently identified
Wolbachiaoperonresponsiblefor cytoplasmidncompatibilty#® the mostwell-knownform

of Wolbachiabasedreproductiveparasitism.
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Thetranscriptomicdata obtainedfrom this study canbe exploitedto identify the presence
of SingleNucleotideVariants(SNVsvithin the wBmgenome Analysidy BCFToolglentifies
atotal of 55 possibleSNVspnly 1 of whichis predictedto havea highimpacton 1 of the 24
newlyidentified genesfrom this study(wWBmNewO0O0OL However this prematurestop-codon
is noted to occurclos to the end of the openreadingframe (residue211 out of 216),in a
regionof low complexitywhere no distinctconserveddlomainscanbe identified (Figure2-6).
Thissuggestdhat eventhoughthe potential impactof suchsubstitutionis predictedto be
high, its effectiveimpact may not be, meaningthat no high-impact SNVsan be identified

within the 24 newlyidentified genes.

Accurate identification of different Wolbachiad G NJ géngsisCan important process,
illustrated by the rangeof complexphenotypesthe genusdisplaysdespitetheir significantly
reducedgenedensityand content. Therelative gainand lossof genefunctionin one strain
mayhaveevolutionarysignificancdor how specifigphenotypeanayhavedevelopedn other
strains.Thereis alsothe possibilitythat an asyet unknownevolutionarybenefit may exist
for maintaining pseudogenisedgene$*? to the level that they are still recognisableby
homologystudies,andindeed,still recognisabldy Wolbachi& tianscriptionalmechanisms.
The results describedin this chapter provide an important resource for the further
characterisationof the Wolbachiagenusthat could be combined with homologyanalysis

with other relatedspecies.

2.4 Materials & Methods

2.4.1 Parasites
Brugia malayi larvae were collected from intra-peritoneal infections of Mongolian jirds

(Merionesunguiculatug after 3, 7 (2,000L3larvaefor both time-points),11and 14 (1,000L4
larvae for both time-points) days post infection (p.i.). The laboratory isolate had been
maintainedby serialpassagen jirds and catssincefirst derivedfrom a humaninfectionin
Malaysiamore than 40 yearsago, and was also from the sameisolate usedin the 2005
genomesequencingpaper!l. In order to preservethe RNA,L4 in 5 batchesof 150-250
nematodeswere collectedinto m p nPBBand immediatelyfrozenin liquid nitrogen and
shippedon dry ice from TRSaboratoriesto the LiverpoolSchoolof TropicalMedicine 10

nematodelarvaewere storedindividuallyfor Wolbachiaload analysidy quantificationPCR.
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2.4.2 RNA extraction frorBrugia malayand Wolbachia
RNAwas extractedfrom B. malayi and Wolbachiausing the TRIzoPlusRNAextraction kit

(Invitrogen), which used a modified protocol for RNA extraction to that given by the

manufacturers.

Briefly,L4batcheswere defrostedandsimultaneoushpelletedby centrifugation(Eppendorf)
at 4500rpmat 4 Cfor 10 minutes.ThesupernatantwasremovedandH n nofTRIzoteagent
wasaddedto the samplesAll batchesof L4were pooledinto a sterile 2ml screwcaptube
containing ceramic beads of multiple sizes (1.4 - 2.8mm) (CKMix, Bertin). L4 was
homogenize at 6000rpm(Minilys,BertinInstruments)for 4 x 30 secondsgcoolingon dry ice

for 30 secondsn between.

The homogenizedsamplewas removedfrom the beadswhich were then washedwith a

further H n noFTRIzoto maximizesamplerecovery before storage at -80 Covernight.

The samplesin TRIzolvere thawed and subsequentlyincubatedat room temperaturefor 5
minutes.H n nnmxofeculargradechloroform (Invitrogen)wasaddedfor every 1ml of TRIzol
reagent, and mixed by vigorously shakingthe tube, followed by incubation at room
temperaturefor three minutes. Thesamplewasthen centrifugedat 12,000xdgor 15 minutes
at 4 C.Theupperaqueousphase(approximatelyc 51 n wasrdmovedandtransferredto a
nucleasefree 1.5mltube. Anequalvolumeof icecold 70%ethanolwasaddedto the sample
and vortexed for 2 - 3 seconds.The tube was inverted severaltimes to disperseany

precipitategeneratedfrom the addition of ethanol.

Subsequenbinding, washingand elution of RNAfrom the samplewasthen conductedin
accordanceo manufactzNBimdugtions. FinalRNAwaselutedin 2xp n mdleculargrade

water (Invitrogen).

2.4.3 lllumina RNA Library Preparation and Sequencing
In order to remove excesdarge ribosomalRNAfrom both Wolbachiaand B. malayi total

RNAwas treated with Terminabr p Qt K 2 ZDejferrdéntExonucleaseEpicentre),in
accordanceo the Y' I Y dzF I OnstdzNighslX a

lllumina GAlIx cDNAlibrarieswere preparedusingthe ScriptSeq/2 library preparationkit
(Epicentre) Two separatepairedend sequencingruns (2x100bpreads)were performedon
an lllumina GAlIx instrument at the Centre for GenomicResearch(CGR)University of

Liverpool(UK).Oneadditionalrun usingthe samechemistrywas performedwith a similar
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instrumentat GenePoolUniversityof Edinburgh(UK).Real filesfor all datawere converted
from raw basecalto fastqusingCASAVA.8(lllumina).Theraw Fastgdatafilesweretrimmed
for the presenceof llluminaspecificadaptersequencesisingCutadapt(v1.2.] 2*3with the
¢O 3 option and further trimmed for quality using Sickle(v.1.33 24, Quality scoreswere
assessed using FASTQC v0.9.2° coded by by Babraham Bioinformatics

(http://w ww.bioinformatics.babraham.ac.uk/projects/fastyjc

2.4.4 Mapping and Quantifying RMs&quence Data
A strategyto retain RNAsequenceeadsvia non-unique mappingwas utilised, allowingfor

the preservationof datarelatingto lateral genetransfer events,whichwould potentially be
lost when mappingto a concatenatedgenome.RNAsequencereadsfrom the processed
fastqfiles were alignedto the genomeof B. malayivia SubreadAligner(v. 1.5.0), givinga
Binary Alignment/Map (BAM)output file that containedalignedand unalignedsequences.
The BAMfile wasseparatedinto alignedand unalignedreadsusingSamtools(v. 0.1.19%%,
with one BAMfile containingalignedRNAsequencaeadsmappedto B.malayi Thesecond
BAMfile that containedonly unalignedreadswerethenremappedagainsthe wBmgenome
usingSubreadAligner resultingin afinal BAMfile that containedalignedandunalignedRNA
sequenceadatato wBm AlignedRNAsequencedatain this file wasuniqueto wBmonly. The
alignedRNAsequencalatawasvisualsedalongsidevBmQ genomein the Artemisgenome

viewer®%1°1 and quantifiedasFPKMusingthe Cufflinksprogram(v. 2.2.1)°.

The proceduredescribedabovewas alsorepeatedin reverse,with alignmentto the wBm
genomeconductedfirst. FPKMdor this ¥ NE @&idnehi@ere quantified asFPKMusing
the Cufflinks*® program, with quantificationscompared againstthe initial alignment for
instancesof lateral genetransfer. Genesthat havea higher FPKMn the reversealignment
ascomparedto the initial alignmentwere deemedto have undergoneinstancesof lateral

genetransfer.

2.4.5 Annotation ofw. Y fGanome using RN®equence data
Unannotatedregionsof wBmQ genomewere visuallyinspectedfor the presenceof RNA

sequencesalignedto them in the Artemis program®®19% with their coordinatesrecorded
wherever present. Thesecoordinateswere then usedto calculatean FPKMvalue for the
regionsof interest, and a density plot wasgeneratedto visualisethe distribution of FPKMs
per gene.As a control for false positives,a fifth-percentile threshold was applied to the
distribution. If identified regionsof interesthadan FPKMralueabovethe threshold,anintact
ORFgreater than 300 base pairs, and/or if a nearfull length homologuewas found in

databasesthe regionwasannotatedasa new geneinto a GFHile (A 1-1). If the regiondid
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not have an intact ORF but had signifiant FPKMalignmentsto the region, then it was

recordedasa new pseudogenen a separateGFHile (A 1-2).

Foranalysingandannotatingidentified regionsof interest, Blast2Gé&*?was usedfor the rapid
annotationandidentificationof allgenes Thisuseddefaultparametersandapre-formatted
sequencedatabasefrom NCBI(downloadedon 315 May 2016) RFam'4 wasalsoused in
order to identify possiblyfunctional RNAdomains.Additionalgeneswithin the setthat had
no known function were then andysed by Pfamand InterProScatt? to identify potential
protein domains.Phobusand TMHMM¢19were usedto more accuratelydeterminethe
orientation and localisationof the protein, with PSIBlagt®?°*searchesusedto identify the
presenceof conservedresiduesand structureswithin the proteins of interest Forresults
foundin PSIBlastlignmentswere madeviathe T_Coffegorogrant®?to formallyidentify the
presenceof conservedregionsand active sitesin the wBm protein of interest, which might
point to otherwisehiddenfunction. Proteinswith noticeableconservedegionshadtheir or
aK2 Y2t 23D suzScfite determinedviathe RCSPProtein data bark (www.rcsb.ord®).
Usingthe structure,comparisonsvere madeto identify if a fully-conservedactive site was
presentin the wBmgenesdentified, whichmayprovideindicationsasto the functionor role

inwBm

The new annotationswere then comparedto a set of existingannotationsgeneratedvia
automatedpipelinesto add validity to the results,aswell asto illustrate the utility of RNA
sequencingSpecificallycomparisonsvere madeagainstthe automatedannotationoutput
by the National Centrefor BiotechnologyL Yy F 2 NJY &uibriafegia@ribtation pipeline for
prokaryotic genonest?’. The processinvolved manual examinationof gene coordinates
betweenthe different annotation files usingthe Artemis Genomeviewer**1% identifying

regionswherethe annotationcoordinatesagreed,overlapped.or disagreed.

2.4.6 Comparison olvBm genes across ttwolbachiasupergroups
Wolbachiagenomedor analysisvere obtainedfrom the NC L g@riromedatabaseusingthe

searchkeywordW2 2 f 0 2 &ditlohal@emomesvere alsoobtainedfrom the externalsite

http://nematodes.org/genomes which maintains the genomesof two parasitic filarial

nematdesandtheir Wolbachiaendosymbionts.

ThelLargeScaleBlastScoreRatio(LSBSR)® programwasusedfor analysisof the 24 newly

identified genesandthe wBmgenomeasawhole.
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2.4.7 Varian calling in thevBm genome
AnygeneratedBAMfilesof interestto be usedfor variantcallingwerefirst checkedo ensure

all mate-relatedflagshadbeencorrectlyfilled in soasto avoiderrors. Thiswasdoneby using
the program SAMToolgversionl.9), to first namesort all the alignedreadsusingthe sort
commandwith option -n, followed by the fixmate commandwith option -m. Followingthis,
duplicatesreadswithin the alignmentfiles were then removed,first by position-sortingall

readsusingthe commandsamtoolssort, followed by the commandsamtoolsmarkdup-r.

Usingthesesorted, duplicateremovedBAMfiles, genotypelikelihoodswere then predicted
usingasinput all of the generatedalignmentfiles againstthe wBm genome.Thisusedthe
programBCFTool¢versionl.9), with the commandmpileup with options-C50-q 10-Q15-
E-f.

With these genotype likelihoods, variants were then called using the . / C ¢ 2calf a Q
commandwith options-c -p 0.005to generatea initial variantcallformat file. Thswasthen
filtered for qualityusing. / C ¢ &ufilsp&l script,with options-Q40-d30-w 3-W10-a

1-p.

Thequality filtered, calledvariantswere then visualisedagainstthe wBm genomeusingthe

IntegratedGenomeViewerprogram(version2.3).
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Chapter 3 Differential Expression of {L3B. malayandwBm

3.1 Introduction

The rise of omics technology in the past few years has permitted new insights into the biology
of pathogenic organisms, particularly those that harbendosymbionts, leading to a further
understanding of basic biology or identification of targets that can be exploited for treatment
as, reviewed by Murfiret al24%, With respect to parasitic filarial nematodes, much of the
biochemical interactions between thé&/olbachiaendosymbiom and nematode host have
been revealed relatively recently due to the development of such omics technology. For
instance, it has been predictedased on comparative genomics studies between the
genomes ofwBm and B. malayj that the endosymbiont may suppitent essential
metabolites to the nematode host during periods of high metabolic dem&hté One sub
metabolite group is nucleotides, possibly inclusive of ATP, aswiie endosymbiont
maintains the fullde-novobiosynthesis pathway, whil&. malayi maintains only genes for
nucleotide interconversion and salvade!'? Further examples includéehaem't:247
riboflavin, and FA[all critical cefactors for multiple enzymatic reactions that the nematode
host is incapable of synthesisit This supphand-demand relationship could explain
several of the deleterious effects seen in nematodes upon removal ofWdbachia
endosymbiont. Examples of theseffects include a cessation of embryogenesis in
reproductive adults, an inability for nematodes to successfully develop through the larval

stages and a significantly reduced lifespan of the nematode®h@st

These predictions, and experimentally observeteas of Wolbachiadepletion on the
biology of the nematode host suggests a complex symbiotic relationshipiplddtudies in
recent years have attempted to confirm or elucidate the specific mechanisms that underpin
this relationship via transcriptomiar proteomic analysis. Such studies have focused mostly
on adult lifecycle stages of the nematode and/or ¥dgolbachiaendosymbiont, utilising
microarray or nexggenerationbased RNAequencing and proteomics analysis of nematodes

andWolbachig®6.168.169.249.250

Specific examples include work done by Darbgl*?in the parasitic veterinary nematode
Onchocera ochengia closely related bovine parasite of the human parasitic ateae
Onchocerca volvulughis study simultaneously sequenced the genome of the associated
Wolbachiaendosymbiamt (wO@), whilst conducting transcriptomic and proteomic analysis
between wholemale nematodes, and separate female body and reproductive tissues. This

revealed the smalledtVolbachiagenome to date at 0.96 Mbp, with 88 genes lost inw@o
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strain as comared topreviously sequenced straitt§ with the loss of these genes effectively
pseudaenisirg biosynthetic pathways for FAD and riboflavin that were associated with
wBmB. malayisymbiosis. The nucleotide biosynthetic pathway is still intacv@o and
absent inO. ochengiwith additional evidence for the role of ATP provisioning on tue @f

wOoto O. ochengithus strengthening the significance of this pathwfay

Another exampe of such omics analysis has been applie@it@filaria immitisby Lucket

al.r™. D. immitisis the causative agent of dog heartworm. Letkal!* was able to exploit

the relatively large size ob. immitis to conduct tissuespecific transcriptomics and
proteomics of adult nematodes and theWolbachiaendosymbont (wDi), with specific
tissues including nematode body walls, digestive tracts, and reproductive tissues, separated
by gender. This work echoes previous predictions and findings, wiithoverexpressing
genes related to transport mechanisms, adhvas nucleotide and haem biosynthesis within
female uterus tissues as compared to other female or male testis tissues, despite an overall

lesser read coverage in the formér

Many of the life cycle stages studied so far in relationMolbachianematode symbiosis
surrounds L4 to adult life cycle stages, as described earlier and reviewed byeGabte'.

By comparison, one important life cycle phase that has received relatively little attention, is
the larval atvelopnent of nematodes and theiwolbachiaendosymbiont upon infection of

the mammalian host. For instance, within a weelBomalayparasitizing its final hostyBm
populations are known to rapidly increase to expand throughout the lateral chordseof th
nemainde’?, resulting in an approximately 660ld population increasg (Figure 3-1). The

key triggers and processes of havBm can achieve this rapid populationpaxsionare
unknown despite this population increase being critical for nematode development.
Clearance ofvBm at, or before this stagds known to arrest nematode developmental
progression to reproductive aduffs®*® with this phenotype being replicated assmultiple
different filarial nematodessuch aBrugia malayiB. pahangiandDirofilaria immitig®,

4 a4dz0KTE UGKS 202SO00A@S 2F 0KA& OKI LW BNDRE aic
malayiand itswBm endosymimnt during the first two weeks of infection of the mammalian
host (Figure 3-1). For this, we generated RM&quence data spanning L3 and L4
developmental stages from 3, 7, 11, and 14 days d&tanalayinfection of the Mongolian
ASNDAf ® ¢KAA edantiliesets dmaioiNdwisiakeNJoradirdaid partitioned

into 2 datasets by alignment to their respective genofe$?2 (i) B. malayiunique reads

plus lateral gene transfer events, a(i wBm-unique reads. Doing so allows for analysis of
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differentially expressed genesnd pathways that may contribute tevBm population
proliferation and the symbiotic relationship. These 4 tipwints were chosen as they span
the L3 to L4 developmental moult of the nematode, occurring betwdayss and 11, and

as mentioned previously, th&Volbachiapopulation is known to undergo a significant
population expansion within the first 7 days after infecfioiranscriptomic investigation of

these timepoints will help to further elucidate the relationship betweBnmalayandwBm.

5 ] '% @ Human host Mosquito vector Human host
. oo
.l.' n o2
!, E 2 Microfilariae oL H L3 H L4 H Reproductive Adult | Death
. H H
Blood Flight muscles 1 Praboscis Lymph system
| ! i i .
~ 14 days ~11 days ‘ 10+ years
! ]
. ; ? . :

Wolbachia
population

Figure 3-1: Graphical representation of the life cycle Bf malayj and the concurrent population changes with
its Wolbachiaendosymbiont, not drawn to scaleDevelopmental life cycle stage of interest fhiststug is
highlightedin green Note how théWNolbachigpopulationincreases at an exponential rdtem a static population
within the first few days oB. malayinfection into the final hosimages ofWolbachiataken from Taylor et &,
andB. malaytaken from he @nters for Disease Control and Preventfon

3.2 Resllts

3.2.1 Overview of Transcriptome alignments

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

processing and sequencing done by the Liverpool Centre for GerlRasigurces

Total RM sequencing fronB. malayinematodes extracted 3, 7, 11 and 14 days post
infection of Mongolian jird hosts yielded a minimum of 16 million trimmed unaligned reads
for all replicates, with the distribution of reads displayed in fulAjpppendix 2 With each
replicate, a minimum of 89.17% of the total reads mapped toBhenalayihost genomea
figure broadly in line with similar transcriptomics exipeents published previousl§?*’% The
remaining unmapped reads were then extracted and remapped toviBen genome. As
expected, the number ofvBm reads increased in line with the pected epansion in
Wolbachiapopulation rising to an average of 65.70% at 14 days post infed&igure3-2).
Reads that were successfully aligned to either genome were quantified using

FeatureCount8?for downstream differential expression analysis.
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Figure3-2: Chart to show average mapping percentage efficiencies of reads toggeomes of eitheB. malayj
the wBmendosymbionf or thegerbil animal host Mapping efficiency to th8. malaygenome is based on total
reads mapping to thé8. malayigenome, whereas mapping efficiency to th8mwgenome is based on the
remaining unmapped reads that successfully mapped to tBengenome. Noe the low mapping efficienayf
wBm readgluring days 3 and, as compared téhe increasednapping efficiency between dag4d and 14.

3.2.2 g-PCR confirmation efBm load

All gPCR work in this section was done by Dr Christina Bronowski, with proceasitg

seqlencing done by the Liverpool Centre for GenoRé&sources

To confirm thatwBm populations increase during the two weeks of study, gPCR was
conductedon 10 biological replicates of single nematodes from each of the 4 studied time
points. Briefly, DM\ was etracted from 10 individual L3 or L4 larvae fraach of the 4
studied timepoints, and used for gPCR amplification with primers designed to target the
Wolbachiasurface protein Wsp andB. malayiGlutathioneS Transferasegét) genes, as
describedn McGary et. al*>. Amplifications for ach biobgical replicatevere performed in
quadruplicatevia a Tagman duplex assay, using the FAM fluorophore fowgpreadout,

and the VIC fluorophore for thgst readout, alongside a standard curve for bajenes

generated by using 7 serialid-10 diutionsof a known stock concentration

As expected, andirroring resultsobserved from read mapping efficiencief? CResults

showed thatwBm populationsncrease as time progresses after infectidigure3-3).
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Figure3-3: Boxplot ofwsp gene copy number fromO0 individualB. malayinematodes collectedrom each time
point 3, 7, 11, and 14 days postfection.

3.2.3 Overview of Differential Expression analysis
Pairwisddifferential expression analysis was conducted with the four tpo@ts ofB. malayi

development. This was done using the EdgeR paéKagéwo modes firstly a timecourse,

or baseline comparison format usingyp3 aghe baseline (Day 3 versus Day 7, Day 3 versus
Day 11, Day 3 versus Day 14). This method was used to identify any overall transcriptomic
trends that may eist in eitherB. malayorw. Y® ¢ KS &AS 02y R VersBsbt €6zQAf A aSR |
comparison, witifocus m using a timecourse comparison format (Day 3 versus Day 7, Day

7 versus Day 11, Day 11 versus Day 14). This was done to take advantage of the increasing
read-mapping efficiencies o’Bm over time, as well as to corroborate specific changes of
interest icentified from the baseline comparisons. The full results of both analysis methods
are includedn Appendix 2 Transcriptomics studies focusing on similar nematodes typically
focus on an alversusall appoach intheir analysi§®1125 |ikely due to these studies
comparing significantly different life cycle stages to one another in isolation. As this study is
focusing on chnges tlat occur over a short time span and across closely related life cycle
stages, we opted to fars on results from the baseline comparison format to observe any
biological changes, as well as the clarity this format brings in terms of changes oxeF tien

EdgeR program was chosen for this purpose due to its widespread use, and available external

wrappers for ease of use.

The results of this second analysis corroborate the changes observed during the baseline
comparison format, and identifies seveeadditional genes achieving statistical significance.

Examples of such newly identified statisticaiynificant genes include Pyrimidine deaminase
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and reductase (Day 7 versus Day W8m0026, several subunits of a Na+/H+ antiporter
system (Day 7 versusaip 14,wBm0050 wBm0389 wBm042), and the DNA segregation
protein FtsK (Day 7 versus Day 11 or DRyvBmMO0644. Full results of this analysssincluded

in Appendix 2

A total of 373 genes oBm (out of a tdal of 86) were identified as having statistically
significant differential expression across any single pairwise comparison (FDR <0.05). During
this study, the magnitude of foldhange ranged from7 to 11 on a logscale, whilst the
number of statisticdly sigrificant genes ranged from 10 (Day 3 versus Day 7) to 271 (Day 7
versus Day 14).

Some of the genes that showed the highest level of upregulation include the outer surface

protein wsp (wBmO0284, the Type IV secretion subunit VirD&BmO3B3), and seveal

hypathetical proteins wWBmO0006 wBn0043. This may indicatev. Y Q& LINA 2 NR G A & |
structural and transport components during this time, possibly in relation to its growth.
Interestingly, the number of genes that were statistically sigaiftly up or downregulated

during any of the analysed pairwise comparisons was approximately €tplae@-1). This

suggests that there is a more cpiax mechanism linked tar. Y Q& G NJ y & ONJR LJG 2 Y &

than a simple unidirg@nal increase in gene expression as the population expands.

wBm Timepoint Upregulated gene§ Downregulated Total
Comparison genes
Day 3 vs Day 7 4 6 10
Day 3 vs Day 11 50 24 74
Day 3 vs Day 14 72 40 112
Day 7 vs Day 11 90 73 163
Day 11 vs Day4l 66 76 142
Day 7 vs Day 14 152 119 271
Unique genes that show differential expressi 373
B. malayi Timepoint Upregulated gene§ Downregulated Total
Comparison genes
Day 3vs Day 7 2526 2513 5039
Day 3 vs Day 11 2407 2468 4875
Day 3 vs Day 14 2426 2582 5008
Day 7 vs Day 11 2352 2409 4761
Day 11 vs Day 14 1164 1292 2456
Day 7 vs Day 14 1933 1989 3922
Unique genes that show differential expressi 7922

Table 3-1: Distribution of differentially expresed genes identifiedy the program EdgeRmvithin wBm and B.
malayiacross the studied four timgoints. Note how the number of umnd downregulated genes are broadly
similar to each other in thevBm dataset, indicating no unidirectional increashat @n be ascribed solely to
population growth.
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By contrast 7,922 unique genes were identified as havingssilly significant differential
expression irB. malayi(out of a total 11,535) across any single pairwise comparison (FDR <
0.05). The magtude of fold-changes in this dataset ranged frodil to 13 on a logscale,
whilst statistically significant ges ranged from 2,456 (Day 11 versus Day 14), to 5,039 genes
(Day 3 versus Day Table3-1).

AsB. madyiis expected to undergo significant morphologicehanges from the L3 to the L4
stage, including sexual organ differentiation and moulting, the initial large number of
statistically significant genes is to be expect@dkle 3-1). For example, during the Day 3
versus Day 7 comparison a total of 44 genes annotated as related to the nematode cuticle or
cuticular collagen were noted to be upregulated, with some showing.ddtiychange of up

to 13 @Appendix 3. Some of the most highly upregulated examples inclBdel 11115

Bml 13325Bml1_25060andBml 53285These sam genes were noted to have reduced
levels of upregulation during the Day 3 versus Day 11 comparisonsnfoma |lay, fold-
change of 2), with some considered downregulated during the Day 3 versus Day 14
comparison (down to lagfold-change of-0.5, Appendix 3. This regulation pattern likely
corresponds to the nematdsl Q & aralidds lahd subsequent completion of the L3 to L4

moult, with similar observaties being noted in previous studé$?*°

3.2.4 Analysis of consensus between differential expression analysis techniques:
EdgeR, DESeq2, CuffDiff
While this work is not intended to aias a lenchmarking comparison study for differential

expression analysis tools, due teetdiscovery nature of the work we adopted an additional
consensus approach to look for genes that show statistical significance across multiple
different algorithms As suchadditional differential expression analysis was carried out with
the programs CifDiff (in combination with CuffLinks, and referred to as*®B°! and
DESeq?2 (referred to as B% and compared against existing results from EdgeR (referred to
as ERY). These three programs are some of the most commonly cited differential expression
analysis programs available. All three algorithms take an initial assumption that no genes are
differentially expressed, but take different appidees in normalisation and medtling to
assess if a gene shows statistically significant differential expression between two given

conditions.

In brief, CD takes in a given alignment file and corresponding annotation, before counting
the number of transcrip WF NI Y Sy ( & b gah&K Fram thid, the varbilitg In O
fragment count per gene and per isoform is then modelled across all given replicates using a

negative binomial modé®'* In the case bisoforms where present, a measurof
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uncertainty is also estimated due to the presence of alternative splicing generating
ambiguously mapped reads. A combination of these estimates, and replicate variability are
then combined into a beta negative binorhimodel to estimate count varianc®r each
transcript within the given genome. These variance estimates per transcript are then used as

the basis to determine statistically significant differential expression per transcript.

On the other hand, DS takesdammatrix of read counts from ardignment file and associated
genome calculated by an external program such as FeatureCouRt®m this, DS calculates
genewise maximum likelihood estimates and idgld-changes, befre a fitted curve is

generated toestimate the amount of variance present amongst given replicates. An empirical

8S&8 LINRPOSRdANB Aa GKSy dzaSR (2 WakKNAylQ (K

control for genes with low read counts, reducing biafold-changes. A second cunsethen

FAGGSR (G2 GKAA WAKNMHzy1SyQ RIGEFE 0ST2NB O2yR

hypothesis that genes are not differentially expres$éd

Finally, like DS, ER takes in amnaif read counts calculated by axternal progrartt’. From

this, the variance level of each gene across all condition replicates is estimated by an
empirical Bayes method, and a negative binomial model is gésafar the spread of read
countsper gene per sample, which can be reduced to a Poisson model if the variance level
per gene is 0. From these values, differential expression of particular genes is then calculated
o0& |y SEIFIOG GSadi dtusd ith he nikhypbthesittak gefeSavdnat S E |

differentially expressed’.

Differential expression analysis was conducted with the two new algorithms CD and DS using
an altversusall comparison on bothvBm and B. malayi Following this, theesults of all

three algorithms were compared to identify statistically significant genes which are shared
across multiple algorithms={gue 3-4, Figure3-5). Previous berfunarking studie¥* have
indicated that CD is less sensitive, bubdéss prone to Type | errors whereas DS and ER are
more sensitive, but also more prone to Typerrors, and thus suitable for more exploratory
analysig®*. Thus, gees that are identified by CuffDiff and at least one other program could

be considered as a reliable result.

Surprisingly, when Day 3 was utilised as a baseli@ observed CD identifying significantly
more genes on its own as compared to ER orA§u€ 3-4), especially during early time
point comparisons (Day 3 versus Day 7). This is possibly due to the comparativedad
counts obtained from samples on Day 3 as compared to other studiedpoims affecting

/ 5Qa adlGAadAOrt atdtal 6fZ0andsS gehds th& welieKderdifed by S

Q)¢
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CuffDiff and at least one other analysis program when comp@ag3 to Day 11 or Day 14
respectively Figue 3-4, Table3-2). This trend is reversed when Day 7 or Day 11 is utilised as
a baseline, where we observed expected behaviauoagst the threealgorithms Figue

3-4). Namely, that a comparatively large number of genes were identified as significantly
expressed by ER and DS, and a lesser nuaflgemes by COF{guie 3-4). This is exemplified

by the Day 7 versus Day 14 comparison that shows all significantly expressed genes identified
by DS aslso being identified by ER. This comparison also has the highest number of
statistically significant diffemtially expressed genes out of all comparisons done during this
study (65 genes by consensisgue 3-4, and 271 genes by EdgeR alohable3-1). This

may be reflective ofi KS RA T F S NB wBm miyabé bbse®vadin, ileKtheihighly
replicative state during the initial L3 infection, and the slower replicative state seen in L4

nematodes and onwards.

In the nematode host, the interactions tvegeen all three algorithmssias expected from
previous benchmarking studies, with CD identifying the fewest genes amongst all three
algorithms regardless of the comparison conductéigre3-5). This is followed by ER, with

DS yielding theighest number of differentially expressed genes, with these two algorithms
having the highest overlap in terms of identified genes amongst the three. Interestingly,
when using Day 3 as a baseline the three algorithms frequently identified high numbers of
genes as being differentially expressed, at over 3,100 genes per comparison. This is likely
reflective of the high read counts available for tBe malayitranscriptone, as well as the
significant developmental changes the nematode undergoes through thevieds studied.

As an example, of the 44 genes related to nematode cuticle or cuticular collagen identified
as upregulated by ER alone, 21 of these genes were astifidd by all three algorithms.
These identified genes have a maximum;légld-change é 6.7, with examples being

Bm1_00815Bm1_37110Bm1_11865andBm1_10410

This set of overlaps will help in further analysis of thBm-B. malayitranscriptome by
brAy3Ay3a F2NBINR (GKS Yz2ad WNBfAlIofSQ 3ASySa
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Figure 3-4: Comparison oftatistically significant genes identifiedrom three differential expression analysis
algorithms onthe wBmdataset. Note the number of genes that EdgeR and DESeq?2 frequently slsreatd
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Day 3 versus Day 14 Day 7 versus Day 14
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Figure 3-5: Comparison oftatistically significant genes identifiedrom three differential expression analysis
algorithms onthe B. malayidataset. Note again the large number of shared genes between EdgeR and DESeq2,
FYyR Ffa2 K2g 59{Sljn KFa KAIK ydzYoSNB 2F WdzyAljdzSQ aA3IyATFAOl
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D3vD7(9 genes) D3vD1X(70 genes) D3vD1485 genep
wBmO0138 wBm0005 wBm0521 wBm0001 wBm0443
wBmO0314 wBm0006 wBm0537 wBm0005 wBm0454
wBmO0350 wBm0007 wBm0541 wBm0006 wBm0475
wBmO0387 wBm0008 wBm0544 wBm0007 wBm0484
wBm0403 wBm0019 wBmO0567 wBmO0008 wBm0490
wBm0495 wBm0028 wBm0583 wBmO0013 wBm0494
wBm0508 wBm0051 wBm0596 wBm0019 wBm0496
wBmQ0772 wBm0053 wBm0613 wBm0028 wBm0500
wBmO0786 wBm0089 wBm0616 wBm0043 wBm0508

wBm0092 wBm0630 wBmO0051 wBm0521
wBm0097 wBm0637 wBm0053 wBm0537
wBm0124 wBm0670 wBm0087 wBm0538
wBm0138 wBm0674 wBm0089 wBm0544
wBm0146 wBm0704 wBm0092 wBm0567
wBm0179 wBm0708 wBm0124 wBm0572
wBm0181 wBm0722 wBm0146 wBm0583
wBm0206 wBmQ0727 wBm0154 wBm0596
wBm0210 wBm0755 wBm0179 wBm0606
wBm0211 wBmQ0767 wBm0181 wBm0609
wBm0221 wBm0771 wBm0182 wBm0613
wBm0227 wBmQ0772 wBm0193 wBm0628
wBm0239 wBmO0775 wBm0202 wBm0630
wBm0276 wBm0786 wBm0210 wBm0637
wBm0284 wBm0804 wBmO0211 wBm0647
wBm0291 wBm0806 wBm0221 wBm0659
wBm0296 wBm0808 wBmO0227 wBm0674
wBm0320 wBmNew0001 wBmO0239 wBm0695
wBm0355 wBmO0276 wBm0704
wBm0384 wBm0284 wBm0708
wBm0387 wBm0291 wBmQ0717
wBm0399 wBm0320 wBmQ0738
wBm0402 wBm0335 wBm0739
wBm0411 wBm0350 wBm0740
wBm0424 wBm0355 wBmQ0767
wBm0434 wBmO0362 wBm0771
wBmo0437 wBm0384 wBm0772
wBm0443 wBmO0387 wBm0774
wBm0451 wBm0399 wBm0786
wBm0454 wBm0411 wBm0804
wBm0484 wBm0414 wBm0806
wBm0494 wBm0426 wBm0808
wBm0495 wBm0434 wBmNew0001
wBm0508 wBm0437

Table3-2: List of gens identified as differentially expressed across the CuffDiff algorithm and at least one other
algorithm (DESeqg2 or EdggR
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3.2.5 Pathway map generation and analysis strategy of\thébachia
endosymbiont
In an attempt to derive additionabiological meaning ém the results of differential

expression, Gene Ontology (GO) enrichment (via the program BlaSE2G® Pathway
enrichment (using the Generally Applicable Gene set Enrichment (GAGE) prSgveene

performed on thewBm transcriptome.

To summarise thesevo techniques, GOINXY' & | NB | OdzaNF 6 SR WRAOGA 2y NB
assigned to genes, offering a standardised method of describing gene function or localisation.

GO enrichment programs, such as one bundled in Blas2@r@ designed to take a user

defined set of genes, and compare thissies a background sef genes, before determining

if there are GO terms that are noticeably enriched (more abundant as compared to chance),

within the userdefined set as can be expected by random chance when picked from the

background gene set. By conttaGAGE® overlays all differential expression fetthange

RFGF 2yG2 + Wol O]l 3INRBdzyRQ aSi 2F 3ISySaz Ay GKraa O
pathways as defined by the Kyoto Encyclopaedia for Genes and Genomes (KEGG) pathway

databasé®®. This overlay is then used to detema if a given gene set shows statistically

significant differential expression as compared to background, or possibly if the pathway as

a whole is statistically significantly enriched with either apdownregulatedgenes. In this

instance, gene sets we defined based on shared significance between the three differential

expression programs described earlier (FDR < 0.05).

These automated techniques depend on a suitably large background gene set to conduct
statisticalanalysis, of whictvBmdoes not haveThisisdue teBmQ & S @2f dziA2y +a |y 20
endosymbiont, which has resulted in generally small genome sizes and many biochemical

pathways becoming lost or significantly reduced as compared to model orgahisths

Because of this, these techniques were unlikely to identify many GO terms or pathways that

are enriched from background, and indeed upon applyingwhetechniques to this dataset,

no siatistically significant GO terms or pathways were identified.

As a result of this, we opted for a n@automated review of the data, via manual curation of
biological pathways between botlwvBm and B. malayi To do so, & incorporated
information from the koto Encyclopaedia of Genes and Genomes (KEGG) and the BioCyc
Database collectiod®?*". These are publig available databases that incorporate genome
and pathway information on a wide range of organisms, and is based on a mix of public
literature, experimental evidence, and pathways known to exist within model orgaffi§ms

257 As previously observed by their respective sequencing préjééts gaps in a range of
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biological pathways were observed in bottBm and B. malayi Examples being glycolysis
and amino acid metabolisim wBm, and nucleotide biosynthesisnd haem inB. malayi
Utilising this pathway knowledge of both organisms, we then took the opportunity to
manually reconstruct certain pathways of interest that are predicted to play a role in
symbiosis Table3-3), taking into account the presence of these gaps, and in some cases how
the pathways of the two organisms overlap with each other directly. These reconstructe

pathways are includeth Appendix 3

) Total Day 3 Day 3 Day 3
Pathway namel{E5G Identifigr versus Day| versus Day| versus Day
genes 7 11 14

Purine biosynthesisyBm00230) 20 11 14 13
Pyrimidine biosynthesisuBm00240) 15 12 11 10
TCA cycleBm00020 18 9 12 9
GlycolysiswBm00010Q 12
DNA replicatin (vBm03030Q 13 9 7 8
Glutathione MetabolismwBmO00480) 5
HaembiosynthesisyBmO0086( 12 10 11 11
Type IV secretion systerwBm0307( 10 8 8 8

Table 3-3: Several pathways of interest identified ithis study containing genes that wereonsistently
upregulated or downregulated over the timpoints studied.The KEGG identifier included for each pathway is
based on knowledge gained from model organisms, awtldes significant gaps due toBwmQ & FR&@E Sy
genome.

Following on from this, we then overlaid results from differential expression onto these
pathways with the aid of the Pathview progréi% which is designed to map useefined
fold-change differences onto genes in KEGG pathways for analysis. GenBsiwere
considered as upregulated or downregulated if they had a kaiyl Change > 0.2, or-8.2
respectively, according to the default settings of the Pathview analysis program. FDR
significance values for each gene was ignored for this mapping, as jgiob was to gain

a general overview of whether certain pathways werp or downregulated. As the foid
change of genes were not noted to differ significantly between CD, DS, and ER, we utilised

results from ER due to availability of external wrappersfase of us&®.

3.2.6 Glycolysis and TCy¢cte pathways ilWolbachiaare suggestive odlternating
control during early nematode development
Genome sequencing suggesiBm maintains a truncated glycolysis pathway, withittigal

steps of extracellular glucose uptake, phosphorylation, and praogsato Fructosel,6-
bisphosphate missing from its genotie The role of these enzymes has possibly been
supplanted by the host, with localisation &. malayiglycolysis enzymes (specifically

fructose-1-6-bisphosphate aldolase, triosepbphate isomerase,-lactate dehydrogenase,

Page 91



enolase, glyceraldehyd&phosphate dehydrogenase, and phosphoglycerate kinas@)Bm

surface proteins having been observed in a previous stady

Manual investigation ovBm pathways overlaid with differential expression falthnges
indicatedan alternating pattern of regulation in the Glycolysis and TCA cydevpss during

L3L4 nematode larval development. Out of the 9 genes thBm maintains, which are
responsible for the glycolysis/gluconeogenesis pathway, 5 genes were downregulatesl acro
all 3 pairwise comparisons, with 2 additional genes (Fructose bipphats aldolase,
wBmO0097and Triosephosphate isomeras@Bm0408§ being downregulated in at least 1
pairwise comparisonT@able3-3, Figure3-6-A). The exceptions to this trendere Fructose
1,6-bisphosphatasefBm0132 and Pyruvate Phlaphate DikinaseA(Bm0209, shown to be
upregulated in at least 2 pairwise comparisons, although these enzymes are known to act in
the gluconeogenic directidh®®® This indicates coordinatl downregulation of the glycolysis
pathway andis accompanied by genes within the Tricarboxylic Acid Cycle (TCA) being
upregulated during later comparisons. These include upregulation of tratsaich as
Malate dehydrogenase wBm0244, Citrate synthase (WBmO0735 and the two
Dihydrolipoamide dehydrogenase subunigBmO055%ndwBm0561 Table3-3, Figure3-6-

O. Compnents of the glutaminolysis pathway was also seen to be consistently upregulated
during the study. This pathway controls the convemsdf glutamine, through to glutamate,

then finally 2oxoglutarate, where it can enter the TCA cycle as an alternativ@mnaource

to pyruvate. Specifically, the genes that encode the Glutamate synthase beta chain subunit,
Carbamoyl phosphate synthaseda subunit, and Glutamine amidotransferaseBfm0051
wBm0512 andwBmO0800respectively), were all noted to be consistgntpregulatedyhilst
wBm0232and wBm0654was noted to be upregulated across two pairwise comparisons
(Figure3-6-D). The genesyBm0512andwBmO0654together form the Carbamoyphosphate
synthetase enzyme, which perins the first committing step in pyrimidine biosynthesis,
another pattway which is seen to be highly upregulateadviBm during this timeRigure3-6-

D, Figure3-7B).

Additionally, several of the genes identified across the 3 different pathways were noted as
statistically significant acro€3Dand at leasone other algorithm, lending strength to these
observations. These includeBm0051 wBmO0097 wBmO0443 and wBm0674(Table 3-2,
Figure3-6).
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Figure 3-6: Representation of allwBm genes that make up the Glycolysis/Gluconeogenesis, TCA, and
Glutaminolysis pathwaysEach large box represents a single enzyme, divided into three smaller boxes to represent
the associated timg@oint comparison. These smaller boxes are cetoded with varying intensities of red or blue

to represent the intensity of upor downregulation respectively, see tepght. Note the consistent
downregulation of many glycolytic pathway componeriiexgsA and B), and converse upregulation of many
components in the TCA and Glutaminolysis pathvwayxdsCand D). Note also the ldcof initial stepgor the
absorption and breakdown of glucose in the glycolysis pathway.

genase (SdhC) tase, B subunit
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3.2.7 Wolbachianucleotide biosynthessupports hypothesis of congohenting
Brugia malayDNA replication
A fully intact pathway for thede-novo biosynthesis and intercomvsion of nucleotides

(purines and pyrimidines) is maintained Wwim,in contrast to the nematode host that only
maintains pathways for extracellular salvage and interconversion of nuclebfides
Differential expression analysis reveals that many componenthese pathways were
highly upregulated in later timgpoints, several of which formed committing steps for the
pathways when overlaicdBm0103wBm0385wBm0420wBm0512wBm0787 (Table3-3,
Figure3-7). Two additional genesvolved in these committing steps showed statistically
significant upregulation byonsensus of CuffDiff and at least one other algorittuar0227
wBm0411 wBmO0806Table 3-2). Upregulation of these genes was altcompanied by
severdofw. YQ& y dzOft S20ARS AYy(iSNO2y@dSNERA2Y 3ASySa
expression during several of the analysed tipgent comparisonsTable3-2). Examples of
statisticallysignificant genes involved in the pathways inclug@m0695wBmO0717(purine
metabolism pathwaywBm0355wBm0695wBmO0717(pyrimidine metabolism pathway).

This cosistent upregulation of many components WBm purinepyrimidine biosynthesis

correlates wih the statistically significant upregulation Bfugia malay® & 5b! NBLJX A OF (A 2y

pathway during the Day 3 versus Day 14 tipmént (Table3-4). Yet when overlaid witlB.
malayQad RS3IASYSNI SR ydzOf S 2Righré3SA, geheZoax@syiniditedi A O
lines) there is anoticeable contrast in activity, withB. malayigenes showing limited
differential expression (examples beiBnl _44235Bm1_11585Bm1 23045Bm1_ 1442,

with a few excetions (examples beinBm1_34225Bm1_3346% This correlatiorbetween

LI G Kg I

w. Y @gregulatedde-novonucleotide biosynthesis pathways aBd malay® & dzLINS 3 dzf | 4 SR

DNA replication pathwagontinues to occur wheanalysim later time-points comgrison
e.g. Day Aersus Day 11 or Day 1dee tables imPAppendix 3. Several genes also show
statistical significancen at least 2 of the 3 algorithmduring these later timepoint
comparisons, with examples includingBm0226 wBm0232 wBm411 wBm420 and
wBm0527in the purine biosynhetic pathway andwBmO0512in the pyrimidine biosynthetic
pathway(Appendix 3.

Figure 3-7A and B (next 2 mges): Combined pathway diagramillustrating the Purine and Pyrimidine
biosynthesis pathways coupled to gene exp®on data forB. malayiand wBm side-by-side. Brugia malayi
enzymes have a dotted line border, whildBwenzymes have a solid border. Bdhe lack oBrugia malayi
enzymes in the deovo synthesis stages of both pathways, yet presence of multiple enzymes for nucleotide
interconversions that ®mdoes not maintain. Also note that nearly all of th8mvenzymes in both the purine
and pyrimidire pathways are consistentlypregulated, with only a few showing downregulation during later time

points. This contrasts with the feéB: malaypenes present in these pathways that show little upregulation across
the studied pairwise comparisons
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3.2.8 WolbachiaDNA replication machineigdicates complementation of
bacterialpopulation dynamics
The DNA replication machinerywBm is streamlined, as compared to other model bacteria,

and consists of the DNA polymerase 1l holoenzyme, made up 8fthe O Itidipblyfmérase
subunitands k4 Q@ O2YLX SEX | & ¢6Stf | a OJlsiihaas@®¥A 230 KSN
helicase, RNAse H, DNA ligase, SSB arldmps Figure 3-8). The DNA polymerase |l

complex are respasible for performing DNA replicatioitself®%261 with additional

mentioned enzymes playing a dual role in DNA refiicaand DNA repair, and possibly

MRMNA turnovert®264

During early stages of nematode infection into a host, multiple eezsyoutside of thes-h

catalytic subunit andd k-4 © O2 YL SE aK2 ¢ dzLINB 3 dzf fpdinss2y | ON.
(Figure3-8). As time progressed, multiple components of the catalytic subunit an@ K -

1 © O2 Y hdivedl Elowsreguldbn, in conjunction with several other enzymed=igure

3-8). This includes the alphawBmO0499, gamma/tau WwBmO0434, and deltaprime

(WBm0639 subunits of the complex, of which the gamma/tau compbaws statistically

significant differentiation across CuffDiff and at least one other algorifrable3-2).

This indicates that between Days 3 anav/Bm DNA replication rates are highly active, before
being dowmegulated from day 7 onwards. This is reflectivemfm population dynamics,
which show a large population increase during the initial week, followed by reduced
population growth rate in the subsgent week of infectionlndeed, when analysing the Day

7 vsDay 11 or Day 14 comparisongyltiple genes in the key-h catalytic subunit an@ K -

1 © O 2 ¥ddbnfinbe downregulation with wBm0434(encoding thepolymerases K _
subunit) showingstatistically significant downregulation across all 3 algorithms ysed

tables inAppendix 3.
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Figure3-8: lllustration of the entirety ofw. Y MB&IA replication machineryNote that many of the clamp, helicase, and RNAsepmments of the pathway are upregulated across all studied
time-point, but the key DNA polymerase core, and -1 @0 O2 YLX SE &aK2¢ &aSOSNIf O2YLRySyida (GKFG I NB R2yNB3AdzA I SR
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3.2.9 WolbachigElectron Transpodomplexesll and llindicate upregulation
The electron transport chain imany organisms is comprised of 4 different complexes

(Complex | to 1V) plus ubiquinorend are canonically used to generate a proton gradient,

which could then be used by the ATP synthase complex (Complex V) to generate ATP.

This study identifies multipleomponents of Complexes Il and Il as being consistently
upregulated across all studidime-points- both of which play a role in generating a proton
gradient for ATP. Interestinglpnly Complexes Il and Il show upregulation during studied
time-points where Day 3 is used as a bdise (Figure3-9). Examples of certain genes that
show statistical significance in this pathway includBm06240of Complexl (consistent
downregulation, statistical significance at day 14), al@m0774of Complex Il (consistent
upregulation, statistical significance at ydd4). Furthermore Complex V itself shows
downregulation across all studied tinpmints, indicating thatvBm may not be utilising the
proton gradient generated by Complex Il and Il for ATP biosynthesis. One potential reason
as to why this is occurring that the generation of a proton gradient allows for the extrusion
of sodium ions (Na+) to the extracddu space via Na+/H+ antiporter machinery, of which
wBmmaintains several such antiportéts This combination of H+ or Na+ gradients could
then be used bywBm for the export, or perhaps import, of metabelitto/from its nematode

host.
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3.2.10 Wolbachidransaiptome indicates upregulation adl components of haem

biosynthesis
Previous studies have focused on homBm maintains the full pathway for haem

biosynthesis, and how this contrasts with its host which lacks an eqotvadghway!t24
Instead, the nematode maintains a ferrocheledaenzyme of possibly bacterial origin, used
in the final step of haem biosynthe&s Haem is known to function as an essential cofactor
for the proper funcion of many proteins critical for key biological processes, such as

reproduction pathway¥".

This study has found that all 7 genes that make up the haem biosynthetic pathweBnn
were upregulated across all studied timpeints (Table 3-3, Figure 3-10A). This is futter
corroborated by gnes encoding Hem@&BmO077F and HemEwWBm000) which showed
statistically significant upregulation with EdgeR analysis (FDR < 0.05) during at least one

pairwise comparison of this studggpendix 3.

3.2.112 2 f o | Oypalv seé&etion systemdicates upregulation
Past studies have focused an Y Qhility to interact with its nematode host and the

potential involvement ofv. YQ& GeLJS L+ aSONBGA2Yy aeaaSy Ay
nutrient provisioning!*'*®  Canonically, the type IV secretion system is made up of 12
subunits: VirD4, and VirB1 thugh to VirB11, althoughin. YQ& OF a8 A4 YIFAydl
encode the 8 subunits VirD4, VilB@B4,VirB6, and VirBa1.

In this study, the data shows significant differential expression of two type IV secretion
system components by EdgeR analysisirdudater timepoint comparisonswBmQ0793
wBmO0282 FDR < 0.05F(gure3-10B, Appendix 3. A further 3 of these 8 genes were also
seen as upregulated across all tipeints (vBm0279wBm0281 wBm0283.
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Figure3-10: (A) Overview of the haem biosynthetic pathway inBm, with the single gene irB. malayialso included (AD133748(B) Structural overview of the Type IV secretisystem in
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shown tobe absent in &cterial species which can produce haém(B), wte how many of the corsutunits are highly upregulatedncluding the 4 newly identified subuni@h@pter 2.
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3.2.12 Comparison ok3L4wBm transcriptome witimicrofilarial transdptome
Whilst the datasets are not directly comparable due to different experimental design, we

attempted to identify any stagepecific transcripts unique to the {3l stagewBm
transcriptome when compared to microfilaris@age wBm transcriptome (generatl in
Chaper 5). This was done to identify additional genes or signalling mechanisms that play a
role inwBmpopulation growth, as these two timpoints show markedly different behaviour;

an actively replicatingopulation during the L-24 stages, and a static populatiduring the
microfilariae stages. This comparison was achieved by identifying genes which show
statistically significant differential expression between any of thelL43stages and
microfilariae $age, before then identifying genes that have a read caafm® in either all

three replicates in all timg@oints of the L34 dataset, or the microfilariae dataset.

A total of 8wBm genes were shown to be expressed in alL43tages, but showed no
expression in microfilariae stages. These include the SecFlaaase subunityyBm0186,
phosphate ABC transportewBm023), tRNA modification factoBm0364, nitropropane
dioxygenasewBm026(), 2 ribosomal proteinswBm0328 wBm0503, and 2 hypothetical
genes (wBm0249wBm0368.

Conversely, there were no genes tishowed stagespecific expression in microfilariae stage
wBm. This indicates thatBm does not undergo any specific processes that are unigue to

the microfilariae stage.

3.2.13 Upregulated pathways @ugia malayi
Similar to the methods initially used to anadysyBm pathways, pathway enrichment

techniques were applied onto thB. malayitranscriptome using the GAGE prograhi®°to

identify differentially expressed pathways. As input, we utilised all genes that were identified
as stistically significantly expressed during our consensusragch Eigure 3-5) with
pathways reported if they have an FDR < 0.1 (a standard threshold for similar programs, such
as Gene Set Enrichment Analy®)s Due to the biological cophexity of B. malayias
compared towBm, differentiallyexpressed pathways were more likely to be observed, and

an automated solution would be necessary to investigate each pathway. As mentioned
previously, investigating whole pathways will add additiobadlogical context for the

differentially expressed geas identified irB. malayduring the studied timepoints.

Day 3 versus Day 7 Day 3 versus Day 11 Day 3 versus Day 14

Pathway name (ID) |FDR (Pathway name (ID) |FDR [Pathway name (ID) |FDR

2.61E | bmy03460 Fanconi anaemig 1.78E - 8.38E
02 pathway 02 DNA replication fmy0303Q 04

DNA replicaton (bmy0303Q

Pagel 103



DNA replication §my0303Q 1.78E | bmy03460 Fanconi anaemig 1.02E

02 pathway 02
Biosynthesis of amino acids| 3.66E
(bmy0123Q 02
Homologousrecombination | 7.54E
(bmy0344Q 02
Endocytosis§my04144 7'(5)3E
FoxO signalling pathway 7.54E
(bmy04069 02
Autophagy- animal 7.54E
(bmy0414Q 02
mTOR signalling pathway 3.43E
(bmy0415Q 02
ErbB signalling pathway 8.79E
(bmy04012 02

8.79E

Spliceosomelfmy03040 02

Table3-4: Results obtained from GAGE showing pathways that are statistically significantly upregulated.
Note how the number of pathways identifiettieases as timprogresses.

The number of statistically significant pathways that show upregulation ranges from 1 to 10,
with the number of identified pathways increasing as nematode development progresses
(Table 3-4). Interestindy, the DNA replication pathway is the only pathway that was

identified across all 4 timpoints as being upregulated, likely linked to growth.

Additionally, during the Day 3 versus Day 14 timoint comparisonthe autophagy pathway
(bmy04140 was signitantly upregulated (FDR < O:lable 3-4, Figure3-11). Whilst the
upregulation of this pathway corroborates previous observations that the nematode
regulates Wolbachia populations throughactivation of the autophagy pathw&y, the
presence of several signalling pathways that are known to affect the autophagy pathway was
also noted. Such pathways included the mTOR signalling pathway04150 Table 3-4),

where upregulation of this pathway is known to both encourage cellular proliferation, but

also suppresses autophagy via the action of the mTORC1 cafiptex

¢KS Y¢hw LI GKgl &@Qa duiikkicesnistead so2rglateivi nfalay@ S NJ G A Y S
growth after the L3 to L4 moult. This is accompanied by the FoxO andsigndling

pathways bmy04068 bmy04012, which have roles in cell proliferation and cell fate
RSOSNXYAYLIGA2YyS tA1St& NBtFGSR G2 GKS ySYIFG2RSQa
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3.2.14 Downregulated pathways &frugia madyi
A maximum of 10 pathways were identified as being downregulated during earlyptine

comparisonsTable3-5). As time progresses and the infection continues, it is interesting to
note that the number of dowrggulated pathways decreases, from 10 during early {poimt
comparisons down to 4 in the last tinpoint comparison Table 3-5). This reduction of
pathways observed to be downregulated may be related to the nematadult from L3 to

L4, as it has been obsed in the past that nematode developmental moults are

accompanied by a period of low metabolic actitity’°

Day 3 versus Day 7 Day 3 versus Day 11 Day 3 versus Day 14
Pathway name (ID) [FDR |Pathway name (ID) FDR |Pathway name (ID] FDR
Ribosome ¥my0301Q 3'1‘3[5 Ribosome ¥my03010Q 37%'3 Ribosome Hmy0301Q 5'44(1)5
Oxidative phosphorylation | 3.40E [ Oxidative phosphorylation 1.75E | Oxidative phosphorylation| 5.44E
(bmy00190Q 06 | (bmy0019Q 08| (bmy0019Q 07
Metabolic pathways . 6.20E 4.63E
(bmy0110Q 0.00023| Metabolic pathways bmy0110Q 05 RNA transport fmy03013 03

Protein processing in .
RNA transport fmy03013 | 0.00194] endoplasmic reticulum 2'7%5 I(\;I;;tagtljlllggathways 4'6%§
(bmy0414) d
. . 3.82E
Spliceosomelfmy03040Q 0.03425| Spliceosomelfmy03040 04
Ribosome biogenesis in . 2.57E
eukaryotes bmy03008 0.04805| Endocytosisifmy04144 02
Ribosome biogenesis in 4.48E
Proteasome my0305Q 0.04805 eukaryotes bmy03008 02
Valine, leucine and 4.88E
isoleucine degradation 0.04805| RNA transport fmy03013 ’ 02
(bmy00280Q
mRNA surveillance pathway 6.12E
(bmy03015 0.08527| Proteasome hmy03050Q 02
Lysine degradation . . 8.11E
(bmy00310 0.08527| Glycan biosynthesisofny00510Q 02

Table 3-5: Results obtained from GAGE showing pathways that are statistically significantly downregulated.
Note how the number of pathways identified decreases as time progresses, the opposite of pathways identified as
upregulated.

One interesting obsemtion of this pathway analysis method is the presence of 4 pathways

which show downregulation throughout all 4 tinp®ints: The oxidative phosphorylation

pathway pmy00190, ribosome complexbfny0301(, RNA transport pathwayiny03013,

the and Metabolic pthways bmy0110Q (Table3-5). Of these 4, the first pathway relates to

energy production, whilst the next 3 pathways mentioned egkated in some way to RNA

YR LINRGSAY LINROS&aAy3Ik YN fiMQ@ vy & K dKE a3 KS yi &KSY
many different pathways as well. It is perhaps interesting to speculate that the nematode

may be reliant on thevBm endosymbiont for much ofsi RNA or protein processing needs

through the studied stages of development, alsie other pathways as mentioned

previously.
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3.2.15 Gene Ontology enrichment analysis of upregulated genedNddz3 A I  YI £ | é A
L3L4 transcriptome
Additional analysis on thB. malaytranscriptome was performed using Gene Ontology (GO)

'yl fe&aia JAaithment AnalydisifittiélE as Begddd previously for thevBm
transcriptome. The background gene set was defined as the genetic cont@troélayj

with userdefined gene sts based genes that showed statistically significant differential
expression via the consensus approakfg@re3-5), and further split into upregulatedr
downregulated gene sets based on ajlégd-change of > 0.2 or .2 respectivelythe
minimum value that differentially expressed genes were identifiedr analysis of the
enriched GO terms, an FDR-odt of < 0.05 was established as per defautigram settings

to identify enriched GO terms. Following this, GO terms were then reduced to their most
specific level via Blast2&® The full,un-summarisedresults of this analysis is included

within Appendix 2

13 GO terms were identified as enriched within the upregulated gene set of the Day 3
versus Day 7 comparison, after reducing terms to their most specific. These terms involved
the nematode cuticle and moulting cgglas well as integral membrane components and
striated thin muscle filamentérable3-6). These terms are likely related to the nemago
preparing a new cuticle for the developmental moult known to occur between days 8 and

11 afte initial infection.

A total of 33 GO terms were identified as enriched within the upregulated gene set of the

Day 3 versus Day 11 comparison after reducti@nmB identified in this comparison

involve growth signallingnd DNA unwinding, repair, and reghtion initiation(Table3-6).

These terms are likely related to nemdmgrowth Additional terms include ATP binding,

as well as actin or muscle filamerff@able3-6). The former term is likely related the
YSYIFG2RSQa ydzOft S2GARS alft @3S LI GKgledas gKACT
YSYIFG2RSQa 24y WBNRI (YKAZT NI A(BAGRSHYi fiss MeNiR ndx#nKo

be mediated by actin filament&2"

A final total of 44 GO terms were identified as enriched within the upregulated gene set of
the Day 3 versus Day 14 conmnigan after reduction. Many of the GO terms identified in

this set relate to growth and developmeras well as sexual differentiatiqiable3-6).

Examples of such ters include growth signalling, DNA replication initiation, cell division,

and reproductive processes. In addition, we also see terms related to ATP binding and actin

or muscle filaments, similar to Day 3 versus Day 11.
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Day 3versus Day 7 comparison (Total 13 terms)

GO Category GO ID GO Name FDR Value

Cellular Component | GO:0016021 | Integral component of membrane 2.41E05
Biological Process G0:0018996 | Moulting cyclecollagen and cuticuldbased cuticle 5.30E04
Molecular Function G0:0042302 | Structural constituent of cuticle 5.30E04
Cellular Component | GO:0005581 | Collagen trimer 9.88E04
Cellular Component | GO:0030017 | Sarcomere 0.003263
Biological Process G0:00062@ | DNA replication initiation 0.004391
Cellular Component | GO:0042555 | MCM complex 0.004391
Molecular Function G0:0004857 | Enzyme inhibitor activity 0.042115
Biological Process G0:0051346 | Negative regulation of hydrolase activity 0.044657
Biological Proces G0:0007264 | Small GTPaseediated signal transduction 0.044657
Biological Process G0:0045138 | Nematode male tail tip morphogenesis 0.044657
Cellular Component | G0O:0043235 | Receptor complex 0.044657
Cellular Component | GO:0036379 | Myofilament 0.044657

Day 3versus Day 1éomparison (Total 33 terms)

GO Category GO ID GO Name FDR Value

Molecular Function G0:0005524 | ATP binding 9.36E07
Cellular Component | GO:0005604 | Basement membrane 1.71E05
Biological Process G0:0030239 | Myofibril assembly 8.70E05
Biologcal Process G0:0008543 | Fibroblast growth factor receptor signalling pathway 1.67E04
Biological Process G0:0032508 | DNA duplex unwinding 3.81E04
Molecular Function GO0:0003678 | DNA helicase activity 3.81E04
Biological Process G0:0006270 | DNAreplicationinitiation 6.67E04
Cellular Component | GO:0042555 [ MCM complex 6.95E04
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Cellular Component | GO:0031430 | M band 7.64E04
Cellular Component | GO:0005861 | Troponin complex 0.003458
Cellular Component | GO:0032982 | Myosin filament 0.003458
Molecular Function GO0008094 | DNAdependent ATPase activity 0.004718
Biological Process G0:0031581 | Hemidesmosome assembly 0.004894
Biological Process G0:0006281 | DNA repair 0.005126
Cellular Component | GO:0005581 | Collagertrimer 0.008278
Biological Process G0:0007018 | Microtubule-based movement 0.012831
Biological Process G0:0007155 | Cell adhesion 0.014545
Cellular Component | GO:0099513 | Polymeric cytoskeletal fibre 0.014545
Biological Process G0:0048644 | Muscle orgarmorphogenesis 0.016902
Cellular Component | GO:0031674 | | band 0.016902
Biological Process GO0:0005977 | Glycogen metabolic process 0.019072
Molecular Function G0:0051015 | Actin filament binding 0.019072
Biological Process G0:0007528 | Neuromuscular junction development 0.021953
Cellular Component | GO:0030054 | Cell junctbn 0.021953
Molecular Function G0:0016773 | Phosphotransferase activity, alcohol group as acceptor 0.022933
Molecular Function G0:0016301 | Kinase activity 0.026598
Molecular Function G0:0008017 | Microtubule binding 0.027915
Biological Process GO0:0006310 | DNA recombination 0.031129
Biological Process G0:0006937 | Regulation of muscle contraction 0.035291
Molecular Function G0:0005200 | Structural constituent o€ytoskeleton 0.036329
Cellular Component | GO:0016010 | Dystrophinassociated glycoprotein complex 0.04227
Molecular Function G0:0003777 | Microtubule motor activity 0.047571

Page 109



Day 3 versus Day 14 comparison (Total 44 terms)

GOCategory GO ID GO Name FDR Value

Biological Process G0:0031581 | Hemidesmosome assembly 2.13E05
Molecular Function G0:0005524 | ATPhinding 5.24E05
Biological Process G0:0006928 | Movement of cell or subcellular component 1.08E04
Biological Process G0:0006281 | DNA repair 1.23E04
Biological Process G0:0008543 | Fibroblast growth factor receptor signalling pathway 1.39E04
Biological Rocess GO0:0005977 | Glycogen metabolic process 4.48E04
Biological Process G0:0006270 | DNA replicationnitiation 7.31E04
Cellular Component | GO:0042555 | MCM complex 7.33E04
Biological Process G0:0030239 | Myofibril assembly 0.001427
Molecular Function GO:M19899 | Enzyme binding 0.001989
Molecular Function G0:0003678 | DNA helicase activity 0.003012
Cellular Component | GO:0005861 | Troponin complex 0.003622
Cellular Component | GO:0005604 | Basement membrane 0.005827
Biological Process G0:0006937 | Regulation of mude contraction 0.009313
Biological Process GO0:0051784 | Negative regulation of nuclealivision 0.010463
Biological Process G0:0018107 | Peptidykthreonine phosphorylation 0.010463
Biological Process G0:0040026 | Positive regulation of vulval development 0.012445
Biological Process G0:0001556 | Oocyte maturation 0.012608
BiologicaProcess G0:0032508 | DNA duplex unwinding 0.013659
Biological Process G0:0031344 | Regulation of cell projection organization 0.0151
Biological Process G0:0048644 | Muscle organ morphgenesis 0.016032
Cellular Component | GO:0015630 | Microtubule cytoskeleton 0.017516
Molecular Function GO0:0004672 | Protein kinase activity 0.018583
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Biological Process G0:0006323 | DNA packaging 0.01945
Molecular Function G0:0004373 | Glycogen (starch) synthasctivity 0.019773
Cellular Component | GO:0045120 | Pronucleus 0.019773
Cellular Component | GO:0016459 | Myosin complex 0.020907
Molecular Function G0:0051015 | Actin filament binding 0.021264
Biological Process G0:0007229 | Integrinmediated signalling pathway 0.021653
Cellular Component | GO:0005884 | Actin filament 0.021653
Cellular Component | GO:0031672 | A band 0.027073
Biological Process G0:0048812 | Neuron projection morphogenesis 0.033496
Molecular Function G0:0005102 | Receptor binding 0.035917
Biological Proess G0:0009790 | Embryo development 0.03644
Biological Process G0:1905819 | Negative regulation of chromosome separation 0.03644
Biological Process G0:1902100 | Negative regulation of metaphase/anaphase transition of cell cycle 0.03644
Biological Process GO0071173 | Spindle assembly checkpoint 0.03644
Molecular Function G0:0005200 | Structural constituent of cytoskeleton 0.03644
Cellular Component | GO:0000776 | Kinetochore 0.03644
Cellular Component | GO:0008305 | Integrin complex 0.03644
CellulartComponent GO0:003055 | Celtsubstrate junction 0.03644
Biological Process G0:0048667 | Cell morphogenesis involved in neuron differentiation 0.043585
Biological Process G0:0034728 | Nucleosome organization 0.043985
Molecular Function GO0:0003777 | Microtubule motor activity 0.048556

Table3-6: List of GO terms enriched within the upregulated gene seBofnalayRa ( NI ya ONJ LJGi 2 YS R dzMBtgHBw theonunibér ofterms iR@e@sed a2 tidhe Snd (i @
development progresseas well as how many of the terms identified in later tipoénts are related to growth signalling, cellular proliferation or differentiation, and actin/myosin filaments.
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3.2.16 Gene Ontology enrichment analysis of downregulated gerigsigia
YI f | L&MEaascriptome
A total of 20 GO terms were identified as enriched from the set of downregulated genes

during the Day 3 versus Day 7 comparisonraftduction Table3-7). Terms identified during
this comparison involve reproductiv@rocesses, ATP synthesis and binding, cellular
respiration, reproductive processesbosomal subunit assembly and translation of mMRNA

into proteins.

27 GO terms were identified in the downregulated gene set during the Day 3 versus Day 11
comparison afte reduction. These terms involve the mitochondrial electron transport and
respiratory chain, embryo development and reproductive processes, and moulting cycle
(Table3-7). Of note, there are a number of recurrent terms from the Bayersus Day 7
compaison that revolve around ribosomal subunit assembly and translation of mMRNA into

proteins.

The number of GO terms identified within the downregulated gene set continues to reduce
to a low of 14 terms during the Day 3 versus Day 14paoieon after reductin. This set of
terms is dominated by ribosomal subunits, their biosynthesis, and subsequent assembly
(Table3-7). Further terms also surround the mitochondrial ATP Isgsis machinery as well.

It is interestirg to note that the enriched terms in all downregulated gene sets include terms
related to ribosomal biogenesis and ATP biosynthesis, which overlaps with findings from

previous pathway analysis by GASE able3-5).
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Day 3 versus Day 7 comparison (Total 20 terms)

GO Category GO ID GO Name FDR Value

Molecular Function GO0:0003735 | Structural constituent of ribosome 9.55E14
Biological Process G0:0006412 | Translation 1.11E10
Molecular Function GO00016491 | Oxidoreductase activity 5.92E05
Molecular Function G0:0015078 | Hydrogen ion transmembrane transporter activity 4.18E04
Biological Process G0:0015986 | ATPsynthesis coupled proton transport 0.00101
Biological Process G0:0042255 | Ribosome assembly 0.001906
Cellular Component | GO:0022625 | Cytosolic large ribosomal subunit 0.002952
Biological Process GO0:0007156 | Homophilic cell adhesion via plasmmembrane adhesion molecules 0.003294
Molecular Function GO0:0003756 | Protein disulphide isomerase activity 0.003904
Biological Process G0:0055114 | Oxidationreduction process 0.005878
Biological Process G0:0008380 | RNA splicing 0.011079
CellulartComponent G0:0005686 | U2 snRNP 0.02173
Cellular Component | GO:0071013 | Catalytic step 2 spliceosome 0.031303
Biologi@l Process G0:0048598 | Embryonic morphogenesis 0.032946
Cellular Component | GO:0015935 | Small ribosomal subunit 0.038633
BiologicaProcess GO0:0006397 | mRNA processing 0.038745
Biological Process G0:0006338 | Chromatin remodelling 0.039644
Molecular Function G0:0005509 | Calcium ion binding 0.039644
Biological Process G0:0016192 | Vesiclemediated transport 0.04367
CellularComponent G0:0000276 | Mitochondrial protontransporting ATP synthase complex, coupling factor F(0) 0.04367
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Day 3 versus Day 11 comparig¢datal 27 terms)

GO Category GO ID GO Name FDR Value

Cellular Component | GO:0005840 | Ribosome 6.72E06
Cellular Component | GO:0016021 | Integral component of membrane 4.35E05
Molecular Function G0:0003735 | Structural constituent of ribosome 2.59E04
Celluar Component G0:0071013 | Catalytic step 2 spliceosome 4.29E04
Biological Process G0:0015986 | ATP synthesis coupled proton transport 9.65E04
Cellular Component | GO:0005783 | Endoplasmic reticulum 0.001572
Biological Process G0:0000398 | mMRNA splicing, via $ptosome 0.001735
Biological Process GO0:0006412 | Translation 0.002111
Biological Process G0:0015991 | ATP hydrolysis coupled proton transport 0.00297
Cellular Component | GO:0000276 | Mitochondrial protontransporting ATP synthase complex, coupling factor F(o) 0.003176
Molecular Function G0:0003756 | Protein disulphide isomerase activity 0.003647
Molecular Function G0:0004298 | Threoninetype endopeptidase activity 0.004749
Cellular Component | GO:0005839 | Proteasome core complex 0.004749
Biological Process GO:00£335 | Cuticledevelopment 0.005218
Molecular Function G0:0008137 | NADH dehydrogenase (ubiquinone) activity 0.00537
Molecular Function GO0:0046961 | Protontransporting ATPase activity, rotational mechanism 0.005642
Biological Process G0:0018996 | Moulting cyck, collagen and cuticulivased cuticle 0.008914
Biological Process G0:0022618 | Ribonucleoprotein complex assembly 0.011034
Cellular Component | GO:0005685 | U1 snRNP 0.019459
Biological Process G0:0019915 | Lipid storage 0.023043
Cellular Component | GO:003318 | Protontransporting Vtype ATPase complex 0.025148
Biological Process GO0:0006898 | Receptormediated endocytosis 0.029803
Biological Process GO0:0000003 | Reproduction 0.030552
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Cellular Component | GO:0071010 | Prespliceosome 0.032016
Biological Process GO00042775 | Mitochondrial ATP synthesis coupled electron transport 0.040036
Molecular Function G0:0019843 | rRNA binding 0.040152
Biological Process G0:0006457 | Protein folding 0.041382
Day 3 versus Day témparison (Total 14 terms)

GO Category GO ID GO Name FDR Value

Molecular Function G0:0003735 | Structural constituent of ribosome 2.68E05
Biological Process G0:0006412 | Translation 2.70E05
Cellular Component | GO:0016021 | Integral component omembrane 9.60E05
Molecular Function GO0:0005509 | Calcium ion binihg 5.30E04
Biological Process G0:0015986 | ATP synthesis coupled proton transport 0.002015
Molecular Function G0:0015078 | Hydrogen ion transmembrane transporter activity 0.002686
Cellular Component | GO:0000276 | Mitochondrial protontransporting ATP synthascomplex, coupling factor F(0) 0.00599
Biological Process G0:0000028 | Ribosomal small subunit assembly 0.006716
Cellular Component | G0O:0022627 | Cytosolic small ribosomalbunit 0.013313
Biological Process G0:0030322 | Stabilization of membrane potential 0.030124
Molecular Function G0:0022841 | Potassium ion leak channel activity 0.030124
Biological Process G0:0044707 | Singlemulticellular organism process 0.035489
Biological Process G0:0048856 | Anatomical structure development 0.041754
Biological Process GQ0044767 | Singleorganism developmental process 0.045174

Table3-7: Lists of GO terms identified as enriched within the downregulated gene s& ohalayR & ( NI y & ONJR LJi 2 Y¥éntsIsthde®. a8 G KS n GAYS
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3.3 Discussion

Here we illustrate the first study to comprehensively investigate the developmental

transcriptome oB. malayand itswBm endosymbiont during the first two weeks of infection

2F GKS YFIYYFIfAlLY K2add ¢2 GKS thafirk®eN& Q (y26f SR:
experimental evidence tivestigateprevious hypotheses in howBmmayact as a major

source of nucleotides and haem for the nematode from as early as thd d@velopmental

stages. In addition to thigvestigation this study als@omroberates severahew pathways

that may playroles in the endosymbiotic relationshjpand potentially fuelv. Y Q& NJ LJA R

growth that is known to occur during the studi@eriod

It should be noted that all samples from Day 3 had comparatively low reads;ouhich will
have knoclon effects on predictions of statistlly significant differentially expressgédnes
andincreases the possibility of falgmsitive results from RN#equencing work. Due to the
nature ofwBm as an obligate endosymbiosychlow read counts from RN&equencing is

an unavoidable problem thaneeds to be taken into account. As a result, further technical
validation would greatly improve and strengthen the results of this analysis, particularly with
the predictions made from the glgtysisTCA cycle. This could take the form of gPCR
experimens to corroborate expression data from Riéq, which is covered in additional

detail inChapter 4

Regardless of this, the results observieldntify several pathways of interest that are
supportive of the literature currently available. First of whicthisalternating transcriptional
profile observed within thglycolytic/gluconeogenic and TCA cyadhways ofwBm, which

has beenobservedin many othe& organismsranging from cancer cet%, to yeasts’ to
protozoan parasites such as maldffaThis effect is taned aerobic glycolysis, and in cancer
cells the Warburg effecDespite the wide range of organisms that utilise this process, a key
theme is the upregulation of the glycolytic pathway, and downregulation of the TCA cycle
even within oxygefrich environmeis?’2 One of the main theories to explain why this effect
takes placedespite being energinefficient, is that the rate of flux of the glycolytic pathway

is significantly higher than that in canonical respiration pathway$*2’> Thus, in nutrient

rich environments where resource effiaicy is not a priority, higher quantities of ATP can be
generated using glycolysis as compared to oxidative phosphorylation. Another theory behind
this process, is that the glycolytic pathway produces many of the essential intermediate
metabolites requiredy cells to proliferat&22’4 The situation invBm may differ, however,

as certain key enzymes required to ugliglucose via the glycolytic pathway, such as
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phosphoglucomutase or glucose phosphate isomerase, are abs@figure3-6). Instead,
wBm maintains genes that can be used in the reverse, gluconeogenic, pat(svay,
Fructosel-bisphosphatasewBm0132 and wBmO0158 or pyruvde phosphate dikinase,
wBm0209'*%) leading to hypotheses thavBm does not perform glycolysis, but instead relies
on gluconeogenesid As such, gluconeogenesis réitey from pyruvate, rather than
glycolysis, may provide many of the key building blocks for cellular proliferation, although at
an energetic cost. As to where pyruvate may be sourced fromyique studies have
indicated that pyruvate may be actively suiggd by the host to th&Volbachiaendosymbiont,

due to the observation of host glycolytic enzymes being localiseW atbachiasurface
proteinst>22’¢ as well as observations of the deleterious effects nematode glycolysis
inhibition by RNA interference has avBm population$’®. Additionally, recent work by
Voroninet al?”” further emphasiseshe importanceof pyruvate irwBmmaintenance within

host tissued’”. By chemically inhibiting glycolysis gn®esin adultnematodes Voroninet al.
observedboth a reduction ivBm populationsn malenematodes, as well as geduction in
microfilaria releasedrom adult femalesa halmark ofwBm depletion via antibiotic§hese
effects were also determined byVoroninet al. to be at least partiallyreversible via the

addition of extracellular pyruvaté’.

These observationkelp to valicite the role of pyruvatéen nematodewBm symbiosis, and
how the nematode may act as a key carbon sourcavidm. Such resultsvhile made in aalt
nematodes, are potentially applicable to other life cycle stages of the nemasoith as the
L3L4 developmatal stages as is predicted by the transcriptomics wiaykn this study This

is because adult females are constantly producing microfilavagelease, each of which
maintains a small population aolbachid>®”. As suchpne could predict that the wBm
population in adult females is constantlyndergoing a period of population expansion to
maintain its numbersand utilising similar pathways to support the rapid expansiomBim

populationasexamined in this study.

Alongsde the described relationship betwe the glycolysid CA cycle andBm population

dynamics, the transcription profile of. YQ& 5b! NBLX A Oliddicd#eya Y I OKA y
similar, if slightly delayed, trendrigure3-8). Specificallymultiple key components of the

DNA polymerase lénzymeindicateddownregulation from Day 11 onwards. These subunits

make up the catalytic DNA polymarasubunit (subunits alpha, gamma/tau), as well as the

5b! Of I YLI Writhd), RvBidkplays &r8lé ii DNA replication initiation complex
formation, and efficient DNA replicatiéii% This obsevation is corroborated by use of the

time-course based analysis, which also show downregulation of these same components
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from Day 11 onwards, as well as several additi@malymes involved in the process such as
DNA polymerase |, and RNAse H | and Il.yMdithese additional enzymes involved in DNA
replication also play a role in DNA rep&if®*278 with these genes being upregulated across

all time-points possibly for the purposd maintenance, rather than active replication.

In addition to these observations surroundin@@m population growth mechanisms, genes
such as those related to surface prateior transport mechanisms (Type 1V) were noted to
be highly upregulatedRigure 3-10), possiblyindicatingw. Y Qatus on its own cellular
proliferation Appendix 3. Additional genes, such as those involved in haem and nucleotide
biosynthesis pathwayd$)ave ben previously hypothesised to be important for nematode
host embryogenesis or developmétt!!?247 Observations on howhese pathways are
upregulated invBmlendsfurther support the theory thatvBm provides theseomponents

to the nematode host at key points of metabolic demand. It is interesting to speculate that
wBm may be proactively maintaining a homeostatic level of key metabolites required for
continued nematode growth. Upon depletion wBm from the systenvia antibiotics, these
metabolites may be consumed IBrugia malayduring the moult, leaving little to continue
development through the L4 stage and onwards. Such a theory will require-@epth
metabolomics study of these lHeycle sages in a treatecand untreated group to confirm
this.

When comparing the transcriptomes o#Bm between the microfilariae and i3
developmental stages, no genes were identified as being microfilatage specific. The lack

of expression ofvBm stagespecific genes dunig the microfilariae stage indicates that the
endosymbiont does not engage any specific pathway to aid the nematode host. This is in line
with previous observations that show minimal deleterious effects on microfilariae viability
should hewBm endosymbionbe removed by antibiotié827® In comparison, 12emes were
identified as L34 stagespecific, which include ribonuclease Il and tRNA modification
factors, as well as the SecF translocase. Genes that are responsible for mRNA turnover play
an important role during protein biosynthesand gene regulatio(as reviewed by Garneau

et al?89, whilst the SecF gene plays a part in the Sec translocase system for protein
localisation and insertion into cellular membranes (as reviewed by du Pé&sai&"). The

lack of expression in these genes during microfilastgewBmindicates reduced protein
processing ability, and possibly hastdosymbiont signalling rate due to a lack of
membraneinserted proteins. While reduced protein procexs ability can be gected in a

staticwBm population, it is interesting to speculate that the lack of membranebedded
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proteins may also play a role imBm population maintenance, via evasion of the host

autophagy pathway.

Within the B. malayihost, geres and GQerms relaed to the nematode cuticle were
observed to be specifically upregulated at early tipwents, with many signalling and
biological pathways related to DNA replication, repair, cell fate, differentiation and
proliferation upregulated dung later timepoints (Table3-6). This correlates with previous
literature that describes the nematode undergoing significant increases in size during the
first few weeks of infection of the mammalian hd8t, as well as development of sexual
organs tobecome reproductively active adults. As the nematode likely lacks the biosynthetic
pathways in full to fuel this development and growth, it must salvage resources such as
nucleotides from an exogenous source, likegm. This is shown by the upregulatiohGO
terms related to ATP binding, and the associated nucleotide/nucleoside binding terms
(Appendix 3 inB. malayj as well as the nucleotide biosynthetic pathways/Bmthat show
upregulation across all timpoints Figure3-7). This further strengthens previous predictions
that nucleotide biosynthesis and provisioning play a central rol&/otbachianematode

symbiosis, within both reproductively active adults and\adti developing lad stage$t™.

Separately, many upreqted pathways seemithis dataset that encourage cellular
proliferation are known to have an antagonistic effect on the autophagy patF#&. The
MTOR and MAPK signalling pathways in particular are known to be involved in suppressing
the initiation of the autophagy qocess, specificalliye formation of the ULK and PI3K
complexesKigure3-11). Inhibition of these complexes prevents the formation of the
phagophore and iteventual maturation into the autophagosome, thus inhiitgt the
autophagy pathwad?%%®* This runs counter to other observations made from this
transcriptomic analysislable3-4, Figure3-11), which corroborates the role of the
nematode autophagy pathway in etolling wBm population, particularly during the L4
stages that were studi?®®. This implies that the nematode must maintain a careful
balancing act between the need to encourage its own cellular proliferation, whilst

simultaneously regulating the population of Mgolbachiaendosymbiont during théirst

TS6 68514 2F AyTSOGA2y 2F GKS YIYYIfAlLY K24&i

activation is coincident with the slowdown wBm population growtk, implying that even
when the nematode has evolved a mutualistgsociation withWolbachia it is still

recognised by the host's immunestgm as a 'pathogen’, and regulated to enable sufficient
resource provisioning without incurring fitness costs. It is interesting to speculate that due
tow. YQ& f 2 Ol fnka&dllulahRsitle, xhg nemafodé may circumvent the need to
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generate theinitial phagophore via stimulation of the ULK and PI3K complexes. The
nematode may instead directly mature the vesicles contaimiBgn into autophagosomes,
thus avoiding the potendil suppressive effects these complexes may have on encouraging
cellular prdiferation and growth. To an extent, this can be observed in the transcriptome
data of this study, where components of the AT&1P6 conjugate are specifically

upregulated Figure3-11).

To conclude, the analysis of gene transcription during the L3 to L4 development of the

nematode has provided several valuable insights into the biology underpinning the symbiotic

relationship betweenwBm and Brugia malayi Expression studies corroborate veeal

phenotypic observations and predictions made previously and shed light on the potential

NEfS 2F GKS 21 NDdzNHk/ NI 6GNBS STFFSOG Ay (GKS o6 OGS
role that pyruvateplays within the symbiotic relationship. Thessults will help to form a

better understanding of the energy metabolism and interplay between endosymbiont and

host, potentially informing rationale targets for drug discovery and development strategies.

3.4 Materials & Methods

3.4.1 Parasites
Mammalianstage L3 to L4 B. malayilarvae, 3, 7, 11, and 14 days post infection (2,000

nematodedor days3 and7,1,000nematodedor daysl1land14),werecollectedfrom intra-
peritoneal infections of Mongolianjirds (Merionesunguiculatu$ at the FilariasisResearch
ReagentResourceCentre. Thelaboratoryisolate had been maintainedby serialpassagéen
jirds andcatssincefirst derivedfrom a humaninfectionin Malaysiamore than 20yearsago.
Inorderto preservethe RNAthe in batchesof 150-250nematodeswverecollectedintom p n > £
PBSndimmediatelyfrozenin liquid nitrogenandshippedto the LiverpoolSchoobf Tropical
Medicineondryice.10nematodelarvaewerestoredindividuallyfor Wolbachidoadanalysis

by quantification PCR.

3.4.2 RNA extraction frorBrugia malayand Wolbachia
RNAwas extractedfrom B. malayiand Wolbachiausingthe TRIzoPlusRNAextraction kit

(Invitrogen), which used a modified protocol for RNA extraction to that given by the

manufacturers.

Briefly, nematode batcheswere defrosted and simultaneously pelleted by centrifugation
(Eppendorfiat 4,500rpmat 4 Cfor 10 minutes.ThesupernatantwasremovedandH n no# €
TRIzolteagentwasaddedto the samplesBatchedor eachlife-cyclestagewere pooledinto

sterile2ml screwcaptubescontainingceramic beadsof multiple sizeq1.4- 2.8mm)(CKMix,
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Bertin). Baches were homogenizedat 6,000rpm (Minilys, Bertin Instruments)for 4 x 30
seconds,cooling on dry ice for 30 secondsin between. The homogenizedsample was
removedfrom the beadsbefore beingwashedwith a further H n nof TRIzoko maximize

samplerecovery, before storageat -80 Covernight.

Thesamplesn TRIzolvere thawed and subsequentlyincubatedat room temperaturefor 5
minutes.H n nmofeculargrade Chloroform(Invitrogen)wasaddedfor every1ml of TRIzol
reagent, and mixed by vigorously shakingthe tube, followed by incubation at room
temperaturefor three minutes.Thesamplewasthen centrifugedat 12,000xgor 15 minutes
at 4 C.Theupperaqueousphase(approximatelyc n n walsrémowed andtransferredto a
nucleasefree 1.5mltube. Anequalvolumeof icecold 70%ethanolwasaddedto the sample
and vortexed for 2 - 3 seconds.The tube was inverted severaltimes to disperseany

precipitategeneratedfrom the addition of ethanol.

Subseguent binding, washingand elution of RNAfrom the samplewasthen conductedin
accordanceo Y |y dzF | OnstdaNighslENalRNAwaselutedin 2xp n mdleculargrade

water (Invitrogen).

3.4.3 gPCR analysis wBm population
DNA was extracted from the individual nematode larvsing DNasy Blood & Tissue kit

(Qagg/ 0 F2ft26Ay 3 YI y dzRthO iatifcBtiNgg Briefy,yiadividldrO G A 2 v &
nematodes werghawed and placed in separatricrocentrifuge tubes, before incubatkin

myn>t 2F vAFISYyQa . dzZFFSNI!¢[ YR Hwn>fat 2F vAl
56/ ® ¢dzoSa oSNBE OSYUGNRFdAdzZASRI YR Hnsors 2F vA

secondsand incubated at AT for 10 minutes. The sampleswere cedg# SRX (G KSY HnAnns
ethanol was added to the sample and vortexed for 15 secphdfore centifuged again.

Samples were then transferred into a DNeasy Mini spin column placed in a 2ml collection

tube, and centrifuged at >6,000 x g for 1 minute, with fidwough discarded. The column

gl a LIXIOSR Ay | ySg 0O2ftf SOilek AW1 wisdadddEand Y R p n
centrifuged for 1 minute at 6,000 x g, with flalwough discarded. The column was placed
AY | ySg 02ttt SOGA2Y (i dzo SN2 whsyaddedp andi thef col@nfi v A | 3

centrifuged for 3 minutes, with flomhrough discarded. Theolumn was placed into a new
YAONRBOSYUNRTAZAS (dzo S3 | béfbre thecoldmn &k lefotoztaRdS NJ | 9
at room temperature for 1 minute. The colunwas centrifuged for 1 minute at 6,000 x g,
before the amount of recovered DNA was quantifizal a Nanodrop Spectrophotometer

(Thermo).
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Amplification of thewsp gene utilised a final concentration of3@> a Taq Probe/Amer.

Amplification of thegst gene utlised a final concentration of 66>a T2 NJ SI OK LINR Y S NXp
tests were carried out iguaduplicatg within a totalreaction@2 f dz¥YS 2F wn>f FyR Ay O
1>f 2F 5b! FTNRWMHEHOKF AINFWSS G | FAYLéed 02y OSy (i NI @
M n > Fast®&d¥anced Master Mix (Thermdjor bothwspandgst, a standard curve was also

generated inquadruplicate All gPCR reactions were conducted using a CFX 384 Real Time

PCR detection system (BioRad), with all reactions heated for an 2nitimutes at50°Cand

20 seconds a®5°C, before subjected to 40 cycles®$econds at 8°C, and30 secondsat

60°C.

3.4.4 lllumina RNA Library Preparation and Sequencing
In order to remove excesdarge ribosomalRNAfrom both Wolbachiaand B. malayi total

RNAwas treated with Terminatorp Qt K 2 dDejeidéntExonucleasgEpicentre),in

accordancdo the manufactuS Nibstuctions.

lllumina GAlIx cDNAlibrarieswere prepared usingthe ScriptSeq/2 library preparationkit
(Epicentre).Two separatepairedend sequencinguns (2x100bpreads)were performedon
an lllumina GAlIx instrument at the Centre for GenomicResearch(CGR)University of
Liverpool(UK).Oneadditionalrun usingthe samechemistrywas performedwith a similar
instrumentat GenePoolUniversityof Edinburgh(UK).Readfilesfor all datawere converted
from raw basecalto fastqusingCASAVA.8(lllumina).Theraw Fastgdatafilesweretrimmed
for the presenceof llluminaspecificadaptersequencesisingCutadapt*® (v1.2.1) with the
optioncO 3 and further trimmed for quality using Sicklé** (ver.1.33. Quality scoreswere

assessedsingFASTQY® (v0.9.2).

3.4.5 Mappingand Quantifying RNgequence Data
A strategyto retain RNAsequenceeadsvia non-unique mappingwas utilised, allowingfor

the preservationof datarelatingto lateral genetransferevents,whichwould potentially be
lost when mappingto a concatenatedgenome. RNAsequencereadsfrom the processed
fastq files were alignedto the genomeof Brugiamalayivia SubreadAligner®® (ver. 1.5.0),
giving a Binary Alignment/Map (BAM) output file that contained aligned and unaligned
sequencesTheBAMfile wasseparatedinto alignedand unalignedreadsusingSamtool$?
(ver.0.1.19),with one BAMfile containingalignedRNAsequencereadsmappedto Brugia
malayi The secondBAM file that contained only unalignedreads were then remapped

againstthe wBmgenomeusing SubreadAligner,resultingin a final BAMfile that contained
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alignedand unalignedRNAsequencedatato wBm AlignedRNAsequencedatain this file

wasuniqueto wBmonly.

ThealignedRNAsequencedatafrom both B. malayiandwBmwere quantified againsttheir
respective genome annotations held on the NCBIldatabase (assemblyASM299v2and
ASM838vlrespectively).This quantification used the program FeatureCount8? (version
1.5.0p3) to obtain read countsthat were then subsequentlyusedin differential expression

analysis.

3.4.6 Differential Expression Analysis and Pathway mapping
Differential expression analysis was conducted on bottBthmalayandwBm datasets using

either the programs CuffDiffversion2.2.1), DESeqgZversion 1.22.1) or EdgeRversion

3.10.5'2%1%, The former utilised Fragments Per Kilobase per Million mapped reads (FPKM)
quantified directly from the aligned .BAM files to@eneral Feature Format (GEF)General

Transfer Format (GTH)e, whilst the latter two utilised read counts obtained from the

program FeatureCount¥, with EdgeR results being obtained via the online wrapper Degust

(version 3.2.0%°. Pairwise compares for all possible combinations of tinp@ints were
O2yRdzOGSR F2NJ 020K 2NBI yAaYarsy S G3KS NRA SaNRA2YF NE
F2f{f29SR o@MdNESQWESKWE Sa 2T O2 ¥lvaliNdicodf a 2
observations. Genes werdeemed as statistically significantly differentially expressed using

a FDR, of < 0.05a standard setting in all three utilised programs.

From this list of statistically significantly differentially expressed gegene ontology term
enrichment was pdormed using the platform Blast2GO, via a siFigle Af SR CA & KS NI 4
Test®. The datasets frorB. malayiand wBm were treated separately during this analysis,

with gene ontology terms being deemed as statistically significant using a FDR of < 0.05.

Forpathway analysis of th&Bm transcriptane, the foldchange results from EdgeR analysis
was then input into the PathView progradfh ver. 1.22.0 using the optiork®gg.native = T,
node.sum = mearThe foldOK I y3S NB&adz 64 FTNRY 9R3ISw 6SNB |-

Pathway Collage prograf¥2°’to generate individual pathways for manual inspection.

For pathway analysis of thB. malayitranscriptome, gene IDs were converted using
BioDB.né Q&4 RO H RO 2% fromGenBabradediNdaécession to KEGG gene ID.
These converted gene IDs, and their associateddblthge resultfrom EdgeR analysis were
used as inputrito the PathView prograf® (ver. 1.22.0)using the optionkegg.native = T,
nodesum = meanin addition, the folechange results from EdgeR was also used as input for

the Generally Applicable Gene set Enrichment progfawer. 2.32.0), using the options
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gsets = kegg.gs, sand&. = TRUE, saaTest = gs.KSfbestnaysis of up or downregulated

pathways.
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Chapter 4ldentification of a new, translaté®olbachia
specific gene, andalidationof RNAsequencing results via
quantificationPCR

4.1 Introduction

RNAsequencing is a powerful teclyue that has been utilised for a range of purposes in the
years since its initial development, primarily fte-novotranscriptome construction of non

model organisms, or measuring gene expression. This allows idembificat genes of
interest in biologcal systems that may be differentially expressed under different conditions.
Examples of this include analysis of expression across different life cycle stages of various
pathogens, or analysis of gene expression uporosupe to experimental conditionsuch

as drug treatment, pathogen exposure, or environmental chat$é&$2%8 The ability to
measue gene expression has been previously available in the form of Microdftays
however such arrays require prior knowledge in the form of either an annotated germme

an assembled transcriptome, of the organism of interest to be available for generating the
array>>. By contrast, RNAequencing does not rely on the existernfe published genome,
instead sequencing all reads within a sample directly. These sequences can then either be
aligned to an existing genome for quantification of differential expression, or be used to
generate ade-novo transcriptome from scratch, befe quantification of differential

expressiof’>289

In addition, RNAequencing is a powerful, but undatilised, technique for aiding genome

annotation projects, or identification of novel transcigptin previously sequenced

genomes’”®. Most basic genome annotation tools scan genomes for the presence of open

reading frames that are flanked by suitable stamd stop codons, or possibly the genome

as a whole is screened against existing databases to identify proteing genes®178.29

However, this does not exploit the central dogma of molecular biology, which involves the

two-step process of proteiwsoding DNAbeing transcribed into mRNA, before being

translated into proteins. Thus, whilst detection of open reading frames within a genome may

indicate the presence of coding regions of DNA, mMRNA species that align to these open

reading frames significantly stretigens any predictions of a coding gene being present, and

can simultaneously aid in identifying new, previously unidentified g8es LYy F RRAUGA2Y S Wy 2
O2RAY3IQ 2NJ FdzyOlA2ylf Ywb!a I NB FTNBIldSyidfte LINBas
rules of protein translation, and thus may be difficult totelet without measuring mRNA

guantities directly.
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For all of the benefits of RNgequencing however, due to sample constraints and/or the
various processing steps required before R¥¢duencing data can be analysed, there is an
inherent degree of uncertaigtor noise with obtained result$®*?% Results from RNA
sequencing data could therefore benefit greatly from alternative experimental methods to
validate results, or generate more comprehensive hygs#s. Examples of such techniques
include Reversdranscription (Quantification) Polymerase Chain ReactiofPCR), or

additional proteomics experiments.

RTFgPCR relies on the ability to directly measure the amplification of small amounts of DNA

from a starting concentration, as well as the ability for reverse transcriptase enzymes to
synthesis complementary DNA (cDNA) sequences from template mRNAs. Thdss&CR
techniques are a mainstay of many molecular biology laboratories, and offer a quick,
accuate, costeffective, and reproducible method of measuring the expression of a small

number of genes within a variety of different samples. Such measurements can be done

either via absolute quantification, which utilises a standard curve to directly medkar

number of sequences present (e.g. biomarkers), whereas relative quantification normalises

to a reference gené@?2°3 Regardless of the method, the efficiency of the PCR reaction must

first be determined to compare amplified samples and their starting copy numbers. PCR
efficiency is a measure of howelWwthe PCR product doubles with each thermocycle, and can

vary basedon the primer sequences and reaction mixture. Once optimisedgAROR
YSGK2R& OFYy LINPOARS NBLINRRdAzZOAOGES YSIFadaNBYSyi
relatively low cost in mansample types.

By contrast, proteomics relies on inferring the preserf protein sequences via detection

of their constituent peptides after digestion by a proteolytic enzyme. Subsequent to this
digestion, the samples are separated by liquid chromatplgyato separate samples into

constituent peptide fragments. Sampleseathen subjected to Mass Spectrometry (MS),

which first ionises and aerosolises the peptide fragments, which can then be further
fragmented in some way, such as collisinduced fragmetation using an inert noble gas

(e.g. helium or argon). These fragmemare then sent through a mass analyser, which
separates the fragments based on their mé@sharge ratios, which are in turn based on

0KS LIKe@aA20KSYAO! f LIN&ituaBtNaininoSéids. DetectioiK @ thesiS LIG A R €
massto-charge ratios can thebe analysed computationally by programs such as Sef{tiest

or Mascot®®to identify the parent peptide fragment. Theseograms also allow comparison

of detected peptide fragments against organimL,JSOA FA O RI Gl 61 aSa G2 A

protein within the original sample. Unlike RIPCR, this is anvialved and timeconsuming
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process, but detection of these proteins pides a definitive answer as to whether a gene is
LINBaSyd FyR GNYyatlriSR gAGKAY |y 2NAFIYyAaYQa 3Sy?2

A mix of these alternative approaches {§HCR and proteomics) is a powerful tecluaign
confirmation of observations made from RISAquencing datasetsThe Wolbachia
endosymbiont of insects and filarial nematodes have been the subject of multiple such
experiments in recent years. By applying a combination of transcriptomiesP&R, asfor
proteomics, these experiments have focused on attempting to disfabpand further
understand, the biological basis that underpins the relationship théolbachia

endosymbiont may have with its hosts.

One example of work that utilised gPCR to validabservations within the transcriptome
was performed by Stribingt al. in 20136 In this study, microarrays were used to
investgate the transcriptional responses of the rat filarial nhematod@&omosoides
sigmodontisafter treatment with tetracycline for up to 36 days (and consequent depletion
of their Wolbachiaendosymbiont) with followup studies utilising RGPCR. As specific
microarrays were not available for this nematode species owing to a lack of genome
sequence, the study utilised microarrays designed for the related human filarial nematode
Brugia malayi The approach of Strubingt al. highlighted the mitochondrial respiraty

chain as being upregulated updvolbachiadepletion by both microarray and RJPCR, and
whilst the foldchange results of both approaches did not match, the directionality of all test
genes did. Specifically, Strubimg al. identified the upregulationof cofactors of the
respiratory chain, such as cytochrome c oxidase and cytochimeir&, after Wolbachia
depletion. Both of these ctactors require haem to function, a metabolite that has been the
focus of multiple studies investigatingVolbachiddd NBf I A2y aKALI A GK A

hostslll,167,24?

ax

A second example was work done by Benretral.in 20163, looking at the transcriptome

and proteome of thdilarial parasiteOnchocerca volvuliend itsWolbachiaendosymbiont

(wOv) across several life cycle stages. This included adult males, adult females, microfilariae,
embryos, and vector life cycle stages. This study validated 786 wdlvulu®@a + yy 2 i G SR
genes as being actively transcribed during at least one life cycle stage, with Ghésef

genes also validated as being actively translated. In addition, the work also validated 465 of

the 785wOv proteins that were predicted in its genofe Bennuruet al >3 did not report a

perfect match between transcriptomes and proteomes (r value <0.39), but did report good

correlation in terms of directionality across the studied life cycle stages (p value <0.0001).
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