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RIASSUNTO

| virus a RNA con potenziale zoonosicappresentano una seria minaccia per la salute
pubblicaa | i vel l o mondi al e. Lébel evato tasso di r
i ngent.i di mensi oni dell a popolazione sono t
questi patogeni in termini di variabilita genetica e capacita di adattamentiveese
condizioni ambientali. Comprendere le caratteristiche genetiche e le dinamiche evolutive dei
virus a RNA con potenziale zoonosico € fondamentale al fine di prevenire, controllare, curare

e ridurre i danni che provocano alla salute degli animéleel | 6 u 0o mo .

Questa tesi S i occupa dell o studio dell 6ep
zoonosi di origine virale diffuse a Ilivello
numer o di dat i geneti ci che diesegaenziimento digmma | 6 u t

(sequenziamento Sanger) e secondax{ GenerationSequencinggenerazionesono stati
analizzat. mediante | Outilizzo di strument:i
campioni raccolti nel corso di quattrovde r se epi demi e: undepi demi
verificatasi nel norekst Italia tra il 2008 e il 2011, focolai epidemici di influenza aviaria
causati dal sottotipo H5N1 ad alta patogenicita descritti in Egitto tra il 2006 e il 2010, e due
ondate epidemieh provocate da due diversi sottotipi influenzali aviari H7/N1 e H7N3 che
hanno col pito Ind peticaill99220Gle 20022004.r i onal e

Attraverso | 6anali si f i | o g eralierappresantatee af i | 0 g
livello spazietemporaledelle varie epidemie, é stato possibile identificare lziomlazione
di diversi gruppi genetici, determinare il flusso genico e studiare le dinamiche evolutive di
virus sottoposti a pressioni selettive di varia natura, come ad esempio la vacanézmltre,
grazie all 6appl i cazdeepsequeddnguesto stadioha perenessoadi d it
comprendere meglio i meccanismi di trasmissione delle sottopopolazioni virali da un ospite
al | 6al tr ointralospitedelapapaazionk i r a |l euziene delagatogdnicita

| risultati presentati in questa tesi permettono di ampliare le nostre conoscenze a)
sull i mpatto e | 6efficaci a oamlcatenelmirse dealle di
epidemie studiate b) sulle dinamibe evolutive esulla diffusione spazialedi virus
appartenenti a diversi gruppi genetici ¢ ) sull 6emergenza di mu t
potenzialmente correlate a un aumento della fitness virale, d) sulla trasmissione a livello inter

ospte divariantivialiee) sul | dacqui si zvirueme di determinan



Infine, il presente studio evidenzia knormi potenzialita della tecnologia diext
GenerationSequencingel favorire lacomprensione delle complicatenamiche evolutive

dei patogeni emergenti.



SUMMARY

RNA viruses with zoonotic potential represent a public health threat throughout the world.
High mutation rates, short generation times and large population sizes are three factors
responsible fortheir high genetic variability and enormous adaptive capacity to new
environmental conditions. Understanding the genetic properties and the evolutionary
dynamics of RNA viruses with zoonotic potential is crucial to prevent, control, treat and
lessen theamage to animal and human health.

This thesis investigates the most essential aspects related to the evolution and
epidemiology of two widespread zoonotic diseases caused by two RNA viruses: Avian
Influenza and rabies. Through the application of bioinfaizeatools, | analysed a large
amount of sequence data, generated using both first and second generation sequencing
technology, from viruses collected during four distinct epidemics: -adbbes virus epidemic
occurredin north-eastern ltaly between 2008hd 2011, highly pathogenic H5N1 avian
influenza outbreaks reported in Egypt between 2006 and 2010, and two avian influenza
epidemics caused by two distinct subtypes that took place in northern Italy from 1999 to 2001
and 2002 to 2004.

Through phylogenetiand Bayesian phylogeographic analyses of viral sequences sampled
over multiple discrete spati@mporal scales, the studies in this thesis reveal the co
circulation of multiple viral lineages, explore the viral gene flows and investigate the
evolutionarydynamics of viruses under different selection pressures. In addition, to better
understand the pattern of transmission of viral subpopulations from host to host, thesbtra
variability and the evolution of viral pathogenicity, | employed an td&ap sequencing
approach to assess the diversity of viral populations.

The data generated in this thesis provide important insights into the a) impact and efficacy
of surveillance strategies and control measures implemented during an outbreak, b)
differences inthe evolutionary dynamics and spatial spread between distinct genetic groups,
c) emergence of amino acid mutations that may increase viral fitness, dhaster
transmission of viral variants and e) gain of virulence determinants.

Finally, this thesis sbws the great opportunity offered by next generation sequencing
technology for dramatic advancement in our understanding of the complicated evolutionary

dynamics of these pathogens.
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Chapterl

Introduction

As an effect ofincreased globalization, animdiseasesin particular those transmissible
to man, have an important global economic and social infpltet al., 2012) RNA viruses
with zoonotic potential represent a public health threat throughout the world. Due to their
high mutation rate, RNA viruses are particularly wallted to highlight the relevance of
evolutionary dynamics occurring simultaneously on multiplatiap and temporal scales.
Understandingheir evolution is crucial to prevent, control, treat and lessen the damage to
animal and human healtAt an individual level, RNA viruses likely evolve in response to a
hostile environment presented by the immagstem or drug treatment, while, at population
level, they evolve to evade immune control, thus optimizing their level of virulence. Through
the 7 chapters of this thesis, | have studied the evolutionary dynamics of two representative
RNA viruses with highpotential for crossing the species: influenza viruses and lyssaviruses.
This thesis focuses on four different case studies of outbreaks which have caused severe
health, ecological and soeeconomic consequences: a {@bies virus epidemic occurred
between 2008 and 2011 (chapter 3) in neetlstern Italy highly pathogenic HS5N1 avian
influenza outbreaks reported in Egypt between 2006 and 2010 (chapter 4), and two avian
influenza epidemics caused by two distinct subtypes (H7N1 and Hif&8}ook placen
northern Italy between 1999 and 2001 (chapter 5 and 6) and between 2002 and 2004 (chapter
6). In each study, classical or hitfiroughput sequencing strategies combined with recent
developed bioinformatic tools provided new information on the -interd irtra-host
evolutionary process, as well as on the spatial movements and evolution pathogenicity of

RNA viruses during the course of an epidemic.



Chapter 2 reports the information about the epidemiology and molecular biology of the
two RNA viruses, influenz# and rabiesanalysedn this thesis. In addition, it reviews the
existing knowledge on the RNA virus evolutioand provided information abouhe
technologies and bioinformasitools applied in the research chapters of this thesis.

Chapters 4, 5 an@ provide a detailed comparison of the evolutionary dynamics between
a) viruses circulating under different selection pressures (chapter 4), b) strains with different
pathogenic properties (chapter 5) or c) different epidemics whitkcted the same
geogaphic areachapter 6). As a wholdhese studies contribute to better understand how
evolution of RNA viruses can be shaped by diffeemtiemiologicatonditions.

The intrahost variability of viral populations is investigated in chaptersdbéamprovding
important insights on the emergence of viruses with a virulent phenotype and on the
transmission of subpopulations from host to host.

Molecular phylogeography, which offers a framework in which specific hypotheses
regarding pathogen gene flow andpsissal within an ecological context can be compared,
has been investigated throughout chapters 3 and 5.

Thanks to these studies, | aimed to shed new light on the origin, evolutionary dynamics,
acquisition of virulence determinants and spreading of seeprdémic events, providing a
better understanding of the complexity of RNA virus evolution.



Chapter2

Background

2.1. POPULATION DYNAMICS OF RNA VIRUS

Viruses are obligate intracellular parasivesich require a host cell for their growth and
replication. The replication of the RNA virus genomes is unigaesidering that the host cell
does not contain a RNA dependent RNA polymerase. To overcome this constraint, the
majority of RNA viruses encode theawn RNA-dependent RNA replicases and reverse
transcriptases that are either packaged with the virus genome or synthesised shortly after
infection. As a consequence of the laclkagiroofreading activity of their RNA polymerases,
RNA viruses possean extremely high mutation rate, which leads to frequent errors during
viral RNA synthesis. This characteristic, in addition to short generation times and large
populationsis responsible for the high genetic variability and the enormous adaptive capacity
of RNA viruses tonew environmental conditions (Moya et al., 2000). Because of their high
mutation rates, these pathogens are moving wfgetherapeutic intervention and frequently
develop resistance to vaccines and antiviral drugs, limitwegefficacy of the attempts to
control outbreaks. Moreover, their diversigjlows themto jump species boundaries and
establish productive infections in new hosts.

The average mutation rates of RNA viruses fall in the range 8ftd 0% nucleotide
substiutions per site, per year (sigite/year), with most of the viruses exhibiting rates within
one order of magnitude of 1 x i@ubsite/year (Duffy et al., 2008). Mutation rate must be
distinguished from the mutation frequency, which depeanrdthe replicative allity of each

virus in competition with the rest of the population. Positive selection favours the presence of



mutations with an adaptive value, such as amino acid chargeisfacilitate immune escape
or mutations that are selected at ifftest transmisen (Duffy et al., 2008).

Point mutations, as well as recombination and reassortoentribute to modulate the
genetic diversity of RNA viruses. Recombination is the process by which two molecules
result in a new mutant genoraéter theexchangeof gendic information, whilethe genome
segment reassortment takes place in viruses avgagmented genome and consists of the
encapsidation in the same viral particle of genomic segments belonging to different parental
viruses (Manrubia and Lazaro, 2006). Asansequence of all the mechanisms generating
genetic diversity, RNA viruses exist as a cloud of diverse variamsasispeciethat interact
cooperatively andcollectively determinethe biological behaviour of a viral population
(Domingo et al., 2012).

When the environmental conditions are relatively constant, the virus population can be
maintained ina sort ofevolutionary stasis, which representbadancebetween mutation and
selection and keapa consensus sequence (the sequence that correspoitids toost
represented nucleotide at each genomic position) almosdriedthrough time (Manrubia
and Lazaro, 2006). However, in nature, viral populations encounter a range of environments.
After infection of a new host or recognition by the immune sys&ewrus can experience an
acceleration of fixation of beneficial mutations to adapt to the new conditions. For this reason
it might be advantageous for the virus to maintain an assortment -aidgpted variants,
allowing a more rapid fitness gain (Lauriagal., 2013).

The term fitness is used to indicate how well an organism fits into its environment, which
reflects its ability to survive and reproduce (Lauring and Andino, 2010). According to the
theory of #Asurvival of hesapepulatiantdhefsftl da,t on arteugriaol
the fitness landscape (figure 1). Inthis landscapee A gr ound | evel 0 i s th
in the sequence space, while the altitude is the fitness of each gerigriypenment and
selective pressure detemaithe contours of the landscape. At low mutation rates, the variants
occupy a tall peak, where there is little genotypic diversity and maximal fitness. When the
mutation rate is high, as for RNA viruses, the populations are pushed away from the fithess
peaks and variantarespread out over their corresponding peak (figure 2.1). The population
on the flattst peak accepts mutationwith minimal consequences on fithessd is ready to
adapt to rapid environmental change, such as activation of immunensespantiviral



treatments, hostwitch (Lauring and Andino, 2010; Domingo et al., 2012; Lauring et al,
2013; Tejero et al., 2011).

Sequence Space,

&

2

E

/i\\
-

Figure 2.1. High mutation rates and survival of the flattesa fithess landscape, the ground level
represents theequence space and the vertical axis gives the fitness value for each sequence. When the
mutation rate is low, the population will be genotypically stable and cluster on the top of the fitness
peak. When the mutation rate is high, the population on therfl@eak (green) remains near its fithess
optimum and has a higher fithess than the population on the steeper peak (red). Adapted from Lauring
and Andino, 2010.

In some fitness landscapehe existence of a maximum mutation rate, called the error
thredold, has been predicted. Beyond this threshibld quasispecgeentes into an error
catastrophelosing its genetic informationconsequently, th&irus populationextinguishes
RNA viruses havevolved theperfect error ratea compromise betwedno many mutations
which result irto an error catastrophend too few mutationsvhich result irto a viral
population unable to cope with selective pressure (Duffy et al., 2008; Lauring and Andino,
2010; Tejero et al., 2011).

Population sizeis another reévant factorof evolution. Large population size permits
competitionamonga large number of genome¢husincreasing the probability of fixation of
beneficial mutations, which results in the increase of thesfisequence. In this way, large
populationsizes preserve the invariance of phenotygespite the mutational perturbation,

ensuringheirsurvival in a given environment (Lauring et al., 2013).



Evolution is always a result of changes in variant frequencies whereby some variants are
lost over theitme, while other variants sometimes increase their frequency to 100% and
become fixed in the population (figure 2.2). The rate at which this occurs is called fixation
rate. Differently,the substitution rate othe rate of molecular evolution represgthe rate at
which individuals accrue genetic differences to each other over thetdomgevolution

(Vandamme et al., 2009).
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Figure 2.2. Loss or fixation of mutations in a population.

2.2. AVIAN INFLUENZA

Influenza viruses have a segmented, nega@rese, singlstranded RNA genome and
belong to the FamilyOrthomyxoviridage which consists of five genera: Influenzavirus A,
Influenzavirus B, Influenzavirus C, Isavirus, and Thogotovirus (Capua and Alexander, 2008).
Influenza A viruses are further divad into subtypes based on the antigenic relationships of
the haemagglutinin (HA) and neuraminidase (NA) surface glycoproteins. To date, eighteen
HA (H1i H18) and eleven NA subtypes (N411) have been identified (Tong et al 2013).
Aquatic birds are considaiethe major influenza A viruses reservoir in nature, harbouring
diverse combinations of most of the HA (HIL6) and NA (NiIN9) subtypes.



2.2.1 Epidemiology of avian influenza virus

2.2.1.1. Avian influenza virus in birds

Influenza viruses infect a great variety of birds (Alexander 2000; Alexander 2001; EFSA
2005; Hinshaw et al. 1981; Lvov 1978), including fleeng birds, captive caged birds and
domestic ducks, chickens, turkeys and other domestic poultry. In partithdasjld bird
population, especially anseriforms (Order Anseriformes, including ducks, geese and swans)
and charadriiforms (Order Charadriiformes, including shorebirds, gulls, terns #&most
enormous pool of influenza viruses (Webster et al., 1992; Gisext., 2006; Hurt et al.,
2006).

Until the widespread emergence of the highly pathogenic H5N1 in 2002, influenza viruses
were thought to cause little morbidity and mortality in wild birds. However, from 2002, H5N1
has caused illness and killadndred=of birds from several different orders including ducks
(Vandergrift et al., 2010).

Generally, the primary introduction of LPAI viruses into a poultry populatidhesesult
of wild bird activity, usually waterfowl, but gulls and shorebirds have alen lmplicated.

This may not necessarily involve direct contact, as infected waterfowl may carry the viruses
into an area and these may then be introduced to poultry from other routes. Surface water
used for drinking may also be contaminated with influenmaszses and thus serve as a source

of infection.

The greatest threat of secondary spread of Al viruses is by mechanical transfer of infective
organic material. Birds or other animals not susceptible to infettemselvesnay become
contaminated and sprahe virus mechanically in infective faeces or exudates from the
waterfowl. However, for domestic poultry the main source of secondary spread appears to be
throughhumans. In several specific accounts, strong evidence has implicated the movements
of caretkers, farm owners, staff, trucks and drivers moving birds or deliveringa®being
responsible for the spread of the virus both onto and through a farm (Glass et al 1981;
Homme et al 1970; Capua and Alexander 2008). However, the mechanism by which
influenza viruses pass from one bird to another is extremely complex and depends on several
causessuch as the strain olie virus, the species of bird and other environmental factors,

suchas biosecurity levels, concentration of poultry in the vicinityhefinitial outbreaks, etc.



2.2.1.2. Avian influenza virus in mammals

Influenza A viruses have been shown to infect also mammalian species, including humans
(figure 2.3). The availability of structurally distinct sialic acid linked receptors in the dites o
human and avian influenza infection is one of the main faethrsh influence susceptibility
to infection. Avian influenza (Al) viruses exhibit a strong preference for using sialic acid
(SA)-LR,3-Gakterminated saccharides as receptaich are abund in avian cells. Human
influenza viruses, in contrast, preferentiallynd to SA-R,6-Gakterminated saccharides
receptors, weltepresented othe human respiratory tract. This different binding preference
is believed to be one of the major factors thr@ventscrossing the species barrier. However,
the fact that Al viruses do occasionally infect people and other mammals indicates that this
barrieris not insurmountable (Capua and Alexander, 2008).

Since 1996 the zoonotic potential of Al viruses hasomea serious and growing public
health concern (Capua and Alexander, 2008). With some exceptions, almost all the reported
symptomatic cases of Alirus infection in humans have been caused by highly pathogenic
avian influenza (HPAI) viruses belonging to the H5 or H7 subtygiesctly transmitted from
infected birds to humans. The first human epidemic of avian influenza, popularly known as
bird flu, caused by HPAI H5N1 virus circulating in the domestic poultry, was reported in
Hong Kong in 1997. This strainfected 18 people, causing the death of 6 of them (Chan et
al., 2002). In February 2003, two more human cases of avian influenza belongingpdgain
HPAI H5N1 subtype, were reported in Hong Kong (Peiris et al., 2004). In that year, this
HPAI virus circulating in poultry in South East China began to spread westwards among wild
and domestic birds throughout Asia, reaching Europe and Africa in 2005 2006,
respectively. Since thetheinfection in human$asstarted to occur with greater frequency in
many countries, being responsible for a high mortality rate. As of 22 November 2013, the
World Health Organization has reported a total of 641 cmwefil cases of HPAI H5N1
infections in humans, with 380 human deaths (WHO, 2013).

H7 is another avian influenza subtype transmitted from birds to huwarseveral
occasions. In 1996, a LPAI H7N7 virus was passed from ducks to a woman, resulting in a
caseof conjunctivitis. During a large outbreak of HPAI H7N7 virus i tNetherlands in
2003, 89 humannfections, mostly conjunctivitis cases, and one deatre reported. In
2004, an outbreak of HPAI H7N3 virus in Canada resulted in conjunctivitisnaadnild

influenzalike illness in two men. Human infections with H7 subtyyerealso reported ithe



UK in 2006 and 2007 during two distinct outbreaks caused by LPAI H7N3 and LPAI H7N2
viruses, respectively (de Wit and Fouchier, 2008). In 2012, two humas taked to the
Mexican HPAI H7N3 outbreakvere reportedBoth patients showeanly mild symptoms,
such as conjunctivitis (CDC, 2012) arfdlly recoveredIn August 2013the H7N7 HPAI
outbreakseported to haveccurred in Italyhad caused conjunctivitien three workers who
took partin depopulation measures (Prommail, 2013). Viruses of the H7 subtype display
an unusual tissue tropism compared to other subtypes, since cases of conjuhetivitis
occurred in many outbreaks of LPAI and HPAI H7 viruges,have rarely been reported with
other subtypes.

Also the avian influenza virus of H9 subtype has been responsible of influenza like
symptoms and mild upper respiratory tract infectimnadults and children from Hong Kong
(1997, 1999, 2003 and 2009)dEhina (1998 and 1999) (Butt et al., 2010).

On the wholethese findings indicate that transmission of avian influenza egruem
birds to humans is not common looay caus@otential severe disease consequences.

Pigs play a crucial role in influenzcology and epidemiology, primarily because of their
dual susceptibility to human and avian viruses. They possess betl,3&akterminated
saccharides and SER,6-Gakterminated saccharides in cells lining the trachea and are
therefore considered a pate i a | Ami Xing vessel o for I nf |
reassortants may emerge. The introduction of Al viruses to pigs is not an uncommon
occurrence. Nonetheless, the only subtytpdsavetruly established ithe pig populations are
H1N1, H3N2 and H1NZ2although genotype analysis of isolates of these subtypes suggests
that they can be the resulttbie reassortment of viruses from different progenitor host species
(pig, human and avian) (Capua and Alexander 2008). Serological and virological evidence of
infections of pigs with viruses dhe H4, H5, H7 and H9 subtypes (Karasin et al., 2000,
Karasin et al., 2004; Loeffen et al., 2003, 2004; Peiris et al., 2003kt al 2011) has
been largely documented.

The introduction of Al viruses in other mammdias been demonstrated in several
instances (figure 2.3). Evidence of infections with avian influenza viruséisefubtypes
H1N1, H2N2 and H3N2 has been reported in horses (Tumova, 1980). H7N7, HAN5, H13N2,
H13N9, HIN3 and H3N8 avian influenza subtypesébeen isolated in marine mammals
(Webster et al., 2012; Anthony et al.,, 2012). Mustelids, dogs and cats have also been

demonstrated to be naturally and experimentally susceptible to Al infection (Okazaki et al.,



1983; Berg et al 1990; Songserm et al@0Park et al 2012; Sun et al, 2012; Driskell et al
2012).

Fortunately, most of the zoonotic transmission from avian species to mammals are dead
end infections and are not further transmitted within the new species due to several barriers.
However, on rar@ccasions influenza A viruses can break the species barrier and establish an
entirely new virus lineage in a mammalian species, as exemplified by the human pandemic of
1918 (Taubenberger and Kash, 2011), the Eurasian classical swine influenza virus lineag

(Pensaert et al., 1981), H3N8 influenza viruses in horses (Horimoto et al., 2005).

Influenza A Virus
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Figure 2.3Host range of influenza A viruéwvian influenza virus can be transmitted from wild birds,

the natural reservoir of the virus, to a wide range of otheshesbm Manz et al., 2013.
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2.2.2 Molecular biology of influenza A virus

2.2.2.1 Genes and proteins
The influenza A virus genome (~13.5 Kb) consists of eight separate segments, Rdmed 1

from thelongest tahe shortest, which encode for about 15 vpadteins (figure 2.4).
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Figure 2.4. The virion structure of the influenza A virus and its gendkhelwo surface
glycoproteins, HA and NA, and the M2 i@hannel protein are embedded in the viral envelope. The
ribonucleoprotein complexomprises a viral RNA segment associated with the nucleoprotein and
three polymerase proteins (PA, PB1, and PB2). The matrix protein is associated with both
ribonucleoprotein and the viral envelope. B) Graphical representation of the influenza virussprotei
codified by each segment. From ViralZone, SIB Swiss Institute of Bioinformatic
(http://viralzone.expasy.org/).
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Segment 1: PB2 polymeraseélhe basic polymerase protein 2 (PB2) is known to function
during initiation of viral MRNA transcription as theopein, which recognizes and binds the 5'
cap structures of host cell mMRNAsuse as viral mRNA transcription primers (Webster et al.,
1992).

Segment 2: PB1 polymerase, PBE2 and N40.The basic polymerase protein 1 (PB1) is
the main polymerase protein pessible forthe elongation of the primed nascent viral mMRNA
and template RNA and for the VRNA synthesis (Webster et al., 1992).

Segment 2 also encodes for the HEL protein inan alternate reading frame, which
appears to be involved in cell apoptosiariarin et al 2006).

A third major polypeptide is synthesized from PB1 mRNA via differential AUG codon
usage. PB1 codon 40 directs translation of atersinally truncated version of the
polypeptide (N40) that lacks transcriptase function but neverthelesscts with PB2 and
the polymerase complex in the cellular environment (Wise et al., 2009).

Segment 3: PA polymerase and PAX. The acid polymerase protein (PA) (a) has
endonuclease and protease activities, (b) is involved in viral RNA or complememary R
promoter binding and (c) interacts with the PB1 subunit (Das et al., 2010).

It hasrecentlybeen demonstrated that segment 3 of the virus contains a second open
reading frame (XORF), accessed via ribosomal frameshifting. The frameshift product,
termedPA-X, comprises the endonuclease domain of the viral PA protein wititean@nal
domain encoded by the-QRF and functions to repress cellular gene expression. Loss-of PA
X expression leads to changes in the kinetics of the global host response, whidksinc
increases in inflammatory, apoptotic, and T lymphosptmaling pathways (Jagger et al.,
2012).

In addition, novel PAelated proteins in influenza A virasfected cells have been
recently identified. These newly proteins are translated from tteahiti 13th irframe AUG
codons in the PA mRNA and are, thereforeteNminally truncated forms of PA, which we
named PAN155 and PAN182, respectively. The function of these proteins needs to be
investigated (Muramoto et al., 2013).

Segment 4: Hemagglutim. The hemagglutinin (HA) is a homotrimeric integral
membrane glycoprotein and the major surface antigen of the influenza virus. It is responsible
for binding to host sialic acid receptors for viral entry into cells and for fusion of viral and

endosomal mmbranes to release viral nucleocapsids into the cell cytoplasm (Skehel and
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Wiley, 2000). The HA is cleaved into two subunits, HA1 and HA2, connected by disulfide
linkages. This cleavage is mediated by host trypken proteases and is required for the
virus-cell fusion. The HA consists of two distinct domains: (a) a globular head formed by the
HAL that contains a conserved receptor binding site and five antigenic regirand (b) a
fibrous stem formed by both HA1 and HA2 (Wiley and Skehel, 1987; Wais, €988).

Segment 5: Nucleoprotein.The nucleoprotein (NP} the core of the ribonucleoprotein
(RNP) complex binding the VRNA with the polymerase complex. It has also been suggested
that NP controls the switching of the RNA polymerase from transoniptio replication
(Shapiro and Krug 1988).

Segment 6: Neuraminidase.Segment 6 encodes for another integral membrane
glycoprotein, the neuraminidase (NA), which is instrumental for cleaving the sialic acid
receptor to facilitate viral release from infectadls (Palese et al 1974).

Segment 7: M1 and M2.Segment 7 contains two overlapping reading frames @mgod
for two proteins, matrix protein 1 (M1) and matrix protejr(M2) which are translated from
spliced mMRNAs (Lamb et al 1981). The M1 protein feamlayer to separate the RNPs from
the viral envelope and is involved in numerous functions related to the assembly and
disassembly of viral particles, the transport of the RNPs to the nucleus, the nuclear export of
viral proteins and viral morphology (Mar and Helenius, 1991).

M2 is a tetramer integral membrane protein situated within the viral membrane as a proton
ion channel that regulatéise pH level. Its activity is essential for viral infection of host cells
(Pinto et al., 1992).

Segment 8: NSland NS2.The smallest viral segment 8 also contains two overlapping
reading frames, which require mRNA splicing, that encode for two proteins: nonstructural
protein 1 and 2 (NS1 and NS2). NS1 is the main non structural protein, involiiedt cell
proceses to promote viral protein synthesis, as welhagquestering cellular mMRNAs in the
nucleus so that their caps may be used as primers for viral mMRNA synthesis (Qian et al 1994).
NS1 also sequesters dsRNA to prevent induction of the host interfepmmses(Kochs et al.,
2007).

NS2 is frequently referred to as the finuc

transporting newly synthesized RNP from the nucleus to the cytoplasm (O'Neill et al, 1998).
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2.2.2.2 Replication cycle

Infection of host celldy influenza is initiated by the binding of sialic acid-gNetyt
neuraminic acid) receptors on host cells by the globular head of the viral HA, followed by
viral entry by endocytosis (Carroll et al., 1981; Tumpey et al., 2007). Upon cellular entry of
the virus as an endosome, the acid environment induces-depehdent conformational
change in the HAwhich causes the viral and endosomal membranes to fuse and release viral
RNPs into the cytoplasm (figure 2.5). This fusion occurs thanks to the cleavige FHAO
precursor molecule into the HA1 and HA2 subunits by host cell proteases (Skehel et al., 1982;
Bullogh et al., 1994). Following viral entry, H ions flood through the M2 ion channel, causing
the separation of the M1 from the RNPs to allow the tramspbthe RNPs from the
cytoplasm into the nucleus, mediated by the nuclear localization signal (NLS) located at the
extreme Nterminus of NP. All the VRNA syntheses, including viral transcription, replication
and the assembling of VRNPs occur in nucldime viral RNA polymerase complex uses the
negative sense VRNA as a template to synthesize both viral mMRNA and cRNA, a full length
copy of the vVRNAwhich serves as a template for the synthesis of additional vVRNAs (Herz et
al., 1981). Following transcriptiothe mRNAs are transported to the cytoplasm where they
are translated by the host ribosome. Newly synthesized viral proteins NP, PB2, PB1 and PA
are transported back to the nucleus to bind to VRNA to form RNPs for new viral particles.
The HA, NA and M2 a transported via the Golgi apparatus to the cell membrane, where
they aggregate with the RNPs and M1 proteins to form new viral particles and to be released
from the cell upon NA cleavage of host sialic acid receptors (Baigent and McCauley, 2003)
(figure 2.5).
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Figure 2.5 Influenza A virus replicatiorl) A virion attaches to the host cell membrane using HA and
enters the cytoplasm by receptoediated endocytosis, thereby forming an endosome. 2) HA2
promotes fusion of the virus envelope and the endosome membranes. M2 acts as an ion channel
making the iside of the virion more acidic. As a result, the major envelope protein M1 dissociates
from the nucleocapsid and VRNAs are translocated into the nucleus. 3) In the nucleus, the viral
polymerase complexes transcribe (3a) and replicate (3b) the VRNAs. 4y Blawhesized mRNAs
migrate to cytoplasm where they are translated. 5)-tParsslational processing of HA, NA, and M2
includes transportation via Golgi apparatus to the cell membrane (5b). NP, PB2, PB1 and PA move to
the nucleus (5a) and bind the newyynthesized copies of VRNAs. 6) The nucleocapsids migrate into
the cytoplasm and eventually interact via protein M1 with a region of the cell membrane where HA,
NA and M2 have been inserted. 7) NA destroys the sialic acid moiety of cellular receptosingelea

the progeny virions from infected cell. By User:YK Times GFDL
(http://www.gnu.org/copyleft/fdl.html), C®Y-SA-3.0 (http://creativecommons.org/licenses/by
sa/3.0/), via Wikimedia Commons
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2.2.2.3 Evolution

Influenza A vruses are dynamic and are continuously evolving. They can change in two
different ways: drift and shift. While influenza viruses are changing by genetic drift all the
time, genetic shift happens only occasionally.

Genetic drift refers to small gradual cgges which occur through point mutations. These
may happemnpredictably and result in minor changes to influenza genome. When they occur
in the two genes that codify for the main surface glycoproteins (HA and W& virus
strains thatnay not baecognized by antibodies to earlier influenza strains may be produced.
The antigenic driftin human influenza virusebas been well described. This is the main
reason why people can be infected with influenza viruses more tlt@namad why global
surveillance s critical in order to monitor the evolution of human influenza virus staims
allows the selectiorof the most suitable strains to be includedhe annual production of
influenza vaccine. There is scientific evidence indicating that evolution diggic drift of
human influenza (H1 and H3 subtypes) viruses are driven by multiple mutations within major
antigenic sites located in the receptor binding subdomain of the HA protein (RBD) (Hensely
et al., 2009; Shih et al., 2007). In avian influenzasagy the occurrence thfe antigenic drift
is not as well documented and the mechanisms remain to be clarified, particularly with
reference to the use of vaccines as control measures. Antigenic diversity has been described
for HSN2 viruses causing a lepathogenic Al epidemic in Mexico (Lee et al., 2004) and for
H5N1 HPAI viruses in Asia and in Egypt (Balish et al., 2010; Beato et al., 2013; Cattoli et al.,
2011; Wu et al., 2008). However, the driving mechanisms and the impact on control measures
have notyet been established.

Antigenic shift refers to an abrupt, major change to produce a novel influenza A virus
subtype. Due to their segmented nature, influenza genomes can be readily mixed in host cells
infected with more than one virus. As a consequem®e& strains can suddenly be produced
by reassortment. For example, when a cell is infected with influenza viruses from different
species, reassortment can result in progeny viruses cogtagenes from strains that
normally infect birdsand genes fromtrainswhich normally infect humansThis leads tdhe
creation of new strainghich may cause influenza pandemics in humans, as observed in the
case of the 1957 and 1968 pandemics (Clancy et al., 2008).

In the last centurythree subtypes ofhe influenza A virus hae been established in
humans 1918- H1N1; 1957- H2N2, 1968- H3N2 2009- H1N1 (Morens et al., 2009). In
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1957, the H2N2 pandemic virus acquired the HA, NA and PB1 segments through
reassortment with an avian H2N2 influenza virus, while retgifive segments (PB2, PA,
NP, M and NS) otheH1N1 virusof humanorigin. Similarly, the 1968 H3N2 pandemic virus
acquired avian HA and PB1 segments, while retaining six human H2N2 segments (PB2, PA,
NP, NA, M and NS) (Scholtissek et al., 1978). Diffettg, the 2009 pandemic H1N1 virus
was derived by reassortment of two-gsesting swine 1AV (Garten et al., 2009).

Today H5, H7 and H9 avian influenza virus subtypes top the World Health Organization's
list for the greatest pandemic potential. Indeed siiread of HPAI and LPAI viruses tie
H5, H7 or H9 subtypes amongst birds and sporadic infection in humans (as described in
chapter 2.2.1.2)where adaptive mutations or reassortment events between human and avian

influenza strains may occurcontinues to pose a threat to public health (Lin et al., 2000).

2.2.3 Avian influenza pathotypes

So far, only some strains of viruses of the H5 and H7 subtypes have been shown to cause
the highly pathogenic form of the disease in susceptible species.

The hemaggitinin glycoprotein is produced by all influenza A viruses as a precursor,
HAO, which requires a postanslational cleavage by host proteases to be functional (Vey et
al., 1992). The HAO precursor proteins of avian influenza viruses of low virulencettiryp
have a single arginine at the cleavage site and another basic amino acid at gsitieh
from the cleavage site. These viruses are limited to cleavage by extracellular host proteases
such as trypsiiike enzymes and thus restricted to replication at sites in the host where such
enzymes are present, i.e. the respiratory and intestinal tracts. H5 and H7 HPAI viruses possess
multiple basic amino acids (arginine and lysine) at their HE@wage sites (Wood et al.,

1993; Senne et al., 1996; Vey et al.,, 1992) and are cleavable by one or more intracellular
ubiquitous proteases (Stiene&edber et al., 1992). H5 and H7 HPAI viruses are able to
replicate throughout the bird, damaging vital awg and tissueand causinglisease and
death.

It appears that HPAI viruses arose by mutation d@fteintroduction of LPAI H5 or H7
viruses into poultry from the wild bird reservoir. Several mechanisms seem to be responsible
for this mutation: a) insadn/substitution of basic amino acids at the HA cleavage site, which
most likely occurred due to a transcription error by the polymerase complex, or 4) non

homologous recombination which results in the insertion of a foreign nucleotide sequence
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(Perdue efal., 1998). The factors that bring about mutation from LPAI to HPAI are not
known. In some instances, mutation seems to have taken place rapidly (at the index case site)
after introduction from wild birds; in others, the LPAI virus progenitad beertirculating

in poultry for months before mutating. Therefore, it is impossible to predict if and when this
mutation will occur (Alexander, 2000).

Besides mutations in the HA cleavage ,sitéher amino acid substitutions located in
different gene segments cha responsible of the viral pathogenicity and can enhance various
aspects of the viral life cycle, including virus binding and entry, genome transcription and
translation, virion assembly and release, and evasion of innate immune responses. Mutations
in the viral polymerase complex, such as the PB2 627K or D701N mutations, in tHe2PB1
protein, such as N66S and in the NS1, as amino acid 92E or mutations at the carboxyterminal
portion, have been recognized as important contributors to viral pathogemaxtyetne and
GarciaSastre, 2011).

In addition to the H5 and H7 subtypes, also some H10 viruses fall within the definition of
HPAI (Alexander, 2008). However, these viruses do not possess abamitti cleavage site
and do not cause systemic infectioneytare known to have tropism for the kidney, and the
impaired function of this organ is what determines death of the bird when the virus is
administered intravenously (Swayne and Alexander, 1994).

2.3. RABIES VIRUS

Rabies virus (RABV), a member of tgenus Lyssavirus in the family Rhabdoviridae, is a
neurotropic virus that causes fatal encephalitis in wialonded animals.

At present, the Lyssavirus genus includes 12 species: Rabies virus (RABV), Lagos bat
virus (LBV), Mokola virus (MOKV), Duvenhage mis (DUVV), European bat lyssavirus
type 1 (EBL\1), European bat lyssavirus type 2 (EBRY, Australian bat lyssavirus
(ABLV), Aravan virus (ARAV), Khujand virus (KHUV), Irkut virus (IRKV), West
Caucasian bat virus (WCBYV), and Shimoni bat virus (SHIBWZiKin and Tordo, 2012).

In addition, new lyssaviruses are routinely described, such as Bokeloh bat lyssavirus
(BBLV; Freuling et al., 2011), lkoma lyssavirus (IKOV; Marston et al., 2012) and Lleida bat

lyssavirus (LLEBV; Ceballos et al., 2013), which stWait classification assessment. Among
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the currently recognized species, RABV is the most broadly distributed and causes over 99%
human rabies cases in the world (Kuzmin and Tordo, 2012).

2.3.1. Epidemiology of rabies virus

Rabies is an enzootic diseagelespread throughout the world and is a serious problem in
developing countries. According to WHO, almost 55,000 people die because of rabies every
year (WHO, 2005)Rabies viruses are adapted to various animal species (acting as reservoir)
on which theydepend for their existence. Viral infection of a species that does not normally
maintain that virus (spHbver infection) occurs frequentlput only rarely results in spread
within the new host (NadiDavis & Real, 2011). Although rabies is a zoonotisedsse,
human infections and deaths are an unfortunate consequence of biologic processes of virus
maintenance in which humans play no significant role. The routdeaaftionis usually, but
not always by bite. Indeed, in many cases, the infected animal is exceptionally aggréssive,
attacls without provocation and exhibits otherwise uncharacteristic behaviour.

On a global basis, the domestic dog remains the most important reservoir of rabies.
Although rabies has been eliminated in most European countries, canine rabies remains
largely uncontrolled throughout most of Asia and Africa (Niezgoda et al., 2002), where dogs
remain the main reservoir and transmgtef rabies to humans (Arai, 2005). Majoray wild
reservoirs belongs to the family Carnivora and include foxes in the Aiopéx lagopuls
Canada, central and western Europe and the Middle Zakiels vulpes and scattered foci
elsewhere throughout North America (e.grocyon cinereoargentes) (de Mattos et al.,

2001; King, 1998). Other important terrestrial mammal hosts of RABV include common
racoons Procyon loto) and shunksNMenphitis menphitjsin North America, and the racoon
dogs (yctereus procyonoidg@ Europe. Furthermore, inseairous bats in North America

and Australia and haematophagic bats in Latin America also act as reservoirs for RABV.
Indeed, most human deaths in the USA are due tadsaiciated RABV (Messenger et al.,
3003).

2.3.2. Molecular biology of rabies virus
Ralies virus has a single stranded, negative sense RNA genome of about 12 Kb, which
encodes five genesnucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein

(G), and a viral RNA polymerase (L)pr eceded at the 36 end by
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sequence of about 50 nucleotides (LeRNA). The genes are separated by short sequences that
represent the intergenic regions of the genome (figure 2.6). With regards to the relative
conservation of these genes, the N gene is the most conserved, follothed by, G and P

genes (Wet al, 2007).

2.3.2.1. Genes and proteins

Nucleoprotein. The nucleoprotein (N) is a phosphorylated protein consisting of 450
amino acidswhich protect the RNA genome from ribonuclease digestimure 2.6). It
efficiently and specifically encapsidates the viral RAform the ribonucleoprotein (RNP)
complex, which provides the template for RNA transcription and replication by the viral
polymerase complex, which includes the P and L proteins (Tordo and Kouknetzoff, 1993).

Phosphoprotein. The phosphoprotein (Rpntains 297 amino acids and is expressed in a
variety of phosphorylated forms. It plays a pivotal role as a cofactor in transcription and
replication of the viral genom@ackson & Wunner, 2002, Gupgaal, 2000), nediating the
connection between the nucleoprot®NA complex and the RNA polymerase (Cheeilal,

1994). It also binds to free nucleoprotein, thereby preventing the nucleoprotein aggregation in
the cytoplasm (Litet al, 2004).

Matrix protein. The matix protein (M) is the smallest (202 amino acids)d most
abundant protein in the virio@ackson and Wunner, 2002). It is a multifunctional protein: it
plays a role in packaging the RNP into new virus particles, adheres to the inner wall of the
envelopejnteracts with the RNP and wraps tmast cell membrane around the newly formed
virus particles to form the viral envelope (Kiezle and Alcamo, 20@y)re 2.6)

Glycoprotein. The glycoprotein (G) is 505 amino acids protein. It is a trimeric type |
trangsnembrane glycoprotein that mediates both receptor recognition and lewdpéed
membrane fusion and responsibldor inducing production of and binding with protective,
virus-neutralizing antibodies (Mailard and Gaudin, 200@jure 2.6)

RNA polymerase.The RNA polymerase or large protein (L) is the largest protein in the
virion, which binds to the RNA complex via the phosphoprot@inform a complex
responsible of replication and transcription of viral RNA (Chestikal, 1994). It has an
important role in the start of infection by initiating the primary transcription of genomic RNA
once the nucleocapsid is released into the cytoplasm of the infected cell (Jackson & Wunner,
2002).
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Figure 2.6.The virion structure of the rabies virus and its genomeA) The negativestranded

singlestranded RNA genome (12 kilobases) is encapsidated in the nucleoprotein (green), forming the
ribonucleoprotein (RNP). Two other viral proteins are associated with the RNPrahpolymerase

(grey) and the phosphoprotein (purple). This complex forms the capsid, which is associated to the
membrane with two additional proteins: the matrix protein (brown) and the glycoprotein (yellow).
From ViralZone, SIB Swiss Institute of Bioimfmatic (http://viralzone.expasy.org/). B) A schematic

diagram showing the organization of the Rabies genome.

2.3.2.2. Replication cycle

Rabies virus infection is initiated by attachmenttadvirus to a receptor on the host cell
surface, which isnediated by the rabies virus glycoprotein. Howeitas unclear which host
cell molecule mediates viral entry into the celhd recent evidence indicates that several
different receptors can be used (Schennel et al., 2009). After binding to its aelbdptor,
rabies virusenters into the host cell by endocytosisciiange in the pH inside the vesicle
allows the fusion of the viral and endosomal membiamek the releasef the viral genome
into the cytoplasm (Whitt et al., 1991). Because the enteyasitabies virus is most likely a
motor neuron at the neuromuscular junction, which does not provide the biochemical

environment required for protein synthesis, the virion is subsequently transported in a

21



retrograde direction through the axon of the itddcneuron (Kelly and Strick, 2000). Two
different mechanisms have been suggested for rabies virus transportation through the axon:
transportation of the only virus capsid or of the whole rabies virion within the vesicle
(Schennel et al., 2009 this sage the virus keeps a low profile and does not replicate until

it has reached the cell bgdso thait canevade the immune system and reach the brain.

Once the virus patrticles arrive at the cell body of the neuron, the production of the virion
components begins. Transcription of the viral genomic RNA occurs in the cytoplasm of the
infected cell once the RNP core is released from the endosome. Theiptaors@rocess is
carried out on the RNP complex by the Ridépendent RNA polymerase, which initiates
transcription at the 30 end of the genomic
nucleotide RNA, the IeRNA (figure 2.6). This is followed by the siption of the five
individual mMRNAs from each gene (N, P, M, G and L), which encode the viral proteins. The
polymerase complex stops e signal sequence (U/ACUUUUUU), ignores the intergenic
region of 2 24 nucleotides and restarts transcription attthescription start signal sequence
(UUGURRNGA). Successful fmitiation of transcription at each intergenic junction does not
always occur. An estimated -3D% of the polymerase complexes that reach the gene junction
dissociate from the nucleocapsid @#m s on and Yu, 19829t arAtsdo amao ke
of transcription | eads to relatively high | e
less P, M, G and L transcripts (Emerson and Yu, 1982).

Besides regulating the transcription of rabiesisvigenes, the IeRNA appears to contain
the encapsidation signal for the nucleoprotein. It has been speculated that when sufficient
nucleoprotein is available, encapsidation of the leRNA sequence results in the synthesis of a
full-length antigenome ratheithe the production of individual viral mRNAs, therefore
switching transcription to replication (Liu et al., 2004).

The last phase of the life cycle is the assembly of the viral components, budding and
release of the rabies virus virions, which can staswa round of infection. Budding of rabies
virus takes place at the plasma membrane, but it is unknown how the capsid is transported to
the site of budding, although it has been demonstrated that both rabies virus matrix protein
and glycoprotein play an iportant part in budding (Mebatsion et al., 1996; Mebatsion et al.,

1999).
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2.3.2.3. Evolution

The molecular diversity of rabies viruses has been increasingly reported haotat@anal
and international level. Seven cladesamely Indian, Asian, Cosmoltan, Africa-2, Africa-

3, Artic related and American indigenous cladeave been identified. With the exception of
the American indigenous clade, most of RABV clades are associated totally or in part to dogs
or otherCanidaespecies, such as foxes, skankongoose, jackals and wolves (figure 2.7).

Indian clade. The Indian clade is distributed only within southern India and Sri Lanka. In
the phylogenetic tree of all RABVs associated with terrestrial mammals, it has the most basal
position, suggesting that may have been the progenitor for all RABVs lineages harboured
by terrestrial mammals (Bourlet al, 2008). It is maintained in nature by dogs (Nanayakkara
et al, 2003).

Asian clade. The Asian clade is a heterogeneous lineage, for which the dog is the
principal reservoir (Bourhyet al, 2008). It includes isolates from China to Indonesia and
Southeastern Asia (Gonet al, 2010, Nishizonet al, 2002, Susetya et al., 2008).

Cosmopditan clade. The Cosmopolitan clade includes isolates circulating among
terrestrial animals in Europe, the Middiast, Iran, Kazakhstan, Russia, America and the
genetic group previously referred to as Africa 1 (Bowhgl, 1993, Kissket al, 1995). Tis
clade has been worldwide distributed mainly throughout heasaisted movement of pets
from Europe during colonialism (Bourley al, 2008, Smitlet al, 1992).

Africa 2 clade. Viruses from the Africa 2 clade are distributed in West and Central Africa,
with the dog acting as host reservoir (Bouehwl, 1993,Kissiet al, 1995).

Africa 3 clade The Africa 3 clade comprises viruses well adapted to the carnivores of the
family Herpestidae (mainly the yellow mongoose), which is the main vector of ralfess
Saharan Africa (Bourhgt al, 1993,Kissiet al, 1995).

Arctic -related clade.Arctic-related or Arctielike includes viruses collected from a large
area across the Northern hemisphere, ranging from central to eastern Asia as well as
Greenland antNorth America (Mansfielet al, 2006, NadirDaviset al, 2007, NadirDavis
et al, 1993). Phylogenetic analysis suggests that Indian isolates fall into a basal position, thus
suggesting that the entire clade evolved from Indian dog viruses, with suliseque
differentiation into genetic sutlades according to the geographical location (Kuzetial,

2008, NadirDaviset al., 2007).
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American indigenous cladeThe majority of the viruses of the American indigenous

clade circulate in chiropteran hosts togetiwith a limited number of strains from terrestrial

carnivores (NadiDavis & Real, 2011). It has been associated to different insectivorous bats

in North America and to vampire bat®gsmodus rotundlisn Latin America (NadirDavis
& Real, 2011).
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2.4. SEQUENCING TECHNOLOGIES

2.4.1. Sanger sequencing

Sequencing allows the nucleotide sequence of a portion of DNA to be determined. Sanger
sequencing, also called “first generation sequencing technology”, is one of the sequencing
methods | applied in this thesis. It was developeé&ieglerick Sangeand colleagues in 1977.
Since then, many improvements have been made to the method (Sanger et al, 1992), the most
notable being the introduction of fluorescent labeled dideoxyeantides with different
colours.

The Sanger method is a mixatbde process involving synthesis of a complementary
DNA templ at e -deaxynackpotides (DNITPsy dnd t8riNjnation of synthesis using
2 Njdiddiynucleotides (ddNTPs) by DNA polymerdgSanger et al., 197.7For automated
Sanger sequencing the four ddNTPs are labeled with different fluorescent tags. The ratio of
dNTPs/dyelabeled ddNTPs in the sequencing reactiimtermines the frequency of chain
termination, and hence the distribution of lengths of terminated chains. THabdyed DNA
fragments are then separated by their size usingreggiution gel electrophoresis. Shorter
DNA strands migrate through thel geaterial more quickly, and come dubm the bottom of
the capillary first, while longer strands become tangled in the gel material and take longer to
emerge outrom the bottom. As the strands emefgan the bottom of the capillary they pass
through aaser beam that excites the fluorescent dye attached to the dideoxynucleotide at the
end of each strand. This causes the dye to glow at a specific wavelength. The determination of
the color is the underlying method for assigning a base call, and theobritier fluorescent
fragments reveals the DNA sequence (Sambrook and Russel, 2001).

Although nowadays the first generation sequencing technologies are highly reproducible
and accessible tools, their application to large projects, such as whole genomeisgauren
deep sequencing analysis, is expensive, time consuming and often require prior knowledge of
the target genome for specific template application. New methods of sequencing have now
been developed (second generation or, more commonly, next gensegigancing)which

have entirely revolutionized our ability to sequence, as described in the next paragraphs.
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2.4.2. Next Generation Sequencing

Recent advances in nucleic acid sequencing technologies, referretli¢ataSeneration
SequencingNGS), haveproduced a true revolution in our ability to sequeN®8S platforms
provide unprecedented throughput, generating hundreds of gigabases of data in a single
experiment, with a dramatically reduction of the price per information unit (nucleotide) in
comparson to first generation sequencing. Moreover, these technologies allow unbiased
sequencing without prior knowledge of the complete DNA content in a sample, whilst

retaining the flexibility to allow for targeted sequencing.

2.4.2.1. Technologiésl | | umi naés sequencing

A number of different platforms are currently availabkegach utilizing different
sequencing chemistries and detection strategies. Current NGS methods use-stephree
sequencing process:

1 Library preparation. During this phase, DNA oDNA fragments of appropriate
lengths are prepared by either breaking long molecules or by using PCR amplification.
Adapter sequences are joined to the DNA molecules (by ligation or amplification) and can
include a barcode sequenebich allows multiplexng of several samples in an experiment.

1 Individual DNA molecules in each library are clonally amplified.

1 Clonal DNA is sequenced by massive parallel sequencing.

The NGS sequencing platforms use different detection principles including
pyrosequencing (454 i f e Sci ences, acquired by Roche,
sequencing by synthesis (previously Solexa, available since 2007), SOLID ligation based
sequencing (Life Technologies, available since 2006), amute receny, the lon Torrent
semicondur sequencing technology.

Since the lllumina sequencing is the technology applied in this thesis the remaining part of
this paragraph will focus aits technical features.

The sequencing technology developed by Illumina, is, like other high throughput
sagjuencing methods, based on sequencing of short DNA molecules (at the time of writing the
maximum sze is 500 bp). After preparing tHeNA fragments ofan appropriate length,
adaptor sequences are ligated to the fragment ends. The-shagided fragmentare then
annealed to a glass surface already covered with small pieces of DNA complementary to the
adaptor sequences. These oligos serve to capture the template DNA and as primers for
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subsequent amplification. Amplification occurs on the slide by a pracess med dAbr i d
amplificationo, in which each single strande
on the slide. Successive rounds of PCR result in the generation of small clusters consisting of

many single stranded copies of the same frag(figotre 2.8).

Figure 2.8. Bridge amplificatior-ree DNA end binds to complementary primer to form a bridge.
Strands areopied. Acluster of fragments is formed after many iterations.

When the clusters of fragments have been created, the process of segogisginiipesis
begins. lllumina uses fluorescently labelled reversible terminators, such that each single base
incorporation on each molecule temporarily terminates the reactioer isftorporation of
nucleotides, the unusexhesare washed away and a laser is used to scan the surface which
makes the fluorescent dyes emit light of different colors, one color for each type of
nucleotide. A higkresolution digital image is used to detene which nucleotide is
incorporated in each cluster of fragments. The terminator is then removed, allowing the
template molecule to be extended again in the next round of sequencing (figure 2.9) (Radford
et al., 2012; Pareek et al., 2011)
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Figure 2.9. Sequencing by synthesis. a) All four labeled reversible terminator, DNA polymerase
enzyme and primers are added to the flowcell. b) A laser excites the fluorescent dyes and a camera
captures which colors the clusters emit. ¢c) The reversibiairtators are removed and the cycle is
repeated.

2.4.2.2. Application of NGS to RNA viruses

Characterization of intra-host variability. At the level of the quasispecies, NGS
technologies can detect low frequency mutations providing a snapshot of tiee vénrai
population. The technology allows a) the comparison of genetically diverse populations from
different replication sites within a host (Stack et al., 2013; Wright et al., 2011); b) the study of
the evolution of mtrasample sequence diversignd he modification of the frequency of
variants during serial transmission in different hosts (Morelli et al., 2013; Wilker et al., 2013);
c) the understanding of the evolutionary dynamics of viral populations under selection
pressuresyith implications forimmune response, antiviral drug resistance and pathogenicity
(Capobianchi et al., 2013).

Complete viral genome reconstruction.The advent of NGS has also led to the cost
efficient sequencing of complete viral genomes, even in the case of unknown or poorly
characterized viruses, starting either from cultteadched viral preparations, or directly
from clinical samplesthrough metgenomic sequencing of random library or amplicon
genome sequencing (Capobianchi et al., 2013).

Metagenomics.Metagenomics is the determination of the sequence content of a complete

microbial community without the need of previous knowledge of the segsenc
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Metagenomic applications of NGS include a) the discovery of novel viruses, as, for example,
the identification in 2011 of the new Orthobunyavirus, subsequently named Schmallenberg
virus, identified in an epidemiological cluster of diseased cattle rm&wy (Hoffmann et al.,
2011); b) the characterization of the viriome in the environmangnimals or in humans
(Capobianchi et al., 201Radford et al., 2012

2.4.2.3. NGS challenges

While the advantages of NGS are numerous, several challenges tenb@&raddressed.
Analysis of NGS data is complicated, due to short read lengths and to error introdLizison.
includesthe errors associated witlthe sequencing chemistry atite library construction, as
well as point mutations and insertions/deletitingt may arise during reverse transcription
and PCR amplificationFor this reasgn NGS data need to be dAcl e
filtering to remo\e low-quality readsalignment error correctiorof readsvariant callingand
frequency estimatianDiscriminating true biological variants from thoskeriving from
experimental noise is an important issue when trying to identify low frequency variants in a
population, for example in viral quasispecies or metagenomic andBsesenwinkel et al.,
2011). Each diferent NGS available platform has its own distinct characteristics in terms of
read and error profiles, with the lllumina platfofthe one used in this thesisiten regarded
as having the lowest error rgteoman et al., 2012; Quail et al., 2012).

Currently, a multitude of software has been developed to address different aspects of NGS
analyses Beerenwinkel et al., 20)1However, the available algorithms can present some
limitations (Finotello et al., 2012and inrhouse resolution of bioinformatics frems are
often reeded to investigate novel dsgés and specific hypotheses. In this context, researchers
are frequently faced with the need to acquire computer skills and bioinformatics expertise.

A further issue is the scale of genetic data producad®$ technologiesvhich presents
a physical constraint in ternef data storage and analysis. Ladpgasets typically require
high performance computational clusteshich imply a considerable investment and require

sufficient information technology spprt.
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2.5. PHYLOGENETIC AN D EVOLUTIONARY ANALY SIS OF RNA VIRUSES

The field of viral evolutionary analysis has greatly benefited from the increasing
availability of viral genome sequences, the growth in computer processing powiomand
the development of sophisticated statistical methods. Application of these methods can help to
a) determine the relationshmonggroups of organisms, b) infer the origin and dinsetof a
newly emergent epidemic, c) resolve the order of transmissioriseglaring an outbreak, d)
follow the viral movements between different geographic regions or different tissues of a
single infected host. This section wilutline the methodologiesused to explore the
evolutionary biology of viral genome, including mediso for phylogenetic inference,

estimation of selective pressure and evolutionary analysis.

2.5.1. Phylogenetic inference

A phylogenetic tree describes the relationships among gerasargorganisms. One of
the first steps in the analysis of aligned eotide sequences is the computation of the matrix
of genetic distances between all pair of sequences, which provides a measure of the similarity
between sequences. The proportion of different sites between two aligned sequences is called
observed distancer p-distance. However, -distance generally underestimates the true
genetic distance (d). Indeed, when two sequences are very divergent it is likely that, at a
certain positiontwo or more consecutive mutations have occurred. As a consequence, a
model of substitution, which corrects for multiple hits, is necessary. The simplest one
parameter JukeSantor model assumes that all nucleotides (A, C, T, G) occur in equal
proportions and that the probabilities of each nucleotide substituting for another ate equ
among all Ssix nucleotide pairings (AzC, AzT
Cantor 1969). However, the Juk€antor model is considered an owmnplification of the
process of nucleotide substitution and more complex models generally provide aaigtisti
better fit to observed patterns of sequence evolution. The studies presented in this thesis
employ the more complex general time reversible (GTR) model (Yangal984is model
permits variation a) in the frequency of the four nucleotide bases ana Ihe rate of
substitution between nucleotide pairs, allowing the rate substitution between all the six
nucleotide pairings to vary. In addition, rate of nucleotide substitution may vary at different

sites across thgenome.For example, in protein cadj sequences third codon positions
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mutate usually faster than first and second positions. OFtistribution accommodates for
varying degree of rate heterogeneity.

The methods for constructing phylogenetic trees from molecular data can be grouped
accordingto the kind of data they use, discrete character states or a distance matrix and
according to the algorithm, clustering algorithm and optimality criterion, as illustrated in table
2.1.

Distance methods.Distance methods start by calculating the evolatigndistance
between each pair of operational taxonomic units (OUT), usually employing a model of
nucleotide substitution to produce a pairwise distance matrix and then infer the phylogenetic
relationship from this matrix by a variety of methods, includii®RGMA, minimum evolution
(ME) neighboufjoining (NJ). Among distance methods, the NJ is currently the most
commonly usedanethodto constructdistance tree. Starting with a stike tree, the principle
of this method is to find pairs of OTUs that minmaithe total branch length at each stage of
clustering of OTUs (Saitou and Nei, 1987).

Maximum parsimony (MP). MP is based on the assumption that the most likely tree is
the one that requires the fewest number of changes to explain the data in the alignment.
Parsimony operates by selecting the tree or trees that minimise the number of evolutionary
steps requiredot explained the data. Parsimony, or minimum change, is the criterion for
choosing the best tree. An algorithm is used to determine the minimum number of steps
necessary for any given tree to be consistent with the data. That number is the score for the
tree, and the tree or trees with the lowest scores are the most parsimonious trees (Nei and
Kumar, 2000).

Maximum likelihood methods (ML). The main idea behind the ML method is to
determine the tree topology, branch lengths and parameters of the modeltitditgrbshat
maximize the probability of observing the sequence data. ML methods outperform other
method in term of accuracy (i.e. finding the correct treggcording tosimulation studies
(Kuhner and Felsenstein 1995; Huelsenbeck 1995). A main drawb#oikML method is its
computational intensity, especially with a large number of sequences. Rather than evaluating
every possible tree, heuristic searches useclnifibing methods to limit the tree space that
needs to be explored ortly the oneadjacet to the temporary tree (Holder and Lewis, 2003).

If a tree witha higher likelihood score is found, the search is repeatedihemhgain, until

no further score improvements are made. However, it is possible that this tree represents a
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local peak rathe t han t he fAsummito of the tree spac:ée
tree, which may be located beyond the explored tree space, perturbations in tree topology are
generated by branetwapping algorithms, such as neamsighbor interchange (NNI),
subtree pruning and regrafting (SPR) and tree biseggnafting (TBR). These algorithms
remove entire sections of the tree and reposition them in other parts of the treeaty test
potential improvements in likelihood scores.

Bayesian methodsBayesian malysis of phylogenies generates a posterior distribution for
a parameter, composed ophylogenetic tre@andof a model of evolution, based on the prior
for that paramier and the likelihood of the data, generated by a multiple alignment. Similarly
to what happens fomaximum likelihood the user postulates a model of evolution and the
program searches for the best trees that are consistent with both the model arnd.the da
However, while ML seeks the tree that maximizes the probability of observing the data given
that tree, Bayesian analysis seeks the tree that maximizes the probability of the tree given the
data and the model of evolution. However, it is usually nosiptesto calculate the posterior
probabilities of all the trees analytically. The Markov chain Monte Carlo (MCMC) method, as
implemented by the MrBayes program can be used for this purpose (Ronquist and
Huelsenbeck, 2003).

Table 2.1. Classification of plggenetic analysis methods

Optimality search

criterion Clustering
Maximum Parsimony
Character state Maximum likelihood
Bayesian inference
Distance matrix Fitch-Margoliash . UPGMA .
Neighbou¥joining

Maximum likelihood and Bayesian methods are consideregdréferablemethod for tree
building, particularly when evolutionary rates differ among lineages, and therefore are
employed in the studies contained in this thesis.

Confidence levels for each noad the phylogenyare statistically assessed using the
bootstrapping method (Felsenstein, 1985). The bootstrapping method assesses the reliability

of a phyl ogenetic structure by determining
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supporing each node.These datasets are generated by randomly sampling the original
character matrix (the columns of the alignment) to create new matrices of the same size as the
original. These proportions (expressed as percentages) can be used as a measure of the
reliability of individual branches in the optimal tree, with percentages >70 considered
statistically significant.

The basis for phylogenetic analysis is the identification of discrete clades of genetically
related viral isolates that cluster together on a treestiale a unigue common ancestor.
Clades (or genetic clusters) are topologically separated by long branches and are considered

statistically well supported when bootstrap values exceed 70 (Felstein, 1985).

2.5.2. Estimating selection pressure

Molecular adatation by natural selection is one of the most important presess
biology. Mutation generates multiple genetic variants that can be fixed or eliminated from the
population. This depends on a) the degree to which the mutation increases or decreases an
indi vidual 6s ability to survive and reproduc
size of the population. The effect of selection is to increase the frequency of beneficial
mutati ons (those that i nc rtreeyalseeone dixed im thel i vi du
population (positive selection), or to decrease the frequency of deleterious mutations (those
that decrease an individual ds fitness) until
not affect the frequency of mutations that hanee appreciable fitness effect, the neutral
mutations.

Mutations in protein coding sequences can be classified as either synonymous (silent) or
nonsynonymous (replacement). If we assume that selection acts less strongly on silent
mutations, comparison afynonymous\) and norsynonimousff) changes should reflect the
action of natural selection. The ratieb/U (also referred to as dN/dS) has become a standard
measure of selective pressure (Nielsen & Yang, 1988)1 si gni fi es yrleutr al
negaive selection and>1 positive selection.

In this thesis, mymain concern ighe study of sitdy site selection. This estimakas
beenmade using different statistical methods available orDdiamonkey online version of
the Hy-Phy package

Single likelihood ancestor counting (SLAC) SLAC is a quick counting method, which

estimates the number of nonsynonymous and synonymous chahmgéshave occurred at
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each codon position throughout the evolutionary history of the sample. This approach
involves reconstructing the ancestral sequences using likelthasdd methods and
nucleotide and codon substitution parameters. SLAC is computationallysfastaped to
process large dataset (>50 sequences) and does not make any assumption regarding the
distribution of rate across sites. However, SLAC as other counting methods may lack power,
especially for data sets comprising a small number of sequences or low divergence sequences,
as the power of the test is limited by the total number of inferred subsigudioa site. In
addition, counting the number of changes between ancestral states may underestimate the true
number of substitutions, and hence, the number of changes inferred using this approach may
not accurately reflect the rate at which a site is\angl(Kosakovsky Pond and Frost, 2005).
Random effects likelihood (REL).The REL method originally proposed by Nielsen and
Yang (1998) assumes a distribution of substitution rates across sites asdhefeate at
which individual sites evolve. This imence can be based on the maximum likelihood
estimates of the rate parameters (empirical Bayes) or on the posterior distribution of rate
parameters (Hierarchical Bayes approach). The latter takes into account the rate distribution
parameterswhich can besubject to error, but, on the other hand, can be affected by an
inadequate prior assumptions of the distribution of rate parameters. Consequently, for small
or low divergence datasets, the errors in estimation of the rate distribution may be large, such
that empirical Bayes approaches may give misleading results, while a hierarchical Bayes
approach may be very sensitive to prior assumptions (Kosakovsky Pond and Frost, 2005).
Fixed effects likelihood (FEL) The FEL method estimates the substitution ratesatliy
at each site. Like counting methods, FEL nsake assumption regarding the distribution of
rates across site, making the estimatiotJaihdb potentially more accurate. However, this
method may require a substantial number of sequence30f2® gan power. In addition,
parameters such as nucleotide substitution, codon frequencies and branch lengths are treated
as known rather than subjected to error. However, this assumption has been shown to not lead
to false positives (Kosakovsky Pond and Fr26Q5).
Mixed Effects Model of Evolution (MEME). The MEME is a generalization of FEL that
is capable of identifying instances of both episodic and pervasive positive selection at the
level of an individual site. Differently from FEL, which assumes thatsdrae dN/dSX)
ratio applies to all branches, MEME models variablacross lineage at an individual site.

MEME is nearly always preferable to FEL because it matches the performance of FEL when
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there is no lineag®-lineage variation in dN/dS, and sige#intly improves upon it when
such variation is present (Murrel et al., 2012).

Fast, Unconstrained Bayesian AppRoximation (FUBAR).The FUBAR is an
approximate hierarchical Bayesian method using a Markov chain Monte Carlo (MCMC)
routing which ensuregobustness against model misspecification by averaging over a large
number of predefined site classes. This leaves the distribution of selection parameters
essentially unconstrained, and also allows sites experiencing positive and purifying selection

to beidentified orders of magnitude faster than by existing methods (Murrel et al., 2013).

2.5.3. Bayesian evolutionary analysis by sampling trees

The BEAST software package is a Bayesian statistical framework implementing Markov
chain Monte Carlo (MCMC) algdhms for phylogenetic inference, divergence time dating,
coalescent analysis, phylogeography and other molecular evolutionary analyses.

The BEAST software package explicitly models the rate of molecular evolution for each
branch of the phylogenetic tregither assuming a uniform rate across all branches (based on a
Astricto mol ecul ar cl ock) or all owing rates
clock). In addition, BEAST implements various models for the changes in the population size
over time(e.g. constant, exponential, logarithmic, expansion, Bayesian skyline or skyride),
different nucleotide substitution models (including HKY and GTR), models that allow
different rates for the 1st, 2nd and 3rd codon positions, amino acid substitution models
(Blosum62, CPREV, Dayhoff, JTT, MTREV and WAG) and so on (Drummond et al., 2013,
Drummond and Rambaut, 2007).

The BEAST package also analgzhe demographic history of a population of sequences.
Under coalescent theory, the demographic history of & population can be viewed as a
series of coalescent events with sequences traced back in time along parallel lineages to points
of convergence that represent a most shared common ancestor (MRCA) (Drummond et al.,
2013, Drummond and Rambaut, 2007).

Phylogeography inference is another important tool to trace the patterns of virus dispersal
available in BEAST. Reconstructing the spatial process provides fundamental understanding
of the evolutionary dynamics underlying epidemics. BEAST enables the recadostratt
timed viral dispersal patterns while accommodating phylogenetic uncertainty. Standard

Markov model inference is extended with a stochastic search variable selection (BSSVS)
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procedure that allows to construcBayes factor test that identdg the mst parsimonious
description of the phylogeographic diffusion process (Lemey et al., 2009).

2.5.4. BaTS1 Bayesian Tip-association Significance testing

BaTS is a Bayesian MCMC approach to quantify the association of phenotypic characters
(e.g. geographitocations, physical characteristics, epidemiological risk group, cell tropism,
and so on) with the shared ancestry, as represented by a viral phylogenetic tree. Assigning a
discrete character to each taxa of a phylogenetic tree, BaTS determines if rellzgety taxa
are more likely to share the same character than expected by chance alone. If the trait
represents geographic location, a strong association (the character is tightly correlated with
phylogeny) reflects low lineage migration, on the conteavyeak association (the character is
fully interspersed in the phylogny) represents high rates of gene flow. However, in many
cases the phylogenetic distribution of the characters may be intermediate and their correlation
with phylogeny less clear. BaTSl@aks to quantify and statistically test the strength of the
association against the distribution of characters expected by chance. Starting from the
posterior sample of trees, calculated by BEAST, BaTS estimates the parsimony score (PS)
statistic, which rpresents the number of state changes in the phylogeny andstha&ation
index (Al) statistic.This takes into account the shape of the phylogeny by measuring the
imbalance of internal phylogenetic nodes and the monophyletic clade (MC) statistic for each
trait value, which quantify the phylogetrait associations, based on the dimension of the
monophyletic clades whose tips all share the same trait value. This method incorporates
statistical errors arising from phylogenetic uncertainty, returning theepastistributions
(95% confidence intervals) of the statistics and providing the significance estimation for these
(Parker et al., 2007).

2.6. AIMS OF THE THESIS

RNA viruses are characterized by large population size, high replication rate and short

generation time, which, collectively, are responsible for extremely high genetic variability. As

a consequence, each viral population consists of dynamic mutant spectra (termed

guasispecig rather than of a defined genome sequence. Genetic diversity allows the viruses
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to evolve in an evechanging environment with shifting selection pressure. The advantage of
maintainingmultiple subpopulations that, when the virus is shifted to a newiesnmental
condition, a variant, which will be more fit in the new environment, may already be present in
the population.

The objective of my research is to provide a better understanding of the mechanisms
underlying the evolutionary dynamics of RNA \8as. This would be beneficial to improve
our capacity to identify effective target surveillance and potentially to predict evolutionary
trajectory for appropriate selection of control strategies.

To this end | applied first (Sanger sequencing) and secamergtion sequencing
technologiesand recently devimped bioinformatics tools to explorethe evolution of viral
pathogenicity (chaptés), theinter-host transmission of viral variants and their fixation in the
viral population(chapter5 and6), the patten of viral gene flowgchapters3 and5) and the

evolution of viruses under different selection pressures (ché&pter
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Chapter3

The Introduction of fox rabies into
Italy (20082011) was due to two viral
genetic groups with distinct
phylogeographigatterns

3.1. ABSTRACT

Fox rabies reemerged in norteasterntaly at the end of 2008 and circulated until early
2011. As with previous rabies epidemics, the Italian cases were linked to the epidemiological
situation in adjacent regions. To obtain a comprehensive picture of the dynamics of the recent
Italian epident, we performed a detailed evolutionary analysis of RABVs circulating in
northreastern Italy. Sequences were obtained for the hyg@able region of the
nucleoprotein gene, the complete glycoprotein gene, and the intergenic reginor@ 113
selectedfox rabies cases. We identified two viral genetic groups, here referred to a$ Italy
and Italy2. Phylogenetic and phylogeographic analyses revealed that both groups had been
circulating in the Western Balkans and Slovenia in previous years and werdatarly
introduced into Italy (into the Friuli Venezia Giulia regibWG), occupying different areas of
the Italian territories. Notably, viruses belonging to the {lalyroup remained confined to the
region of introduction and their spread was minimisedtH®y implementation of oral fox
vaccination campaigns. In contrast, It&lyiruses spread westward over a territory of 100 km

from their first identification in FVG, likely crossing the northern territories where
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surveillance was inadequate. A genetic-gubup (Italy2A), characterised by a uniqgue amino

acid mutation (D106A) in the N gene, was also observed to occupy a distinct geographic
cluster. This molecular epidemiological analysis of the ZBOBL fox rabies epidemic will
contribute to future contt@rogrammes both at national and regional levels. In particular, our
findings highlight the weaknesses of the national surveillance strategy in the period preceding
rabies reemergence, and of control plans implemented immediately after rabies notificatio
and underline the need of a coordinated approach at the regional level for both the

surveillance and control of wildlife rabies.

3.2 INTRODUCTION

Terrestrial rabies in Europe is caused by rabies virus (RABV; Rhabdoviridae) of the
Cosmopolitan cladéBourhy et al., 1999). Two main animal reservoir species are responsible
for disease maintenance in the European continghe red fox (Vulpes vulpes) and the
racoon dog (Nyctereutes procyonoidésyith the latter mainly distributed in Norastern
Europe (Bourhy et al., 1999). The ancestry of this viral lineage in Europe dates back to the
18th century, before it spread widely on a global scale by means of huedhated dispersal
and locally by natural wildlife migration (Bourhy et al., 1999,Badrarceordo, 2001,Smith
et al.,, 1992). A phylogenetic analysis of European RABV revealed a number of distinct
groups, each associated with a specific geographical area, as well as the westward and
southward spread of the virus across Europe during the lasirgi@ourhy et al., 1999). A
recent study tracing the evolution of RABV in the Balkans supported the phylogeographic
pattern previously suggested for RABV in Europe (McElhinney et al., 2011). In particular,
this study confirmed that the red fox is respblesifor the maintenance of several sub
lineages of viruses in this region, either those documented previouslgnely the Eastern
European (EE) and Western European (WE) lineages (Bourhy et al., 1999newly
described, includingthespa |l | ed ffoXedr bgiraorup ( Mc El hi nney et

The northeastern territories of Italy were affected by rabies in the 1970s and 1980s, and
more recently during the period 1991 to 1995. Epidemics of rabies in foxes were linked to
infections in Austria and the negrkerritories of former Yugoslavia. For this reason, the risk

of rabies rentroduction into Italy from the bordering areas has long been recognised.
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Vaccination campaigns using oral rabies vaccines have been conducted targeting the fox
population in thesareas in 1989 and between 1992 and 2004 (Mutinelli et al., 2004). The last
case of rabies was diagnosed in a fox in the province of Trieste on the border with Slovenia in
December 1995, and Italy has been classified as free from terrestrial rabie®8ince 1

In late 2008, fox rabies yemerged in Nortieastern lItaly, with a total of 287 rabies cases
confirmed in animals by February 2011. Despite the implementation of four oral rabies
vaccination (ORV) campaigns in the affected territories in 2009, thectioh spread
westwards reaching the province of Belluno (Veneto region) in November 2009 (De
Benedictis et al., 2009,Nouvellet et al., 2013). Due to the epidemic recrudescence, an
emergency ORV campaign was undertaken in January 2010, followed by theegeeay
campaigns in the same year (Mulatti et al., 2011). The peak of the epidemic was recorded in
the first half of 2010 (199/28i7 from January to June), with 174 cases notified in the Belluno
province. Infection has predominantly affected the red fopufation (242/287) with
occasional spill®ver into other wild species and domestic animals (45/287) (figure 3.1).
Emergency vaccinations help alleviate the epidemic, with the last confirmed case in a fox in
February 2011. Two ORV campaigns in both 204d 2012 were also carried out (Nouvellet
et al., 2013).

As with previous rabies epidemics, the recent Italian outbreaks have been linked to the
epidemiological situation in the adjacent Balkan region (De Benedictis et al., 2008). To help
inform future stréegies for rabies control, we aimed to obtain a comprehensive picture of the
epidemiological and evolutionary dynamics of these outbreaks. To this end we undertook a

detailed evolutionary analysis of recent RABVs circulating in negstern Italy.
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Figure 3.1. Annual distribution of red foxes collected through passive surveillance and assessment of
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vaccination efficacy in the Italian territories during the 2@081 epidemic (Nouvellet et al., 2013).
Different grey gradations indicate different averageels of red fox sampling: bright grey, deep grey
and black correspond to-4, 515 or more than 16 collected foxes, respectively. Black and red

daggers: positive rabies cases detected in red foxes. Purple lines: areas subject to ORV.

3.3. MATERIALS AND METHODS

3.3.1. Sample collection and criteria for selection of viruses

Most of samples analysed here were submitted for testing at Istituto Zooprofilattico
Sperimentale delle Venezie (IZSVe) within the framework of enhanced passive surveillance,
comprisng dead animals found by hunters and forest rangers. In a few cases animals were
killed due to the observation of severe neurological signs. However, to monitor the impact of
the vaccination campaigns on fox populations, foxes were also sampled folldveisg t
vaccination campaigns, and were tested for presence/absence of viral infection to assess both

the vaccination immunity and the rate of bait uptake (Nouvellet et al., 2013).
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To investigate the genetic diversity of RABV circulating in neetistern Ity, a fragment
of approximately 600 nucleotides (nt) of the N gene was sequenced from all rabies positive
brain specimens (n=287). Only red fox samples were used for further analyses, as the others
likely represent cases of transient spiler (n=242/287)0f these, the identical sequences of
samples collected from the same municipality and in the same month have been removed,
leaving a data set of 128 sequences. Finally, only good quality sequences (i.e. with no
degenerate bases) with a minimum lengtd&® nt were retained for sequence analyses (n =
113 sequences). Additional sequencing of the entire G gene (1572 nt) and the intergenic
region GL (520 nt) was performed for these 113 selected fox brain specimens. For all
samples, the date of sampling amptographical location were available. Relevant
epidemiological information for all the RABV isolates analysed in this study is provided in
the Annex A (Annex A TableAl).

3.3.2. RNA extraction, RT-PCR and sequencing

Viral RNA was extracted from brain specimens using the Nucleospin RNA Il Kkit,
according t o t he man uf a tNMagel @mbéls& Co.n Bdren,uct i o
Germany). Briefly, one hundred microliters of sample suspension were used for the
extraction, andRNA was eluted in a final volume of 60 pl and stored& °C.

OneStep RTPCR amplification was performed using the Qiagen OneStepPGH kit
( Qi agen GmbH, Hi |l den, Germany) according to
for the amplification of partial N gene sequences and complete G gene-landté€genc
region sequences are listed in the Annex A (Annex Pable A2). PCR products were
analyzed for purity and size by electrophoresis in 2% agarose gel after staining with
GelRedTM Nucleic Acid Gel Stain (Biotium, Hayward, CA). Amplicons were subsequently
purified with ExoSARIT (USB Corporation, Cleveland, OH) and sequenced in both
directions using the Big Dye Terminator v3.1 cycle sequencing kit (Applied Biosystems,
Foster City, CA). The products of the sequencing reactions were clapnading the
Perfama DTR Ultra 9éwell kit (Edge BioSystems, Gaithersburg, MD) and analyzed on a 16
capillary ABI PRISM 3130x!| Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
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3.3.3. Phylogenetic analysis

Sequences were manually aligned using SeAl (httpe/tire.ed.ac.uk/software/seal/) and
compared with publicly available sequences obtained using remote BLAST searches in
GenBank. Maximum likelihood (ML) trees were estimated using theflbegtneral time
reversible (GTR) model of nucleotide substitutionthwgammeadistributed rate variation
among sites, and a heuristic SPR brassiapping search available in PhyML version 3.0
(Guindon and Gascuel, 2003). Parameter values for the GTR substitution matrix, base
composition, gamma distribution of the rate viia among sites (with four rate categories,
04) were estimated directly from the data using MODELTEST(Posada and Crandall, 1998).
A bootstrap resampling process (1,000 replications) using the neigiiiog (NJ) method
was used to assess the robustradsmdividual nodes of the phylogeny using PAUP* 4.0
package (Wilgenbusch and Swofford, 2003) and incorporating the substitution model
obtained by MODELTEST as described above. The ML tree topology was also compared to
that obtained using the Bayesian mgdnetic method available in the MrBayes v.3.1.2
package (Ronquist and Huelsenbeck, 2003), again using the model of nucleotide substitution
estimated by MODELTEST, with posterior probabilities values used to depict support for
individual groupings. Amino @d substitutions along the branches of the phylogeny were
identified using the parsimony algorithm available in MacClade program (Maddison and
Maddison, 1989).

3.3.4. Estimating a timescale for the RABV evolutionary history

The Time to the Most Recerfommon Ancestor (TMRCA) of the lItalian RABV
sequence data was estimated using the concatenated N and G genes of the Italian viruses
using the BEAST program v1.6.1 (Drummond and Rambaut, 2007), which employs a
Bayesian Markov chain Monte Carlo (MCMC) appsba For each analysis, a flexible
Bayesian skyline (BSP) coalescent tree prior (Drummond et al., 2005) and the HKY85 model
of nucleotide substitution were used. Prior to the BEAST analysis we plotted genetic
distances estimated from the ML tree (above)reggaday of sampling using the PathGen
program (kindly provided by Andrew Rambaut, University of Edinburgh) to investigate the
temporal signal in the data. Due to the low sequence divergence, the short sampling time
span, and the insufficient phylogeigesignal, this analysis revealed no clear accumulation of

sequence divergence over the sampling time span. For this reason, we specified informative
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normal prior distributions on the evolutionary rate in BEAST and assuming a strict molecular
clock. For ths, we employed a mean substitution rate of 3.30-4 {96% HPD, 2.02 x 1@

- 4.82 x 104) nucleotide substitutions per site per year (sub/site/year) for the G gene, 2.89 x
104 (95% HPD, 1.34 x 1@ - 4.60 x 104) sub/site/year for the N gene, and 34004

(95% HPD, 2.57 x 14 - 4.28 x 104) sub/site/year for the concatenated N andeGe
sequences, according to the results obtained by McElhinney et al. (2011). Similar rates have
been obtained in other studies of RABV (reviewed in (N&#wis and Ral, 2011)) and
hence are likely to be robust. In all cases, uncertainty in the data is reflected in the 95%
highest probability density (HPD) values and, in each case, chain lengths were run for
sufficient time to achieve convergence as assessed usifgatter v1.5 program (Drummond

and Rambaut, 2007). Finally, maximum clade credibility (MCC) phylogenetic trees were
summarized from the posterior distribution of trees generated by BEAST using the program
TreeAnnotator v1.5.3 (Drummond and Rambaut, 20&&y ghe removal of an appropriate
burnin (10% of the samples). The MCC trees were visualized using the program FigTree
v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/), which allowed us to depict the divergence

time for individual nodes in the trees.

3.3.5. Phylogeography of RABV in Italy

To determine the spatial dissemination of the RABVs in Italy and the Balkans, the
sequences of the N gene were grouped into six geographic regions, namely; @ Italy
(yellow area in figure 3.3, corresponding to 8muthcentral part of the Friuli Venezia Giulia
region, FVG), (ii) ItalyB (green area, including the northern part of FVG, the mountainous
areas in Belluno province, nortieestern area of the autonomous province of Trento and
Bolzano), (iii) ItalyC (blue area, covering the piedmont areas in the Veneto region and the
southeastern part of the autonomous province of Trento), (iv) Bosnia and Herzegovina (BiH),
(v) Croatia, and (vi) Slovenia. Phylogenetically divergent sequences from other geographic
regionswere excluded. This resulted in a final data set of 160 viruses that could be used for
in-depth spatial analysis. Given the limited number of G gene sequences closely related to the
Italian viruses available on GenBank (23 sequences from Slovenia agdehse from BiH),
this phylogeographic analysis was performed on the N gene data set and the concatenated N
and Ggene sequences only.
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Posterior distributions under the Bayesian phylogeographic model (Lemey et al., 2009)
were estimated using a MCMC methiatpblemented in BEAST. This model incorporated the
date of sampling (year) and used a strict molecular clock, BSP prior, and the SRD06 model of
nucleotide substitution. This method estimates a reversible diffusion rate for each potential
diffusion pathway mong the predefined locations while simultaneously estimating
evolutionary and coalescent parameters, thereby allowing quantification of the uncertainty in
ancestral state reconstructions given the available sample (i.e. ancestral geographic locations).
We used a Bayesian stochastic search variable selection (BSSVS) to identify the links
between these locations among the posterior sets of trees that explain the most likely
migration patterns among the rabies viruses under study (Lemey et al., 2009). TV® BSS
enables us to estimate Bayes factors (BF) that depict the support for individual transition rates
between pairs of location states. We calculated the BFs using SPREAD (Bielejec et al., 2011)
and consider rates yielding a BF> 5 (Annex Aable A3) as wé supported diffusion rates
between specific localities. All parameters reached convergence, as visually assessed using
Tracer v1.5. A MCC phylogenetic tree was summarized from the posterior distribution of
trees generated by BEAST using the program Tneefator v1.6.1 (Drummond and
Rambaut, 2007) after the removal of 10% of the samples asirquand visualized using
FigTree v1.3.1. To summarize the posterior distribution of ancestral location states, nodes in
the MCC tree were annotated with the molbalation state for each node. The expected
number of location state transitions conditional on the observed data was obtained using
Markov jump counts (Minin and Suchard, 2008a,Minin and Suchard, 2008b) using BEAGLE
(Suchard and Rambaut, 2009).

3.3.6. Nuieleaide sequence accession numbers

The nucleotide sequences obtained in this study are available from GenBank under
accession numbers KC197856 to KC197968 for the entire G gene and the intergenic region
G-L, and EPI223068 to EPI1223123 for the N gene.
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3.4. RESULTS

To investigate the genetic diversity of RABVs circulating in Na#istern Italy, the G and
N genes of 113 Italian strains under study were aligned and compared with all the related
sequences of viruses from Europe available on GenBank ¢t 20ef N gene and 62 for the G
gene). Bayesian phylogenetic trees inferred for the two genes confirmed the topologies of the
ML phylogenies (figure 3.2 and Annex AFigure Al). As expected, all RABVSs circulating
in north-eastern Italy from 2008 to 201luster within the Cosmopolitan lineage. In
particul ar, they belong to the O6Western Eur
France, Austria, Belgium, Germany, Slovenia, Croatia, BiH and Montenegro (Bourhy et al.,
1999,McElhinney et al., 2011,Rihtaret al., 2011,Lojkic et al., 2012) and show the greatest
similarity with strains from Western Balkans (Croatia and BiH) and Slovenia.
Analysis of the N and G phylogenies of the Italian fox samples identifies two clearly distinct
genetic groups of RABVwith relatively strong nodal support, designated Hhlgnd Italy2
(Figure 3.2, 3.3 and Annex AFigureAl). These groups exhibit 31 nucleotide differences in
the G gene and the intergenic regioi Guith a single amino acid signature in the G protein
- 102R for Italyl and 121T for Ital2 (antigenic site 1l). The Itakt group includes all the
samples collected in the eastern and central part of FVG (area A in figure 3.3) from October
2008 to April 2010, with the exception of one virus (R&3%ox/de08/Udine) that clusters
within the Italy2 group. This second group includes all the sequences of fox samples
collected between December 2008 and February 2011 in the Belluno province (Veneto
region), the autonomous provinces of Trento and Bolzano angveékeern part of Udine
province in FVG ( areas B and C in figure 3.3, figure 3.2 and AnnexFigure Al).
Interestingly, RS025/fox/dec08/Udine, the oldest isolate of the kalgroup and the only
sequence from area A of FVG belonging to this genetiwgrwas collected in December
2008, at the beginning of the epidemic, and in the same municipality (Resia, Lat:
46°21'21.59"N; Lon: 13°17'40.16"E) that notified the first rabies case in October 2008. In
addition, the Italy2 group contains a distinct ches of viruses in the N gene phylogeny,
termed the Ital2A subgroup, which represents viruses collected in 2010 from a limited area
including the far western province of Belluno, and the autonomous provinces of Trento and
Bolzano (grey dots in figure 3.3)iruses clustering in the ItalA subgroup contain a

unique amino acid mutation (D106A) in the N gene.
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Figure 3.2. ML phylogenetic tree of the N gene of RABVs collected in Italy -2008, combined

with those from neighbouring countries. Thequence identification includes: sample registration
number, species of origin, month and year of collection, province where the carcass was collected. The
numbers at branch points represent bootstrap values (>60, in black) or posterior probabilitias (>80
blue). The Italian samples are highlighted in yellow. Two different genetic groups are indicated in

different colours: blué Italy-1 and orangé Italy-2.

Our phylogenetic analysis also provided strong clues as to the origin of the Italian viruses.
Specifically, the N gene phylogeny (figure 3.2) showed that viruses belonging tdl Italy
group clustered with viruses from Croatia (2008 to 2010), BiH (2006) and Slovenia (2002 to
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