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Abstract

Influenza A virus (IAV) is the prototype of the fandighomyxoviridaga
group of segmented, negativeense, singlkstranded RNA viruses. The virus
circulatesin wild bird species but dgsnot usuallycauseseverediseasen these
hosts However, hghly pathogenic forms exist and have caused numerous deaths in
wild and farmed birdsThe eastern coast of Canada represents an interesting
location for the study of IAVs in their natural reservoir as it has a large number of
bird breeding colonies and gratory bird connections with the mainland of North
AmericaandEurasia. Previougsearchon IAV ecology and transmissionststaown
that migratory birdsn this regionrmove the virus around the gloksnd contribute
an important facet tdAVdynamis. My thesis focuses othe studyof the virus
genetis andevolutionary dynamics different wild bird species. By applyihgh
throughput nextgeneration sequencing technologjdscharacterized complete 1AV
genomes from different wild bird species from Newfoundland and Labrador and
conducted indepth analyses of the virus genomic structuvy study revealed that
the structure of the virus genome is conserved among sinal@anhosts. | also
demonstrated though experimental mutation studies that a change of host can
causegnajorchanges in the val genome.l also exploreavolutionary patterns in
the viralgenomic norcoding regions (NCRsndfound that variation inthe NCR
sequencs is correlated with the original host species and geographic origin. Finally,

analyzedlAVs from Laridae family hasfgulls and terngnd demonstratedthat


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2709251/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2709251/

thesehostsare important forthe transmission ofAVsaround theglobe ando other
hosts andparticipate in the generation of pandemic virus€szerall, my results
contribute togivea better understanding mthe evolutionand geographic patterns

of influenza Avirusesin their natural hosts.
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Chapter 1: Introduction and Overview

1.1 The viral familyOrthomyxoviridae

Influenza A virus (IAV) belongs to the fan@ighomyxoviridaga family of viruses
with segmentednegativesense singlestranded RNAenomesthat contains six
genera,InfluenzavirusA, B, andC Thogotovirusisavirus andQuaranjavirugFigure

1.1) (Baltimore 197]1Lefkowitz, Dempsey et al. 20118

— Infectious salmon anemia virus

100 Isavirus
— |nfectious salmon anemia virus 901
—— Quaranfil virus EGTSWq .
o _ | Quaranjavirus
Johnston Atoll virus LBJ _
UUOL0 : -” 'jr"\'
100 700 5 B Thogotovirus

Influenzavirus C

C/JJ/1950 1
CIJohannesburgl1I1966,A

s B/Victoria/2/1987
—1[ ~ Influenzavirus B

100 Alequine/Prague/E5203/1956
100 A/Hong Kong/1/1968 Influenzavirus A
= 199L_ rcalifornial04/2009

Figurel.l: Orthomyxoviridaegenera phylogenyThe phylogenetic tree was made
based on PB1 nucleotide sequeneasl shows the relationships among genera
within the family(Adgoted from Lefkowitz, Dempsey et al. 201®aterial free to

use.



The genussavirusonly contains the virus specidsfectious salmon anemia
virus which is restricted to fish and causes major disease outbreaks in farmed
salmon productior(Mjaaland, Rimstad et al. 1997

ThegenusQuaranjavirugontains two virus specieQuaranfil virusand
Johnston Atoll virusTheseviruses were first isolated from ticks in Egypt and the
Johnston Atoll island ithe Pacific ocean, respectivelyresti, Zhao et al. 2009They
have subsequentlipeenisolated from birdgPresti, Zhao et al. 20090n} the
Quaranfil virusanfects humans according to serological studiebfford, Thomas et
al. 1968 Baskerville and Lloyd 19¥@No sigs of diseasehavebeenobservedn
humans or birds foeither virus but infectionby thosevirusescauses high mortality
in mice(Clifford, Thomas et al. 196Baskerville and Lloyd 19)/6

ThegenusThogotovirusontains two virus specie¥hogoto virugandDhori
virus which areboth tick-borne viruses that can infetiumars andother mammals.
Both viruses have been found in Africa, Europe, India, and North Anféritams,
Hoogstaal et al. 1973

ThegenusinfluenzavirusCcontains viruses that infect humans, dogs, and
pigs(Guo, Jin et al. 198B/oriuchi, Katsushima et al. 199anuguerra and
Hannoun 1992 The virus was isolated in the late 1940s from a man with mild
clinical sigs of diseasg(Taylor 1949 Only mild respiratory symptoms are associated
with this virus in humangMoriuchi, Katsushima et al. 199 Frequent iterspecies
transmissioroccursbetween human and pig&imura, Abiko et al. 1997

ThegenusinfluenzavirusB contains viruses that have been isolated from

humans andeals(Hiromoto, Saito et al. 20Q@sterhaus, Rimmelzwaan et al. 2000


https://en.wikipedia.org/w/index.php?title=Johnston_Atoll_virus&action=edit&redlink=1

Two distinct virus lineagealsoco-circulate in the human populationnhumans, the
virus is associatedith mild to severe respiratory diseadaut rarely causes
mortality (Glezen, Schmier et al. 2013

ThegenusinfluenzaviirusA harbours viruses thasre known to have cause
the deadliestpandemic in humas whichoccurredin 1918and isalso called the
Spanish flu. Following thEandemig the virus wassolateda decade latefrom pigs
in the early 1930s in North Ameri¢g&hope 193)landsomeyearslater from a
humanpatient (Smith, 1933.)Multiple subtypesof the virus exisandit is classified
by two of its genes, Mand NA, which are important in infection anansmission.
There are 18 different Mtypes and 11 Wtypes 16 HA and 9 NA have been identified
in birds, and 2 HA and 2 NA in b@tgéebster, Bean et al. 199Zong, Li et al. 20)2
The virus is known to caugearly outbreaksvith more raresevere pandemics in the
human population andrequentlycauses outbreaks ithhe swine and the poultry
industries(Simonsen, Clarke et al. 19¥Bapua and Marangon 200dorimoto and
Kawaoka 200]1Girard, Tam et al. 201¥incent, Awada et al. 2014

In comparison to influenza A virus, both influenza B and C have unique
subtypes and evolveelativelyslowly (Suzuki and Nei 200Bedford, Suchard et al.
2014). Their narrow genetic diversitikely accountsfor their more limited host
range.Based on evolutionary studies, influenza C virus is more distakhaiad B
(Suzuki and Nei 2002Moreover, the influenza C genome contains 7 segments
whereas influenza A and B genomes are made of 8 segments. Both influenza A and B
viruses possess genes encoding both surface glycoproteins, hemagglutinin and

neuraminidase, while influenza C virusesgess one gene encoding for a protein



that harbours both hemagglutinin and neuraminidase functions,itémagglutinin

esterasefusion glycoprotein (HER)Vang and Veit 2016

1.2Influenza A virg structure andgenomic organization
1.2.1 The virus structure

IAV particles range from 80 to 120 nm in diameter and hasighericalcapsid
surrounded by anvelopederived fromthe host cellcytoplasmic membrane

(Figurel.2).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4707155/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4707155/

Hemmaglutinin (HA}

Matrix (M1)

Neuraminidase (NA)

= e ‘ T o, P—=N Palymerase complex (PA,PB1, PB2)

Nucleoprotein (NP)

M2 lon channel

Nuclear export protein (NEP)

Figurel.2: Influenza A virus structuréFromHulo, de Castro et al. 20iermission
to use this material is gnted by the Swiss Institute of BioinformadicEhe virus has
an outermembranewherethe glycoproteins HA (yellovend NA (green) andnatrix
protein M2 (purple)are embeddedThe matrix proteinM1 underlaysthe membrane
(brown). Within the capsid e nuclear exporprotein NEPprange) and the viral
genome made of 8 gene segmemgth eachbound toa polymerase complex and

nucleoproteingNP).

The virus envelope harlios two types of surfacglycoproteinsthe
hemagglutinin A (HA) amteuraminidase A (NA). The HA protein (~60 kPa)
encockd by one gene (~1.8 Kljontainstwo domains, HA1 and HA2nd exists as a
trimer in the virus envelop€Wilson, Skehelk Wiley, 1981). The HA1 domain is
located in the Nterminal region of the protein and is formed by a globular head that
contains receptor binding sitekat interact with cellular sialic acid receptors to

allow theentry of the virus into the host ce{Edinger, Pohl et al. 2014The HA2



domain is irthe Gterminal part of the protein and contains a geénsitive fusion

domain that allows theeleaseof the viral contentsinto the host cell following
conformational changes. A hydrophobic transmembrane region is also located in the
Gterminal regionthat anchos the proteinin the membrangWilson, Skehel et al.

1981).

The NA protein (~60 kDa)involved in virus exit from the host cébamblin
and Skehel 200)0ThHs glycoprotein is present as a tetramer on the virus envelope
(Varghese, Laver et dl983. The protein is encoded by one gene (~1.6 Kb) and
containsin the Nterminal portiona conserved hydrophobic transmembrane region
responsible for the protein anchoring into the aienvelope and a stalk region that
varies in siz¢hat isthoughtto be related to the virus pathogenicit conserved
catalytic domain is located in thet€rminalregion that formshe globular head of
the protein. Thigatalyticdomain is responsible for the enzymatic activity of the
protein, which catalyzes the cleavage of@lgidic bonds from cellular sialic acid
receptors that are bound to HA proteins, to prevent the aggregation of vieal/
particles on the surface of the host c@falese and Compans 1976

Within the inner part of thevirion are embeddednatrix 1 protein(M1)
dimers andmatrix 2 protein (M2) tetramersTheM1 and M2 proteinsare encoded
onthe samesegment(~1 Kb)with their mMRNAs generateuoly differential splicing
(Dubois, Terrier et al. 20)4TheM1 protein (~28 kDa)asmultiple functions.lIt is
responsible for maintaining the integrity of the virus particle,ifoporting the viral
genomeinto the cell nucles, and forthe virusbudding from the hostellmembrane

(Burleigh, Calder et al. 20D heM2 protein (~11 Dais aproton channel thais



responsible foaltering the pH insidéhe virion once the virus is inside an endocytic
vesicle which causes a conformational change in the HA prdtehexpo®sits
fusion domain andesults infusion of the viral envelope with the vesicle membrane,
thereby releasinghe @A NA 2 y Q withi©teyhbsSogl(Pato, Holsinger et al.
1992.

The viion containsthe nuclearexport grotein (NEP) (~13 kDa) thigt
encoded by thaenon-structural (NS) segment0.9 Kb) and responsible for thealir
genomeexportfrom the nucleus othe host celkcytoplasm(Boulo, Akarsu et al.
2007). The NSegmentalso encodean additonal protein producedby differential
splicing the nonstructural protein 1 (NS1) (~26 kO@@ubois, Terrier et al. 20)4
TheNS1 proteirhasbeen described agnantagonist to the host type | interferon
(IFN) immune responsékin, Lan et al. 2007Type IFNresponses correspond to
0KS LINRPRdzOGA 2y 2bythé hodlahdthesgdisplay antidiva (0 S A y &
properties(Weber and Haller 20Q7Deletion studiesonthe NS segmerttave
confirmedits crucial role in preventing hosENresponses upon virus infection
(GarciaSastre, Egorov et al. 199&hibition of the cellularetinoic acidinducible
gene I(RIGI) pathway, also involved in initiation of immune responses, by NS1 has
also been documentefHale, Albrecht et al. 20)0
1.2.2 The virus genome

The influenza\ virus genome contained in therionis formed by &egative
sense RNA segmerttsat are coatedby the nucleoprotein (NP) (~60 kpand bound

with a polymerase complex. The polymerase complex (~260 kDa) is formed by three



subunits, thepolymeraseacidic protein (PA), thpolymerasebasic 1 protein (PB1),

andpolymerasebasic 2 protein (PBZJigure 1.3]Pflug, Guilligay et al. 2014
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Figure 13: Influenza A segment organizatioiheinfluenza A genome is composed

of 8 negativesense gene segments, which vary in size from 2.3 Kb to 0Ba€h

coding region is flanked by n@db2 RAy 3 NB3IA2ya ob/ wauv G o2
NCR is composed of 12 conserved nucleotides followed by a segmpecific region

2F QI NA2dza fSyadkaed ¢KS pQ b/w Aad O02YLRAS
well by a segmenspecific region of various lengths. Both NCRs have inverted partial
complementary sequences that allow formation of a panhasditie structure and

that acts as the promoter for transcriptiohe polymerase complex made of PB2,

PB1, and PAroteins binds the promoter region to initiate the transcription and

replication of thevirus.



This entire structure of RNA, NP and polymerase confplaxthe
ribonucleoprotein complexRNP). Each genomic segment contains-cmaing
regiors (NCR) at its extremitieghat are partially complementary and form a
panhandle structuréHsu, Parvin et al. 1987This structure constitutes the
promoter where the polymerase complé&ndsandinitiates transcription and
replication.Additional accessory proteingith various functiondhave been
characterisedhat are encoded by alternativgBcing or leaky scanning mechanisms
(Chen, Calvo et al. 200WVise, Foeglein et al. 200@¥/ise, Hutchinson et al. 2012

Muramoto, Noda et al. 201¥amayoshi, Watanabe et al. 2016

1.3Influenza A virugife cycle

The first step of the virus life cycle consistshe virus entry into the host cell
(Figurel.4). The virus entry into the host ceb mediated bythe viral glycoprotein
HA which recognizssialic acid receptors present on the host cell surfaca
specific mannerAfter receptor recognition, the interaction leads to the
internalization of the virus within the cytoplasm of the host cell in endosomal
vesicles. The next step consisfdle release of the virus genome from endosomes
into the cytoplasm of the host cell. This step is triggeredha/M?2 protein, which
allowsthe influx of protons intdhe virion from theendosomeghat contain the
virus,which acidifythe viruscapsidenvironment. This acidification activatas
conformational changé the HA proteinthat exposes its fusion domain, leading to
fusion ofthe endosomeandenvelopemembranes to releasthe RNP complexes

into the cytoplasm(Stegmann 2000



RNP complexes are imported into the nucleus with the heth®NEP protein.
In the nucleuseach segmernis transcribedand replicatedoy the viral polymerase
complex The virus genome tsanscribedinto positivesensecomplementary RNA
(cRNAJollowed by replication ofnegativesensecopies that argpackage into new
virus particles. In a concomitant manner, the viral gene segments are transcribed
into messenger RN@ARNARNd converted into maturenRNA by a process of cap
snatchingrom cellular mMRNADias, Bouvier et al. 2009

Viral mMRNAs are exported from the nucleus to the cytoplasm tivareslated
into proteins with some processetthrough thehostendoplasmic reticulum (ER) and
the golgi systens. New virions aréormed by neesynthesizedtructural viral
proteins M1, M2, HA, and NA. HA proteins subjected to postranslational
modifications at the ERcluding glycosylation and proteolytic cleavagjch leads
to mature and functional HAroteins. HA proteinsare cleawed into two domains,
HA1 and HA2y specific cellular enzymé&hen, Lee et al. 1998The viral
polymerase complex along with the NP proteins and viral RNAs §yRMNA
packagé into new virus particles.

Mature infectious particles are released from the host cell by budding from the
cytoplasmic membrane. The viral glycoprotein NA is known to facilitate the exit of
the virus from the host cell by cleaving siaads bound tathe HA proteins on

newly assenbledvirions
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Figure 14 Influenza virus life cycléFromTe Velthuis and Fodor 20Germission to

use this mateal is grantedl The virus is internalized in cellular endosomes after
receptor recognition with a host cell. The virus is released into th@ égtioplasm

and the viral ribonucleoproteins (VRN&e imported into the nucleus. The viral
genome is replicated (via cRNP) and transcribed into mRNA. Both mRNA and VRNP
are exported to the cytoplasm. mRNASs are translated to produce the viral proteins.
The new VRNP are packaged into new virions alongwiral proteins at the plasma

membrane.
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1.4Influenza A virugeservoir andhost transmission
1.4.1 IAV in birds

Aquatic wild birds constitute the main reservoirléV. The avian ordesr
Anseriformes (waterfowl) and Charadriiformggill and shorebirddprm the
primary reservoir of the virus and carry the majority of IAV subtyjdésbster, Bean
et al. 1992. To date, 8HA and 11 NA subtypes have been characterized. Among
those subtypes, H1 to H16 and N1 to N9 subtypes are known to circulate in birds,
(Webster, Bean et al. 1999Isen, Munster et al. 2006while H17H18,N10, and
N11 subtypes have been identified solely in b&tigure 1.5[Tong, Li et al. 2012

Tong, Zhu et al. 203
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Figurel.5: Influenza A subtype distribution across the vir@gservoir and other

hosts(Adapted fromLong, Mistry et al. 201 ®ermission to use this material is

granted. 16 HA and NA subtypes have been identified and circulate in wild birds.

Some subtypes are restricted and only identified in certain hosts such as the H3N8

and H7N7 subtypes that only circulate in horses or theH3Isubtypes in pigs.

IAV transmission in birds occurs through the fecal oral route via feces or from
the environment(Hinshaw, Webster et al. 197%Webster, Bean et al. 19923udies

have revealed that IAV caasidein water for long periodof time, over 6 months,

13



andthis could contribute to virus transmission and perpetuati@tallknecht,
Kearney et al. 199(tallknecht, Shane et al. 199Mnhwild birds, the virus replicates
mostly in the epithelial cells of the intestinal tract amflectionis usually
asymptomatic or causes mild clinical symptomkile in domestic Galliformes
(chicken, quailand turkey) the virus is known to lmeore frequentlyassociated with
high mortality ratesdue to systemic infectiondNaeem and Hussain 1995hortridge
1999 LatorreMargalef, Gunnarsson et al. 20@®urdain, Gunnarsson et al. 2010
Pasick, Berhanet al. 201% Systemic infection is thought to occur due to the
presence of multiple basic amino acids in thepidtein@ cleavage sitéNao,
Yamagishi et al. 20).7This causes\ariety of enzymes to recogm and cleave HA
proteins atthe cleavage sitevhichallowsviral replicationto spread to multiple
tissues and organs. To date, only the H5 and H7 subtypes havelcaysze
mortality in poultry,while the other subtypes are mostly asymptomag®&palding
2009).

1.421AV interspecies transmission

Avian influenza virus (AlV) strains usually do not infect humans efficiently. Strong

barriers (viral and host factors) usually prevent the transmission of AlVs to humans
and other mammalglto and Kawaoka 2000The host cell surface receptor that
allows the entry of the virus (sialic acid receptors) into thethaell is one of the

factors responsible for the species barrier. The HA protein of avian strains bind
preferentiallyto { A I " 1 X o D I that axefhGs8ylfdilirgl Ndavian epithelial cells
GKAES GKS 1! LINRPGSAY 2F KdzYly &AGNI Aya

on human epithelial cellCouceiro, Paulson et al. 1993atrosovich, Matrosovich
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et al. 2004. The hostvirus specificity is also influenced by a difference in the
distribution ofthesecelularreceptorsHdzY' | ya | f a2 Ll2aasSaa { Al hwn
recognized by avian strainsut these are located the lower respiratory tracand
in smaller quarities (Kumlin, Olofsson et al. 2008

Historically, avian strainsave beennvolved inpandemic outbreaks in humans.
The human H2N2 virus that caused a deadly pandemic in 1957 in Asia is believed to
have originated from the exchange of genes between an avian H2N2 virus and a
circulating human H1N1 virus. Phylogenetic studies of gene seqgsiémmoa H2N2
viruses isolated from humans during the outbreak showed that three genes, HA, NA,
and PB1, were related to avian strains from Eurasia. In contrast, the other genes
were associated with human H1N1 viruses circulating in the human population
(Kawaoka, Krauss et al. 198hafer, Kawaoka et al. 1993

AlV interspecies transmission also commonly ocauith swine. Swine harbour
020K {AlFhuZoDI t | yriRheif dpithelial ZetdsPsthéy suNgsrO S LIG 2 NE&
the replication of avian and human straiasd areconsidered as an intermediate
host involved in the generation of recombinant viruses througgissortment(Ito,
Couceiro et al. 1998rown 200). Indeed, the humanpandemic HLNYirus from
2009containedavian, swine and humarirusgenes(de Silva and Yasunaga 2011
Characterization and phylogenetic analyses of IAVs isolated from whales have shown
that some of the virus genes acdoselyrelated tothose fromgulls suggesting AV

inter-species transmissiofGroth, Lange et al. 2014
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1.431AV in swine
To date, three major subtypes are currently circulating in the swine
population: HIN1, H3N2, and HINZ2. The first identification of IAV in swine occurred
in North America in the 1930s and is thought to have originated from the human
pandemic HIN1 virus frot918(Shope 1931Reid and Taubenberger 2003 ater in
the 1930s, the same virus was isolated in Europe in s(@lakemore F 1941This
virus, also called classical swine virus, circulated in the swine population until it got
replaced by another HLNL1 virus in the 1990s that haE@rasian and avian origin
(Schultz, Fite et al. 199). The H3N2 subtype was first detected in the 1970s in the
swine populatiorandwas introducedrom humangHarkness, Schild et al. 19y.2
The HIN2 virus subtype is the result of mixed infections betweetircalating
H1N1 and H3N2 virus€Brown, Harris et al. 1993
The role of swine in the generation of human pandemic outbreaks is thought
to be facilitated by the presence of two types of cellular sialic acid receptors,
{AlLPhuZcDIf FYR {AFhuZoDIfX LINBaSyld 2y (KS
(Ito, Couceiroetal. 199® { Al huwZcDFf FINB Yz2adadte F2dzyR 7
GAaadsSa gKAES {AFhuZoDIf NS5 LINBaSyid Ay |
receptors allows cénfections of viruses that have avian and mammalian origins,
whichcould result in the generation of new viruses with mixgabcies origins and
this is known to have potential for pandemic virus generation.
1.441AV in humans
In humans, thevirus mostly replicates in the respiratory trgdiaubenberger

and Morens 200Bandtransmissiorusually occurs through direct ctatt with
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infected people by aerosol droplet inhalation. Two major virus subtgpeently co-
circulate in the human population, HIN1 and H3Rhkelman, Viboud et al. 20D7
The virus does not efficiently infechmunocompetent individuals, with prexisting
immunity. It is typicallymostly young children, elderly persons, and
immunocompromised individuatbat are at risk of mortality from 1AV infection
(Simonsen 1999
1.451AV in marine mammals

Serological studies revealed the occurrence of IAV infections in marine
mammals such as seals and whdlegla, Brown et al. 198Rlielsen, Clavijo et al.
2001). Several mortalitgventsassociated with IAV in seals have also been reported
(Geraci, Staubin et al. 198@inshaw, Bean et al. 1984n all cases, the virus had an
avian origin and marine birds such as gulls have been associated with IAV

transmission to whale@Hinshaw, Bean et al. 1986roth, Lange et al. 2014

1.5Influenza A virugliversity andevolutionary mechanisms

IAVs evolve rapidly due to mutatiorethd gene exchangmechanisms that
contribute to the generation afmodificationswithin the virus genome. Two major
eventscreate diversity anare responsible for the fast accumulationatfanges
within the virus genomeantigenicdrift, which correspondso the introduction of
random mutationsand antigenicshift, which correspondsvith the exchange of

virus gemsbetween virus straingFigurel.6).
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Point mutations — Antigenic drift

Figurel.6: IAV antigenic shift and drift mechanisn{EromThi H. O. Nguyen 2016
permission to use this material is granjedntigenic drift corresponds to random
nucleotide mutationccurringwithin the virusgene segmentsAntigenic shift
corresponds to the shuffling of gesegments of two viruses that could have
different subtypes. This leads to the formation of virus progenies with genes from

both parental viruses.

1.5.1Random mutations and gene reassortments
Random point mutations appe&ecause the viral RNA polymerase replicase
enzyme is erroeprone andlacks proof-reading activityduring the replication of the

viral RNAThe viral polymerase has a high error rastimatedat around10®
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mutationsper genomereplication(Drake, 1998 whichcreates diversity within the
virus genomeGeneexchange byeassortment occurs when twdifferent viruses
infect the samecell. The ceinfection can lead to an exchange of one or several gene
segments during assemblyhe combination ofhesetwo events carenable the

virus 1 evolve andootentially gain the ability tanfect new hosts In somecasesthe
infection of a new host cabe responsible for deadly outbrealor instance,tlie
human H3N2 virus that caused angigmic in humans in 1968 had acquired two
genes, HA and PB1, from an avian H3 virus strain circulatmgls(Wendel,
Rubbenstroth et al. 20)5Similarly, the human pandemic H2N2 vjrasmentioned
earlier, was a product ofeassortment of avian and human virugéidayan Joseph
2015. The introduction of aHA gene segment from an avian host in humans seems
to have anmportant impact for interspecies transmissions of the virus. However,
the introduction of genesloes not seem to be sufficient to explain the efficient
adaptation of new viruseslhe H2N2 vius disappeared from the human population
after the pandemicwhile other pandemic human virusgsuch aghe H3N2 virus

are still endemic in the human populatigiVestgeest, Russell et al. 2QI4seph,
Linster et al. 201b Subsequent adaptive mutationstime IAV genome are certainly
required for vial establishment and circulation in a new host. Experimental
infections in ferrets, which aresed as amnimal model to mimic 1AV infection in
humans, withH5 subtypeviruses revealed thappearanceof mutations within the
HAsegmentthat enablel the virusto be efficiently transmittecamongferrets (Imai,

Watanabe et al. 2(1).
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1.5.2 Other mutational mechanisms

Homologous recombination occurs between similar gene segments of closely
relatedAVs. For most research studies, it is considered a rare event in negative
sense RNA viruséBoni, Zhou et al. 20Q0®ut other studies have showits
involvement in the evolutionary dynamics l#fV(He, Xie et al. 2009He, Han et al.
2008 Hao 201).

Heterologous recombination occurs between aaated gene segments,
and was obsemd with theNPsegment otthe virusA/seal/Mass/1/80 (H7N7) that
contains a region corresponding to the HA segm@tich, Gottwald et al. 1994
This mutational insertion also increased the pathogenicity of the recombinant virus
in chiclens.
1.5.3The roleof the host immune system

Selective pressure fronié host immune systemalsocontributesto the
virusevolution (Shao, Li et al. 20).4t can trigger the selection of prexisting
mutants from a pool of related viruses, called quasispeeied lead to the
emergence of viruses with differephenotypessuch as a better replicative fitness,

or being able taecognsenew entry cell receptas (Figurel.7) (Domingo, 1998)
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Figurel.7: Virus quasspecies formation.A pool of related viruses is formexd each
round of replicatiorthat harbour different mutations within their genomégrom

Echeverria, 201%ermission to use this material is granjed

1.6 1AVin Newfoundlandand Labradoy Canada

Newfoundlandand Labradors the most easterprovinceof Canada. The
islandof Newfoundlands surrounded by the Atlantic Ocean in the east and thé G
of St Lavrence in the westln particular, the island of Newfoundlam®ntains a
large number of ponds and lakes which are comrhmedinggrounds of different

duck species such as American black dggkas rubripes mallards(Anas
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platyrhyncho¥ andnorthern pintails(Anas acuta During the summer perioanany
different migratory birds inhabit the island for breeding. The Atlantic flyway overlap
the provinceand bring migratory birds fronthe Americasand Euasia This creates
the potential forvast circulatiorof IAVby migratory birds around the globe and
facilitatesthe perpetuation and transmission of the viramiongdifferent species
However, IAV is not homogenized across the gl@segraphic isolation of the virus
has causedt to evolveinto distinctgeneticlineages based on geographagigin.
These genetic lineages correspond to gre@apviruses that share comon genetic
composition Because of thisa virus<origin (host and geographic locationan be
retraced with evolutionarytrees(Penny, Hendy et al. 199Zvolutionary
reconstructiors for IAV haveshown that it groups into two majogeographigenetic
lineages, a North American lineage and a Eurasian linglgen, Munster et al.
2006). Similarly, two major bird host grougpecific viral lineages have evolved, avian
and gull(Olsen, Munster et al. 2006

Previous researchn the island of Newfoundlanklas shown thatthe virus
circulatesyearly inthe duck populationfHuang, Wille et al. 2014.0ong, Mistry et al.
2019. During a 4year epidemiological study, a virus prevalence of 7.2% was
detected principally in American black ducks in the autumn period. Genetic studies
of those viruses have revealed that thiaygelyoriginate from a North American
lineage and from waterfowl hostiong, Mistry et al. 20)9Seabird specidsund in
Newfoundlandand Labradowere also previously investigatgilVille, Huang et al.
2014 Thi H. O. Nguyen 20L&romthe different seabirds investigated for the

presence of IAVs, most viruses were identifiedammon murresTheseviruses
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originatedmostlyfrom waterfowl and displagd a higher rate ofgene exchanges

with virusesfrom Eurasian comparisoro the viruses that were found iducks.This
could be attributed to their migration across continentdruses isolated from gull
species from Newfoundlanahd Labradowere also investigatedndfoundto have
alow active infectiorprevalence of 1.8% butlagh seroprevalence of 500d/ille,
Huang et al. 204 The roleof gullsin moving the virus over long distances was also

shown

1.7 Thesis Aim and Outline

In thisthesis | explorethe genetic and evolutionary dynamicsigiVsacross
different natural reservoir bird speciel chapter 2, tharacteried and analysdthe
genomic population structure and evolution of AlVs isolated from different wild birds
in Newfoundlandand Labradn To highlight variation and specificity that could be
involved in AlV evolution and transmission, | characterized and investigated the
genomic norcoding regions of different wild bird virusesChapter 3Among wild
birds carrying AlVshe Laridae (glis and terns) are one important host group that
contributes to the dynamics of AlV transmission and evolutioi©hapter 4l
analyzedhe relatedness of a variety of viruses isolated from gulls and terttsotse
from other hosts to highlight their role virus transmissioamong host groups and
acrosdarge distancesand for being potential contributort® the generation of
pandemic viruses. In Chapter 5, | summangefindings andsuggesnew research

perspectives.
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Chapter 2: Evaluation of influenza A virus quasispecies populations in

different avian reservoir hosts

Abstract

Influenza A viruses (IAVs) evolve rapidly through mutations, due to an error
prone viral replicase enzyme, and through the process of reassortment durng co
infections. Mutations generate newlosely related/irus variants that can have
different capacities of infection and replication. The pool of closely related variants
that are produced during an infection is known as a quasispedgiéd.birds are the
natural reservoir of IAVs and are known to carry thgjanity of IAV subtypes and
overall genetic diversity. Most avian IAVs have low pathogenicity in their natural
hosts and circulate without causing symptoms, but they are still of brogdrtance
due to their involvement in the generation of highly pathogeviruses in domestic
poultry and viruses infecting humans. To better understand the genetic structure
and evolutionary dynamics of IAVs in their natural hosts, we performed a
comparative analysis @fuasispecies populatiorshed by different wild birdsThis
was done by performing higtinroughput sequencing of IAVs present in paired
oropharyngeal/cloacal swab samples collected from three different groups of wild
bird hosts: seabirds, gulls and ducks. My analysis shows that most of the virus
population stucture is conserved within the same bird host (i.e., among ducks, gulls
or murres). However, comparison of the virus population structure for two different

hosts, such as ducks and gulls, shows more dissimilarities. Deep sequencing was also
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applied durimg the serial passage of a virus isolated from a wild duck in Atlantic

Puffin embryos to investigate the effect of change in host species on viral evolution.
found an overalincrease of viral variants within the virus quasispecies in the fifth

and last wrus passages analyzed compared to the initialgaesage virus swab

sample. | also observed a rapid accumulation of-spmonymous mutations in the

HA and NA segments that could alter their function, and both of these genes showed

high dN/dS ratios, whitindicates that they were under positive selection.

2.1 Introduction

Influenza A viruses (IAVs) are members of the viral fabrilyomyxoviridae
a group of RNA viruses with segmented, negasigrse, singkstranded RNA
genomesWild aquatic birds (waterfowl, gulls, and shorebirds) are considered the
predominant natural reservoir hosts of IAVs but other bird groups, such as seabirds,
also carry the virufVebster, Bean et al. 1992The virusevolves rapidlyhroughthe
exchange of genes (reassortment) duringii@ctions and via thaccumulation of
mutations during the replication of the vir@slolland, Spindler et al. 198%oon,
Webby et al. 201% The evolution ofhe virus is affected by host immune pressure,
which can select for specific mutants within the virus quasispecies that escape host
AYYdzyS NBalLlRyaSao ! GANIf ljdad aAaLISOASA
generated during the replication of the us due to the erroprone nature of the
viral RNA polymerag®omingo, Baranowski et al. 1998ndino and Domingo 20}5
During infection of a new host, new immune pressures can then restructure the

dynamics of the virus quasispecies. This can lead to dramatic changes in the virus
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population by causing extinction of the virus or mediating its maintenance if
adequate virugnutants are present and able to replicate within the new host
(Kuiken, Holmes et al. 20p@&volutionary studies in avian hosts have mostly been
conducted with viruses isolated from ducks and chickens and these analyses were
mostly restricted to the HA and NA gene segments (Li, 2010, Dlugolenski, 2011).
These studies were also mostly focused on the main genomic composition of the
BANHza 3ISYy2YS 6APSd GKS 3IASy2YSQa O2yaSyadz
considering all the virus mutants.

To date, limited information exists on IAV genetic diveraityg evolution in
the natural host reservoirs at the quasispecies leveave performed a comparative
in-depth analysis of the quasispecies population of IAVs shed by reservoir bird hosts.
The structure of the IAV populations was investigatepamed
oropharyngeal/cloacal swab samples from three avian host groups: seabirds,
represented by ammon murre Uria aalgg, a seabird species found in the Northern
Hemisphereducks, represented by American black dutkds rubripeg a duck
species commady found in parts of North America, and a feral domestic ¢lackl
gulls, represented by American herring gublifus smithsoniandiswhich is widely
distributed in North America. The evolution and genetic structure of a duck virus was
also investigated gerimentally by 10 serial passages of the virus in Atlantic puffin

(Fratercula arcticaegg embryos.
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2.2 Materials and Methods
2.2.1 Viruses and RNA isolation

The bird swab samples used in this research were collected according to
guidelines of theCanadian Council on Animal Care (approved protoce¥118L and
11-01-AL) from the Memorial University Institutional Animal Care Committee). Lab
work was performed nder Memorial University Biosafety Certificatd @3. Puffin
eggs were collected from the Witless Bay Ecological Reserve under permits from the
Newfoundland and Labrador Department of Environment and Conservation.

The viruses used in this study originafeaim three different host groups
identified in Newfoundland and Labradand are described in the Supplementary
table2.1. Virus genotypes were previously determined based on phylogenetic
analyses of the segmenfsluang, Wille eal. 2013 Huang, Robertson et al. 2014
Huang, Wille et al. 20)4Viralquasispecies were characterized from paired
oropharyngeal and cloacal swalsduck virus (MW668) contained in a swab sample
wasserially passaged 10 times via the allantoic route in embryonated bird eggs from
Atlantic puffin.Embryonated puffin eggs werdhosen for this analysis due to their
availabilityin the provinceover the summer periodlhe presencand titer of the
virus was determined by hemagglutination ass&y-fold serial diluton of virus
sample was performeth 1X phosphatéuffered saline in 96vell plates An equal
volume of 0.25 % chicken red blood cells was added to each well containing the
diluted virussample, and the HA titer corresponding to the last dilution factor where
hemagglutination occurred wassed to determine the virus titer. RNA was extracted

directly from 200 uL of the viral transport medium of the swab sample and from 200
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pLof allantoic fluidcontaining viruses from the 10 serial passags#g the Trizol LS
reagent (Thermo Fisher Sciéit). The swab sample had been initially tested for the

presence of IAV b RTPCR targeting the M geneang, Wille et al. 2034

2.2.2 Deep sequencing workflow of IAV genomes

Prior to sequencing, the viral RNA genome was converted into cDNA and
amplified in a onestep reaction by RIPCR (SuperScript 11l G8&p RIPCR System
with PlatinumTagHigh Fidelity DNA Polymerase, Thermo Fisher Scientific) with a
pair of universal primers that bind specifically to the rading regions of the virys
MBTuniMm H YACBCGTGATCAGCAAAAG@AGG | Y R-Mm@ ¥ ¢ qry A
ACGCGTGATCAGTAGAAACAAEBIGIfmann, Stech et al. 20R1This allows the
amplification of the complete viral genome. The construction of the sequencing
fAONI NASE 41 a4 FANROG LISNGOEARa§nentaitrank (G KS L 2
Preparation according to the manufacturer's instructions (Thermo Fisher Scientific).
For cost reasons, an-lmuse method was later developed and used for the virus
genomic library preparatiofVerhoeven, Canuti et al. 20L& or both methods, e
guality (presence of primedimers size of the library) and quantity of each library
was assessed and determined on a High Sensitivity DNA chip with the 2100
Bioanalyzer instrument (Agilent). Libraries were pooled in equimolar concentrations
at 100 pM. The pooled libraries were amplifiedto lon Sphere Particles (ISPs) by
emulsion PCR (emPCR). Coated ISPs were enriched with the lon OneTouch 2
instrument to eliminate uncoated ISPs and loaded on a 314 chip and sequenced

using the lon Torrent Personal Genome Machine (Thermo Fisher Scgeifticvirus
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genomes from GR256 and MW668 passage 5 were prepared with-tlmuse
method, while the resof the virusesvere prepared with the commercial kit
(Supplementary table 2.1)
2.2.3 IAV genome assembly and variant calling

Adapters andarcodes were removed from the sequencing reads prior to
analysiswith the Torrent Suite softwareffhermoFisher Scientific)The reads from
each genomic library were quality NA YYSR 4 (KS pQdehofdR o0 Q
assembled and mapped to an IAV reference genwontie Geneious version 8
(Biomatters, New ZealandRead quality was checked based on the PHRED score at
each base of the sequence, determined by the sequencer, which gives information
on the quality of eacimucleotide sequenced. All IAV genomes showed an average
PHRED quality score of 30, which means that the accuracy of the sequencing at each
base is 99.9 %. Variant calling for each IAV genome was performetheith
Geneioussoftware) with a minimum varianfrequency of 25%ithin the total
number of readsaand a maximum jvalue cutoff of 10°to decrease theltance of
selectingvariantsthat couldresult fromsequencing errorsin this analysis, a lower p
value means that the variation observed is less likely due to a sequencing error.
Homopolymer quality reduction was applied to account for possible issues from the
lon Torrent sequencing because this instrument is known tprbee to errors in
homopolymeric regions. The sequencing coverage for each virus is provided in
Supplementaryigure 2.1. Viruses with similar average coverages were chosen to
avoid potential bias due to coverage differences initlentificationof virus

variants.
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2.2.4 Statistical analyses

The dN/dS ratios were calculated according to the following formiQ
od i p — Tt andQ ol i p — 7t where N and S represent the

proportion of norsynonymous and synonymous substitutions, respectively. The

{KIyy2y RAGSNBAGE AYRSE 61 Q0 C a Ot Odz I
B 0 1 1 0,whereRrepresents the frequency of each variantdan the 4

bases A, T, C, and G. GraphPad Prism 7 was used to generate data idtoitskal

Wallis test was performed to compare the distribution of variants among the same

bird host.

2.3 Results
2.3.1 Analysis of IAV quasispeciespulations shed by different avian reservoir
hosts
2.3.1.1 Gull IAV quasispecies structure

In order to assess whethéne quasispecies of IAWere conserved within
the same hostl first compared theggenomic structure of three HL3N6 gull viruses,
two of which have an identical genotypéheir genotypes were previously
determined based on phylogenetic analyses of the segm@fuang, Wille et al.

2014 (Table 2.).
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Table 2.1 Genomic comparison of three gull H13N6 viruses

GR654

PB2  EAGULL*
PB1 NA* GULL
PA NA GULL
HA NA GULL
na  NAAVIAN
NP NA GULL
M ‘ EA GULL
NS NA GULL

American herring gull viruses (H13N6)

GR658
Genotype

EA" GULL
NA GULL
NA GULL
NA GULL
NA AVIAN
NA GULL
EA GULL
NA GULL

GR848

EA GULL
NA AVIAN
NA GULL
NA GULL
NA AVIAN
EA GULL
EA GULL
NA GULL

*Similar hosts or geographic origins are indicated by the same colours

*EA: Eurasian originfNA: North American origin

Among the viruses, GR654 and GR658 are genotype | while GR848 is
genotype K. The sequence identities among the three viruses for egohent are
given in Supplementamyable2.2. Even between the neilentical viruses, some of
the segments are the same in terms of host and geographic linekgesstance
the PB2 segment falls within a Eurasian gull clade for all three vinubeseas the
PB1 segment of GR848 belongs to a North American avian lineage.

| firstinvestigated the overall distribution of variant sites present within each

segment of the three gull virus€Bigure 2.). Each variant corresposdo a single

mutation that causes a genetic chanigghe virus genome.
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Figure 2.1: Overall variant frequencies for tlygiasispecies ofjull viruses. Each
symbol represents the proportion of variants foundgiall genomic segments.

Horizontal bars represenhe mean of the proportion of variants present in the

three gull viruses.

Most of the segments had very similar variant proportions, except for PB1 and NP.
This difference in proportions seems to be correlated with the phylogenetic
relationships of the segments such that similar variant frequencies are detected in
more closely elated segments-or instance,lie PB1 and NP segments of virus

GR848 are from different phylogenetic lineages than the other two viruses (Table

2.1).
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Analysis of the proportions of shared variants for all segments of the
different gull viruses revealeithat higher proportions of identical variants were
detected in more closely related segmerniisdeed the overall shared variant
proportion of the two viruses with identical genotypes, GR654 and GR658, was
proportionally high. In contrast, the PB1 and Nigments from virus GR848 have
much lower shared variants compare to the other two viruses. This could be
explained by the fact that the PB1 and NP genes of this virus have different host and
geographic origins, respectively, compared to GR654 and GRBb8& 2.2 Table

2.1).

Hl GR654XGR658
GR654XGR848

GR658XGR848
150+

100+

o
<

0' T L —
TR TIFE V& FATIFE V& F I FE W@

Shared variants frequency (%)

Figure 22: Shared variant frequencies for pairwise comparisongtoé three gull
viruses.The proportion of identical virus variants present in the segments of the gull

viruses were compared pairwise, as indicated bylédgznd.
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The types of variants within each gull virus quasispecies were investigated

Figure 2.3
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GR654 GR658 GRB848
Figure 2.3: Synonymous and neynonymous substitution frequencies fall
segments of the gull viruse®\) The proportions of neasynonymous substitutions
(dN) and synonymous substitutions (dS) were determined in each virus quasispecies

for all segments. B) The dN/dS ratio was determined for all segments.

| identified the synonymous (silent) and negnonymous (resulting in change to the
encoded amino acid sequence) substitutions found in each segment and quantified

their proportions). The proportion of negynonymous substitutions (dN) for each of
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the segments of each virus shows that the highest numbersiatected for the HA
and NS segment&igure 2.3A, Supplementary table 2.Phe NS segment of the
three gull viruses have a dN/d&tio >1 which means that the sequence is under
positive selectionPositive selection favowthe selection of variants, within the
virus quasipecies, that confer a replicative advantage for the vituatio <1 implies
that the sequence is under negedi selectionNegative selection cause¢he
elimination of variants within the virus quasipecies that are deleterious for the virus
replication A ratio equal to 1 indicates that the gene is under neutral presglukes
and Cantor 196Q(Figure 2.3B).

Lastly|O2 YLI NBER (0KS @GFINAIFIYy(i1aQ RADGSNEAGASAS
virus quasispecies, of the two most similar gull viruses, GR654 and GRf5&

2.4).
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Figure2.4: Comparison of the quasispecies structure of two gull viruses with the
same genotypeShannon diversity index was applied to all variants present for each
segment of the two gull viruses, GR654 and GRB&8h dot representisow

frequent the varant is within the segment quasispecies. Horizontal bars represent
the mean of thevariant diversity within each segmerithe distributions of the

variants within each gull quasispecies were compared wKinuskalWallistest
(P<0.0001)Dissimilar distributionn terms of variant frequenciebetween

compared segments are indicated by an asterisk above the plots (P vaig®01).

No asterisk means the variant distributions are very similar for the gene compared.

Thisanalysisvas done using the Shannon diversity index, which is based on variant
frequenciesThisgives a measuref how diverse the virus quasipeciessn terms of

variant frequenciesA Kruska? I f f Aa G(GSaid ¢l a dzaSR G2 GdSad

population, per segmd, is distributed in a similar manner. This showed that the
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degree of variant diversity in terms of frequency is different for some segments
(Figure 2.4). Indeed, only the H13, N6, and NS segrhexisimilardegrees of
diversity. This ign accordance wh my earlier analysis indicated that they shared a
high number of identical variants (Figure 2.2). Therefore, two viruses with identical
genotypes can harbour the same variants but with differences in their frequencies

within the individual quasispecie®pulations.

2.3.1.2 Murre IAV quasispecies structure
Similar towhat was done for thgull viruses| then compared a set of three

murre viruses in which two, AB341 and AB319, have identical genotypes ZI3ble

Table2.2 Genomic comparison of three murre HIN2 viruses

Common murre viruses (H1N2)

Genotype
D A A
pB2  NA®AVIAN EA" AVIAN EA AVIAN
pe1  NA AVIAN* NA AVIAN NA AVIAN
PA NA AVIAN NA AVIAN NA AVIAN
HA NA AVIAN NA AVIAN NA AVIAN
NA NA AVIAN NA AVIAN NA AVIAN
NP NA AVIAN NA AVIAN NA AVIAN
M NA AVIAN EA GULL EA GULL

NS NA AVIAN NA AVIAN NA AVIAN

*Similar hosts or geographic origins are indicated by the same colours

*EA: Eurasian originfNA: North American origin
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Analysis of the quasispecissucture of these viruses showed that they all
shared a similar proportion of variants for most segments, except for the PB2 and M
segments of AB327. Indeed, both of these genes have different phylogenetic

affiliations compard to the M segment of AB34AND ab319 (Figure 2.%able 2.2).

O AB319
vV AB327
20- O AB341
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Figure2.5: Overall variant frequenciesf the quasispecies ofmurre viruses Each
symbol represents the proportion of variants found in egeilmomic segment.
Horizontal bars represent the mean of the proportions of variants present in the

three viruses.

Therefore, as seen with the gull viruses, the similarities in variant proportions in

murre viruses are correlated with thghylogenetic relatedness of the segments.
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Investigation of the proportion of shared variants in the murre viruses
showed that a high number of identical variants were also present in genes that are
closely related phylogenetically fact, he PB2 and Megments for AB327, which
are phylogenetically different, again showed a different pattern in this regard, and
had the least number of shared variants with the corresponding segments from the

other virusegFigure 2.6)
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Figure2.6: Shared variant frequencief®r pairwise comparisons of the three murre
viruses.The proportion of identical virus variants present in the segments of the

murre viruses were compared pairwise, as indicated by the legend.

A higher proportion of nofsynorymous substitutions (dN) was observed in

the HA, NA, and NS segments of all murre viruses, and in the PB1 segment of only

the AB341 virugFigure 2.7.
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Figure2.7: Synonymous and nesynonymous substitution frequencies fall
segments of the murre viruse®\) The proportions of neaaynonymous substitutions
(dN) and synonymous substitutions (dS) were determined in each virus quasispecies

for all segments. B) TheNddS ratio was determined for all segments.

Overall, synonymous substitutions {d&ere more common for all segments of the
three viruses (Figure 2.7A, Supplementary table 2.3). Contrary to the gull viruses, the
dN/dS ratios of the NS segment of all murre viruses are <1, which means that the

segment is under negative selection (FigreB).
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The distribution of variants, in terms of frequencies within the quasispecies
of the two murre viruses with an identical genotype, AB341 and AB319, were similar
for some segments but not for alhdeed, aly the variant distributions of the H1,
M, and NS segments are conserved among the two murre viruses com{Fagenie

2.8)

0.3

0.2+

0.1

0.0

Shannon diversity index

Figure2.8: Comparison of the quasispecistructure of two murre viruses with an
identical genotype.Shannon diversity index was applied to all variants present for
each segment of the two murre viruses, AB341 and ABB4aéh dot represents how
frequent the variant is within the segment quasispecies. Horizontal bars represent
the mean of thevariant divesity within each segmeni he distributions of the
variants within each murre quasispecies were compared wKnuskal\Wallistest
(P<0.0001). Segments indicated with an asterisk do not have the same variant
distribution as in the other virus\o asterisk means the genes compared heeey

similarvariant distribution
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2.3.1.3 Duck IAV quasispecies structure
Finally | investigated a set of duck viruses that have different genotypes but

display similarities in terms of host and geographic origins (TaB)e

Table2.3: Genomic comparison of three duck viruses.

Duck viruses

PB2 C-2.1* C-2.5 C-2.2

PB1 F-2.1
PA E-2.1
HA 3C-1.1
NA 2D-1.2
NP ‘ H-5.1
M E-1.4
NS 2B-1.2

*|dentical phylogenetic clades are indicated by the same colours.

Duck viruses with identical subtypes and genotypes were not available to
include in the analysis. Two duck viruses have the saB\2 Bubtype, GR679 and
GR256, and were isolated from Amaricblack duck. The third virus, MW668, was
isolated from a feral domestic duck and has the H1N1 subtype. All three viruses have
gene segments that originate from the North American waterfowl/avian lineage
(Huang, Wille et al. 2034Genotypes with identical first letters but followed with
different numbers indicates that the segments are within the same phylogenetic

clade but within different sbcladegHuang, Wille et al. 20}4
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Analysis of the proportion of variants for the three duck viruses showed that
similar proportions were found in segments with similar genotypesinstance, the
PA segment of the virus GR679 has a different genotype compared to the other two
viruses and showed a different (higher) proportion of variants. Similarly, the MW668
virus that has a different HA subtype than the other two viruses also (thifienent
(lower) proportion of variantgFigure 2.9)
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Figure2.9: Overall variant frequenciesf the quasispecies ofluck virusesEach
symbol represents the proportion of variants found in egeimomic segment.
Horizontal bars represent the mean of the proportions of variants present in the

three viruses.
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Identical variants were also shared between virus quasispecies that had
geneswith similar phylogeniedn fact, tie highest proportion of identical variants
among all the three viruses was found for the NS segment. The GR679 and GR256
viruses, which have identical HA and NA subtypes and similar phylogenies, had a high

proportion ofshared variants in these segmerfisgure 2.10)
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Figure2.10: Shared variant frequencidsr pairwise comparisons of the three duck
viruses.The proportion of identical virus variants present in the segments of the

duck viruses were compared pairwise, as indicated by the legend.

Analysis of the proportions of synonymous and fsymonymous
substitutions in the duck viruses showed that the gesegments mostly harboured
synonymous substitutionsndeed, he NS segment showed the highest amount of

non-synonymous substitutions in all three duck virugégure 2.11A)Similar tothe
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murre virusesnone of the NS segment of all duck viruses have a dN/dS ratio>1

(Figure 2.11B).
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Figure2.11: Synonymous and neaynonymous substitution frequencies fall
segments of the duck viruse#\) The proportions of neBynonymous substitutions
(dN) and synonymous substitutions (dS) were determined in each virus quasispecies

for all segments. B) The dN/dS ratio was determined for all segments.

Variants present in the quasispecies of the twoikinduck viruses, GR679

and GR256, shared some similar distributions in terms of frequency but only for the

H3, M, and NS segments (Figar&?2).
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Figure2.12: Comparison of the quasispeciasructure of two duck viruses with
similar genotypesShannon diversity index was applied to all variants present for
each segment of the two duck viruses, GR679 and GE2&68. dot represents how
frequent the variant is within the segment quasispeciesritbntal bars represent
the overall variant diversity within each segmenhe distributions of the variants
within each duck quasispecies were compared wikraskalWallistest (P<0.0001).
An asterisk above the plot represents significantly dissirdiltribution compared

to the corresponding segment of the other virus. No asterisk means the variant

distributions are very similar for the segments.

Overall,my analyses show that gull, murre or duck viruses with similar

genotypes display similar quasispecies structure in terms of shared variants and

proportions, but the amount of diversity among the variants, in terms of
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frequencies, differ since some segmentsitain shared variants in higher
proportions than others.
2.3.2 Effect of replication in a different host on the virus quasispecies

Adaptation experiments were performed by infecting Atlantic puffin embryos
with a single 1AV isolate from a wild duck thrbut0 consecutive passages. Due to
the limited availability of such eggs from wild birds, the serial passage was
performed over three consecutive yeatge to the availability of wild bird eggs and
allowanceof the permits. The viruggenomewas deepsequenced from the initial
swab sample (P0), the first (P1), the fifth (P5) and last passage Ri&@jion
analyses were performed by comparing the viral genome deep sequenced and
translated computational protein sequencé&he viral titer, detemined by
hemagglutination assays for the 10 passages, decreased over the passages and

became undetectable in the last two passages (Figur8).
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Figure2.13: Viral titer of the duck virus over theerial passages in puffin embryos.
The virus titer was determined by hemagglutination assay in the 10 samples

collected after the serial virus passages.

2.3.2.1Mutational analysis of theduckviral genome

Analysis of thewumberof variantspresentin the initial swab sample (P0), the
fifth passage (P5), and the last passage in puffin embryos (P10) shows an overall
increase of the number of variants in the last virus passage for all gene segments

except for NSomparal to the initial swab (PO)Figue 2.19.
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Figure 2.14Venn diagram®f the overallnumber of virus variants in the initial
swab sample (P0), the fifth passage (P5), and the last passage (RLThe total
number of variants was compared between the initial swab sample (PQherfdth
passage (P5). B) The total number of variants was compared between the initial

swab sample (P0) and the last passage (P10).
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From the overalhumberof virus variants presented figure 2.14I then
guantified the proportions osynonymous (dS) and neynonymous (dN)
substitutions in all segments of the initial swab sample (PO0), the fifth passage (P5),

and the last virus passage (P10) were analyzed (Fiyle
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Figure2.15: Proportionsof non-synonymous (dN) andynonymous (dS)
substitutions in the duck virus segment#) Both dN and dS were determined in the
initial swab sample (P0), the fifth passage (P5), and the last virus passage (P10) for all

segments. B) The dN/dS ratio was determined for all segments iR3P&nd P10.
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There was an increase in the proportion of Fymonymous substitutions in
the fifth and last virus passages for the HA and NA gene segments compared to PO
(Figure 2.B5A). The proportion of nogynonymous substitutions was higher in P10
compared to P5. | next examined the direction of the evolution of the different gene
segments with the use of dN/dS ratios we previously described in sezoh.1 To
resume, a dN/dSatio >1 means that the sequence is under positive selection while a
ratio <1 implies that the sequence is under negative selection. A ratio equal to 1
indicates that the gene is under neutral pressure. Both the HA and NA genes had a
dN/dS ratio >1 in P5 a@P10 meaning that both genes were under positive selective

pressure over the passage of the virus (Figur&,2B).

2.3.2.2 Mutational analysis of the duck protein sequences

To investigate theffectsof non-synonymous mutations introduced in the HA
and NA proteins during the fifth and last virus passages, | analyzed their amino acid
sequences. | performed protein alignments with the sequences from P5 and P10 and
additional HA and NA proteins retrieved from the NCBI Influenza Virus Database in
order to identify more and lessconserved regions. Analysis of the HA protein during
the different passages showed that amino acid changes were mostly being
accumulated, for both P5 and P10, in conserved regions of the cleavage site and
fusion domain of the pragin. Also, ®me truncations and substitutions also
appeared in the central region of HAkich could negatively interfere with the

protein functions (Figure 26).
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Figure 216 Comparison of the HAamino acid changes from the fifth and last virus
passagesThe fifth and last virus passages were aligned with other HA protein
sequences with MUSCLE implemented in Geneious 8. The HA amino acid (aa)
sequence is annotated above the alignment. Thiifinal part of the protein
contains a peptide signal (17 aa) responsible for membrane anchoring at the cell
surface. The remainder of the protein is divided into two domains, HA1 and HAZ2,
with a cleavage site (7 aa) located between the two domains. A fusiomitof23

aa) is located in the HA2 domain. A transmembrane domain (28 aa) is located in the
Gterminal part of the protein. Receptor binding sites (RBS) and antigenic sites are
also displayed on the annotation. The amino acid changes (substitutions and
deletions) on the fifth (P5 mutations) and last virus passage (P10 mutations) are

indicated according to the legend.

Analysis of the NA amino acid sequences from P5 and P10 showed an

accumulation of mostly substitutions in similar locations within the stalk a

catalytic domains of the protein (Figugel?).
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Figure2.17: Comparison of the NA amino acid changes from the fifth and last virus
passagesThe fifth and last virus passages were aligned with other NA protein
sequences with MUSCLE implemented in Geneious. The NA amino acid (aa)
sequence is annotated and displayed above the alignment. TieenNnal part of

the protein contains a signanchoiing domain (35 aa) followed by a stalk domain

(55 aa), and a catalytic domain (380 aa). The amino acid changes (substitutions and

frameshift) from P5 and P10 are indicated.

2.4 Discussion

Virus quasispecies are spectra of Adantical, but closely relad viruses
that are released after a viral infectigdndino and Domingo 20)5The virus
guasispeciesan change depending on the host environméthneider and
Roossinck 20Q11AV genetic studies are often focused on the consensus nucleotide
composition of the viral genome. Few research studies have uakiennt
investigations on IAV genomic structure at the quasispecies [Ekak,| performed
an analysis of the genomic structure of viruses shed by three different bird hosts,
murres, gulls, and ducks investigate whether the virus quasispecies could be
conserved within similar host My analyses showed that viruses from the same bird
host display similar quasispecies patterns. This was also demonsinabe@ study
when comparinghe quasispecies dfepatitis Cviruses within similahuman
recipients(Laskus, Wilkinson et al. 200%sghar, Pettersson et al. 201 my study,

all viruses showed variant frequency levels that matched with other viruses
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according to thecorresponding phylogenetic relatedness of the viral segméirits.
proportions of shared variants were also correlated with the phylogenetic
relationships of the segments such that similar genes in term of host and geographic
origins share similgproportions of variantsAnalysing the association of shared
variant frequencies with the sequence homologies between segments
(Supplementaryigure 2.2) showed a general correlation between the proportion of
shared variants and nucleotide sequence similarities. The pattern was most striking
for the gull viruses, with slightly broader distributions for the murre and duck
viruses When comparing the vamd diversities, as quantified by the Shannon
diversity index, of two viruses with similar genotypes | saw that seegenents

harbour similar variant distributions but not allthis could be explained by the fact
that viruses that harbour similar genotypkave and maintain similar variants within
the same hostAlthough the quasispecies of viruses with similar genotypes share a
large number of variants, the proportion of those shared variants within each
guasispecies varied. The NS segments from the gdlhamnre viruses had a higher
proportion of norsynonymous substitutions compared to the duck viruses. These
differences might be explaindaly the fact that different bird host species carry
different allelic versions of the NS segment. The gull and minuses contained NS
allele A, which is found in bird and mammalian hosts, while the duck viruses in this
study contained allele B, which is typically only found in bird spéciebvig, Schultz

et al. 199). Differences in host genetic and phenotypic makeup could explain why
certain viral genes are transmitted or not in certain hosts. The host immunity could

act as a barrier foallowing the transmission of viral genes.
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The effect of replication in a different host on the evolutionary adaptation of
a duck virus in Atlantic puffin embryos was studied experimentallyecrease of
viral titer was observeduring seriapassage offte virus.An overall increase of
variantswithin the virus quasispeciegas observed in the fifth and last virus
passages examined by deep sequencing, except for the NS segnmentdhave
expecedan increasen viral titer once the virus adapted to &w host.Hence,
additional passages could be required to see an increase of viral titers. Also, the
technique | used to titer the viryhiemagglutinationmight lack sensitivity to detect
the virusat low concentratios. A sensitiveQPCRassayto quantifythe number of
viral genome copiesould be performed in parallellastly the possiblepresence of
maternal antibodies in embryos from wild bgdould restrict the virus replication
and also affect the vad titer | measured.

| analyzed the accumulated mutations over the different passages within the
amino acid sequences of both surface glycoproteins, HA and NA.
For the HA protein, most of the mutations were nucleotide substitutions that
changed the amino acid sequence at theavage site or fusion domain. The fusion
domain contains conserved amino acids that are necessary for the virus to be
NBf SIAaSR Ayid2 @GiSDrand/fettalQ20)5mhe HAkelHvaga site
allows maturation of HA protein to produce functional and replicative viruses
(Garten and Klenk 198Steinhauer 199P A large number of mutations, nucleotide
substitutions and deletions, were also foumdthe central domain of HA2, and these
mutations could have an impact on the conformational changes during the fusion

procesgArmstrong, Kushnir et al. 20RGurprisingly, few mutations were found i
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RBS regions that are involved in cellular receptor recognionvilaijaroen and

Suzuki 2012 azniewski, Dawson et al. 2014 previos investigation of the

adaptation of wild viruses to new avian hosts showed that new mutations
accumulated in the HA1 domain of the HA protein and some of these mutations
were located in RBS regiofis and Cardona 2010i, zu Dohna et al. 20Lther
studies found similar findings to what | observed, with mutations in the HA cleavage
site and HA2 domai(Hossain, Hickman et al. 20@3ugolenski, Jones et al. 2011

We could not directly compare mutations with those studies because the viruses do
not have the same HA subtype.

For the NA protein, several mutations, mostly substitutions but also one
frameshift, were found in the stalk and catalytic domains. A deletion within the stalk
region has been previously reported during experimental infections of wild bird
viruses in som@oultry hosts, but not in wild bird hostti and Cardona 2010
Dlugolenski, Jones et al. 2Q1The NA stalk deletion conferred a repligati
advantage of the virus in poultry hosts (Dlugolenski, 2011, Hossain, 2008, Pei, 2009).
Deep sequencing analysis of a wild bird virus genome before introduction into
poultry revealed the NA stalk deletion preexisted in the virus quasispéciesille,
Soubies et al. 20)2Thus, it seems thatie introduction of mutationswithin the
stalk regiorof the NA protein | analyzeduringthe experimental assay could be the
result of an adaption process of the duck virus in the Atlantic puffin host.

To conclude, my analysis of the of different IAVs shed by wild bird hosts
showsa general conservation of overall quasispegersomic structurdor viruses

replicating in the same host groups. This suggests that similar virus variants are
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favored within ech host group, and these are likely those best adapted to that host
and which allow their effective transmission and preservation within the same host
speciesThe study of the adaptation of a wild duck virus to a different avian host,
conducted experimetally in bird embryos, showed major genetic changes in the HA
and NA proteinslespite of an overall decrease ofalititers. In our study, regions
associated with the maturation of the HA and NA proteins appeared to be the most
frequent regions where mutsons accumulateand this is similar to observations

from other studies with different viruses and host groupgspite giving insights on
the origin of viruses in term of host and geographic location, applying high
throughput nextgeneration sequencingethnologies also allows the dissection of
the virus genomic structure whidjives a betteunderstanding orhow the virus
couldevolveand be transmittedn different hosts It allows us to foresee mutations
that couldhaveoccurred and have an impact of the virus function and evoluition
different hosts This could also be a useful method to predict and detect emerging

pathogenic viruses in their natural reservoir that be deadly to other hosts.
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Chapter 3: Analysis of the Variability in the Neoding Regions of

Influenza A Viruses

Abstract

The genomes of influenza A viruses (IAVs) comprise eight negatigesingle
stranded RNA segments. In addition to the proteading region, each segment
L2 &4 S&aasSa -goding regidRs (NCR) tiaRafe important for transcription,
replication and packaging. The NCRs contain both conserved and segpeeific
sequencs, and the impacts of variability in the NCRs are not completely understood.
Full NCRs have been determined from some viruses, but a detailed analysis of
potential variability in these regions among viruses from different host groups and
locations has nobeen performed. To evaluate the degree of conservation in NCRs
among different viruses, we sequenced the NCRs of IAVs isolated from different wild
bird host groups (ducks, gulls and seabirds). We then extended our study to include
NCRs available from theabbnal Center for Biotechnology Information (NCBI)
Influenza Virus Database, which allowed us to analyze a wider variety of host species
and more HA and NA subtypes. We found that the amount of variability within the
NCRs varies among segments, with theagest variation found in the HA and NA
and the least in the M and NS segments. Overall, variability in NCR sequences was
correlated with the coding region phylogeny, suggesting vertical coevolution of the

(coding sequence) CDS and NCR regions.
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3.1 Introduction
Influenza A viruses (IAVs) are most well known for their circulation in humans,

causing yearly seasonal epidemics and occasional pandemics, and for outbreaks in
poultry. However, the viral strains responsible for these infections represent only a
small portion of the total known IAV diversity, most of which is maintained in the
natural wild bird reservoir.

IAVs are members of the family Orthomyxoviridae and have segmented
negativesense singlstranded RNA genomes. The viral genome is compos@d of
segments that encode at least 11 proteins, depending on the strain. Each segment
hasnorRO2 RAy 3 NBIA2ya O6b/wav G 020K SyRao ¢
nucleotides followed by a segme&itLISOA FA O NB3IA2Y 2F QO NAIF of
contains 13 coserved nucleotides and a segmesyecific region of variable length.
The two conserved regions are partially complemen{&kehel and Hay 1978
Robertson 197Pesselberger, Racaniello et al. 1980Ad form a panhandiike
structure (Hsu, Parvin et al. 198Bergmann and Muster 1998im, Fodor et al.
1997) involved in the transcription and replication steps of the viral life c{@&ong
and Brownlee 1994 odor, Pritlove et al. 199#lick, Neumann et al. 1996
Mutagenesis studies identified residues within the NCRs that are required for the
viral polymerase complex to bind and initiate transcript{thand Palese 1992
Fodor, Seongetal. 1988 | 2 9 SOSNE || O0AYRAY3I LINBFSNBYyOS
demonstrated(Pritlove, Fodoretal. 199® ¢ KSNB Aa | faz2 I AG§NBGC
end that is involved in the polyadenylation of viral mMRNA®, Luytjes et al. 199Li

and Palese 199#ritlove, Poa et al. 1998Poon, Pritlove et al. 1999Further
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studies have revealed the presence of some variability within the two NCRs at
RAFFSNBY (G LRaAGA2yad ¢KSNBE Aa OFNARFOATAGER
of all RNA segnmes (Robertson 1979 which affects the promoter and could play a
role in differential regulation of transcription and replicatifiree, Bae et al. 2003
Non-conserved nucleotides located in thegseentspecific regions have also been
shown to play an important role in viral replicatiG@heng, Palese et al. 1996
Mutagenesis studies have revealed the importance of NCRs for the incorporation of
the eight different gene segments during viral assenBlyjii, Fujii et al. 200%5a0
and Palese 200Zhao, Peng et al. 201@rescenz&Chaige, Barbezange et al. 20117
These packaging signals can influence the reassortment of genes duiimgamns
of different strains by preventing their incorporation during the virus genome
packagingGao and Palese 200&/hite, Steel et al. 2007

Amplification of complete IAV genomes with universal primers was initially
designed based on the conserved nature of NER&#mann, Stech et al. 20Ibut
amplification biases have been reportéchou, Donnelly et al. 200Widjaja, de
Vries et al. 201R Todate, a thorough analysis of IAV NCRs from different hosts and
across segments has not been performed. We hypothesized that the NCRs within
both the conserved and the segmespecific regions may vary according to the
original host species. To test our logpesis, we characterized the true NCRs of IAV
genomes from different wild bird species by the rapid amplification of cDNA ends
(RACE) method and then expanded our analyses to include additional viral subtypes,

hosts and geographic origins.
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3.2. Materialsand Methods
3.2.1. NCR sequence determination

NCR sequences from previously identified and sequenced viruses originating
from three different wild bird host groups (ducks, gulls and seabirds) were
determined: A/domestic duck/Newfoundland/MW668/2010(H1INAJAmerican
black duck/Newfoundland/GR679/2011(H3N2), A/herring
gull/Newfoundland/GR578/2011(H13N6), A/herring
gull/Newfoundland/GR848/2011(H13N6), A/lcommon
murre/Newfoundland/AB318/2011(H1N2), and A/common
murre/NewfoundlandAB324/2011(H1N2). From thesi viruses, we determined
92NCRL S1jdzSy 0Sax O2 YLINRA & Mieh passible,ovifuses witRthar ¢ p Q
same subtype were chosen for NCR characterization.

Viral genomic RNA was extracted from allantoic fluids of specific pathogen

free eggs inoculated with the different viruses using the Trizol reagent (Thermo
CAAaKSNI { OASYGAFAOOU®D® t NAYSNE ¢gSNBE RSaA3IySR
the targetedviruses based on the full genomic sequences of viruses that were
available from previous studies (Supplementtaile3.1).
C2NJ GKS 0Q b/ wax 3ASy2YAO wb!a gSNBE LRfelR
uL-1) (Thermo Fisher Scientific) in the presence ofa1(2.5 mM) and ATP (1 mM)
in 1X reaction buffer and a final volume of 50 pyL. Reactions were incubated at 37°C
F2NJ on YAY FYR GUKS NB&adZ GAy3 wb! dzaSR I &
Amplification of cDNA Ends (Thermo Fisher Scientific). Farte b/ wa s (KS pQ

System for Rapid Amplification of cDNA Ends (Thermo Fisher Scientific) was used
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F O0O2NRAY3I (2 G4KS YIydzZFl OGdzNBENDa NBEO2YYSYR
purified and sequenced using Sanger chemistry at The Center for Applied @snom
(Toronto,Canada).

3.2.2 Sequence analyses

The 92 NCRs determined from our samples were compared with NCRs
retrieved from the influenza resource database
(http://www.ncbi.nIm.nih.gov/genomes/FLU/FLU.html), chosen to represent
different viral subtypeshost species, geographic origins, and collection dates. When
possible, all available or a high number of nucleotide sequences of complete gene
segments were downloaded from the database. The number of NCRs analyzed are
indicated in Figur&.3. Sequence gnments were performed using MUSCLE,
implemented in MEGA version(6amura, Stecher et al. 201 3Multiple alignments
were then edited in Geneious versior{lBearse, Moir et al. 20)2The CDS regions of
segments that had complete NCRs wemnoxed from the sequence, with only the
NCRs kept for further analysis. Complete segments without NCRs were removed
from the analysis.

Pairwise genetic distance matrices determined with the Maximum Composite
Likelihood method, generated by MEGA, were ulsedlassical multidimensional
analysis (MDS) in([R Development Core Team 2008he viral segments were
assigned geographic origins based on nucleotide BLAST segktteelsul, Gish et al.
1990 and neighboijoining phylogenetic analyses in MEGH#gh bootstrap values

are shown athe nodeson the trees. A small number of sequences was added in
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each multiple alignment figures due to space limitation, but the exact number of
NCRs originally aligned with MUSCLE are indicateeciion3.3.2.
3.3 Resultaand Discussion
3.3.1Characterization of NCRs from different wild bird viruses

[ 2YLI NA&az2y 2F GKS 0Q YR pQ b/ wa ¢S
that the 12 and 13nt conserved regions, respectively, contained no novel
substitutions in any of the different wild birdiruses (Figure8.1 and 3.2), which

agrees with previous studigSkehel and Hay 197&obertson 1979Desselberger,

Racaniello et al. 1980

86

¢

(0p))



12-nt conserved region segment-specific region codon
! 10 2 3 40
|dentity ™ | — =

Gul1-PB2 HECENDNEGCUES - --------- BGUUUAUMURA-------- GUURUAC
Gul2-PB2 HEBCEUDNBGCUSSE ---------- BGUUUAURUBA-------- GUURUAC
Murre 1-PB2 IIBICEINNGICEEE - - - ------- BGUUUAUAUEA-------- G G e
Murre 2-PB2 IIBICEIIDNGICEEE - - - ------- BGUUUAUAUEA-------- G G e
Duck 1-PB2 HBICENNURICEEE - --------- BGUUUAURURA-------- GUUGUAC
Murre 2-PB2 IIBIGENINUGICEGE - - -------- BGUUUAUAUAA-------- G G e
Gull 1-PB1  HECEUNNSICEES - - --------- CEENCCI - - -------- CUURC
Gul2-PB1  IECENNECEEE - - - - ------- CEENGCHEN - - -------- CUUBC
Murre 1-PB1 EIBCENINSCEEE - - - - ------- CEENGCHN - - -------- CUUBC
Murre 2-P31 NSIGENNNSIGINGE - - - - - --- - -- GG G - - - - - - - - - - CUUBC
Duck 1-PB1 INEIGENNNSIGIGE - - --------- GG G - - - - - - - - - - CUUBC
Duck 2-PB1 IBICENNEBCEEE - - --------- CEENCCHN - - -------- CUURBC
Gul -PA  INECENNGCHES - - ----------- EUGHONNG - ----- - - GUUUUAC
Gul2PA  INEICEUNECHEE - ------------ EUGHOUNG - ----- - - GUUUURC
Murre 1-PA  HBICEDDBGHES - - ----------- EUCHOUEN-------- CUUUURC
Murre 2-PA  HIBICEIDDEGEEE - - ----------- BUCHSNE. - ------- CUUUURC
Duck -PA  INEICEUNMGCEEE - - - ---------- EUGHONNG - - - -- - -- GUUUURC
Duck2-PA  INEICEMNNISIGINGE - - - - - - - - - - - - - EECHENNG - - ------ GUUUURC
Gull 1-H13  [INEIG NG G NG CCIINNATIA G Gl G DN G e - - ------ GUUUUAC
Gull 2-H13  [IiEIG UG G UCCC UM G Gl G UUUN C UUUe - - - ----- GUUUUAC
Mure 1-H1  EIEICENNNSGE - - - - - CCUUMRR G UUUR UG - - - - - - - - GUUCUBC
Mure 2H1 - EIEICEINNSGEN - - - - - CCUUMRR G UUUR UG - - - - - - - - GUUCUBC
Duck 1-H1  EICHNNNSGEN - - - - - CCUUMRR G UUUR UG - - - - - - - - GUUCUBC
Gul1-Ne  EECHINNECHSS - ------------------ Bl-------- CUUCURBC
Gui2NG  EBCHSCHEE - - - - - -------------~- S CUUCURC
Murre 1-N2  IEICHUDEECEEE - ----------------- hl-------- CUUUUAC
Murre 2-N2 EICHDEECEEE - ----------------- - ------- CUUUURAC
Duck 1-N1  INEICHNSIGINEE - - - - - - - - - - ------- .- ------- G

UUUUAC
Gul1-NP MGG UUEC G UCCCRUCURUURGUGHEGUG GOUICHECI G U G Ui G Ui G Ume
Gull2-NP  [IiGIGC DG G DECCEUCUEUIIE G UG EGUG G EUCEGH G Ui G Ui G NG UNe)
Murre 1-NP NG| G INUMDAEIG) G UICICICNUNCIU UMY G I G M G U G GGG G U G G I G IS G UG
Murre 2-NP NG| G MUIDATIC) G UNCICICINUICIU UM G I G [ G U G ICIUICHEICIT) G I G G I G IS G e
Duck 1-NP UGG UMD G UICICICINUICIU UM G I G N G U G CIUICHEICIU) G U G G U G 1N G e
Duck 2-NP NG| G NUMDAIC! G UNCICICIUICIU UM G I G [ G U G CIUICHEICIU G U G G U G 1M G e

Gult-M  DECHUNUSCUEE - - ----------- AUCURURAC-------
GulM  DECHUDUEGUEE - ------------ RUCURIES - - -- - - - UUUCURC
Murre 1-M  EBICEININESGEEE - - ----------- RUCUBRUBAC------- UUUCUBC
Mure 2M  EBICHIDSGEEE - - ----------- RUCURUBAC------- UUUCUBC
Duck 1-M  HECHIINSCHES ------------- BUCURUEES - - - - - - - UUUCURC
Duck2M  HECHUDNSCHES ------------- ECUEEE - - - - - - - UUUCURC
Gul1-NS  EECHININSCHeE - - --------- DECUCE - - - - ---- GUBUURC
Gul2NS BECHIINECEES----------- CHCUGCUUUUY - - ------ GUBUURC
Murre 1-NS  IIBICHININBCEEE - - --------- DR C . - - - - - - - - GUBUUREC
Murre 2-NS  HIBICHINNBICEEN - - --------- SECUCHY - - ------ CUBRUUBC
Duck 1-NS  HBCHUNNECEEN - ---------- SECECHINN - - ------ GUBUURC
Duck2NS HECHUNNSCHES - ---------- CHCUGUUUUY - - ------ CUBUURC

Figure3.1:0 Q b /widBbirdvifus segments determined in this studyhe
Ydzft GALIX S EAIYYSYyd 2F o0Q b/ wa gl
DSySAz2dza OSNBAZ2Y yod ¢KS wb! &Sldz

corresponding to the packaged RNAs.
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stop

codon segment-specific region Ustrech 13-nt conserved region
— —
I1 1'0 2‘0 3|0 4'0 5|0 6‘0
Identity —..-—  — —

Gui1-pB2 ~ EUEEEGE- - - - - - - --——— - UUBAC BRAUUUUUGCUGGARCEANGAUGA
Gui2-PB2 ~ HUGEEEGE------------—----------- UUBAC BAAUUUUUGCUGCARCAAAGAUGA
Murre 1-PB2  EINGIGEGE- - - —————---——----------- UUAAC RAARUUUUUGCUGGARCAANGAUGA
Murre 2-PB? HUCEEEGE---------------—--------- UURAC ARAUUUUUGCUGGARCARRGAUGH
Duck 1-p32 HUGHEEGE----------—-———-——-—-—---—- UUBAACAARUUUUUGCUGGEACEARG RUGHE
Duck 2-pB2 HUGHEEGE-----------—-—-—————————— UUBRECAARARUUUUUGCUGGERCEARGEUGH
Gul1pe1 HUGEEN--------------- UARAUCGAACAGGEAGCUACUUUUUUACGGARCAARGAUGHA
Gul2-pe1 HUGHEN--------------- UBRAEACGEACAGGAAGUACUUUUUUACGGAACARAGAUGE
Murre 1-PB1  EIIGHEGN--------------- UARARCGEACEGGAAGUACUUUUUUAC GGAACEARGRUGH
Murre 2-PB1 HUEGEEN--------------- URARAC G EACKGGCEAGCUNCUUUUUUACGCAACARAGEUGE
Duck 1-pB1 HUSHEEY--------------- UARAUCG BACHG CEAG UACUUUUUUACG CRECARAG BUGH
Duck 2-pB1 HUGEEN------—--—--————- UARAUCGAACAGGAEAGUACUUUUUUACGGCARCAARGAUGH

Gul1-pA  BUCEECACCGUUACGHAUCAURAACGAUANGGCUAUGAECAGGUUUUUUCHUGGAACEARGCEUGH
Gul2-pA  EUCAECECCGUUACGHEUGBUARACGAUAG GUAUGHECHGGCUUUITUUCEAU G CRECHARRG AU GE
Mure 1-PA  HUCEECECCGUUACGHEUG BUMRAC G AUAG G UAUGBCHG CUUUUUUCEUY G G RECEANG BUGH
Murre 2-PA  BUCEACECCGUUACGEUGC BURRAC CEUNG G UAUGECHG CUUNUUUCHU G C NECEANG BUGHE
Duck 1-pA  EUCEACACCGUUACGHEUGAUARAC GAUAGCUAUGACHEGGCUUUUUUCAUGGEABECARAG KUGH
Duck 2-pA  BUCEACEACCGUUACGAUGAUAAAC GAUAGGUAUGACAGGUUUUUUCAUGGRACAAAGAUGH

Gull1-H13  EHEE---—-—----——-—--— - - AUCUUUTUUUG UGG GRACHEARG KUGH
Gui2H13  EEEE- - - - BUCUUUUUUG UGG CRNCHEARGHUGH
Mure 1-H1 ~ HUCUCICENCCURRRGCUUY------------—- UACECACCUUUUUGUGGGAACARAGAUGA
Murre 2-H1  EUCUCICESCCURBNGUUY -~~~ -~~~ -~~~ URCECACCUUUUUGUGGGARCARAGRUGHE
Duck-H1 BUCUCCAECCUBRBRAGCUUU----—--=-—=-—-—= UACACACCUUUUUGUGGCAACARAGAUGA
Gul1Ng  ENGHNNNE- - -----=--=-=-=-=--=——===-=---=- UBBAACUUUUUUGUGGGCARCAARGAUGA
Gui2-Ne  HUICHEENE----------——————————————— URRRRCUUNUUUG UG G G MECHENRNG NUGH
Murre 1-N2 DN - —— - ———— - - - - GABRAGCGUUAARAAUCUUUUUUGAGGAACARAGAUGA
Murre 2-N2 BN - -——----—-——-———————- GEREAGCGUUAARAUCUUUUUUGBGGCARCARRG NUGHE
Duck 1-N1 G- -------—----—————————--————- BACAAGUUUUUUUGAGGAACARAGAUGA
Gul1-Np  HEEE-------------------— - CUUUUUAUGGGARCARAGAUGA
Gul2NP  EBE- - —-— - - = - - -- - - - - - - — o CUUUUUAUGGGAACARAGRUGA
Murre 1-NP BB - —- - - --—-——-—---——-———--——————————- CUUUUUAUGGGARCARAGAUGA
Murre 2-NP BB — ——————=— == -—=--—————————— - - CUUUUUAUGGGAACARAGRUGA
Duck 1-NP  HEEH- - —-----————-—--——-———-———————————- CUUUUUAUGGCARCARAGAUGA
Duck2-NP  HEE- - —-----————-——---—--———--——————————- CUUUUUAUGGGARCABAGRUGA
Gull 1-M AUU---——=——-———---------——---——-—-——-—--- DUUUG UG GRRCERAGC BUGE
Gull 2-M BUU---——————————-—----—------——-—-—--—--- UUUUG BUG GCRRCERAG BUGHE
Murre 1-M BB - - ——— - - - - - DUUUG MU G G RRCERAG BUGE
T - e DUUUG UG CERCERAGC BUCE
Duck1-M BB --------————-———————-——-- - DUUUG MU G CRMCERAG BUGE
Duck2-M B -——————————— - - ————— - - UUUUG AU G GRRCEEAG BUGH
Gul1-NS - ---------------—--———--—————---— CURUUUUUEG UG G G ENCERNGC BUGH
Gull2NS  HUE--------—--—-------———-——————-—— CURUNUUUUG UG G GENMCERRG BUGH
Murre 1-NS DI - —-———-————----——-———--——————-— CUAUUUUUUGUGCCARCERAGCRUGA
Murre 2-NS DD - --------------———————-————————— CURUUUUUNG UG G G ENCHERNG NUGH
Duck 1-NS M- - ————————————— - CURUUUUUUG UGGGCRRCEARG NUGH
Duck2-NS M- ----------—--——-——-————————————— CURUUUUUNG UG G G RNCHEARNGC NUGH

Figure32:p Q b/ wa 2T sggmen® deiekniided inihishsiiziihe
Ydzft GALIX S TEAIYYSYld 2F pQ b/ wa ¢gla ISYSNI
DSySAz2dza OSNBAZ2Y yod ¢KS wb! &aSljdzSyO0Sa I NB

corresponding to the packaged RNAs.

[ 2YLI NA&az2y 2F GKS o0Q b/ wad O6CAITdz2NE odmO

nucleotide conserved region displays the expected variability, with the polymerase
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gene segments, PB2, PB1 and PA, containing a cytosine residue while the other
segments contaia uridine residue, as previously obsen(&bbertson 1979 ee, Bae
et al. 2003.

C2NJ 0 KS -spexificiréymns §FiguR:1), some of the segments (PB1, M
and NS) had identical sequences across all six viruses, but the others showed some
differences. The murre and gull PB2 and NP segments were identical whereas the
gull viruses differed from the others for these segments. The PA segment was
identical in the gull and duck viruses but differed from these in the murre viruses.
The HA sequences weeidentical within subtypes, even for the H1 viruses that came
from murres and a duck. Similarly, the NA sequences were identical within the same
subtype.

[ 2YLI NA&az2y 2F GKS pQ b/ wa aK2gSR (GKS 02
uridine residues upstream of the 48 conserved region among the different wild
bird viruses (FigurBH 0 @ { A YA f I NJ (2 (-8pBcifior€yions vanied~ G K S
amongsegmentf A 1 K 42YS 2F GKS AYRAQGARdzZrf &aS3ys,
six viruses and others varying among the viruses (Fg@jeAll PB2, PA, M, and NS
aS3ySyiaQ b/wa 6SNBE ARSYOGAOIt FY2y3a (KS ¢
PB1 segment, with thenurre and one gull virus differing from the other gull virus
YR (GKS RdzO1 QOANMzZASAd !'a 20aSNIBBSR F2NJ 0KS
same within subtypes, and the H1 and H2 segments were also identical.
3.3.2 The variability in segmergpecifc NCR sequences differs among segments

To further investigate the differences observed in the NCRs of our limited set

of six viruses, we expanded our analysis of NCR genetic diversity to include viral
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sequences from a variety of host species and geogcaphgins retrieved from the
NCBI Influenza Virus Database (Supplementary BableThere is no apparent
relationship between the number of sequences analyzed and the NCR sequence

diversity (Figure3.3).
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Maximum Composite Likelihood method implemented in MEGYe. number above
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genetic diversity for each segment.
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The greatest amount of variability in NCRs was observed in the HA segments
OCAIdNE o®o! 0 o0dzi UGUKSNB A& OINRFIOAfAGE |
NCRs for some subtypebhe H4, H6, H7, H8, H10, H12, and H14 NCRs showed very
little variability overall. The H5, H9 and H13 subtypes show greater variability within
GKSANI o Qb/wa NBtFGAGS (2 GKSANI pQ b/ wasz
equally variable at the tworels.The lower variability at the NCRs could be
attributed to a lack of host diversity or a bias of sampling.

¢KS ISYSGAO RAGSNEAGE 27F 3RB)MWHAGSNBY (i b!
originated from a large number of host species and geographic locasbosved
GKFGd GKS bo YR bc adomielLlSa KIFI@gS Y2NB RAZ
YR bd FNBE Y2NBE RAGSNAS Id GKS pQ SyRao ¢
diversity, despite the large assortment of hosts from which viruses were included.

Matching the general pattern observed for IAV segment coding regions, the
NCRs of the remaining segments are overall less variable than found for HA and NA
(Figure3.3C). The M and NS segments showed the lowest diversity, in agreement
with the slowerevalzi A 2y NI S&a T2 N (0 @D\GaykiSmmetSy GaQ /
al. 2009 Qu, Zhang eal. 2013]. These differences we have observed across many
viruses may not be too surprising given that a previous analysis of NCRs from a
limited dataset of human H3N2 viruses circulating worldwide since 1968 found that

NCR variability differed among the segmeffifaruse and Oshitani 2011

3.3.3 Patterns of variability within NCRs can be explained by viral host species and

geographic origins
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To better understand the origin of threegmentspecific NCR diversity, we
assessed whether the NCRs of viruses from different hosts and geographic origins
showed similar patterns of relationships as the respective coding regions (CDS). We
used a multidimensional scaling (MDS) analysis basgaiowise genetic distance
matrices for the NCR sequences, which allowed us to visualize the relationships
among NCRs relative to the viral hosts and geographic origins. The results of these
analyses were then compared to MDS analyses performed on theatgpeoding
regions. We focused this analysis on segments that showed greater NCR diversity
H1,H9 and H13or the hemagglutinin, Néor the neuraminidaseandthe NP
segment.

¢tKS NBfFOGA2yaKALA |Y2y3 GKS o0Q b/ wa |y

were compared (Figurd.4).
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H9-CDS MDS H9-3' NCR MDS
* o *
. 3¢ °. .
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- [Te]
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T T T T T T T T
2010 -005 000 005 0.10 04 02 00 02 04
Dimension 1 Dimension 1
B) H9 CDS PHYLOGENY H9-3"NCRs
codon
I1 WID ZIU 2|3
T T T
poultry N G BN G BN G N A/chicken/Egypt/114940v/2011(HON2)
North Africa ST G C B G BN G S A/chicken/Egypt/S9645/2014(HONZ)

ISHAINING G 5 C AN G IS G IMOMGNOE! A/ chicken/Egypt/S9288A/2013(HIN2)
NN C AN G I0HEI G INONERIE! A/pigeon/Egypt'S 10409A/2014(HONZ
NN G NI G EICHE G NSNSl A/pigeon/Egypt/S 10408B/2014{HINZ
100 AN G AN G I G NGNS A/quiail/EgyptiD10105/2014(HINZ
AN G BN G e G NG A/quail/ Egypt/D10106/2014(HIN2
IR G BRI G ENUIe G IS A/chicken/Egypt/F72975/2013(HIN2
AN G BN G Be G IS A/chicken/Egypt/S93488/2014(HENZ
chicken AN G I G e G NGNS A/Hong Kong/1074/1999(HON2)

Eurasia
DO GG G G G S A/chicken/AnhuifAH16/2008(HIN2)
% (SIS G NG BUC G C SIS A/chicken/Anhui/Al16/2008(HIN2)
100 DTN GG BUG C B GCIUSIEE A/chicken/AnhuifAK25/2008(HON2)
(SICHUNE G UG G GG B G SIS A/chicken/Anhui/AH23/2008(HIN2)
SN G [ G UM G GG B G IMUIGIIE A/chicken/Anhui/AK13/2008(HON2)

duck

H North America  oysuES CENIC UG UG SIS A/northern pintail/California/HS050A/2015(HIN2)
(AT G G G G GEIEE A/northern shoveler/Missouri/298/2009(HIN2)
] IO GG A G GG A/northern shoveler/Interior Alaska/8BM3470/2008(HIN2)
ISR C GG A G CNEIES A/northern pintail/Alaska/2011-0703/2011(HIN2)

[SICHUNNENEN G 1 G I G I G e A/ruddy turnstone/Delaware Bay/281 3;1 987£mixed;

100 AT G 1) G I G G I A/ruddy turnstone/Delaware Bay/2830/1987(HINS
SACIENNENEN G G N G N G e A/ruddy turnstone/DE/2731/1987(HON1
- ISR G G MU G AU G MG A/ruddly turnstone/DE/2576/1987(HONS
0.02 (SIS G 1 G M G N G NS A/ruddy turnstone/Delaware Bay/2795/1987(HIN5S)
—< (ISR G 1 G N G N G I A/ruddy turnstone/DE/510/1988(HING

(CICHTNDANANA G 10 G I G N G e A/ruddy turnstone/DE/773/1988(H

shorebird 9N5’
AT G G T G C e A/ruddy turnstone/Delaware Bay/2774/1987(HIN5S)

North America
Figure34:wSf I A2y aKALA +FY2y3 | d oQ b/w FYyR /5
different host species and geographic locatiorihe MDS scatter plots (A) are based
on the pairwise genetic distance matrices from the multiple alignments of complete

7 A

/' 5{ NBIA2Yya YR o0Qb/wad 9 OK R2U NBLINBaSy

7

origins as indicated on the Cib8sed phylogenetictreé . 0 ® ! f Ay YSyia 27F
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NCRs, shown corresponding to the genomic RNAs, from the viruses used in the

analyses are next to the Cib&8sed neighbaojoining tree for these viruses.

CKS 0Q b/ wa FyR [/ 5 {lustihgnitt WBS ahdytes @@ A A YA |

3.4A), corresponding to their CDS phylogenetic clades (Figure 3.4B). The two North

American clade sequences grouped more closely and are more distant from the

Eurasian and North African sequences (Figure 3.4A). This matches the patterns for

theCDSpHy23Sye YR 0Q b/w IfAIyYSyda oCAITdNB
¢CKS alFYS LIGGSNYyAE 6SNBE 20AaSNBSR gAlK 0

analyses (Figure 3.5A), and there was again a clear correspondence between the CDS

phylogeny and the NCR sequence relationships (FiguB).3.5
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H13-CDS MDS H13-3' NCR MDS
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Dimension 1 Dimension 1
B)  H13 DS PHYLOGENY H13-3'NCRs
start
codon
! i 2w P i
i -l
(HNEN N O G I G G G - - SEINEEE A/black-headed gull/Netherlands/17/2012(H13N8)
(RN I G N G GG - - SN A/black-headed gull/Netherlands/21/2012(H13N6)
CUCUURAG GGG - - SIS A/black-headed gull/Netherlands/110/2012(H13N6)
n G GG - —_ Aublack-headed gull/Netherlands/72/2012(H13N6)
GGG - - D A/glaucous-winged gull/Alaska/UGAI15-8732/2015(mixed H13)
GG G - - D A/black-headed gull/Netherlands/106/2012(H13N6)
Eurasian GCCRING - - OSSN A/black-headed gull/Netherlands/88/2012(H13N8)
clade | GG — [N A/black-headed gull/Netherlands/47/2012(H13N6)
ade G [DIEIEINENE A/black-headed gull/Netherlands/102/2012(H13N6)

CUCUURAG G I
BINEINEE C N C NG CONNG  SRNSIEINNEEl A/black-headed gull/Netherlands/134/2012(H13N6)

ENEC NG COENG SIS A/black-headed gull/Netherlands/1/2014(H13N2)
EEC G COEG - - DONEE A/black-headed gull/Netherlands/27/2014(H13N2)
SR G NN G C NG - - SISINNEE A/black-headed gull/Netherlands/12/2014(H13N2)
B C N G COEN G - - SN A/black-headed gull/Netherlands/2/2014(H13N2)
S C I - NG CEEN G - - SN A/black-headed gull/Netherlands/8/2014(H13N2)
BN CEN NG COENG SRS A/black-headed gull/Netherlands/13/2014(H13N2)

CUUURUARAURUUUBGSCUUUG - f_ IS ~A/laughing gull/Delaware Bay1233311987(H13N2)
CUUVUNRURRAURUUUBSCUUUG - - ~ S A/herring gull/Delaware/660/1988(H13N6)
CUUUBUBRUUBUUUBSCUUUG - f_ [DIEEE A/herring gull/NJ/782/1986(H13N2)
SN C S G - - [ - S A/herring gull’DE/475/1986(H13N2)

North American

e clade DT GG R GG - - - - - - BB A/gul/Massachusetts/13JR03320/2013(H13N6)
— — —E@ Aring-billed gull/Quebec/02434-1/2009(H13NE)
CUUUBRUREC GCUOUUEGUUUC -— A/gull/Delaware/Al09-435/2009(mixed H13)
uuunE

uuc E@  Aring-billed gull/Quebec/02622-1/2009(mixed H13)

m
————nll] S G M GG NG SRS Aring-billed gull/Maryland/704/1977(H13N6)
Eurasian

clade Il

I G I G C I C I A/glaucous-winged gull/Southcentral Alaska/9JR0691R0/2009(H13N6)
BEEUUG GG C G EE A/glaucous-winged gull/Southcentral Alaska/9JR0747R0/2009(H13N6)
G EEUUG GG C G EE A/glaucous-winged gull/Southcentral Alaska/9JR0738R0/2009(H13N6)
D G G G e G C I C IR A/glaucous-winged gull/Southcentral Alaska/9JR0781R0/2009 (H13N6)

WI _G.G-G-G_G (G I G IS A/gull/Astrakhan/3483/2002(H13N6)

G IS G G N G IS A/great black-headed gull/Atyrau/773/2004(H13N6)
GG G G IS A/great black-headed gull/Atyrau/743/2004(H13N6)
G NG G G N G S A/Mongolian gull/Mongolia/405/2007 (H13N6)
GBI G G N G I A/Mongolian gull/Mongolia/401/2007 (H13N6)
CUUUBEG G INEHNN G G I G I A/black-headed gull/Netherlands/39/2009(H13N6)
NI G G G T G S G G I G s A/black-headed gull/Netherlands/31/2009(H13N2)

—
e
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Figure35:wSf | A2y aKALA FY2y3a I Mo 0Q b/w FYyR

different host species and geographic locatiorihe MDS scatter plots (A) are based

on the pairwise genetic distance matrices from the multiple alignments of complete

/' 5{ NB3IA2ya IyR o0Qb/wad 9F OK R20d NBLINBAS

origins as indicated on the Cib&sed phylogenetictreé . 0 ® ! f Ay YSy ida
NCRs, shown corresponding to the genomic RNAs, from the viruses used in the

analyses are next to the Cib&8sed neighbaojoining tree for these viruses.

For the H1 subtype, the CDS phylogeny contains largerdpesific (swine,

human and avian) clades that separate into geograppicific (Eurasian and North

American) clades (Figure 3.6).
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H1 CDS PHYLOGENY

duck

North America '
88 L‘
murre

North America

duck
100 Eurasia .
human
Eurasia<
swine

North America .
100

100 «

swine
Eurasia

— <

0.05

H1-3'NCRs

start
codon

1 2

! 23
T B 'centity

—G—_CG— A/mallard duck/Wisconsin/160S4004/2016(H1N7)

IS G NN G N G G NG A/gull/New Jersey/Al09-964/2009(H1N8)
__-GG— AJgull/Delaware/Al09-438/2009(H1N1)
SN G - GG G A/duck/Australia/749/1980(H1N1)
SN A N G S A/duck/Alberta/35/1976(H1N1)
NN G A N G N A/duck/Alberta/35/1976(H1N1)
—5___ Alpintail duck/ALB/219/1977(H1N1)

Althick-billed murre/Alaska/335/1976(H1N6)
_ssm—s— Althick-billed murre/Alaska/509/1976(H1N9)
NN G R G I C I A/common murre/Alaska/332/1976(H1N9)

SR G G A G A C SRS A'thick-billed murre/Alaska/329/1976(H1N9)
_@{;_(;-c— Althick-billed murre/Alaska/512/1976(H1N9)
SRR G G R G A C AN Athick-billed murre/Alaska/236/1976(H1N2)

—_ Alduck/Hokkaido/W9/2015(H1N1)
A/duck/Hokkaido/201/2014(H1N1)
A/duck/Mongolia/520/2015(H1N1)
_— A/duck/Mongolia/154/2015(H1N2)
AN G TR G N C DS A/mallard duck/New York/170/1982(H1N2)
ISR G N G N G I A/pintail duck/ALB/631/1981(H1NS)
— A/duck/Minnesota/1375/1981(H1N1)
RN G A G A G IS A/duck/Korea/372/2009(H1N1)

NS G N G G A/Liverpool/1951(H1N1)

_c_c_ A/Russia/2187/2002(H1N1)
G G A/Neimenggu/52/2002(H1N1)

_‘-..— A/Moscow/13/1998(H1N1)

D G - G A/swine/Minnesota/A01678531/2017(H1N1)
SIS G I - GRS A/swine/lllinois/02238/2008(H1N1)
CCUUUURMUUUUCGUU G— Alswine/Georgia/SG1251/2006(H1N1)
D N - G A/swine/Arkansas/SG1323/2009(H1N1)
NS G - G A/swine/lllinois/02064/2008(H1N1)
DN G N - G A/swine/lllinois/01917/2007(H1N1)

_G-GG— Alswine/Hong Kong/73/1977(H1N1)

DS C NG GRS A/swine/Hong Kong/78/1978(H1N1)
(G G T G GBI A/swine/Hong Kong/48/1977(H1N1)
NN G N G G A/swine/Hong Kong/76/1977(H1N1)

DN G G GG NS A/swine/Thailand/CBO070/2010(H1N1)
SIS NG G I G GG A/swine/Thailand/CB068/2010(H1N1)
D NG G I G GG A/swine/Thailand/CB069/2010(H1N1)

Figure36:wSf | A2y aAKA LJA I Y 2 égiond fonvirases from w | Yy R

different host species and geographic locatiodsf A Ay YSy da 2F GKS

corresponding to the genomic RNAs, from the viruses used in the analyses are next

to the CD$hased neighbejoining tree for these viruses.

ThecorBa L2 Y RSY OS o6Sig

for these H1 sequences (Figure 3.6).

SSy [/ 5{ LXKeftz23Sye

A similar pattern was also found for the N6 NA

(Figure 3.7) and NP sequences (Figure 3.8), where the CDS phylogenies also

RSGSN)YAYSR lafideshipso Tis Wwak tnue &dn when the viruses falling

within specific clades originated from different hosts (e.g. gulls and ducks) or
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different continental origins (Eurasia and North America). Overall, these patterns

suggest vertical coevolution of tH@DS and NCRs.

N6 CDS PHYLOGENY NB6-3' NCRs

start
codon

©

Identity

A/American green-winged teal/Mississippi/11055869/2011 (mixed)
A/American black duck/New Brunswick/00949/2010 (H4N6)

Alring-billed gull/Massachusetts/12DC00060/2012 (H13N6)

A/American green-winged teal/Interior Alaska/10BM06728R0/2010(H4NB)
A/cinnamon teal/Utah/UGAI16-2006/2016(H4NB)
AJgull/Massachusetts/13JR03320/2013(H13N86)

duck North American A/glaucous-winged gull/Alaska/UGAI15-6732/2015(mixed)

clade AJglaucous-winged gull/Southcentral Alaska/15MB01776/2015(H13N6)
A/American black duck/New Brunswick/00587/2010(H4ANG)
AJcinnamon teal/ldaho/UGAI16-1910/2016 (mixed)
_ A/American green-winged teal/Interior Alaska/9BM5277R0/2009(H4NB)
North American Ajglaucous-winged gull/Alaska/311/2011(H4NE)
lineage AJglaucous-winged gull/Southcentral Alaska/15MB01645/2015(H13N6)

Afcinnamon teal/ldaho/UGAI16-1860/2016 (H4NG)

A/American green-winged teal/Interior Alaska/10BM08226R0/2010(H4N6)
AJruddy turnstone/New Jersey/Al05-1058/2005(H11N6)

Alruddy turnstone/NJ/335/2005(H3N8)

A/American green-winged teal/Alaska/44493-412/2009 (H4NG)
Alchicken/Hokkaido/002/2017(H5N6)
Alchicken/Taishun/TS2/2016 (H5N6)
A/duck/China/J1/2012(H4NG)

A/American green-winged teal/Alaska/11508/2006 (H10N6)
A/duck/Bangladesh/26974/2015(H3N6)
A/duck/Thailand/CU-LM7298T/2010 (H7N6)

duck Eurasian
clade

Eurasian lineage EEEEGEEE A/ruddy urnstone/Delaware/2354/1988 (H4NG)
DS GCIEE A/ruddy turnstone/Delaware/2373/1988 (H4NG)
DN CEEE A/gul/Massachusetts/26/1980(H13N6)
N GCEEE A/gul/Maryland/704/1977(H13N6)

i [N G ~/glaucous-winged gull/Southeastern Alaska/9JR0822R0/2009 (H13N6)
NG A/glaucous-winged gull/Southcentral Alaska/11JR02474/2011(H13N6)
gull Eurasian [N G ~/black-headed gull/Netherlands/129/2012 (H13N6)
dade I G /\/black-headed gull/Netherlands/119/2012(H13N6)

NG ~/black-headed gull/Netherlands/16/2014 (H13N8)

NG A/ black-headed gull/Netherlands/17/2014 (H13N6)

NG //black-headed gull/Netherlands/26/2014 (H16N3)

DG ~/black-headed gull/Netherlands/28/2014 (H13N8)

! | NG A/black-headed gull/Netherlands/29/2014(H13N8)
0.02 I G A\/black-headed gull/Netherlands/100/2012(H16N3)

’ BN G ~/black-headed gull/Netherlands/33/2012(H13N2)
NGNS /black-headed gull/Netherlands/39/2009(H13N8)

Figure3.72wSf A2y aKALA FY2y3 bec 0o0Q b/w FyR /5
different host species and geographic locationsf A Ay YSyda 2F GKS o0Q
corresponding to the genomic RNAs, from the viruses used in the analyses are next

to the CD%hased neighbejoining tree for these viruses. To facilitate the distinction

of viruses from different hosts, gull viruses argyneen, duck viruses are in orange,

shorebird viruses are in purple, and chicken viruses are in brown.
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NP CDS PHYLOGENY

avian North American
lineage

‘<

100

avian Eurasian lineage

100

52

|

human North American
lineage

100 —

0.02

NP-3' NCRs

start
codon

II 1I0 2'0 SID 3‘6
T - N Identity
ERUSEDEGCEHGEGCEGCENERONGCNEG GHGCHBMGUEG A/duck/New York/494165/2007 (HSN2)
DRSNS CHCECEGCHNNENGC NG CUCHEGCIEGE A/duck/New York/490722/2007(H5N2)
SRS GCEGCEGCEGC GO GCEEG UGG A/duck/New York/465571/2006(H5N2)
DRI GCHGCEGEG G HNEENG NG GUGCHEGIEE A/duck/New York/489761/2007 (HSN2)
CHUCUANUAEGCUGEGUGGCOUCECUGURG GUGUBEGUEG A/duck/New Yorkf46996112006(H5N2)
CEUCIENEE G UG EG UG GG UG GHGUEGUEE A/duck/Minnesota/3/1975(H3
DENDESNYEGCHGCECEG C SN GC NG C UGG A/duck/Minnesota/63/1976 (H5N2)
DENENEGCEGEGCUGCHNNGNG NG GUGCHNGIEEE A/duck/Minnesota/34/1976(H3N8

( )
EEIOTENECECHECEGCCNNNONGCUNC CUCHEMGIES A/laughing gull/New Jersey/798/1986 (H2N7)
EERIDUENECHGCECEG CONCEONCNEGC CHCHBSMCHEGE Aherring gull/Delaware/471/1986 (mixed)
EEDDENNECECEHCECCRINNNCNNC CHGCENCIEE A/laughing gull/New Jersey/75/1985 (H2N9)

BRI CHGCEGEG C NG INEG GHGCENGIES A/duck/Minnesota/53/1974(H3N8)

RSN CICEGEG CENNSENTC WEC N G IS GBS A/Shanghai/1/2008 (HSN1

CHUCUNIIEGDGEGEG GCICEC G DG Ul G NG UEeEl A/domestic duck.’Germany)ﬂR‘!T?ZfZUOT(Hsm)

EEUSUEDECHCECHC BENCEEC NCINCEMC IS A/duck/Moscow/4643/2011(H4NS)

CEUSEINECEGECHCEOECN G RGN GEGEES A/mallard duck/Netherlands/8/2012(H1N1)

SIS G 1 G G 1 G G e G i G W G MG S A/mallard duck/Netherlands/33/2014(H2N2)
CEEEE G G B G G BSRG[N G I G IS GBS A/mallard duck/Netherlands/6/2015 (H10N7)
CEECTENE G I G G G SIS G i G G S G A/mallard duck/Netherlands/17/2009 (HENS)
EESIEE GG E GG S G NG NG GBS A/Peking duck/Wagun/1827-6/1984 (H11N2)

[N G 1 G G A G I G S G G s A/Guangdong/SB1/2009(H1N1)
CENCIANTIE G G G UCTC e G W G GG GUBeI A/Alaska/20/2017(H1N1)
CEUCUEUTE G WG EC ISCUCECH G MG BUE G GBS A/Alaskal16/2016(H1N1)
CEUCTEUTE G UG NG DSCICEC G Ul G CUC G GBS A/Alaska17/2016 (HIN1)
CEUCEE G WG HC UACUIEEC GG BUE G GUBEIE A/Alaska/18/2017(H1N1
CEUCUAUUAGUGRGUGECUCERCUGUBMGCUUCGGUMC NOntanof315107f2009ZHﬂNﬂ)
CERUUEUUE G UG HG U G ECUCHEC G U G U G UBIE A/Alaska/198/2015(H3N2)
(SRR G G B G U G ECC EC G U G U G WS A/Alaska/173/2015 (H3N2)
ORI G I G G U G GG IO G 0 G N G UG A/Alaska/197/2015 (H3IN2)
CERUURUTEG UG HC U CHOUCRCY G U G NN C WS A/Alaska/195/2015 (HIN2)

Figure38:wSf I A2y aKALA FY2y3 bt oQ b/w YR /5

different host species and geographic locatiodsf A Ay YSy da 27F GK

S o0Q

corresponding to the genomic RNAs, from the viruses used in the analyses are next

to the CD$hased neighbgjoining tree for these viruses.

Lastly, we looked at the M and NS segments, which showed very low overall

NCR diersity (Figur8o / 0 ® ¢ KSasS (g2 aS3aAYSyida &Kkt

different viruses, regardless of the host species or geographic origins (Bi§ure

Supplementary figur8.1).
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M CDS PHYLOGENY M-3'NCRs

1 10 17

Identity

DRSS EIES A/equinefJammu and Kashmir/CMVL-LEHB/2008(H3N8)
DRSNS A/equine/Hissar/CMVL-HSR4/2008(H3N8)
DRSS A/equine/Guangxi/1/2008(H3N8)
EENEEN RN A/equine/Baizak/09/2012(H3N8)
DR NCIES A/equinefAnkarai1/2013(H3NS)
CECEEEENNCIEE A/swine/Anhui/01/2006(H3N8)
DRGNS A/swine/Chibil01/2005(H3N8)
RN A/swine/Beijing/26/2008(H1N1)
DRI A/swine/Fujian/204/2007(H1N1)
DRSS A/swine/Chibar30/2012(H1N1)
EENEE NI A/Bangkok/INS587/2010(H1N1)
DRSO A/wood duck/New York/60/1982(HENS)
RTINS A/mallard duck/New York/90/1982(HENS)
DR CEECNINCEE A/mallard duck/ALB/294/1987(HEN2)
DRI A/pintail duck/ALB/628/1979(HENS)
DESECEECNNNEES A/muscovy duck/Vietnam/HU2-26/2014(H5N6)
DEUSECEE GRS A/Muscovy duck/Vietnam/BGB0-2/2013(H5N1)
DRI A/AA/Huston/1945(H1N1)
DRSNS A/Muscovy duck/Fujian/FZ01/2008(HENS)
CRCRRROUNRGEE A/duck/Mongolia/7 1/2011(H3N8)
EEEDEEECEES A/mallard duck/ALB/26/1976(H3N1)
DN A/mallard duck/Minnesota/19/1979(H10N7)
DRI A/mallard duck/ALB/1012/1979(H3N4)
DR OGS A/mallard duck/Alberta/354/1978(H4N2)
RIS A/swine/Guangdong/wx|/2004(HIN2)
EEEUETEECNEEE A/Cambodia/Q0405047/2006(H5N1)
DR OGS A/Cambodia/Q0321176/2006(H5N1)
DO A/AA/Huston/1945(H1N1)
DRSS A/Gainesville/09/2016(H3N2)
DRI A/Arizonal1/2006(H1N1)

EENSIEN SIS A/Fort Monmouth/1/1947(H1N1)
CRIETRTRRCTNRGIEE A/Albany/14/1951(H1N1)

equine
Eurasia

100

62 EE—
. swine
Eurasia

91 -  —

duck
North America

—]

human
Eurasia

TR 4

duck

100 swine Eurasia

Eurasia

human
North America

100

0.01
Figure39:wSf I A2y aAaKA LA Y2y 3 a viuSsfoomw YR /[ 5/
different host species and geographic locationsf A Ay YSy da 2F G§KS o0Q
corresponding to the genomic RNAs, from the viruses used in the analyses are next

to the CD$hased neighbejoining tree for these viruses.

Some variationswerg 2 dzy R F2NJ 6 KS a aS3ySydasx F2NJ |
NCR sequences (Figure 3.9), but they do not show the same correspondence to the
phylogeny of their CDS as observed for the other segments. Comparison of a subset
of NS NCRs from varied hosts gggraphic locations found these all to be identical
(Supplementary figure 3.1). The conservation of the M and NS NCRs may be linked to
the slower evolutionary rate of the coding regions of these segments, as mentioned

earlier.
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3.4General onclusions

We first hypothesized that NCRs may vary according to the host species. Our
AYAGALT S@lLfdad A2y 2F GKS o0Q YR pQ b/ wa
hosts showed that the conserved regions are identical among different hosthéut
segmentspecific regions showed some variability among the viruses for some
segments. This prompted a larger analysis including more sequences, which showed

that the amount of variability in the NCRs varies among the different segments and

¢

canalsova¥ 0SG6SSy GKS 0o0Q YR pQ SyRa:z SLISYR
BENRIFOAfAGE Aa KAIKSAG F2NIGKS 1! yR b!
and NA subtypes with higher variability indicates that the relationships among NCR
sequences matches th@ding region phylogenies, which generally follow patterns

based on the viral host species and geographic origins, and possibly reflects a lack of
recombination in these segments. The most conserved NCRs are found on the M and

NS segments, which also shadwetslowest coding sequence evolutionary rates. The

exact evolutionary pressures acting on the NCRs and consequences of sequence

changes in these regions remain to be fully defined.
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Chapter 4: Analysis of influenza A viruses from gulls: An evaluation of
inter-regional movements and irgractions with other avian and

mammalian influenza A viruses

In this chapter, the results and discussg®ttionsare combined in one section and
the methodology of the different analyses are described in their corresponding

figurelegends.

Abstract

.ANR&azx AyOftdzRAY3I YSYOSNR 2F GKS Tl YATA
63dzZA ta YR GSNyaovsz aSNBS a GKS Yl 22N NBa
SO23S23INILKAO O2yGNAROGdzUA2Yya 2F 3IdzZAfa G2 3
A0KTYyR OANMzA Y20SYSydaz INB AYLERZNIIYyd | yR
Ddzft £ & LINAYFNRARE& OFNNE (KS I mMo YR | mc &dz
adzotellSae ! faz2s 3AdzZta INBE FNBldzSyidfte AyTFS
FNR2Y RATFISABNF LIKAO LKet23SySGAO0 ftAySH3Sa
¢KS LINBaSyid Frylfteaaa SEFYAySa | gL NaSide 2
I ON2aa GKS ¢2NIR GKFG SEKAOAG LI NI A OdzZ I NI
Ay 20K®SNI KR /af £ dza 0Ny 6Sa GKS LRGSYOGArt F2

OF NNASNESX RAAASYAYIFI(G2NBR 2F OANMzZASE 2OSNJ f

QX

2F LI YRSYAO aiNIAyad ¢KS KAaAaG2NROIE S@g2f d

c

N b2NIK ! YSNAOI ¢l a taz2z GNYOSR YR AYRAC
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&AL 61L& Ly AYLRNIFYyG FNBF F2N) 6KS 3ISYySN
GSNya |faz2 LRAyGa G2 GKA&A NBIA2Yy | a NBfS¢
4.1 Introduction

Wild birds, including waterfowl, shorebirds and gulls, harbor the vast majority
of known influenza A virus (IAV) genetic diversity. Within these avian influenza IAVs,
there is clear distinction between Eurasian and North American gene (foisisn,
Munster et al. 200band there is increasing evidence of additional phylogeographic
lineagegPereda, Uhart et al. 200&onzaleReiche and Perez 201urt,
Vijaykrishna et al. 2034However, bird movements lead inter-regional
transmission of IAV genes and their establishment in new regions. Intercontinental
transmission of IAV genes from Eurasia to America has been frequently observed,
and isolation of reassortant viruses that contain gene segments of differe
continental origins is particularly common from gulls in these regions, which is
presumably facilitated by gull movements across the oceans. The North Atlantic
Ocean is one location where gull movements between North America and Europe
have been documerd (Wille, Robertson et al. 20},Jand intercontinental 1AV
reassortants have also been identifirdquently (Echeverria, Moratorio et al. 2015
Additionally, both entirely Eurasian and North American gull IAVs have been found in
Iceland(Dusek, Hallgrimsson et al. 2Q14uggesting this location as important for
the mixing of viruses between regions. An equivalent position has also been
proposed for Greenlan(Shoham and Rogers 200&n NorthAmerica, only two
wholly Eurasian avian influenza A viruses have been found to date. One was an

H16N3 virus from an American herring guliussmithsonianugin eastern Canada,

109



(Echeverria, Moratorio et a2015. The other was the highly pathogenic avian
influenza (HPAI) H5N8 virus that recently emerged in China, spread to South Korea,
Japan and Siberia, and is proposed to have been transmitted through the Beringia
region by migratory waterfowl into PamfNorth AmericdLee, Swayne et al. 2015

This H5N&rrival ended the long speculation about whether or not virulent Asian
avian strains, such as H5N1, could be transmitted into the Americas by migrating
birds. There is also a third case, involving HIN2 viruses from Alaska that were nearly
identical (>99%fo viruses in China and South Korea, which were proposed to be
carried to Alaska by migratory waterfofRamey, Reeves et al. 2015 this case,
however, the gene segments of the viruses showed mixed geographic origins.

In addition to geographic divisions in IAV genes, distinct host group lineages
are found. These include mainly the avian, gull, human, swine and equine lineages
(Olsen, Munster et al. 2006These distinctions make it possible to recognize that
inter-species transmissiond bAVs between gulls and other hosts have occurred.
Although most IAVs from gulls contain gluieage gene segments, and most are of
the hemagglutinin (HA) subtypes H13 and H16, various viruses found in gulls contain
HA genes and other gene segments ttatnot appear to be guipecific, but rather
fall within avian clades and are closely related to waterfowl viruses in phylogenetic
analysegWille, Robertson et al. 201¥an Borm, Rosseel et al. 2QHall, TeSlaa et
al. 2013. The opportunities fothese transmissions certainly exist, as gulls share
terrestrial, freshwater and marine habitats with other birds and mammals, and
therefore gulls could be important for moving IAVs amongst ecosystems and for

contributing to the transmission of highly patgenic IAVs to other hosts.
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The present analysis is an investigation of the potential for gulls to act as
carriers of highly pathogenic viruses, disseminators of viruses over long distances,
and contributors in the genesis of pandemic strains. This ig domugh
examination a variety of gull and tern viruses isolated from different locations that

exhibit particularly high phylogenetic affinities to viruses found in other hosts.

4.2 Results and Discussion
4.2.1 Ecogenetiaspects of gull IAVs

Avian IA/s constitute the major, and likely the primal, component within the
total IAV gene pool worldwid@Vebster, Bean et al. 199@Isen, Munster et al.
2006). Distinct phylogeographic lineages, such as those representing Eurasia and
North America, can be @htified within avian IAVs, mainly as a result of partial
segregation of migratory bird®©lsenMunster et al. 200% The first indication that
gulls might represent a distinct reservoir for IAVs came from surveillance work on
the Atlantic coast of North America, with the identification of a new HA antigen,
H13, distinct from the previous 12 HAtayens identified in other avian species
(Hinshaw, Air et al. 1982Two decades later, aadditional novel HA subtype, H16,
was identified and characterized from gulls in Swe(fesuchier, Munster et al.
2005). Continued surveillance and research have shown that gulls are predominantly
infected by these H13 and H16kdypes, and these subtypes are not often found

outside of gulls (other than in shorebirdgrnal, Vittecoq et al. 2095(Figure4.1).
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Figure 4.1Distribution of IAV subtypes isolated from gull$he numbers of viruses

for which sequence data are available with the indicated subtypes isolated from gulls
in North America and Eurasia are shown. The circular representation shows the total
proportions when both regions are combined. Gull viruses viarated by presence

of M gene segment sequences in the NCBI Influenza Virus Resource

(http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html), as of September 2015.

We performed phylogenetic and time of most recent common ancestor
(TMRCA) analyses of H13 and H16 nucleotide sequences. These showed three
distinct clades for each subtype that were estimated to originate from a common
ancestor in the 1930s for the H13dimge (Figurd.2) and in the 1920s for the H16
lineage (Figurd.3), similar to previous estimatgg/orobey, Han et al. 20}4Both
trees show some segregation of sequences according to geographic origin as well as
clades that contain mixtures ofruses from both Eurasia and North America. These

gull lineage HA genes have been transferred to waterfowl, poultry, and marine
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mammals but there is no evidence of persistence of these sequences in these other

host groups.
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