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CHAPTER |

INTRODUCTION

BACKGROUND AND RATIONALE

Influenza virus infection is a major public health problem of global proportions,
about 20% of children and 5% of adults developed symptomatic influenza A or B each
year (Turner et al., 2003). It is.the cause of @ broadrange of illnesses ranging from minor
symptomatic infections to various respira‘fory syndromes and disorders affecting the lung,
heart, brain, liver, kidneysg=and muscles. Every wyear, in excess of 200,000 people
worldwide succumb to severe respiratory}'.illness caused by influenza A virus. The disease
is responsible for 50 millign illnesses'andju'b to 47,200 deaths in the United States each
year (Cox and Subbarao, 1999; Simons%n,‘;1997), with similar figures in Europe too.
(Carrat and Valleron, 1995; fleming et al., T999)

The subtypes of influenza A_\:{_irus Wéﬁgq(glassified based on the antigenic variations
of the hemagglutinin (HA) and' neuraminicgs;é:-‘ (NA) glycoproteins expressed on the
surface of viral particles. All subtypes havéj'-b'eéﬂ isolated from aquatic birds; they are
considered as a resemvoir of influenza A_viruses_for othér animal species. The most
common subtypes of influenza A virus that causing disease:s:‘ in humans are HIN1, H2N2,
and H3N2 (Harper et al., 2004).

In 1997, anoutbreaky oft highly fpathegénic avianyinfluenza (HPAI) subtype H5N1
virus emerged and caused severe systemic disease among poultry and humans in Hong
Kong. Sincer2003 to, early=2004, sthejvitus thassreachedrendemic Jeyels among poultry in
several south-east Asian countries. During 2005, H5N1 virus infected birds more than 50
countries in Europe and Africa. In addition to spread among poultry, this virus has also
emerged, causing virulent disease in humans and other mammals. The World Health
Organization had voiced their concerns about a potential pandemic with the imminent
threat to humankind.

The haemagglutinin (HA) nucleotide sequences of the majority of H5N1 viruses

circulating separated into 10 distinct phylogenetic clades (clades 0-9) (WHO/OIE/FAQ



H5N1 Evolution Working Group, 2008). The reciprocal cross-reactions in antigenic tests
demonstrated antigenic similarity to HA within the same genetic clade and distinguished
representatives of different clades (WHO, 2006). The evolution of H5 hemagglutinin shows
a notable difference from the typical evolution of HA genes from human H3 influenza
viruses. The multiple H5 hemagglutinin influenza A clades continue to evolve and co-
circulate in different regions and species.

During the H5N1 virus outbreak in Thailand in 2004, the outbreak also occurred in
felines (tiger, leopard, and cat) (Amonsin et al., 2006, Keawcharoen et al., 2004;
Thanawongnuwech et al., 2005). The affected.animals had eaten an infectious avian and
had probable horizontal tramsmission. Virology ana pathology assay demonstrated virus
not only in the respiratory tract.but also in multiple extra-respiratory tissues, digestive
tract, brain and heart. Thestudies/in felin‘é}s demonstrate that H5N1 virus infection causes
systemic disease and cap'spread within.and between mammalian hosts. The genetics
adaptation may lead to the extend‘edfhos—tj‘rapge of H6NT virus. During viral replication,
the complex and dynamic distribution’ of v‘é‘rign_ts termed viral quasispecies which play a
role in the genetics adaptability of \]/_i][uses t(;j;ét]énging in environments. The production of
quasispecies leads to adaptabilityof virus'}w&ﬂfEh may alter their virulence and tissue
tropism. =N 7N

- « d -l

In the past fewdyears, the various additional subtypés.of influenza A virus including

H5N1 have been reported not only in poultry but also prové‘rlw highly pathogenic and fatal
to mammalian species Thcluding human. So, the early and rapid identification of infectious
strains and subtyjpes inceachypatientare required fontreatmentas well as for prevention of
widespread transmission. And the understanding of the molecular evolutionary of whole
genomes, sequencing, iny human. and; avian, influenza ;wassimportant for further improve

vaccine strain selection and'potentially 'make influenza virusevolution more predictable.



Research question
1. How to rapid identify the typing of influenza A virus and subtyping of H1, H3 and

Hb5.
2. What is the pattern of molecular evolution of human H1N1, H3N2 and avian H5N1

influenza virus in Thailand?

3. Does it have the H5N1 viral quasispecies in mammals?

A & Influenza A and B and subtype H1,

e

Obijective

1. To develop the rapid a

H3 and H5.
|on of H1IN1, H3N2 and H5N1

2. To investigate
influenza A virus ingfhaile \ \\ enome sequences.

3. Toinvestigate of t | |ssuetrop|sm in mammal.
A . \

Key words j
influenza A virus, | t,ug,, : utio N1, H3N2, H1N1, subtypes,

ftf.é “.—:_JV

quasispecies.
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Conceptual Framework
Part 1
Objective: To develop the rapid assay for early detection Influenza A and B and

subtype H1, H3 and H5.

Primers and Probe design

i
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samples test
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Part 2
Objective: To investigate and study the molecular evolution of H1N1, H3N2 and H5N1

influenza A virus in Thailand by using the whole genome sequences.
Part 2.1: Molecular evolution of human influenza (H1N1 and H3N2) in Thailand,

2006-2008

383 clinical samples screening for influenza A virus and subtyping H1,
nza A virus
o —
oresentative sal s.for each time collection

N5, H3N2=13
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Part 2.2: Molecular evolution of HSN1 in Thailand between 2004 and 2008

Positive H5N1 influenza A virus 97 publicly accessible H5N1

‘L isolates collected in Thailand

Whole genome sequencing from GenBank database

f - v
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L [dentification of

reassortant viruses

—»| Phylogenetic a y
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Sequence analysis
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Part 3
Objective: To investigate the viral quasispecies and viral tissue tropism of H5N1 in

mammal.

Quasispecies in viral PB2 gene by clonal sequencing

Tissues from tigers infected H5N1
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Quasispecies in viral whole genome by high resolution sequencing

H5N1 viruses form direct tissues
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CHAPTER I

REVIEW AND RELATED LITERATURES

Influenza, commonly known as the flu, is an infectious disease that affects birds
and mammals caused by RNA viruses. The name influenza comes from the lItalian:
influenza, meaning "influence", (Latin: influentia). Influenza is a highly infectious disease
that affects the respiratory tract. Typically,: influenza is transmitted from infected
mammals through the air by eoughs or sneezes, creating aerosols containing the virus,
and from infected birds through their droppings: Inflienza can also be transmitted by
saliva, nasal secretions, feeeS and bload. Infections also occur through contact with
these body fluids or with,eontaminated surfaces. Flu viruses can remain infectious for
about one week at humansbody temperatdré', over 30 days at 0 °C, and for much longer
periods at very low temperatures. -Most ir;j‘luenza strains can be inactivated easily by
disinfectants and detergents (Su_are_zz et aT %OOB). Flu spreads around the world in
seasonal epidemics, resultingiin the deaths}f’é{fir;]illions in pandemic years and hundreds
of thousands annually in non-pandemic yearsi;m-‘:-‘

I

The influenza virus clagsification

Influenza viruses are RNA viruses belong to the ©rthomyxoviridae family. Three
types of influenza virus are‘classified,,influenza A, B.and, C. The antigenic differences in
nucleoprotein (NP)and-matiix (M) proteinstare used to'distinguish the influenza A, B
and C viruses. Influenza A viruseS infect multiple species of mammals, including
humans, harses, pigs, ferrets andibirds.«Influenza B viruses.infectimostly humans. They
are quite common, but clinical disease is usually less severe than influenza A (Shaw et
al., 2002). Influenza C viruses have been identified in humans. They are rare and usually

produce mild or no clinical symptoms.

Influenza A viruses are considered the most virulent group. Influenza A viruses
are further divided into subtypes based on the antigenicity of their two surface

antigens hemagglutinin (HA) and neuraminidase (NA). Currently, there are sixteen
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recognized HA subtype (H1-H16) and nine NA subtypes (N1-N9) (Fouchier et al.,
2005a). All these subtypes are present in aquatic birds and ducks which are the natural
hosts and reservoirs of influenza viruses in nature. The host range of different influenza
viruses are specified by different forms of sialic acid presented on the cell
glycoproteins. Avian viruses preferentially bind to avian cells while human viruses
preferentially bind human cell receptors. However, porcine cells possess both human
and avian type sialic acids on their surface and are susceptible to infection with both
avian and human influenza viruses. Therefore; pigs are regarded as the mixing vessel
where avian and human influenza viruses €an reassort to generate novel pandemic

strains of influenza (Wrightretal:;1992)

Nomenclature of influenza viits L 4

The guidelines#for nomenclature;‘of_influenza viruses by the World Health
Organization (WHQ) are as follows (Smoroainfsev etal., 1982). First, the type of virus is
designated (A, B or C)j then' the hos’-t::":'prﬂi'gin (except for human), followed by
geographical site of isolation, stréin nuhjk;_?-étsl-land years of isolation and each is
separated by slashes. Influer}za B viruse_s?_ﬂ{g HA and NA subtypes are put in

parenthesis. Examples ‘of the nomenclature are A/Moscaow/10/99 (H3N2), B/Hong
Kong/330/2001.

Morphology and,viral genome of|the’ Influenza virus

The virion' of influenza virus isspleomorphic, the envelope can_occur in spherical
and filamentous formisy, Injgeneral’ the virion/morphaology is-spherical particle 50 to 120
nm in diameter, or filamentous virions 20 nm in diameter and 200 to 300 (-3000) nm

long.

The most striking feature of influenza A virion is a layer of about 500 spikes
radiating outward (10 to 14 nm) from the lipid envelope. These spikes are of two types:
rod-shaped spikes of HA and mushroom-shaped spikes of NA. Influenza A, B and C

viruses also encode another integral membrane protein, the M2, NB and CM2 proteins,
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respectively. The viral matrix protein 1 (M1) is thought to underlie the lipid bilayer and to

associate with the ribonucleoprotein core of the virus.

Inside the virus the ribonucleoprotein (RNP) structures, which contain eight
different segments of single-stranded RNA. The RNPs consist of four protein species
and RNA. NP is the predominant protein subunit of the nucleocapsid and coats the
RNA. Associated with the RNPs is the RNA-dependent RNA polymerase complex
consisting of the three polymerase proteins, PB1, PB2 and PA (Inglis et al., 1976). The

oo RN LT
ARIANIUNRINYAY

The NS2 protein forms an association with the M1 protein (Richardson and

Akkina, 1991), which is thought to be an essential interaction in the virus life cycle for
export of the RNP complex from the nucleus (O'Neill et al., 1998). It has been suggested

that NS2 be renamed NEP for nuclear export protein.
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The genome of influenza A virus contain eight segments of single stranded RNA
(ssRNA). The gene assignment for influenza A virus is as follows: RNA segment 1 codes
for PB2, 2 for PB1, 3 for PA, 4 for HA, 5 for NP, 6 for NA, 7 for M1 and M2 and 8 for NS
and NS2.

PB2 polymerase is encoded by RNA segment 1. It is a member of the protein
complex providing viral RNA-dependent RNA polymerase activity. It is known to function
during initiation of viral MRNA transcription as the protein, which recognizes and binds

the 5' cap structures of host cell mRNAs for use as viral mMRNA transcription primers.

PB1 polymerase is+encoded b}f/ RNA segment 2. It functions in the RNA
polymerase complex as.theprotein responsible for-elongation of the primed nascent
viral mMRNA and also as#elongation protein for template"RNA and vRNA synthesis. The
PB1 gene of most avianfand.human influeln%a A viruses encodes a second protein, PB1-
F2, that is expressed from the #+1 readinLg lframe (Chen et al., 2001). PB1-F2 induces

apoptosis, probably by interaction With two:'rnifochondrial proteins.

PA polymerase is encoded by RNA segment 3. It is a member of the RNA-

_.l’_

dependent RNA polymerase Complex along Wlth PB1 and PB2, but its role in viral RNA

.1..

helix-unwinding protein.

Hemagglutinin HA) protein is an integral membfene protein and the major
surface antigen of the influenza virus virion. It is responsible for binding of virions to host
cell receptors fand: forofusion between themvifion @nvelope) and the host cell. HA is
encoded by RNA segment 4. HA is the major target of the host immune response. HA
monomersare ;synthesizedwas=precursors ithat-are~thenyglycosylatedeand cleaved into
two smaller polypeptides: the HA1T and HA2 subunits (uncleaved HA is called HAQ),

connected by disulfide linkages.

Nucleoprotein (NP) is encoded by RNA segment 5. It is phosphorylated; the
pattern of phosphorylation is host cell dependent and may be related to viral host range

restriction. NP is also a major target of the host cytotoxic T-cell immune response.
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Neuraminidase (NA) encoded by RNA segment 6, is also an integral membrane
glycoprotein and a second major surface antigen of the virion. NA cleaves terminal sialic
acid from glycoproteins or glycolipids. Thus, it functions to free virus particles from host
cell receptors, to permit progeny virions to escape from the cell in which they arose, and
so facilitate virus spread. Like HA, NA is highly mutable with variant selection partly in

response to host immune pressure.

Influenza virus RNA segment 7 is bicistronic, encoding both M1 and M2
proteins. Colinear transcription of segment 7 yields mRNA for the matrix protein. This is
the most abundant protein in the influenza«Virus virion. Matrix protein forms a shell
surrounding the virion nucleocapsids, uﬁderneath the virion envelope. It has no known

enzymatic activity, although'it has been speculated to play an important role in initiating

progeny virus assembly. |

The mRNA for M2'is also transoribé‘dl from RNA segment 7. It is derived from the
colinear (M1) transcriptsby spliciﬁg. I\/I2a’|s an integral membrane protein, whose
membrane-spanning domain also'sérves as";-a' signal for transport to the cell surface. It is
believed to act as a proton channetto conffé_l_"the pH of the Golgi during HA synthesis

i #e a2 A d

and to allow acidification of the interior of thefvﬁdn during virus uncoating.

RNA segment8 encodes the two nonstructural proteins 1 (NS1) and 2 (NS2).
NS1 mRNA is colinear with the vVRNA, whereas NS2 mRNA“is derived by splicing. Both
proteins play roles in virus replication, but those roles have not been fully defined. NS2

appears to modulate the synthesis of NS.

Life cycle

After attach to sialic acid-containing receptors on the membrane surface, the
virus enters the cell by receptor mediated endocytosis. A low pH in the endosome
induces a conformational change in HA (Bullough et al., 1994), resulting in membrane
fusion between the viral envelope and the endosomal membrane. Within the endosome,
the M2 proton channel exposes the viral core to low pH, resulting in dissociation of M1

from RNP and leading to a release of RNP to the cytoplasm. RNP is then transported to
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the nucleus, most probably by nuclear localization signals in proteins composed of the

RNP complex.

The mechanism of viral RNA (VRNA) transcription is unique. The 5 cap from
cellular mRNAs is cleaved by a viral endonuclease and used as a primer for
transcription by the viral transcriptase (Krug et al.,1979; Plotch et al., 1981). Six of eight
RNA segments are transcribed into mRNAs and translated into HA, NA, NP, PB1, PB2
and PA. Two RNA segments are each transcribed to mRNAs by splicing. The mRNA of
M and NS genes are translated in different reading frames, generate M1 and M2

proteins and NS1 and NS2 protein, respectively.
w

A full-length complementarz.RNA (cRNA), a'pesitive-sense copy of the VRNA, is
first made and this in«lfn is*used as & template {0 produce more VRNA. The viral
proteins are expressedi@nd progessed and eventually assemble with VRNAs at budding

sites within the host cellimembrane. The viral protein complexes and ribonucleoproteins

i
1 *

are assembled into viral partigles aﬁd bud %ror'n the host cell, enveloped in the host cell's
membrane. =4

¥/

At the late of infection, thg tr_anslation—_,plégducts are M1, HA and NA. HA and NA

are glycosylated in the rough endoplasmic reticulum, further processed in the Golgi

)

apparatus, and then -t‘r_ansported to the cell surface, Whel_-”é_‘_they integrate into the cell

membrane. Nuclear fﬁéa|ization of M1 and NS2 proteins is‘€ssential for the migration of
RNP out of the nucleus+for assembly into progeny viral patticles in the cytoplasm (Martin
and Helenius, 1991; O!Neill= et al.,..1998). The.RNP-M1. complex presumably interacts
with M1 proteins thatiare-associated=with the-plasma-membrane‘and then buds outward
through the cell membrane, enclosing itself withifisa bubble of membrane (envelop)

studded'with 'both the HA and NAglycaproteins.
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Antigenic Variation

The antigenicityiof infl ' ;Js; /iruses changes gradually by protein mutation
ssely '
(antigenic drift) or drastica : eassortment (antigenic drift) (Murphy and
Webster, 1996). Immunological -e-- - HA and NA is thought to drive antigenic
-‘;:’:':;{{_‘JJL b

drift. As in all RNA

RNA polymerase -~~

mutations. Such changs in the antige

@yses, mutations in ir n irequently because the virus'

ing a strong source of
of human -ﬂluenza virus necessitate the
replacement of vaccine $trains every severalyears. Antigenic shift is caused by either

direct transmis@lnu&hganﬂrm \ﬁs%gtﬂu;]avnrﬁe reassortment of gene

from two different influenza viruses that have infected a single cell (Webster et al., 1982).
TheoreaaWraﬁﬁﬁ ﬁfm %ﬁaﬂ@oﬂ&a a p&lﬁuced from the
shuﬁlingqof the eight different genomic segments of the virus. Genetic reassortment is
well documented both in vitro and in vivo under laboratory condition (Webster and
Laver, 1975). More importantly, mixed infections occur relatively frequently in nature and
can lead to genetic reassortment (Bean et al., 1980; Hinshaw, et al., 1980; Young and
Palese, 1979). Reemergence of a previously circulating virus is another mechanism by

which antigenic shift can occur.
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antigens!ienables a virus to escape or bypass the body’s defenses. (National Institute of

Allergy and Infectious Disease[NIAH], 2006: online)
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Emerging of influenza

In 1918-1919, the Spanish influenza caused by H1N1 influenza virus was
responsible for the deaths of at least 40 million people (Johnson and Mueller, 2000).
Although its clinical symptoms and pathological manifestations were largely confined to
the respiratory tract (Reid and Taubenberger, 2003), almost 50% of deaths (the case
mortality rate in the USA averaged 2.5%) occurred in an unusually young age group,
20-40-year-olds (Simonsen et al, 1998). The biological properties of the virus
responsible for Spanish influenza have not been studied, owing to the lack of viral
isolates. Phylogenetic and serearcheological.studies suggest that all gene of the 1918
pandemic strain were an unusual.avian p?ecursor (Reid et al., 2004), although sequence
data to support this notien were. lacking until 1997, when Taubenberger et al.
(Taubenberger et al., 1997), ¥sSing reverl;e transcription-PCR, succeeded in obtaining
nucleotide sequences of this pandemie V|FUS from a formalin-fixed, paraffin-embedded,
lung tissue sample from an'influenza victim“;.' The three-dimensional structure of the HA of
the 1918 virus indicates that, despite retairi:i:r]_g }_he residues in the host-receptor-binding
site that are characteristic'of an aviah precd?_gf_oqr HA (Gamblin et al., 2004; Stevens et al.,
2004), the 1918 virus HA could bind human}_;é-eri'f;'surface receptors, an observation that
is consistent with receptor-binding-assays c‘é?ﬁéé‘ out with a recombinant virus carrying
the HA from the 1918 vifus-(Kebasa-et-al-2004)-Recent-studies with viruses generated
by reverse genetics that carry genes derived from the 1918 virus indicate that the HA of
this virus had a role in :i‘ts increased virulence in a mouse model (Kobasa et al., 2004;

Tumpey et al., 2004; Kash et al’, 2004).

The human pandemic viruses, such as those responsible, for Asian influenza
(H2N2)gin 1957 andyHong Kong influenza (H3N2) in 1968;-share itwo defining features:
first emerged in southeastern Asia (Cockburn et al., 1969) and they were antigenically
distinct from the influenza viruses then circulating in human. Genetic studies, together
with biochemical analyses, indicated that the Asian and Hong Kong pandemic strains
were generated by reassortment between human and avian viral genes (Figure 3). The
1957 virus consisted of HA (H2), NA (N2) and PB1, from an avian virus, with the other
gene segments derived from a previously circulating human virus (Scholtissek et al.,

1978; Kawaoka et al., 1989). The pandemic H3N2 virus indentified in Hong Kong 1968
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was reassortant with avian PB1 and HA (H3) genes and six other genes from a human
H2N2 (Scholtissek et al., 1978; Kawaoka et al., 1989). The acquisition of avian surface
antigens allowed these viruses to circumvent the human immune response. Why both of
these pandemic strains also carried the gene that encodes PB1 from an avian virus
remains unclear. In view of a recently identified North American swine virus, a triple
reassortant that combined swine, human and avian viral genes and possessed the
genes that encode PB1 and HA from the same human virus (Zhou et al., 1999), one
could argue that the genes that encode HA and PB1 interact functionally, either at a
protein or nucleic acid level,.in ways that enhance.the replicative ability of recombinant
viruses. Although many peeple-died during these-pandemics, the causative viruses do
not seem to be extraordinagily” pathogenic, unlike the1918 strain. The increased death
rate associated with thesewiruséswas probably a result of the lack of immunity to these

a8

viruses in human populations. e

_—

The causative agent of the Russiar"} influenza pandemic in 1977 was essentially
identical to viruses circulating @mong hurﬁé’ms in the 1950 (Figure 5) (Nakajima et al.,
1978). Given that influenza vifuses ContmuaLLy_evoIve in‘animals, it is highly unlikely that
this virus was maintained in an animal host far_over 20 years without changes. Thus, one
logical conclusion is.that the virus AWas mamta‘med in._a freezer until it somehow was
introduced into human-populations:Fhe refatively low-deaih rate in this pandemic can
be attributed to the |mmun|ty of persons over 20 years of age who had been infected

with the virus when it cwculated earlier in the country.

Purely avian.influenza viruses, including the H5N1; HON2 and H7N7 subtypes,
have been directly transmitted to humans. In 1997, the outbreak of influenza H5N1
amongtehicken andipoultry markets. and on farms in Hong Kongs. 17 ;additional human
cases were identified, 5 of which were fatal (Chan, 2002; Yuen et al., 1998). The
outbreak was contained after the slaughtering of all 1.5 million chickens in Hong Kong.
In response to the outbreak, influenza surveillance in poultry was intensified permitting
early recognition of other outbreaks of avian influenza in 2001 and 2002. In December
2003, an outbreak of highly pathogenic H5N1 virus was identified among poultry in the
Republic of Korea (Lee et al.,, 2005). Subsequently, outbreaks by H5N1 highly
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pathogenic avian influenza (HPAI) viruses were reported among poultry in Thailand, Viet
Nam, Japan, China, Cambodia, Laos, Malaysia, and Indonesia. The occurrence of the

H5N1 virus was wild spread throughout Africa and Europe.

In March and early April 2009, a new swine-origin influenza A (H1N1) virus (S-
OIV) emerged in Mexico and the United States (CDC, 2009). During the first few weeks
of surveillance, the virus spread worldwide by human-to-human transmission, causing

the World Health Organization to raise its pandemic alert to level 6.

AU INENTNYINS
ARIANTAUNININGIAE
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Figure 5 Possible origins of ,‘.@E.,- 7 iruses. Phylogenetic studies suggest
that an avian influenza virus ,.,.___._-.__.__.-'. ................... = ;.p ng to the 1918 pandemic.
A reassortant virus posse from avian virus, with the

remainder coming fro l
H1N1 virus s ? r’%( eassortant possessing
its PB1 and H@ﬁ:ﬂ a ;ﬁﬁﬂ Wmﬁrj an H2N2 human virus
emerg ‘fﬁn ﬁ irus genetically
almostﬁeﬁﬁoﬁﬁ ﬁoﬁ ﬂﬁﬁ a mﬂﬁ rgspread among

children and young adults. The H1N1 and H3NZ2 viruses are now cocirculating in human.

an H1N1 human virus, caused th Asian pandemic of 1957. The

Since 1997, purely avian influenza viruses, including H5N1, H7N7 and H9N2 subtypes,

have been directly transmitted to humans. (Horimoto and Kawaoka, 2005)
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Host restriction and pathogenesis

Influenza A viruses possess eight negative-sense single-stranded RNA
segments as their genome, encoding 11 proteins. However, with respect to host range
restriction and pathogenicity, direct experimental evidence for these properties exists for

viral proteins.

The HA protein has an important role in expressing high pathogenicity in many
animal species. It mediates the binding of the virus to host cells, and the subsequent
fusion of the viral and endosomal membranes' for VRNP release into the cytoplasm.
Influenza virus host specificity. can be e>§plained in-part by the difference in receptor-
binding specificity for human=and avian influenza.viruses. Human influenza viruses

preferentially bind to sialyloligesaceharides terminated by N-acetylsialic acid linked to
\

galactose by the 0246 linkage (NeuA‘c_:OL_2,6Gal). This preference is matched by

NeuAcOl2,6Gal on epithelial cells in-the-human trachea. In contrast avian influenza

|

viruses preferentially regognize N—acetylsji.glié acid linked to galactose by the Ol2,3

linkage (NeuAcOl2,3Gal) that is rﬁajtched bx NeuAcOLZ,GSGaI on epithelial cells in the
vl
intestinal tract of waterfow! (Rogers and Pat—__J__I_sgr), 1983). The predominant sialic acid-

—

galactose linkages of sialyloigosaccharides in epithelial cells at viral replication sites

A a

d el

differ by the host animal species. Interestingly, the epithelial cells in the pig trachea

contain both NeuAch,SGal and NeuAcOl2,6Gal Iinkageézflto et al., 1998), explaning
why this animal is highly susceptible to both human and" avian influenza viruses. The
host receptor-binding specificity..suggests .that ,influenza viruses need to acquire the
ability for interspecies transmission=indeed, the earliest isolates of the 1918, 1957 and
1968 virus_possessed HA recognized to human#ieceptor, even though that is avian

origin. The infectioniaf HPAllavian'H5Nd virtses seem to be.surprising,.the isolated from

infected individuals in Hong Kong in 1997 preferentially recognized NeuAcOL2,3Gal
(Matrosovich et al., 1999). However, studies showed avian-type receptors on human
epithelial cells that line the respiratory bronchiole and the alveolar walls, but human-type
receptors on human epithelial cells in nasal mucosa, paranasal sinuses, pharynx,
trachea and bronchi (Shinya et al., 2006; van Riel et al., 2006). Another study, however,

showed the infection of human upper respiratory organs with an H5N1 avian virus
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(Nicholls et al., 2007). Still, the finding of avian-type receptors in human lungs explains

the severe pneumonia seen in humans with highly pathogenic avian H5N1 viruses.

Such differences in specificity are determined by the structure of the HA
receptor-binding site. The differences in receptor-binding specificity of human and avian
viruses are determined by the amino acid residues in the HA receptor-binding pocket.
GIn at position 226 (GIn-226) and Gly at position 228 (Gly-228) of H2 and H3 HAs confer
binding to avian-type receptors, whereas Leu (Leu-226) and Ser (Ser-228) at these
positions determine binding to human-typesreceptors. For H1 HAs, amino acids at
position 190 and 225 (H3 numbering) detérmine receptor-binding specificity. Asp at
position 190 (Asp-190) and Asp-at positi%n 225 (Asp-225) in human H1 confer binding
to human-type receptors (fetind«in.numan H1 HAs), whereas Glu (Glu-190) and Gly (Gly-

225) confer binding to avianstype recep{ors (found in avian H1 HAs) (Stevens et al.,
2004). For H5N1 virusesgaminoacid Chaié'és at positions 133, 138, 186, 192 and 227
(H3 numbering) have been identified in hui‘;pa‘h isolates and confer human-type receptor
recognition (Gambaryan et al., 2006; Yaméa@ et al., 2006; Auewarakul et al., 2007). The
experimental changes at pgositions: 226 am'.d 228 (GIn226Leu and Gly228Ser), not
included position 190 (GIu19OASp),nresultedjé_'ﬁ#e recognition of human-type receptors
as well as avian-type recepto’r's-*(Stévens efﬁ"éf:;42006), however, the respective amino

acid changes at positions=226-and 228 have not been-detected in human H5N1 virus

isolates.

The essential structure of HA for vinalrinfectivity is HA cleavage site, because
exposure of the aminoi terminus of HAZ, fusion peptide, mediates fusion between the
viral envelope and the endosomal mgmbrane, an essential step for,vyRNP release to the
cytoplasm. The amino ‘acid sequence at the/cleavage site determines the cleavability of
HA. Low" pathogenic avian viruses (LPAI) and non-avian influenza viruses (with the
exception of H7N7 equine influenza viruses) possess a single Arg residue at the
cleavage site that is cleaved by proteases in the respiratory and/or intestinal organs,
and hence restricts viral replication locally. There are usually cleaved in only a limited
number of organs, resulting in mild or asymptomatic infection. In contrast, highly

pathogenic H5 and H7 viruses possess several basic amino acids at the HA cleavage
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site (Kawaoka & Webster, 1988). This motif is cleaved by ubiquitous proteases, such as
furin and PC6 (also as known as PCSK5), which are present in a broad range of different
host cells, supporting lethal systemic infection in poultry (Stieneke-Grober et al., 1992;
Horimoto et al., 1994). A carbohydrate side chain near the cleavage site can affect HA
cleavability by interfering with the accessibility of the host proteases to the cleavage site

(Kawaoka et al., 1984; Kawaoka and Webster, 1988). Therefore, HA cleavability is

considered the main determinant of the tissue tropism of avian influenza viruses

ﬂ‘UEJ’J‘VIEWl’ﬁWEﬂﬂ‘i
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cleavage site and are cleaved- by
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intestinal organs, rq'?yting in mild Iocé]i/ od

pathogenicity avian nza (HPA basic amino acids at the

cleavage site (RERRR@R), whic % ubiqu@Js proteases in a wide range

of organs, resulting in letHalsystemic infectioh.(Horimoto and Kawaoka, 2005).
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Wﬂeﬂﬁoﬂﬂpﬁﬂiﬁﬂ l@fnanﬁg m]irazavt contributor to

viral pathogenicity, probably by affecting viral grow amino aci position 627 of
the PB2 protein was first described as a host range determinant, on the basis of cell
culture studies (Subbarao et al., 1993). The respective amino acid change was shown to
determine the pathogenicity of H5N1 influenza viruses in mice (Hatta et al., 2001).
Viruses with lysine at this position were pathogenic in mice, whereas those with glutamic
acid were non-pathogenic in these animals. Notably, almost all human influenza viruses

possess lysine at this position, whereas most avian viruses (with the exception of the
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‘Qinghai Lake’ lineage of H5N1 viruses and their descendants) possess glutamic acid at
PB2-627. Lysine at position 627 of PB2 is now recognized as a determinant of viral
pathogenicity in several mammalian species. Several studies have addressed the
mechanism by which PB2- Lys 627 affects virulence. The amino acid change does not
affect tissue tropism in mice but viral replicative ability. The amino acid at position 701 of

PB2 has also emerged as a determinant of virulence (Li et al. 2005; Gabriel et al.,2007),

a role probably related to its facilitation of binding of PB2 to importin O (a cellular
nuclear import factor) in mammalian cells (Galriel et al., 2008). In addition to PB2, other
components of the replication complex mmay alsd contribute to viral pathogenicity
(Salomon et al., 2006). Arecent studyJélso suggested that the replication complex,
particularly the PB1 proteingconiributes ito the virulence of the 1918 pandemic virus in

ferrets (Watanabe et al., 2009). |

The NS1 protein is anfinierferon aﬁ_gégonist (Garcia-Sastre, 2001; Garcia-Sastre,

A. et al. , 1998) that blocks the acti‘vation“bf Jt-‘ranscription factors and IFN—B—stimuIated
gene products, and binds to do—uble—stra;ded RNA (dsRNA) to prevent the dsRNA-
dependent activation of 29-59 oligo(A) syﬁt}letase, and the subsequent activation of
RNase L, an important player"‘in nthe inné-fé;'lf';nmune response. Recently obtained
structural data are expected to 'Hélb in the fééﬁﬁfiéation ofsdomains that are critical for
the biological functidq’sﬁWNS’1 proteins of H5N 1 viruses confer resistance to
the antiviral effects of inf_erferon and are associated with high levels of pro-inflammatory
cytokines (Peiris, J. S. et al.,.2004; To, et al., 2001; Cheung, et al., 2002; Seo et al., 2002;
Guan et al., 2004).  The-resulting cytokine imbalance probably contributes to the high

mortality of HSN1"virus infections in humans. Several amino acids in NS1 have now been

shown to afféct virutenee (Seo ét al.; 2002; Jiao et al., 2008:-Li et al%2006).

The PB1 gene of most avian and human influenza A viruses encodes a second
protein, PB1-F2, that is expressed from the +1 reading frame (Chen et al., 2001). The
length of PB1-F2 of swine influenza viruses differs depending on their origin, classical
swine viruses possess truncated PB1-F2 proteins of 8-11 amino acids, whereas
Eurasian avian-like swine viruses possess full-length PB1-F2 proteins (87-89 amino

acids). PB1-F2 induces apoptosis, probably by interaction with two mitochondrial
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proteins (Chen et al., 2001; Zamarin et al., 2005), enhances inflammation in mice, and
increases the frequency and severity of secondary bacterial infections (McAuley et al.,
2007). It may also affect virulence by interacting with the PB1 protein to retain it in the
nucleus for efficient viral replication (Mazur et al., 2008). A recent study demonstrated
that the amino acid at position 66 of PB1-F2 affects the pathogenicity of an H5N1 virus in

mice (Conenello et al., 2007).

Human influenza and vaccination

Shortly after the first human influgnza virus isolation in 1933 (Smith et al. 1993),
recognition of the changeability” in antigenic characteristics led to the WHO
establishment of a global Initenza Surv&lillance Network for monitoring changes in the
viruses causing outbreaks offinflignza throughout the yearin different parts of the world.
The principal objectives are: (i) the: eaﬂy _detection and characterization of novel
subtypes of human influenza A wi‘th the gpténtial for causing pandemics and (ii) the
identification of new antigenic va"riajnts am:_bffjg".currently circulating influenza A and B
viruses in order to ensure that _.inﬂﬂlj_énza vaé(;mﬁs contain components that reflect the

immunological characteristics of-the prevalﬁw‘ruses. The WHO has published formal

- ". ul

recommendations for the compositions of influenza vaceinés based on cumulative data

since 1973. More reee_h_tly, since 1998, two recommendati_an's per year in February and
September relate to vaccines for use during the following winters in the northern and
southern hemisphere respéctively. The chesen strains are the influenza A subtype
H1N1, H3N2, and linfluenzalB 'strains thought most.likely to c¢ause significant human
suffering in the coming season. The timing and speed as well as the.hature of antigenic
changes are unpredictable. Changessin the prevalence of H3N2 variants generally
occur rapidly, for example A/Sydney/5/97(H3N2)-like viruses spread to all parts of the
world within 6 months of their initial detection and rapidly replaced the previously
prevalent A/Wuhan/359/95-like viruses. Co-circulation of antigenically distinguishable
variants of influenza A subtype H1N1 and influenza B viruses reflects the slower

emergence of novel antigenic strains.
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The emerging of HPAI H5N1

The emergence of H5N1 viruses in Asia since 1996 was a key determinant of the
2004 epidemic. In 1996, highly pathogenic H5N1 virus was isolated from geese during
an outbreak in  Guangdong Province in  southern  China (influenza
A/Goose/Guangdong/1/96 (Gs/Gd/96)) (Xu et al., 1999). The hemagglutinin (HA) gene of
all subsequent isolates of H5N1 virus in Asia is related to this or similar viruses, although
considerable genetic variation within this viral lineage has occurred as the viruses
evolved (Guan et al., 2002; Li et al., 2004)./Similarly, the NA genes for all but the 1997
Hong Kong H5N1 viruses are also related to'thal.ef'the Gs/GD/96-like lineage. The 1997
outbreak of H5N1 HPAI in Hong Konglwas the first occasion that cases of serious
disease associated with ap#Al vifus occurred in both terrestrial poultry and man (Claas
et al., 1998). It was caused bya viral reaésortment. A Gs/GD/96-like virus is considered
to be the donor of the HA/Gene (Sims et éi.:"2005) of the 1997 viruses. The other seven
genes were probably derived from.other a}fyian influenza viruses circulating at the time,
with the most likely candidates being virusé:_‘_s_,__i_sglated from quail (HON2) and teal (H6N1)
(Guan et al., 1999; Chin, etal§2002), "/

"
s

By 1999 it was apparerﬁ thnat gooseﬁﬁrbses similar to Gs/GD/96 continued to
circulate in China (Gauthen et 'él-.,VZOOO) a-é."-'-é_;r;dmber ofrviruses were isolated from
geese imported for Sl?@'mg’ Kong that originated in mainland China. Another
H5N1 virus with a noverzrl_ nonstructural protein gene, presumably derived from another
influenza virus from an aguatic avian specigs, was also identified in Guangxi province
(Chen et al., 2004) in samples collected in 1999 from a duck. Over the next 3 years,
multiple genotypes of H5N1 virus were detected in ducks and geese from southern
China, including several with genetic constellations similarto viruses feund in terrestrial
poultry ini2001 (Guan et al., 2002). Two H5N1 HPAI viruses were also detected in geese
in markets in one small surveillance study in live poultry markets in Vietnam (Nguyen et
al., 2005). Genetic characterization of these viruses is continuing but the HA of these
viruses differs considerably from that found in viruses in Vietham in 2004. Based on the
HA gene it appears to be similar to other viruses found in domestic waterfowl elsewhere
in Asia in 2001-2002. The genotype of one of the viruses isolated from a duck in

Guangxi in 2001 (A/Duck/Guangxi/50/2001) (Nguyen et al., 2005) was very similar
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genetically (>99% homology for all genes) to that of viruses that subsequently emerged
as the dominant genotype in the region—the so-called “Z” genotype (Sims et al., 2005).
Samples collected from live bird markets in southern China from 2002 to 2004 confirmed
that “Z" genotype viruses persisted in domestic waterfowl throughout this period. The
genotype isolated most frequently was the so-called “Z” genotype. This continued to be

the dominant (but not the only) genotype through 2003 and 2004.

From late 2003 to early 2004, the virus reached endemic levels among poultry in
several Southeast Asian countries and spread to Europe and Africa during 2005, with
H5N1 virus infected birds discovered in morethan'50 countries. The 2004-2007
outbreaks in various countries.have higﬁlighted the highly pathogenic avian influenza
(HPAI) subtype H5N1 vimus as the cause of a major epidemic, with potentially vast
repercussions on economics, public heallth and society at large. Not only has this Al
virus infected poultry buigit has also provér;; highly pathogenic and fatal to mammalian
species including humans and other mam";mé-ls (Keawcharoen et al., 2004; Songsermn
et al., 2006a; Songserm et al., 20060; Ch():;[_b_j.’[ayasunondh et al., 2005). Many countries
had been affected by the spread:of inﬂdééza HS5N1 virus infections in poultry, and
transmission to humans engendéers a high;f-]@ié'fftality rate with nearly 60% of cases
diagnosed as H5N1 infection h'a’\'/ing proved‘ff'é-ta’['.‘Because different names have been
used to describe emeiging-fineages-of-the-H5N{=virus;WiHO/OIE/FAO H5N1 Evolution
Working Group desoéib'es a unified nomenclature system to facilitate discussion and
comparison of subtype :I‘-|5N1 lineages (WHO/OIE/FAO H;5N1 Evolution Working Group,
2008). Base on#A gene phylogenetic analysis, they:-have identified 10 unique first-order
numbered clades of the HPAI viruses (H5N1) in the Gs/GD-like lineage (clades 0-9).

The emerging of HPAI H5N1 in Thailand

By 2008, the outbreak of HPAI H5N1 viruses in Thailand occurred in 8 waves
with 17 out of 25 infected human succumbing to the disease. The first wave between
January and May 2004, the viruses isolated from poultry, wild and domestic bird
populations, and domestic cat infected by eating a pigeon carcass (Songserm et al.,

2006a), a tiger and leopard from Suphanburi province in Thailand (Keawcharoen et al.,
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2004). The second wave of the outbreaks occurred between July 2004 and April 2005
during which time avian influenza H5N1 virus was most widespread among poultry in
Thailand. Not only is avian influenza H5N1 virus known to cross the species barrier and
infect humans and felines; in this period, fatal H5N1 infection in a domestic dog
following ingestion of an H5N1-infected duck was reported from Suphanburi province
(Songserm et al., 2006b). The studies performed on felines and canines demonstrate
that H5N1 virus infection causes systemic disease and can spread within and between
mammalian hosts. Although no direct transmission of HoN1 from cats to humans has
been reported, the possibility of humans acquiring«H5N1 infection from direct contact
with infected cats and-degs warrants coneern—and highlights the necessity for
monitoring domestic animals«durng H5N1 outbreaks. The third wave of the outbreaks
occurred between July and Nevember 2005. The entire genome was sequenced and
compared with chickens and guail from this particular outbreak. Sequence analysis of
eight gene segments‘revealed that the 2?)05 HS5N 1 viruses isolated in October 2005
were closely related tosthose recovered frf‘:om thcken, tiger(s) and human(s) between
January and July 2004 (Amonsin et.al., 20();§é.jhe fourth wave began on July 23, 2006
and had spread by July 29.-2006. Thééé' outbreaks affected chickens and
encompassed 2 distinct areas: Phichit and Ng:\—khén Phanom Province. The sequences of
all 8 gene segmentsy@re obtained from both provinces...The samples from Phichit
closely resembled H5N strains that had circulated in Thailand during 2004 and 2005,
but the samples from Nakhon Phanom were newly emerged in Thailand and more
closely related tol H5N 1rstrains sthatrhad been cinculatingssinee«2005 in south-east China
and Laos. Phylegenetic analysis also showed that the viruses isolated from Phichit
belonged tosgenotype »Z,~whereas virus iselated-froms Nakhen RPhanom belonged to
genotype V' (Chutinimitkul et al.,2007). " According to WHO/OIE/FAO~H5N1 Evolution
Working Group reports, the virus isolated from Nakhon Phanom belonged to clade 2
subclade 3. clades. In Thailand, H5N1 influenza virus isolated during the four episodes
of the outbreak can be separated into clade 1 and clade 2 subclade 3. The fifth wave
occurred between January and March 2007 affecting four provinces: Ang Thong,

Phitsanulok, Nong Khai and Mukdahan. Isolates from this episode can be divided into

clad 1 which founded in Ang Tong, Phisanulok and Mukdahan provinces and clade 2
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subclade 3 were founded in Nong Khai province (Amonsin et al., 2008). In January
2008, the sixth wave occurred in two provinces, Phichit and Nakhonsawan no human
cases were reported (Chaichoune et al., 2009). In November 2008, the seventh wave

occurred in the neighboring provinces.

H5N1 in Tiger

At first time, in early 2004, H5N1 viruses caused major devastation in
Suphanburi zoo. Two tigers (Panthera tigris)#and two leopards (P. pardus) showed
clinical signs, including high*fever and respiratory-distress, and they died unexpectedly.
The animals had been«fed fresh chicken carcasses from a local slaughterhouse
(Keawcharoen et al., 2004). At thattime r|nany chickens around Suphanburi were dying

with respiratory and néurolegie’ symptoms. of what was retrospectively identified as

H5N1 virus infection. JAll four animals-were severe pulmonary consolidation and

multifocal hemorrhage in sgvefal organs" irroluding lung, heart, thymus, stomach,

intestine, liver, and lymph nodes One trger and one leopard had evidence of
|'

encephalitis, characterized by multlfooal mﬂltratlorr by neutrophils and macrophages.

The genetically of viruses are S|m|Iar to the vrreses isolated from poultry during the same

1-“-‘

period. The Second outbreak in mld October, was reported in tiger zoo, Sriracha,

Chonburi where 147 out of 441 tigers either died or had to be culled. The animals had
been fed raw chicken carcasses that were possibly contaminated with the HPAI H5N1
virus. Microscopic findingss.showed modeérate congestion of the brain with mild
nonsuppurative meningoencephalitis, severe diffuse lung hemarrhage and edema, and
moderate multifocal necrotizing hepatitis. Approximately 12 days after stopping the
feeding’of the tigers with raw.chicken carcasses, these symptoms were still present.
Moreover, except for the tigers no other avian or mammalian species kept in the zoo had
been infected during this outbreak. Hence, after cessation of feeding raw chicken
carcasses, the tigers were probably infected by horizontal transmission
(Thanawongnuwech et al., 2005). Administration of oseltamivir therapy might suppress

H5N1 virus and prolong its incubation period but this is unlikely.



CHAPTER I

TYPING (A/B) AND SUBTYPING (H1/H3/H5) OF INFLUENZA A
VIRUSES BY MULTIPLEX REAL-TIME RT-PCR ASSAYS

To date, 16 HA and 9 NA subtypes of influenza A viruses have been detected in
wild birds and poultry throughout the world (Fouchier et al., 2005a). As viruses of all
subtypes have been isolated from aquatic birds, they are considered a reservoir of
influenza A viruses for other animal speciess The number of viral subtypes found in
mammals is limited; the most comimon sdbtypes of influenza A virus causing disease in
humans have beenH1N1,.H2N2 .and H3N2 (Harper et al., 2004). However, various
additional subtypes of infltienza A wvirus i‘hcluding H5N1, H7N7, H7N3 and HON2 have
been reported in humansiover the past fiw years (Fouchier et al., 2005b). One of the
mechanisms resulting in the emergence oﬁ a pandemic influenza strain is genesis of a
virus combining the ‘highly pa_thogenict'_r,_),atyre of avian strains with the highly
transmissible nature of human strains b&t@gnetic reassortment subsequent to co-
infection of a human host with<an avian s@'{fand a human strain. Therefore, rapid
detection and identification of- these subiypes is._particularly important for early

diagnosis, leads to suitable-ireatmentand-prevention-of-widespread transmission.

This part was a@vanced further and provides an éven more rapid, specific and
sensitive assay based on’ a.single-step muliiplex real-time RT-PCR using primers and
various LNA-mediated TagMan probes in two separate assays. The first assay consisted
of primers and probes correspondingsto the matrix gene (M1) of influenza A virus, matrix
gene (M) of influenza*B virds and GAPDH gene of host cells forityping-of influenza virus
and serving as an internal control, respectively. The other assay employed primers and
probes specific to the hemagglutininH1, H3 and H5 subtypes in order to identify the

three most prominent subtypes of influenza A virus capable of infecting humans.
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1. Objective

To develop the early and rapid assay for detection Influenza A/B and subtype H1, H3
and H5.

2. Materials and methods
2.1 Sources of clinical specimens

Fifty-two influenza virus specimens were used to validate the multiplex real-time
RT-PCR assays. This part was performed on_influenza A virus human subtypes H1N1
and H3N2 isolated from humans nasopharyngeal suetions in Thailand during 2006 to
early 2008 (N= 10 and 12, regspegtively) and subtype H5N1 (N= 19) in Thailand between
2005 and 2008. Eleven iniltuenza/B viruéi, consist of, one from human nasopharyngeal
suctions in Thailand, andd10/cDNA from “isolates were provided by the Minnesota

Department of Health Were performed.
4

The RNA extracted from -allantoic }ld.iJ__,ld,:of the H5N1 influenza inoculated eggs
were provided by: the Facultyof Veterinary .ééie_nce, Chulalongkorn University, Bangkok,
Thailand; the Department of Livestock DeveL:'('_li’-;:)"r#ent, Bangkok, Thailand; the Faculty of
Veterinary Science, Kasetsarf'Uhi\)ersity, Pj@'r'ﬁf)é‘engsaen Campus, Nakorn Pathom,
Thailand and the Department-of-Pediatrics; Facuity oi Medicine, Srinakharinwirot

University, Nakhon Nayok, Thailand.

2.2 Primersiand-LNA-mediated TagMan probe design

In this: part,=a speecificsand, sensitivesone-step, multiplex real-time RT-PCR was
developed by using primers'and a humber 'of specific LNA=mediated TagMan probes in
two separate assays. The first assay consisted of primers and probes specific to the
matrix (M1) gene of influenza A virus, matrix (M1) gene of influenza B virus for typing of
influenza virus as well as GAPDH gene of host cells for verification as an internal control

to assure correct collection of the specimens.

A one-step multiplex real-time RT-PCR using LNA-mediated TagMan probes was

developed. The locked nucleic acids (LNAs) are nucleotide analogues that are locked
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conformationally in a C3’-endo/N-type sugar conformation by 02’ to C4’ methylene
linkage (Koshkin et al., 1998; Ichikawa et al., 1999; Wang et al., 1999) that leads to
reduced conformational flexibility (Braasch and Corey, 2001). LNA increases the thermal
stability of oligonucleotides (about 3-8 "C per modified base in the probe) (Letertre et
al.,, 2003; Kennedy et al., 2005). This can be used to increase the sensitivity and

specificity of TagMan probes.

Primers and probes for discrimination between the influenza A and influenza B
virus were chosen from conserved nucleotide sequences specific for the matrix gene
(M1) of influenza A virus for influenza A detection(Payungporn et al., 2008) and specific
for the matrix gene (M1) of influenza B \7i,rus forinfluenza B detection. The primers and
probe for GAPDH gene detection of the hlost cell were chosen from the glyceraldehyde-
3-phosphate dehydrogenase A(GARPDH) rlucleotide sequence. For the assay aimed at
differentiating between influepza A v'i"r‘us sﬁétypes H1, H3 and H5, the specific regions
of subtype H1, H3 and H5 hemagg'lutinin '}HA) were chosen for designation of primers
and probes to distinguish between SUbtyp'redis H1, H3 and H5 respectively. Primers and
probes were analyzed using the primer des;ghsoftware (OLIGOS, Version 9.1 by Ruslan
Kalendar, Institute of B|otechnology Umve[sﬂ,y of Helsinki, Finland) and Exigon Tm
prediction 1.1 (http'//lnatm Com/-)‘to ‘ensure 'tha’t“'tﬁey Could be combined in a multiplex
format and subjectedlo—rden’frca—PGR—condﬁrOﬂs—Fhe—prebes label with three different
fluorescent reporter dyes (FAM, HEX and Cy5 with emission wavelengths at 518, 556
and 667 nm, respectwely) were applied for simultaneous detectlon in multiplex format of
the sequences eorresponding to the. target genes. The primers and probes used in this

part showed in Table 1 and 2.
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Table 1 Multiplex PCR primers and LNA mediated TagMan probes for typing of

influenza virus.

Target gene Primers/Probes Sequence (5™-3") Position Strand
GAPDH GAPDH-F85 GTGAAGGTCGGAGTCAACGG 85-104 Sense
GAPDH-P121  HEX-CGCCTGGTCACCAGGGCTGC- 121-140 Sense

GAPDH-R191  TCAATGAAGGGGTCATTGATGG 191-169 Antisense

M Gene Flu A FIUA-M-F151 1561-175 Sense

FIUA-M-P218 \M-ACGC I CCCAGT-BHQ1 218-235 Sense

FluA-M-R276.___ AGCG! ATT;’GGA@TA 276-252 Antisense

M Gene Flu B FIuB-I\/I

439-460 Sense
FluB-P1 e : 541-559 Sense
FluB-MR 671-649 Antisense
Bold and underlined nucleoctide
Table 2 Multiplex PCR pr n , J i‘*“" Man probes for differentiating
between influenza A virus s ygs—gﬁj 1 and
Target gene Pr|mers/Probes .-:;'?{.-“5’-"' i_j _r1 > Position Strand
H1 H1_F -~ ACTACTGGACTCTGCTKGAA 750-769 Sense
H1_P E " AﬁZ-TAMRA 789-813 Sense
3AGCCTCTACTCAGTC€QAA 846-827 Antisense

. Aud NEANENT ... ..
9 RYAIATEURFINYNG B =

H3_R AGGGTAACAGTTGCTGTRGGC 322-302 Antisense

H5 H5-F1512 TGGAAAGTGTAARAAACGGAACGT 1512-1536 Sense
H5-P Cy5-ACTCCACTTATTITCCTCTCT-BHQ3 1593-1574 Antisense
H5-R1660 TGCTAGGGAACTCGCMACTG 1660-1640 Antisense

Bold and underlined nucleotides represent LNA residues
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2.3 Multiplex real-time RT-PCR condition

A single step multiplex real-time RT-PCR was carried out using the SuperScript
[l Platinum One-Step RT-PCR system (Invitrogen, California, USA). Three sets of primers
and LNA mediated TagMan probes were used in the multiplex format (Table 1 and 2),
each primer and probe at a final concentration of 0.25 pM and 0.125 uM, respectively.
The reaction comprised a combination of 1.0 ul RNA sample with a reaction mixture
containing 5 ul of 2x Reaction Mix, 0.2 yl of SuperScript Ill RT Platinum® Taqg Mix,
additional 0.1 mM of MgCI2 and RNase-free water in a final volume of 10 ul. One-step
multiplex real-time RT-PCR was performed on.Roter-Gene 3000 (Corbett Research, New
South Wales, Australia). Cycling conditi&hs included a reverse transcription step at 50
°C for 30 min. After an initial denaturation step at 95 °C for 10 min to activate the
Platinum® Tag DNA pelymerase, amﬂlifioation was performed during 40 cycles
including denaturation (95 °@ for 15 s)} énnealing and extension (60 °C for 30 s,
respectively) Multiple fluorgscent signals w‘?reiobtained once per cycle upon completion
of the extension step with detectors Qorresﬁfq_nq_jng to FAM (518 nm), HEX (556 nm) and
Cyb (667 nm). Data acquisition and,analysi‘s:oi _the real-time PCR assay were performed
using the Rotor-Gene data analysis“softvvari\ié?sion 6.0 (Corbett research supporting

program). e -

2.4 Positive controls

To develep.and.optimize the assays-for, typing (A/B)and. subtyping (H1/H3 and
H5) of influenza' viruses by’ multiplex ‘real-time '‘RT=PCR 'assay, plasmid DNAs were
constructed _by. insertion_ of _the matrix. gene“-of _influenza A*“virus (nt 1-1027;
A/chicken/Nakorn-Patom/Thailand/CU-K2/2004), matrix gene oflinfluenza B virus (nt 1-
682; B/Malaysia/2506/2004-like vaccine strain), GAPDH gene (nt 85-191), H1 gene (nt
266-1672; A/Thailand/CU51/2006(H1N1)), H3 gene (nt 10-1771;
A/Thailand/CU46/2006(H3N2)) and H5 gene (nt 880-1694; A/chicken/Nakorn-
Patom/Thailand/CU-K2/2004(H5N1)) into the pGEM-T Easy Vector (Promega, Madison,

WI) by TA-cloning strategy.
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2.5 Specificity test

The specificity of the multiplex real-time RT-PCR assay was evaluated by cross-
reaction tests with RNA extracted from other subtypes of influenza A viruses including:
A/Singapore/1/57 (H2N2), A/duck/Czeck/56 (H4NG), A/turkey/Massachusetts/3740/65
(HB6N2), A/seal/Massachusetts/1/80 (H7N7), Alturkey/Ontario/67 (H8N4),
Alturkey/Wisconsin/66 (HINZ2), A/chicken/Germany/N/49 (H10N7), A/duck/England/1/56
(H11N6),  A/duck/Alberta/60/76 ~ (H12N5),  A/gull/Maryland/704/77  (H13N6),
A/mall/Astrakhan/263/82 (H14N5) and A/duck/Australia/341/83 (H15N8). The other
subtypes of influenza A virus specimens were‘previded by the Department of Livestock
Development, Bangkok, Thailand. Thé assays were also evaluated against other
respiratory viruses including _atman bocavirus (HBoV) (N=5), adenovirus (N=2),
parainfluenza (PIVs) (N=3), respiratory. S:S/ncytial virus (RSV) subgroups A & B (N=5),
metapneumovirus (MPV)(N=7)/and thé Hon—specific pathogen specimens (N=12),

which were negative for inflilenza/Aand B *:/jirus.

i

, r)
2.6 RNA standard for se_nsiﬁﬁty test

Al
=7
Lol ol

To generate an RNA gtqn_dard for thg_.__g?n_sitivity test, in vitro transcription was

performed by usingithe RiboMAXTM Large Scale RNA Prc_)du_ction System-T7 (Promega,

Madison, WI) following the manufacturer’'s recommendatiohs. The resulting RNA was
extracted with phenol/chloroform followed by ethanol preeipitation. The concentration of
the in vitro transeribed RNAS, was, calculated.by, measuring-absorbance at 260 nm. The
copy number ‘was' caleulated ‘by ‘the formula: Transcript copy (number/ul) = [RNA
concentration, (g/ul)x6.02x1023]/[length of in vitrd transcribed RNA' (bp)x340]. RNAs
were then diluted ‘serially’ 10-fold, ranging from 10° t0 10 copies/pl ‘'and used for the

sensitivity test.

2.7 Direct sequencing

Full length of HA and NA genes were amplified by using primers described

previously (Hoffmann et al., 2001). For automated DNA sequencing, the PCR products
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of interest were purified from the agarose gel using the Gel Extraction Kit (Perfectprep
Gel Cleanup, Eppendorf, Hamburg, Germany). The sequencing reaction was performed
using BigDye Terminator, Version 3.1 (Applied Biosystems) according to the
manufacturer’'s specifications. The sequencing products were subjected to a
PerkinElmer 310 Sequencer (PerkinElmer). The results were analyzed and influenza A

virus subtypes were determined by BLAST analysis.

3. Results

3.1 Interpretation o @(HHHNHS) of influenza viruses

by single-step multiplex

In the assay aime nfluenza B virus, the results

were obtained by usi bes label with the FAM, Cy5

and HEX fluorescent si e of influenza A virus, matrix

gene of influenza B v E ely. The fluorescent signals
obtained from the typing ? f‘ﬂ - shown in Figure 7. The results
showed a clear signal obt 7' ! channel without any unexpected
noise. Influenza A virus ylelded.gg,ﬁj gnal in the FAM channel, influenza B

ﬂummmwmm
QWW@Nﬂim URNINYA Y
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In the subtyping (H1/H3/H5) assay, the presence of H1, H3 and H5 subtypes
was detected by using multiple LNA-mediated TagMan probes labeled with the FAM,
HEX and Cy5 fluorescent dyes, respectively (Figure 8). The results revealed a clear
signal obtained from each detection channel without any unpredicted noise. Samples
yielding a positive FAM signal have been interpreted as H1 subtype, samples yielding a

positive HEX signal as H3 subtype and samples yielding a positive Cy5 signal as H5

subtype.
Norm. Fluoro.
4 FAM /
3 /
2 /
1 y s
/
. N
4 —k h—
o 3 o s [] s 20 s ) 35 40 Cycle
— W
) Cy5
2
Rl
egat ive
0  Threshold
o 's o s

Figure 8 Interpjéfﬁjl nﬁeﬁﬁﬁ{ﬁ ﬂ’jﬁ le-step multiplex real-
time RT-PCR ofiin lu escent signals of FAM,
HEX and Cﬁorreﬁonded to H1, H8 and Hb5, respectively.
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3.2 Specificity test

The specificity of both the typing and subtyping multiplex realtime RT-PCR
assays was evaluated by cross-reaction tests against other respiratory viruses including
HBoV, adenovirus, PIVs, RSV subgroups A and B, MPV and the unknown specimens,
which were negative for influenza A and B viruses. The results did not reveal any cross-

amplification signal when testing against other respiratory viruses.
Other subtypes of influenza A vi

\ ’}% and H15N8 were also included in
of spe results revealed that the typing
> F M amplifieation signal against all subtypes of

including H2N2, H3N8, H4NG, HEN2, H7N7,

HB8N4, HON2, H10N7, H11NG,

order to validate the assa

assay (A/B) produced e
influenza A virus testedqi ; ."‘e ‘“:.\s.,’r- nge of the primers and probe
for the matrix gene of | nthe ".K ng assay which can therefore be used

for broad detection agai ‘k_ A rus. The subtyping (H1/H3/H5)

assay did not produce tionssignal a w

r !\"-:‘

st other subtypes of influenza A
virus (H2, H4 and H6-H15) ificity of the primers and probes

used (Table 3).

X

y

AU INENTNYINS
RINNIUUNIININY



42

Table 3 The results of specificity test with other subtype of influenza A virus.

Results
Strain name Subtype
Typing Subtyping
A/Singapore/1/57 (H2N2) A - H2
A/duck/Czeck/56 (H4NG) A - H4
Alturkey/Massachusetts/3740/65 (HBN2) A - H6
A/seal/Massachusetts/1/80 (H7N7) H7
Alturkey/Ontario/67 (H8N4) H8
Alturkey/Wisconsin/66 (HON2) H9

T — -
Alchicken/Germany/N/49 (H10Ny' - H10
A/duck/England/1/56 (H1 1,\/ oy H11

A/duck/Alberta/60/76 (H12N H12
Agull/Maryland/704/77 (H13 H13
A/mall/Astrakhan/263/82 (H14 . ﬂ _l A\ H14
A/duck/Australia/341/83 (H15N8 J,, '_,_" < i H15

>al-time RT-PCR assays, 10-

fold serial dilutions © W— "RNAs (ranging from10° to 10

copies/ul) of matrix ianenza A virus, matrix influenza erus, GAPDH, H1,H3 and H5

genes were prepared al'l'dﬂl-pl of each seﬂaﬂ%ﬁdiluted RNA sample was used as a

template in their auﬂT’JCmsEJymﬁp ' eﬂh’e]tvmsﬁld cycle (Ct) increased

U
in direct proportion to the dilution ©f the RNA standards. In thestyping assay, the

ﬂuoresaw%a aw\aeﬁ]atgtmt M%;]j’agj nﬁe}a|a &IGAPDH, matrix
inﬂuenzan virus and matrix influenza B virus as low as 10, 10 and 10° copies/pl,
respectively whereas the fluorescent signal of the subtyping assay can be detected at
standard concentrations as low as 102, 10> and 10 copies/ul for H1, H3 and H5 RNA,

respectively
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fluorescent signal

and H5) of influenza A viruses. The

ntrations of hemagglutinin

gene of influenza A Wi 102, 10 and 10 copies/ul,

respectively.
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3.4 Evallation of the assays usmg clinical speC|mens

ARV AR o conae

eﬁiciencﬁ of the multiplex real-time RT-PCR assays. The results obtained from the typing
assay (A/B) of 52 clinical specimens showed 41 specimens infected with influenza A
virus and 11 specimens with influenza B virus. The 41 influenza A virus positive
specimens were subjected to further subtyping for H1, H3 and H5, respectively. The
results demonstrated subtype H1 in 10 samples, subtype H3 in 12, and subtype H5 in
19 samples, respectively. None of the samples tested produced any significant false

positive or non-specific signal. Nucleotide sequencing was performed in all positive
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specimens for confirmation of type and subtype identification. Typing and subtyping
results obtained from the multiplex real-time RT-PCR were identical with the results
obtained from nucleotide sequencing and BLAST analysis (Table 4), indicating that
typing and subtyping of influenza viruses had been accurately performed by the

multiplex real-time RT-PCR assay.

Table 4 Results of typing and subtypi

assays against clinical specim

f,'ﬁ!luenza viruses obtained for evaluate of the

Strain name R result Direct sequencing

btyping
AlThailand/CUA41/2006(H1N1) H1
AlThailand/CU53/2006(H1N1) H1
AlThailand/CUB7/2006(H1N1) H1
AlThailand/CUB8/2006(H1N1) H1
AThailand/CU51/2006(H1N1) H1
AThailand/CU57/2006(H1N1) H1
AThailand/CUA44/2006(H1N1) H1
AlThailand/CUB8/2006(H1N1) H1
AlThailand/CUT75/2006(H1N1) H1
AlThailand/CU32/2006(H1N1) H1
AlThailand/CU23/2006(H3N2) Ha
AlThailand/CUA46/2006(H3N2) H3
AlThailand/CU272/2007(H3N2) Ha
AThailand/CU280/2007(H3N2) 'y—— g H3
AlThailand/CU228/2006(H3N2) H3
AlThailand/CU282/2007(H3N2) . H3

A/Thailand/CU259/2006(H3N2) H3

A H3
A/Thailand/CU260/2006 2 ‘ =y / H3
A/Bangkok/CU231/200! ;u 8 q w ﬂ ﬂ {w 8‘ q ﬁ i 3
A/Bangkok/CU-01/2008(l'w2) A H3 H3
A/Bangkok/CU-02/2008(H3N2) ‘ H3

z&zzz&z@mm NIUURIINE a Y «

Avtiger/Suphanburi/Thailand/Ti-1/04(H5N1

T

T
w

H5
Alclouded leopard/Thailand/KU-11/2004(H5N1) A H5 H5

A/dog/Thailand-Suphanburi/KU-08/04(H5N1) A H5 H5
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Table 4 (continue) Results of typing and subtyping of influenza viruses obtained for

evaluate of the assays against clinical specimens.

Strain name Real-time PCR result Direct sequencing
Typing Subtyping
A/Chicken/Thailand/PC-168/2006(H5N1) A H5 H5
A/Chicken/Thailand/PC-170/2006(H5N1) A H5 H5
A/Chicken/Thailand/NP-172/2006(H5N 1) A H5 H5
A/Chicken/Thailand/167/2006(H5N1) A H5 H5
A/Chicken/Thailand/169/2006(H5N 1) A H5 H5
A/Chicken/Thailand/173/2006(H5N 1) -y H5 H5
A/Chicken/Thailand/174/2006(H5N 1) ”/ H5
A/Chicken/Thailand/1947/2006(H5N 1) // H5 H5

A/Chicken/Thailand/3277/2006(H5N 1) H5 H5

A/Chicken/Thailand/3348/2006(H5N 1) H5

H5
H5
H5
H5

A/Chicken/Thailand/3886/2006(H5N
A/Chicken/Thailand/4802/2006(H5N 1
A/Chicken/Thailand/5295/2006(H5N1
Alchicken/Thailand/NS-339/2008(H
Al/chicken/Thailand/PC-340/2008(H5N 1

T
[l

B/Thailand/CU243/2006
B/Shanghai/MDH1/2007
B/Shanghai/MDH2/2007
B/Shanghai/MDH3/2007
B/Malaysia /MDH4/2007
B/Shanghai/MDH5/2007
B/Shanghai/MDH6/2007

B/Shanghai/MDH7/2007

B/Shanghai/MDH8/2007
B/Shanghai/MDH9/2007

U U W W W W W W W W w

B/Shanghai/MDH10/2007

g D.scuss.oﬂummmswmm

In this part, two methods Based on si step multiplex‘real-time RT-PCR
assaysﬂeﬂfleaegeﬂ] §|mdutmr]:§¥]& rlrav&land efficiency.
The first assay consisted of primers and probes specific to the matrix gene of influenza
A virus, matrix gene of influenza B virus and GAPDH gene of host cells for typing (A/B)
of influenza viruses and verification by an internal control, respectively. The other assay
employed primers and probes specific to the hemagglutinin gene of H1, H3 and H5
subtypes in order to identify the three predominant subtypes of influenza A viruses

capable of infecting humans. However, the hemagglutinin gene of H16 was not tested.
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The single-step multiplex real-time RT-PCR assays were developed to meet the
following objectives: to detect the presence of RNA from influenza B virus or any
subtypes of influenza A viruses; by including an internal control gene (GAPDH), to
provide evidence that failure to identify viral sequences was not attributable to
degradation of the target RNA or the presence of enzyme inhibitors or detection
quenchers; and to identify positively the three most common subtypes (H1/H3/H5) of
influenza A virus capable of infecting humans. Each method represents a single-step
process which less time consuming than the two-step process and thus, minimizes the

risk of cross-contamination.

The single-step multiplex real—timd:a RT-PCR assay for typing of influenza viruses
relies on three molecular probgs which target GAPDH from the host cell as well as the
matrix gene from the iinflugnza /A ami':i influenza B virus genomes, respectively.
Amplification of the host GADPH gen'é serj\legg to establish specimen quality and integrity
and assay functionality. Clinical necropsy. "pr‘l-'aboratory samples containing influenza A
virus are expected to yield two amplificatioadéignals FAM for the influenza A matrix gene
and HEX for the GAPDH gene. Specimens yLéldlng the two amplification signals Cy5, for
the influenza B matrix gene and HEX for the_GAPDH gene would be indicative of an
A and influenza B vnpuses—yTeer—the—%ﬁcPBH amphﬂcanon signal (HEX) only. Finally,
specimens failing to yleld amplification signals with the three probes are indicative of
defective specimen collectlon or handling, degradatlon, faulty RNA extraction or the

presence of inhibitors of.the polymerases of fluorochromes usediin real-time PCR.

The probes used in this partrwere LNA-mediated TagMan, probes to increase
thermalistability (Kennedy et al., 2005). Therefore the LNA-mediated TagMan probes are
shorter than the conventional TagMan probes at the same melting temperatures. For
influenza A virus detection, a short LNA-TagMan probe is more suitable than the
conventional TagMan probe as it is difficult to find a long conserved region (25-30 nt)
when aligning different strains of influenza A virus for designing a TagMan probe
providing perfect match with all subtypes of influenza A viruses. A TagMan MGB may

serve as an alternative choice because the probe is coupled with a minor groove binder
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(MGB), which increases the Tm of the probe. This part was performed on Rotor-Gene
3000. Primers and probes in this part can be applied into other platforms by using

compatible fluorescents/quenchers with other platforms.

The multiplex real-time RT-PCR assays described above provide adequate
sensitivity values since the detection limits have been comparable with previous studies
based on real-time PCR for influenza virus detection which had yielded sensitivity

ranges from 10 to 10° copies Sp o} an et al., 2002; Lee and Suarez, 2004

Payungporn et al., 2006).

In conclusion, b ,_rassays based on the single-

stepmultiplex real-time yS d_ above provide a rapid, specific,
sensitive and cost-eff for it “}ﬁ". d subtyping (H1/H3/H5) of

influenza viruses thu e for large-scale screening,

particularly at times o \-o laboratory diagnosis of

influenza virus infections rIy S 'o . 2 \ can yield information relevant

to patient management an Séilits e o w otocols.
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CHAPTER IV

MOLECULAR EVOLUTION OF HUMAN INFLUENZA (H1N1 AND
H3N2) IN THAILAND, 2006-2008

The WHO has published recommendations on the composition of influenza
vaccine for the northern and southern_hemispheres. For the northern hemisphere, the
WHO has issued the recommendation for strains to be included in the trivalent vaccine
for the next season based on epidemiological.@ata and genetic analyses of circulating

strains.

The ability to predict.emergence Iof circulating influenza strains for subsequent
annual vaccine development /has becbn)_e vital. Comparisons between antigenic
differences and phylogéenetic analyses aﬁe essential to further the understanding of
multiple lineages of influenza virus variar;l'tsj: Therefore, this part has been aimed at
elucidating the complete genome'evblution"?if influenza A H1N1 and H3N2 isolated from
Thailand over a time period of three years, ff{)ﬁ] JeJarIy 2006 to the end of 2008. Genome

evolution may have implications on predictin@th-é strains emerging during the following

g

season in order to matghvaccine composition.

1. Objective

To investigate and study the molecularievelution of human influenza A virus

subtype H1N1 and H3N2 by using the whole genome sequences analysis in Thailand.

2. Materials & Methods
2.1 Clinical samples

Nasopharyngeal suction specimens were collected from 383 patients diagnosed
with respiratory iliness in Thailand from 2006-2008. All clinical samples were provided

by the Department of Pediatrics, King Chulalongkorn Memorial Hospital. All clinical
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samples were screened for influenza A virus subtypes H1 and H3 by using one-step

multiplex real-time RT-PCR as previously described in CHAPTER 111,
2.2 RNA extraction and whole genome sequencing

Viral RNA was extracted from 200-pl nasopharyngeal suction samples by Real
Genomics Viral Nucleic Acid Kit (RBC Bioscience, Taiwan). cDNAs were synthesized at
37°C for 3 hours using the M-MLV reverse-transcription system (Promega, Madison, W)
and 1 pM universal primer as described hy Hoffmann and co-worker (Hoffmann et al.,
2001). The whole genome sequences were amplified using the primer sets for human
H1N1 (Table 5) and H3N2 (Table 6) influ_anza Awirus. Briefly, 1 pl of cDNA template was
added to the reaction mixture Containingi10 ul of 2.6X Eppendorf masterMix (Eppendorf,
Hamburg, Germany), 0.6#¢1M ferward anql reverse primers and nuclease free water to a
final volume of 25 pl._ihe amplifioationl_reeotion was performed in a thermal cycler
(Eppendorf, Germany) undep'the foll.ewiné_,c.onditions Denaturation at 94 °C for 3 min,
followed by 40 amplification cycles conS|stung ‘'of denaturation at 94°C for 30 sec, primer
annealing at 50°C for 30 se¢ (for PB2:PB1; PA genes) and 55°C for 30 sec (for HA, NP,
NA, MP, NS genes) followed by extenSIOn at’?Q C for 90 sec, and concluded by a final
extension at 72°C for 7 min. After electroehﬁfeels in a 2% agarose gel stained with

ethidium bromide on- preparahon the expected PCR product was visualized on a UV

trans-illuminator. PC_F§;-products were purified from the j_2_.% agarose gel using the
Perfectprep Gel Cleant_Jp kit (Eppendorf, GmbH, Germény). DNA sequencing was
performed using the Geng' Amp PCR system 9600 (Perkin-Elmer, Boston, MC).
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Target Gene  Primer Sequence (5'-3’) Position Strand
PB2 PB2-F5’ AGCAAAAGCAGGTCAATTATATTC 1-23 Sense
PB2_H1_F529 TTCCCTAATGAAGTGGGAGC 529-5148 Sense
PB2_H1_R626 GGGGAAATTTTGCAATCCTG 626-607 Antisense
PB2_H1_F1099 GAGGGATATGAAGAGTTCAC 1099-1118 Sense
PB2_H1_R1217 GCTTCGACTATTGACTGTTC 1217-1198 Antisense
PB2_H1_F1721 ACAATGCTAT 1721-1741 Sense
PB2_H1_R1850 /ZCATTTG 1850-1831 Antisense
PB2-R3’ \ TTTTAAA 2341-2317 Antisense
e ——
PB1 PB1-F%’ AC \ \TTTG 1-23 Sense
PB1_H1_F \\ 506-526 Sense
PB1_H1_R70 701-682 Antisense
PB1_H1_F12 1232-1251 Sense
PB1_H1_R1319 1319-1299 Antisense
PB1_H3_F1705 1705-1723 Sense
PB1_H1_R186 1863-1844 Antisense
PB1-R3’ 2341-2319 Antisense
PA PAFS " AGCAAAAGCAG 1-22 Sense
PA_H1_@1 ' 481-500 Sense
PA_H1 _Ré 1.;5 CTCTTTCGGACTGACGAAAG 613-594 Antisense
=9 U
_H1 G'J mwﬁiﬂ i 1246-1265 Sense
@»Hﬂ; TGGGACA G 1383-1365 Antisense
PA_H1_R192 T GéﬁIlT TTCCAETCCT 94921-1902 Antisense
aq W:ﬁ-éﬁ ﬁ ‘im %ﬁghﬂT&a aZEi-ZZH Antisense




Table 5 (continue) Primer sets for HIN1 whole genome ampilification
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Target Gene  Primer Sequence (5'-3’) Position Strand
HA HA-F5’ AGCAAAAGCAGGGGTCTGATCTG 1-23 Sense
H1 F266 CTTAGGAAACCCAGAATGCG 266-285 Sense
H1 R627 ACGGGTGATGAACACCCCA 627-609 Antisense
H1 F1062 5_ GGTTTGTTTGGAGCCATTGC 1062-1081 Sense
H1 R1525 5_ CCATTTTTCACACTTTCCATGC 1525-1504 Antisense
HA-R3’ ’ p)GGTGTTTTTAACTAC 1778-1754 Antisense
NP NP-F5’ iCA AATC 1-22 Sense
NP_H1_F5 542-561 Sense
NP_H1_R 649-668 Antisense
NP_H1_F , 1018-1037 Sense
NP_H3_Rf AGTATC 1205-1187  Antisense
NP-R3’ 1564-1543 Antisense
NA NA-FS' ‘: CCAC \ AAAATG 123 Sense
N1 F479 TTAATGAG 479-499 Sense
N1 R620 GAAATTCC 620-600 Antisense
N1 F658 ACTGAAAC AG 653-676 Sense
N1 R1 \Pf CATCCATTAGGA V 1159-1138 Antisense
NA-R3’ 7 1458-1434 Antisense
M EJ q i 1-21 Sense
u ﬁmmn 1022-1004 Antisense
" QW’IQQﬂ‘iM&&’Q’Jm&’]ﬂ B s
NS-R3’ AGTAGAAACAAGGGTGTTTTTTAT 890-867 Antisense




Table 6 Primer sets for H3N2 whole genome amplification
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Target Gene  Primer Sequence (5'-3") Position Strand
PB2 PB2-F5’ AGCAAAAGCAGGTCAATTATATTC 1-23 Sense
PB2_H3_F493  GCCAAGGAGGCACAAGATG 493-511 Sense
PB2_H3_R642  GTATGCAACCATCAAGGGAG 642-623 Antisense
PB2_H3_F1059 GCTTACAGGCAATCTCCAAAC 1059-1079 Sense
PB2_H3_R118  CACTCACTATGAGCTGAACC 1189-1170 Antisense
PB2_H3_F1637 1637-1655 Sense
PB2_H3_R185 CCCA/ [CATTTG 1851-1831 Antisense
PB2-R3’ ' 2341-2317 Antisense
/,
PB1 PB1-F5’_/ 1-23 Sense
PB1_H3_F 491-511 Sense
PB1_H3_R7. 762-743 Antisense
PB1_H 1116-1135 Sense
PB1_H3 1225-1204 Antisense
PB1_H3_F1 1704-1723 Sense
PB1_H3_R186 1867-1848 Antisense
PB1-R3’ 2341-2319 Antisense
PA PA-F5 AGCAAAAGCAGGTAC 1-22 Sense
PA_H3_W 472-492 Sense
PA_H3 R6El3'] GAGACTTTGGTCGGCAAGCC 681-662 Antisense
Q'J ﬂ i 1129-1148 Sense
@ygiﬂ nﬂﬂm G!L 1247-1228 Antisense
TGAGCATG 1605 Sense
4 WeLali ptICIL TR T i
PA-R3’ AGTAGAAACAAGGTACTTTTTTGG 2234-2211 Antisense




Table 6 (continue) Primer sets for H3N2 whole genome amplification
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Target Gene  Primer Sequence (5'-3’) Position Strand
HA HA-F5’ AGCAAAAGCAGGGGTCTGATCTG 1-23 Sense
H3 F598 TTGACAAATTGTACATTTGGGG 598-619 Sense
H3 R797 TCCCGGATTTACTATTGTCCA 797-777 Antisense
H3 F1013 CACTCTGAAATTGGCAACAGG 1013-1033 Sense
H3 R1184 GCTTTTGAGATCTGCTGCTTG 1184-1164 Antisense
HA-R3’ )GGTGTTTTTAACTAC 1778-1754 Antisense
/
NP NP-F5’ §' TAATC 1-22 Sense
NP_H3_F5 ‘ [ 522-541 Sense
NP_H3_R LT - AA 680-661 Antisense
NP_H3_F _ ‘\ 1023-1041 Sense
NP_H3_R1 CGH 12211202 Antisense
NP-R3’ ‘ 1564-1543 Antisense
NA NA-F5’ 1-23 Sense
N2 F557 _ _ 557-576 Sense
N2 R564 : [GAGC -=- TGCTAT 564-545 Antisense
N2 F76 T ' 766-789 Sense
N2 ;7 “GCTGATCGTTC - 1120-1101 Antisense
NA-R3’ m 1458-1434  Antisense
M EJ‘ q i 1-21 Sense
u ﬁmmn 1022-1004 Antisense
s 9 mmmwmanma B s
NS-R3’ AGTAGAAACAAGGGTGTTTTTTAT 890-867 Antisense
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2.3 Phylogenetic analysis

Nucleotide sequences were aligned with ClustalX v1.83 (Thompson et al., 1997).
Phylogenetic trees were constructed using the Neighbor-joining (NJ) approach
implemented in MEGA 4 (Tamura et al.,, 2007). Bootstrapping support for tree
topologies was accomplished using NJ methods implemented in MEGA with 1,000
replicates. Genetic distances based on NJ phylogenetic trees were calculated applying

Kimura's two-parameter method using MEGA 4.
2.4 Prediction of N-Glycosylation

Potential N-glycosylation-sites (amino acids Asn-X-Ser/Thr, where X is not Pro)
were predicted using ninesartificial heural networks withrthe NetNGlyc server 1.0 (Gupta
et al., 2004). A threshold valte:of >O.5| average potential score was set to predict
glycosylated sites. The!N-Gly-cosite pred}cgi_on tool at Los Alamos (Zhang et al., 2004)

was used to visualize the fraction of iselates possessing certain glycosylated sites along

the sequence alignment. "

i

2.5 Measurement of Selecﬁoh Presé-dfeé
i vl

To determine the overall.selection pfe_éé_f}‘res for each gene, the mean numbers
of dN/dS ratio, in which dN is-the non—syndg;&/mbus substitution rate (non-synonymous
changes per non-syRonymous_site) and dS isihe syﬁonymous substitution rate
(synonymous changes-per synonymous site) were estimatea; The ratio between dN and
dS substitutions and the individual site specific selection pressure was measured by
using the likelinood based single likelihood:angéstor caunting:(SLAC), two rate fixed
effects likelihood(FEL) and random effects likelihood (REL) methods contained in the
HYPHY~package (Kosakovsky~Pond et ak,n2005)+andyaccessedthe [dataset on the
website of Datamonkey interface " (http://www.datamonkey.org). “In all’ cases, dN/dS
estimates were based on neighbor-joining trees under the GTR substitution model. The

accepted significance level for a positively selected site was set at <0.1 (two-tailed

binominal distribution) for SLAC and FEL analyses and >50 bayes factor for REL.
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2.6 Calculation of antigenic distance

The specific measure of antigenic distance between two strains of influenza

virus was calculated as P values employing the method suggested by Mufoz et al.

epitope

(Mufioz et al., 2005). The P value was calculated as the number of mutations at an

epitope
antibody’s antigenic site divided by the number of amino acids defining the site. It is
assumed that the antigenic epitope with the greatest percentage of mutations is

dominant as this epitope is under the greatest selective pressure from the immune

system. The P distance is de ‘fractional change between the dominant

epitope

antigenic epitopes of one ,s' Ga[] r. The P Calculator (Gupta et

epitope

R
{l
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3. Results
3.1 Prevalence of Influenza A virus in Thailand from 2006 to 2008

The relative prevalence of influenza virus from 2006 to 2008 has been subjected
to variation. In the course of this period, 383 patients were diagnosed with respiratory
illness. Forty one samples were positive for the matrix gene of influenza A virus.
Distinction between subtypes H1N1 and H3N2 differentiated 30 H3N2 samples from 11

H1N1 samples. Between April and August 2006, a higher prevalence of H1N1 viruses

- ' —— , }
13 H3N2 and 5 HIN1 s re |selected-representing the respective time of

U

AU INENTNYINS
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Table 7 The details of the human influenza A virus subtype H1N1 and H3N2 specimens

Strain Subtype Date Sex Age Accession number
A/Thailand/CU23/2006 H3N2 22-03-2006 Female 1 year EU021266, EU021267, FJ912901-FJ912906
A/Thailand/CU32/2006 H1N1 13-04-2006 Female 3 years EU021264, EU021265, FJ912907-FJ912912
A/Thailand/CU44/2006 H1N1 13-05-2006 Fefale 1'? years EU021258, EU021259, FJ912912-FJ912918
A/Thailand/CU46/2006 H3N2 18-05-2006 Male 11';mgnths EU021268, EU021269, FJ912919-FJ912924
A/Thailand/CU51/2006 H1N1 30-05-2006 Male - Z;ears EU021254, EU021255, FJ912925-FJ912930
A/Thailand/CU68/2006 H1N1 26-06-2006 Female 8 rr;bnths FU021260, EU021261, FJ912931-FJ912936
A/Thailand/CU88/2006 H1N1 25-07-2006 FEmalle =4 «i44 /5 ml(;ra)ths_- EU021252, EU021253, FJ912937-FJ912942
A/Thailand/CU228/2006 H3N2 11-10-2006 Mille a2 yea{rs EU021274, EU021275, FJ912943, FJ912948
A/Thailand/CU231/2006 H3N2 14-11-2006 Male="" 1 ye'-él_';’;:-.’:J EU021282, EU021283, FJ912949-FJ912954
A/Thailand/CU260/2006 H3N2 27-12-2006 Female=- 1 yé;é;?'-'-#—— EU021280, EU021281, FJ912955-FJ912960
A/Thailand/CU280/2007 H3N2 26-01-2007: =  Female 2years EQ021272, EU021273, FJ912961-FJ912966
A/Thailand/CU282/2007 H3N2 02-02-2007 =, Male 3 years EU021276, EU021277, FJ912967-FJ912972

A/Thailand/CU1101/2008 H3N2 25-02-2008 - Female 3 years EU625363, EU625366, FJ912997-FJ913002
A/Thailand/CU1102/2008 H3N2 20-03-2008 Male 3 years EU625364, EU625367, FJ913003-FJ913008
A/Thailand/CU1103/2008 H3N2 24-03-2008 Male 10 years EUB25365, EU625368, FJ913009-FJ913014
A/Thailand/CU356/2008 H3N2 25-03-2008 Male 11 months FJ912973-FJ912980
A/Thailand/CU370/2008 H3N2 16-06-2008 Male 5 months FJ912981-FJ912988
A/Thailand/CU379/2008 H3N2 04-07-2008 Female 9 months FJ912989-FJ912996

8G
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3.2 Phylogenetic Analysis

Based on phylogenetic analysis of the nucleotide sequence, 13 H3N2 isolates
were compared with vaccine strains (Figures 11-13). The results showed H3 and N2
nucleotide sequences formed seasonal phylogenetic clusters representative for the
2005-2006, 2006-2007 and 2007-2008 seasons. The H3 nucleotide sequences of the
2005-2006 strains (A/Thailand/CU23/2006 and A/Thailand/CU46/2006) were closely
related to the A/Wisconsin/67/2005 like lineage (vaccine strain for 2006-2007 Northern
Hemisphere, 2007 Southern Hemisphere, 2007-2008 Northern Hemisphere). The
average percentage of nucleotide homologies6fHA to this vaccine strain is 99.49% and
98.53% based on amifd 4cids. The 20062007 strains (A/Thailand/CU228/2006,
A/Thailand/CU231/2006, AlThailand/CU260/2006, A/Thailand/CU280/2006,
A/Thailand/CU282/2006) swerg" different ‘lfrom the 2005-2006 strains. The average
percentage of nucleotidg homologiés ar%&ng the 2006-2007 and 2005-2006 strains
amounts to 99.029% (98.88% based (;n a'r:pino acids) and the homologies of the 2006-
2007 strain to the A/Wisconsin67/2095 Iike":lfq'e@__ge has decreased to 98.985% (97.64%
based on amino ‘acids). ,_During"'fjf.-_‘the following  season,  2007-2008
(A/Thailand/CU1101/2008, A/Th'ailand/Cg’fl.’éZ/ZOOS, A/Thailand/CU1003/2008,
A/Thailand/CU356/2008, A/Thailand/CU?;?O/éB’éé'and A/Thailand/CU379/2008), the H3
nucleotide sequence;:,had—dﬁﬂed—tewaFQS—a—n%ﬁeuA%B[‘isbaneM0/2007 like lineage
(vaccine strain for 2k0-08 Southern Hemisphere and 20085009 Northern Hemisphere).
The H3 nucleotide homalogies to this vaccine strain are 99.392% and 99.24% based on
amino acids. (Fhe' average ‘percentage | 6f nucleotide jand “amino acid homologies

between H1 isolates and vaccine strains are shown in Table 8.
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Table 8 The average percentage of nucleotide and amino acid of H3 and vaccine

strains.
Nucleotide Amino acid
A/Wisconsin/67/2005 A/Brisbane/10/2007 A/Wisconsin/67/2005  A/Brisbane/10/2007
2005-2006 99.38 99.203 98.256 97.674
2006-2007 98.99 99.026 97.326 97.442
2007-2008 98.686 99.395 96.609 98.353
-

The N2 nucleotidessequences of t‘he 2005-2006 strain were closely related to the
A/Wisconsin/67/2005 likedineage (99.52%} for nucleotides and 99.44% for amino acids).
The isolates from the 2006-2007 seas}“oin vvgre slightly. different from the 2005-2006 strain
(99.02% for nucleotides apd 98.77 % for arr'}in(‘j acids) and from the A/Wisconsin/67/2005
like lineage (98.85% for nucleotides. and 98235% for amino acids). During the 2007-2008
season, the N2 nucleotide sequences had":a{rjf!ted towards the A/Brisbane/10/2007 like
lineage (99.59% for nucleotides: Van-d 994&@5;’ amino acids). Few isolates from the
2006-2007 strain (A/Thailand/CU231/2006) éifé!“éfdsely related to the 2007-2008 strain
(99.06% for nucleotidés—and—%ﬁ‘%‘o—for—ammo—acfds‘):?hé H3N2 internal genes of the
2007-2008 strain are -CIOser related to the A/Brisbane/107£007 like lineage (Figure 12-

13).

The 5 H1N{ isolates from the 2006- season were compared with the vaccine
strains. The H1 and N1 nucleotide sequences from.the 2006 season were differentiated
into 2% lineages/. \(Figures _12-13).. Two isolates | (A/Thailand/€U88/2006 and
A/Thailand/CU51/2006) were closely related to the A/Solomon Island/3/2006 like lineage
(vaccine strain for 2007-2008 Northern Hemisphere) (Figure 13). The average per cent
nucleotide and amino acid homologies of HA to this vaccine strain are 98.86% and
98.08%, respectively and homologies of NA to this vaccine amount to 99.16% and
99.01%, respectively. Two isolates (A/Thailand/CU44/2006 and A/Thailand/CU68/2006)

were distinct from the A/Solomon Island/3/2006 like lineage and closely related to the
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A/Brisbane/59/2007 like lineage (vaccine strain for 2008-2009 Northern Hemisphere).
Percent homologies to the A/Brisbane/69/2007 like lineage were determined at 98.66%
for the H1 nucleotide sequence, 98.46% for the H1 amino acid sequence, 97.76% for
the N1 nucleotide sequence and 97.60% for the N1 amino acid sequence. One isolate
(A/Thailand/CU32/2006) was closely related to the A/New Caledonia/20/1999 like
lineage (vaccine for 2006-2007 Northern Hemisphere). The phylogenetic trees of the

internal genes showed the same topology (Figures 12-13). The average percentage of

nucleotide and amino acid homo /e H1 isolates and vaccine strains are

shown in Table 9. . Wé

§

Amino acid

A/NewCaledonia/. ) o ane/6 aledonia/20/  A/Solomonlsland/3/ A/Brisbane/69/

1999 1999 2006 2007
NC-ike — 97.865 97.949 96.667 97.179
S-like 97.267 96.282 98.077 97.308
B-like 97.5284 984 97,436 98.462 98.462

- B

AuEINENINYINg
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AThaiand/CU3792008 T AThaiand'CU1102:2008
AThaland/CU1102/2008 AThaiand/CU1101/2008
85| — AThatanarcusTaroos N 2 AThaland/CU35672008
H 3 ATThaland/CU3562008 AThaland/CLI3702008 2007-2008
A/Ohio/URDT-0089/2008 AThaland/CU1103/2008
AThadand/CU1101/2008 2007.2008 AThaland/CU378/2008
ANew Yo/ URDIT-D080/2008 a9 AiNew York/UROT-D080/2006
AIColorado/ IRDE-0531/2007 W AlBrisbane 0/2007
AManagual28/2007 AThailang/CU124/2006
A/Washington/URDE-0262/2007 89 AThaland/CU231/2006
W AErisbane/10/2007 AThaland/CU282/2007
AThaland/CU110372008 AThakand/CUZ6012006 2006-2007
AThakandiCUZ3/2006 AThsilang/CU272/2007
AThsiland/CU12412008 AThaland/CU2502007
AThsilana/CU258/2006 AThaland/CLI2582008
AThailang/CU272/2007 Nnmwammj ¥Thaland/CL22
W AWisconsin/G7/2008
AQueensland57/2008
AThaRandiCL462006 2005-2006
AjHiroshima/B2/2008.
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3.3 Variations in hemagglutinin and neuraminidase

The amino acid positions in the 2005-2006 H3 strains that have undergone
mutations in the 2006-2007 strain’s HA are 16N, 140K, R142G, L157S, K173E, D375N
and K450R (numbering according to H3 structure) (Table 10). In the 2007-2008 strain,
positions 50 and 361 had changed to Glu and Arg, respectively. Positions 6 and 157
have remained Asn and Ser. After the 2006-2007 season, positions 140, 375 and 450

have been stable. Position 173 had the highest variability represented by three different
ted at antigenic sites A, B and E: K/I-
ite &173 at site E. The 2005-2006 strain

'@A in comparison with the 2006-

2007 strain and the anti ' : utation was antigenic site A (P, ... =

amino acids. The altered amino

itions compared to the 2006-

2007 strain and the antig ferre K tati as site A (P

epitope = 0-105).
The N2 from the d identical to the 2005-2006
strains due to S43N, D93N served at site 93 in NA from the
2006-2007 and 2007-200 trains > in the HLA-A*0201 NA90-99

ﬂ‘lJEJ'J‘VlEJWﬁWEJ’]ﬂ‘i
ammnm UAIAINYA Y
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Table 10 Amino acid alterations in H3 and N2 between seasons. Amino acids in

brackets indicate the minor amino acid substitutions within a season.

HA NA

Amino acid  2005-2006 2006-2007  2007-2008 Amino acid ~ 2005-2006 2006-2007  2007-2008

6 N | N 43 N S(N) N
50 G G E 93 N D D
140 K H H(R) R
142 R Vv V(1) |
157 L | | \
173 K Y Y(H) Y
361 I S R(S) S
375 N S S(L) L
450 R N N K
\\\

In the H1 HA, thel of isola -. Closely related to the A/Solomon

Island/3/2006 like lineage ¢ differer solates closely related to the

A/Brisbane/59/2007 like i Je— . Four positions in the A/Solomon

Island/3/2006 like linee ne/59/2007 like lineage (73,

77, 88 132). Position o ‘! site. As for the N1 NA, five
positions were differenEetween e two lineages (23, 64 7 173 and 266).

ﬂ‘UEJ’J‘VIEJVI’ﬁWEJ’]ﬂ‘i
QW%Nﬂ‘iELI UA1AINYAY
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Table 11 Amino acid comparison of H1N1 isolated from Thailand to A/Solomon
Islands/3/2006 like lineage (S-like), A/Brisbane-like/59/2007 like lineage (B-like) and
A/New Caledonia/20/1999 like lineage (NC-like).

H1 N1
Amino acid S-like B-like NC-like Amino acid S-like B-like NC-like
73 S L L 23 | M M
77 R K H N N
86 K K E G G
88 S N R K K
98 Y M M \
132 A T S S
149 K
212 K
270 N
419 |
Genetic indication of ne (g resistance at positions 119, 152, 274,

292, 294 was not fo, in

,I”:
iF |

AU INENTNYINS
ARIANTAUNININGIAE
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3.4 Variations in the internal genes

The PA protein harbors the amino acids essential for the HLA epitope. The
sequence HLA-A*0201 PA225-233 (CLENFRAYV) (Gianfrani et al., 2000) was found in
all H3N2 isolates. In H1N1, the substitution 1226L was found in this epitope. The
substitution V602! located in HLA-B*8 PA601-609 (SVKEKDMTK) (Wang et al., 2007)
was found in one H3N2 isolate (A/Thailand/CU-231/2006).

The H3N2 isolates from the; 2005-2006 season (A/Thailand/CU23/2006,
A/Thailand/CU46/2006) displayed the original . HLA-A*01 NP44-52 (CTELKLSDY)
(DiBrino et al., 1993) in the NP protein,‘while the.substitution Y52H had occurred in
isolates since the 2006-2004-season (A/'Jrhailand/CU228/2OO6, A/Thailand/CU231/2006,
A/Thailand/CU260/2006)«unti|_ihe 2007—2Q08 season. The H1N1 isolates had undergone
a S50N replacement in_this epitope. L

i -

The H3N2 isolatés from 2006 to 26“)’084_exhibited the original CTL epitopes HLA-
A*6801 NP 91-99 (KFGGPIYRR) (Guo?_ ét al., 1992), HLA-B*1508 NP103-111
(KWMRELVLY) and HLA-B*4002"NP251:259 (AEIEDLIFL) (Berkhoff et al., 2007). The
H1N1 isolates have experiénced l K98R, </1d0’15JM and T2571 substitutions in these
epitopes, respectively. H1N1 o_liéplayed the?_r_igji_nal CTL epitope HLA-B*1402 NP146-
154 (TTYQRTRAL) V(DiBrino e{- al., 1994): -V\_/;ﬂle H3N2 rhas undergone a T146A
replacement. H1N1 shc;\}ed L191M gnd V1971 substitutibns in the CTL epitope HLA-
A*1101 NP188-198 (TMVMELIRMVK) (Gianfrani et al., 2000) and two isolates of H3N2
from 2006 (A/Thailand/CU231/2006) and 2008 (A/Thailand/CU379/2008) exhibited a
V1971 replacement linithis epitope. The H3N2 isolates.from ithe 2006-2007 season to the
2007-2008 season had undergoné alterations #e, the original @CTL epitope HLA-
DQA1*0501/HLA:DQB1:0201 NP365-379 (IASNENMDNMGSSTL) (Vartdal et al., 1996)
while the 2005-2006 season viruses (A/Thailand/CU23/2006, A/Thailand/CU46/2006)
displayed the substitution S377G. The H1N1 viruses had three amino acid differences in
this epitope (N373A, M3741 and G375V). The H3N2 isolates had the G384Y substitution
in the CTL epitope HLA*B27 NP383-391 (SPYWAIRTR) (Wang et al., 2007) while H1N1
showed the R384Y replacement in this epitope. The H3NZ2 isolates had experienced the
substitution V4251 in the CTL epitope HLA-B*0702/HLA-B*3501 NP418-426
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(LPFEKSTVM) (Rohrlich et al., 2003). E421D and S423T were found at this epitope in

H1N1 viruses.

The H1N1 sequences showed the original CTL epitope HLA-B*39 M1173-181
(IRHENRMVL) (Wang et al., 2007) in the M1 protein, while the substitution R174K was
found in four H3N2 isolates, two from the 2005-2006 season (A/Thailand/CU23/2006,
A/Thailand/CU46/2006) and two from the 2007-2008 season (A/Thailand/CU1102/2008,
A/Thailand/CU1103/2008). The S31N substitution in the M2 protein indicates resistance
to amantadine, the influenza matrix ion channel inhibitory drug. Five H3N2 isolates from
the 2006-2007 season (A/Thailana/Cly228/2006, A/Thailand/CU231/2006,
A/Thailand/CU260/2006, A/Thailand/CtZBOQOO? and  A/Thailand/CU282/2007)
displayed Asn at this position indicating‘ amantadine sensitivity. But in the 2007-2008

H3N2 strain, this position"had changed to S3IN implying drug resistance. The H1N1

sequences showed Asn at this positidn. g

_—

The CTL epitope HL/—\-DR*OS NS1C:’;4—'42 (DRLRRDQKS) (Jameson et al., 1999)

had been identified in NS1.in HTN1 . The HSNQ viruses display the substitution K41R and
' 4 )

4 isolates from the 2006-200 £ season (A/Thé{re_an/CU228/2006, A/Thailand/CU260/2006,

oo us Ao

A/Thailand/CU280/2007 and A/fhailand/CUZéZQOO?) have undergone the substitution

A ey

136V in this epitopey In H3N2 viruses, the HLAA204~ NS1122-130 (AIMDKNIIL)

epitope (DiBrino et arl.f1995) displays amino acids D125E_a'[1d [129M.
3.5 Glycosylatien patterns

Ten potential N:glycosylation sites)wererpnedicted inH3:-HA1 (8, 22, 38, 63, 126,
133, 165,246 and 285)"and one (483) in HA2 (Table™2). These sites were found to be
conseryed.among all isolates obtained during,the 3'seasons ef.this.study. In comparison
with the :2005-2006 ‘strain, the' majority “of 2006-2007 viruses 'had lost the predicted
glycosylation at position 144; one isolate showed glycosylation at this position
(A/Thailand/CU231/2006). The predicted score at position 144 has been below the set
threshold value of 0.5 and was therefore not included in the count. All isolates from the
2007-2008 season had lost this position. Three positions are located at the antigenic site

A (126, 133 and 144).
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Six potential N-glycosylation sites were predicted for N2 NA from the 2005-2006
season, (61, 70, 86, 93, 146 and 234). The virus from the 2006-2007 and 2007-2008

seasons had lost the potential site at position 93.

For H1 HA, seven potential N-linked glycosylation sites were predicted in HA1
(15, 27, 58, 91, 129, 163 and 290) and two in HA2 (484 and 543). Positions 129 and 163
are located at the antigenic site Sa. Eight predicted potential N-linked glycosylation sites

were detected in the N1 NA (44, 58, 63 70 88, 146, 235 and 434).

Table 12 N-Glycosylation si ted A with a threshold value of

>0.5 average potential 7. rep tigenic site. Position in
.,_Jﬁxﬁam

brackets indicates that at this position.

£ AN
ét* \
Seaso II M \\\\o position
H3 2005-2006 ‘ 144, 165, 246, 285, 483
Fari i
2006—2007 .63 6, 33, (144), 165, 246, 285, 483

“ )
2007-2008 41 B 7 - 133, 165, 246, 285, 483

N2 006 61,70,86,08, 146,284

2006-2 "

2007- 22? 61, 70, 86, 146 234 m
ANEANENINEINI

15, 27 58, 91, 129, 163, 290, 484 ,543

mmnmm AN
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3.6 Selection pressure

Based on the ratio of non-synonymous versus synonymous substitutions no
single influenza A gene was directly influenced by positive selection (dN/dS<1) (Table
13). The HA1 region of both subtypes has rather been subjected to evolutionary
pressure. The M2 protein displays a slightly higher dN/dS ratio than the other internal
genes. FEL and SLAC maximum-likelihood methods were applied to estimate positively

selected individual sites. Positively selected site could not be determined by either

method. The REL analysis retrieved fc e M1 gene at positions 162, 174, 211
and 219. Neither method could predi er selected site for NA and the

internal genes. Similarly, positive not be determined for H1 and

Table 13 Non-synony ' OUS ¢ tution H3N2 isolates. dN/dS

ﬂuaqwav§M31ﬂi -
QA9 T A TNE )

NS2 0.079 0.065
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4. Discussion

Of the 383 patient samples tested for influenza A virus from early 2006 to 2008,
41 (10.7%) were found positive, with 30 samples harboring H3N2 virus and 11 H1N1.
During the seasonal outbreaks recorded for this period, H3N2 viruses were the
dominant influenza A subtype in Thailand. Higher prevalence of H1N1 viruses co-

circulating with H3N2 was observed between April and August 2006.

Each year, WHO recommends; the most suitable composition of influenza
vaccine strains for the Northern and Souihern Hemispheres, respectively. The

phylogenetic trees of HA.and NA showed.-s€asenal clusters. Genetic comparison

il

between the HA and NA seguences determined-in this project and vaccine strains

showed seasonal clusters are’ closely related to the wvaccine strains recommended.
\
H3N2 isolates from the#2005-2006 'season are closely related to the vaccine strains

recommended for 2006-2007 Northém HLgrlnisphere, 2007 Southern Hemisphere and
2007-2008 Northern Hemisphere (A/Wiso&hs‘i'h/67/2005 like lineage). During the 2007-
2008 season, viruses had drifted! towardsvt'he‘sequence for a vaccine strain for 2008

' g
Southern Hemisphere and 2008-2009 Nor‘tﬁ?’ms Hemisphere (A/Brisbane/10/2007 like
lineage). Most H1N1 isolates fr6m 2006 Coui&_fj'e differentiated into two lineages, with

A a ey
§

one closely related tosthe vaccine strain for 2007-2008 Northern Hemisphere (A/Solomon

Island!/3/2006 like linezge) and the second to the vaceine strain for 2008-2009 Northern
Hemisphere (A/Brisbané_/59/2007 like lineage). Few H1N1 isolates were closely related
to the vaccine strain for 2006-2007 Northern Hemisphere (A/New Caledonia/20/1999 like

lineage).

Sequence analysis of HA shéwed high variation in HA1, which might be due to
its receptor=bindingypropertiesgand 1o itbeing targeted byl neutralizing antibodies since
it represents the membrane fusion glycoprotein of influenza virus. The residues within
the receptor-binding site are relatively conserved but the residue mainly responsible for
NeuAcO.2,6Gal linkage specific for the H3 subtype was 11e226 instead of Leu226 [19].
In H3, amino acid substitutions were detected at three antigenic sites, A, B and E. The
antigenic site preferred for mutation was antigenic site A. Positions in the H1N1 isolates

differentiating them from the A/Solomon Island/3/2006 like lineage and
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A/Brisbane/59/2007 like lineage were included in the antigenic Sa site. T-cell epitopes in
proteins of influenza A virus are more conserved than antibody epitopes. The reason for
this higher degree of conservation is that 80% of the antibody epitopes are located in
the variable glycoproteins HA and NA, while only 40% of the T-cell epitopes are found in
these proteins (Bui et al., 2007). Most substitutions in regions involved in protective T-
cell response were detected in the NP protein, as most T-cell epitopes are defined for
the NP protein and this protein constitutes the main target for the host’s cytotoxic

immune response (Townsend et al.; 1984, Winter et al., 1981).

Oligosaccharides in the'surface proteins«HA and NA might more readily facilitate
viral escape from the immune_system thgm single.amino acid changes at the antigenic
sites. Oligosaccharides may trigger. conformational changes in the molecule and mask
antigenic sites, which in_idrn would preve%t binding of hest antibodies. The number of N-
linked glycosylation sites'in the H3 protj_ejﬁ has decreased during three years. The
predicted N-linked glycosylation at positio@ 144 of the HA antigenic site A has not been
observed since the 2006-2007 season. ThIS position may not play any major role in
escape from the immune System. Six ‘t;éte‘ntial N-glycosylation sites have been
conserved in the N2 protein. The majority ofiéé'f%tes since the 2006-2007 season have
lost the site at position 93 which-is l6cated ir"v"vé"-GTl‘_ epitope (HLA-A*0201) region of NA
(Gianfrani et al., 2000):Fhus;NA-may-now-be-more-easily recognized by the cellular

immune response.

During the 2008-2009, season, the prevalence of the oseltamivir resistance was
very high among .the” ovet 30 cCountries: (WHQ, ' 2009)., However, the indicated
nuraminidase drug resistance was not found in both subtypes during 2006-2008 in
Thailand. The amantadine drug resistance H3N2 viruses were increased in 2007-2008

season in Thailand, while H1N1 in 2006 showed sensitive to amantadine.

Selection at the protein level can be measured by dN/dS. If amino acid changes
provide better fitness or have a positive selection advantage, the mutations will be fixed
at a higher rate than synonymous mutations. This will result in a dN/dS ratio >1. The
expected higher dN/dS ratio was observed for the surface glycoproteins, although none

were directly subjected to positive selection. In this study, the genes encoding the HA1
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and M2 proteins displayed a slightly higher global dN/dS ratio than the other genes. This
ratio was higher for the surface protein genes than for the internal genes. Genes coding
for surface proteins are subject to strong selection pressure by neutralizing antibodies of
host immune systems (Gammelin et al., 1990, Gorman et al., 1991). The M2 protein is a
membrane ion channel protein on the surface of the viral molecule and thus, a higher
dN/dS ratio for this protein compared to the internal proteins can be expected. The ratio
of M2 might be biased because the M2 protein is overlapped by M1 and the dS is
suppressed for overlapping regions giving a higher dN/dS ratio. In general, when
multiple genes overlap in different reading frames, nucleotide substitution is expected to
be suppressed for eachwgene due to'the superimposition of functional constraints
operating on the overlappingsgénes. The mutation rates for these regions are similar and
the synonymous mutations™ are ¢lose tci selectively neutral (Suzuki 2006). Positively
selected sites could not b€ deétected employing SLAC and FEL methods, while REL
analysis identified four sites under‘_.p(;sitiv—é selection pressure in M1. The results may
vary depending on the dataset applied ani:f. t'he_ method used for a site to be classified

as positively selected. , '-_!'J.r__

Complete genome anal"y'éis' of humé'-j_:?f%ﬂuenza A viruses was necessary to
obtain a comprehensijve picture of the evolu:t4i6f;‘5f’viruses.‘_‘In the course of this project,
our group has deteCtéd—vaﬁaﬁOfT?due—to—aTﬁmo—acrd"substlitutions in surface proteins
and internal proteins- including the potential N-linked QI;CosyIation of HA and NA.
Nucleotide sequence cramparisons between Thailand isofates and vaccine strains have
shown that seasonal influenza strains‘icloselyiresemble the Vaccine strains for each

sSeason.



CHAPTER V
MOLECULAR EVOLUTION OF H5N1 IN THAILAND

BETWEEN 2004 AND 2008

HPAI H5N1 viruses have seriously affected the Asian poultry industry since their
occurrence in 2004. Thailand has been one of those countries exposed to HPAI H5N1

outbreaks.

Seven waves of H5N1 outbreaks in Thailand were detected in avian species
since early 2004 (Amonsin et.al,»2006; Tiensin et al., 2007). Between January and
March 2004, the first wave of outbreaks qad lead to 12 cases of human infection with 8
fatalities. The second wave occuried in July, 2004, and had run its course by the end of
the year leaving in its wakeffive human C’g‘se‘_s with four fatalities (Tiensin et al., 2005).
Between October and December‘ 2005, Jt_he third wave of outbreaks was reported
resulting in five human cages with twp fata!_ii?ééf No human cases were reported during
the fourth (January-March 2006)_,eil-'_1ud fifth v;a-\‘/eﬁ (November-March 2007). In January

2008, the sixth wave occurreo_l in 2 provir@,;_located in the lower northern part of

e g

Thailand and as withi the previous two outbreaks, no. Human cases were reported

(Amonsin et al., 2008;-_C_haichoune et al., 2009). In late ZOQé,-'the seventh wave occurred

in the nearby provinces.: i

During stHepfaur years fwitha seven swaves of | outbreaks; numerous nucleotide
sequence data @f HPAI'H5N1 viruses have been obtained in Thailand. The aim of this
part was, to, compare the molecular evelution, of, HRAILHS5N1, in. Thailand between 2004
and 2008. In 'orderto understand the relationship betweengeographic distribution and

clade, the geographic location of each clade was identified.

This part was designed to compare the molecular evolution of HPAI H5N1 in

Thailand between 2004 and 2008.
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1. Objective

To investigate and study the molecular evolution of HSN1 influenza A virus by

using the whole genome sequences in Thailand.

2. Materials and methods
2.1 Viruses and Datasets.

From 2006 through 2008, the faculty of veterinary science at Chulalongkorn

poultry farms, backyard flo ird markets in the northern, north-eastern and

University (CU) in collaboration ulty of veterinary science at Kasetsart

University and the Depart looment (DLD) of Thailand has
conducted surveillance to~ [ ultry. Collection sites included
central region of Thaila | , Ses. were. performed sequencing from
different time waves, 1 i 42006- ,‘ 7 during. the fifth wave, 4 isolates from
January 2008 during n November 2008 during the
seventh wave (Table 1 ollected between the first and
sixth wave in Thailand fro 0'-20 3 and obtainable at the Influenza Database,
National Center for Biote efe : rma : Bl) were also included analysis.

Altogether 105 H5N1 isolates obtained fre i nt regions of Thailand between 2004

AuEINENINYINg
RINNIUUNIININY



Table 14 The H5N1 viruses analyzed in this study.

Accession number

wave Year Location Region Strain HA NP NA M NS
1 2004 Kanchanaburi West A/Thailand/1(KAN-1)/2004 - 612 € WSSHO AY626145 AY555151 AY626144 AY626146
1 2004 Nakorn-Patom Central Alchicken/Nakorn-Patom/Thailand/CU-K2/2004 58 590568 AY590579 AY590567 AY590578  AY590580
1 2004 Suphanburi Central Aleopard/Thailand/Leo-1/2004 € \ ! 6175 AY646177 AY646176 AY646180 AY646178
1 2004 Suphanburi Central Atiger/Suphanburi/Thailand/Ti-1/2004 6 Z 646167  AY646169 AY646168 AY646172 AY646170
1 2004 Suphanburi Central Alchicken/Suphanburi/Thailand/CU-1/. f DQ083586  DQ083660  DQ083622
1 2004 Chachoengsao East Alchciken/Thailand/CU-10/2004 = . 83558 DQ083594  DQ083668  DQ083630
1 2004 Chachoengsao East Alchicken/Chachoengsao/Thailand/CU . - DQ088559 DQ083595  DQ083669  DQ083631
1 2004 Nakhonsawan Central AJchicken/Nakhon Sawan/Thailand/CU-12/2! ’ A = Q083560 DQ083596  DQ083670  DQ083632
1 2004 Nakhonsawan Central A/chicken/Nakhon Sawan/Thailand/CU-1 -w - DQ083561 DQ083597  DQ083671 DQ083633
1 2004 Nakhon Pathom Central A/chicken/Nakhon Pathom/Thailand/CU-14/20 ‘ = | DQ083562 DQ083598  DQ083672  DQ083634
1 2004 Bangkok Central Alcrow/Bangkok/Thailand/CU-15/2004 L f )Q083563 DQ083599  DQ083673  DQ083635
1 2004 Bangkok Central Alwhite peafowl/Bangkok/Thailand/CU-16/2004 DQ083564 DQ083600  DQ083674  DQ083636
1 2004 Saraburi Central Alchicken/Saraburi/Thailand/CU-17/2004 DQ083565 DQ083601 DQ083675  DQ083637
1 2004 Bangkok Central A/Kalji Pheasant/Bangkok/Thailand/CU-18/2004 DQ083566 DQ083602  DQ083676  DQ083638
1 2004 Samut Prakan Central A/Ostrich/Samut Prakan/Thailand/CU=19/2004 g DQ083567 DQ083603  DQ083677  DQ083639
1 2004 Chonburi East A/duck/Thailand/CU-2/2004 AY779049 DQ083696  DQ083658
1 2004 Bangkok Central AJchicken/Bangkok/Thailand/CU-2! DQ083604  DQ083678  DQO83640
1 2004 Bangkok Central A/chicken/Thailand/CU-21/2004 AY779051 DQ083697  DQ083659
1 2004 Bangkok Central Alchicken/Bangkok/Thailand/CU-3/200 DQ083587  DQ083661 DQ083623
1 2004 Bangkok Central Alcrow/Bangkok/Thailand/CU-4/2004 ' DQ083552 DQ083588  DQ083662  DQ083624
1 2004 Chonburi East A/duck/Chonburi/Thailand 5/200 DQ083589  DQ083663  DQ083625
1 2004 Bangkok Central A/chicken/Bangkok/ThalIﬁu%4ﬂ q w ﬂ ﬂ j w H @ﬂ ﬁ DQ083590  DQO083664  DQ083626
1 2004 Chonburi East A/chicken/Chonburi/T! ha||a U-7/2004 DQ083555 DQ083591 DQ083665  DQ083627
1 2004 Prachinburi East A/chlcken/Prachlnbur|/Tha|Iand/CU 8/2004 DQ083556 DQ083592  DQ083666  DQ083628
1 2004 Suphanburi Central AJchicken/; Q083593  DQO083667  DQ083629
1 2004 Khon Kaen NorthEast A/Thanlandma—’wi’]j a ﬁ ﬂ i gu u M ’1 lg Wﬂ’]\las HYGZ?B% AY627887 AY627888
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Table 14 (continue) The H5N1 viruses analyzed in this part.

Accession number

wave Year Location Region Strain HA NP NA M NS

1 2004 Suphanburi Central A/Thailand/2(SP-33)/2004 - € Wsm 53 AY627895 AY555152 AY627893 AY627894
1 2004 Kalasin NorthEast ~ A/chicken/Kalasin/NIAH316/2004 £l AB450550  AB450580  AB450596  AB450626  AB450642
1 2004 KohnKaen NorthEast Alchicken/Kohn Kaen/NIAH330/2004 \ AB450581 AB450598 AB450627 AB450643
2 2004 Ayutthaya Central A/chicken/Ayutthaya/Thailand/CU-23/2004 AY770996 AY770992 AY770998 AY770997
2 2004 Chonburi East Atiger/Thailand/CU-T3/2004 AY972548 AY842936 AY972547 AY907673
2 2004 Chonburi East Atiger/Thailand/CU-T7/2004 AY9T72t AYS 3 66475 AY972552 AY866476 AY972551 AY907674
2 2004 Samut Prakan Central A/pigeon/Samut Prakan/Thailand/CU-2! . - DQ088583 DQ083619  DQ083693  DQ083655
2 2004 Phang-Nga South A/sparrow/Phang-Nga/Thailand/CU-203/200: L A -~ Q083584 DQ083620  DQ083694  DQO83656
2 2004 Ranong South A/Mynas/Ranong/Thailand/CU-209/2004 v e DQ083585 DQ083621 DQ083695  DQ083657
2 2004 Ayutthaya Central Alchicken/Ayutthaya/Thailand/CU-24/2004 ‘ =f | DQ083569 DQ083605 DQ083679  DQO83641
2 2004 Chonburi East Atiger/Thailand/CU-T4/2004 4 f \Y972539 AY972543

2 2004 Chonburi East Atiger/Thailand/CU-T5/2004 ; AY972540 AY972544

2 2004 Chonburi East Atiger/Thailand/CU-T6/2004 AY972541 AY972545

2 2004 Chonburi East Atiger/Thailand/CU-T8/2004 AY972542 AY972546

1 2004 Suphanburi Central A/cat/Thailand/KU-02/2004 . 9 30 DQ236077  DQ236082 DQ236078 DQ236084  DQ236083
2 2004 Suphanburi Central A/dog/Thailand-Suphanburi/KU-08/200 DQ530174  DQ530175  DQ530176  DQ530177
2 2004 Bangkok Central AJcrow/Bangkok/Thailand/CU-25/2 DQ083606  DQ083680  DQO83642
2 2004 Bangkok Central Arollers/Bangkok/Thailand/CU-26/2004 DQ083607  DQ083681 DQ083643
2 2004 Saraburi Central Alchicken/Saraburi/T hailand/CU—27/200m D 572 DQ083608  DQ083682  DQ083644
2 2004 Samut Prakan Central Alostrich/Samut Prakan/Thailand/CU- 31/2004 DQ083574 DQ083610  DQ083684  DQ083646
2 2004 Bangkok Central Alcrow/Bangkok/Thailan DQ083611 DQ083685  DQ083647
2 2004 Lopburi Central A/chlcken/Lopburlﬁhallaﬁ—%4ﬂ q Vl ﬂ ﬂ j w H p%ﬂ ﬁ DQO083612  DQ083686  DQ083648
2 2004 Nakhonsawan Central A/chicken/Nakhon Sawan/T and/CU-39/2004 DQ083577 DQ083613  DQ083687  DQ083649
2 2004 Ratchaburi West AJchicken/Ratchaburi/T! halland/CU 68/2004 DQ083578 DQ083614  DQ083688  DQO83650
2 2004 Nakhon Pathom Central A/duck/Na 71/ Q083615  DQO83689  DQO83651
2 2004 Chonburi East Nchicken/ﬂ ﬁmﬁ qﬂ i Eu u m ’-] q WUE;’-] a ﬁQOSSGm DQ083690  DQ083652
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Table 14 (continue) The H5N1 viruses analyzed in this part.

Accession number

wave Year Location Region Strain HA NP NA M NS

2 2004 Saraburi Central A/duck/Saraburi/Thailand/CU-74/2004 WS%M DQ083617  DQ083691 DQ083653
2 2004 Bangkok Central A/white peafowl/Bangkok/Thailand/CU-29/2004 ~ DQ083573 DQ083609  DQ083683  DQO83645
2 2004 Alclouded leopard/Thailand/KU-11/200. : EU221248

2 2004 Prachinburi East Alchicken/Prachinburi/Thailand/CU-104/200. DQ083618 DQ083692 DQ083654
2 2004 Phathum Thani Central A/quail/Phathumthani/NIAH2711/2004 AB450582  AB450600  AB450628  AB450644
2 2004 Nara Thiwat South Alchicken/NaraThiwat/NIAH1703/2004 AB450583 AB450602 AB450629 AB450645
2 2004 Suphanburi Central Alchicken/Suphanburi/NIAH7540/2004 AB450584  AB450607  AB450630  AB450646
2 2004 Angthong Central A/duck/Angthong/NIAH8246/2004 AB450585  AB450609  AB450631 AB450647
3 2005 Kanchanaburi West A/chicken/Thailand/Kanchanaburi/CK-16; / C DQ334761 DQ334762  DQ334763  DQ334764
3 2005 Nontaburi Central Alchicken/Thailand/Nontaburi/CK-162/2005 | 3471 Q 34 DQ334776 ~ DQ334777  DQ334778  DQ334779  DQ334780
3 2005 Nakhonnayok Central A/Thailand/NK165/2005 s DQ372594  DQ372593  DQ372592  DQ372595
3 2005 Nakhon Pathom Central A/quail/Thailand/Nakhon Pathom/QA-161/2005 DQ334768  DQ334769  DQ334770  DQ334771  DQ334772
3 2005 Kanchanaburi West Alpigeon/Thailand/VSMU-11-KRI/2005 AB450573  AB450591 AB450619  AB450637  AB450653
3 2005 Kanchanaburi West Alpigeon/Thailand/VSMU-13-KRI/2005 AB450574  AB450592  AB450620  AB450638  AB450654
3 2005 Kanchanaburi West Altree sparrow/Thailand/VSMU-14-KR AB450593 AB450622 AB450639 AB450655
3 2005 Angthong Central Alopen-bill stork/Thailand/VSMU-1 AB450594  AB450623  AB450640  AB450656
3 2005 Ratchaburi West Altree sparrow/Thailand/VSMU-16-| AB450595  AB450624  AB450641 AB450657
3 2005 Suphanburi Central Alchicken/Suphanburi/NIAH108192/2005 AB450586  AB450611 AB450632  AB450648
3 2005 NakhonPathom Central A/quail/Nakhon Pathom/NIAH7562/2OOE AB450509  AB450525  AB450541 AB450587  AB450612  AB450633  AB450649
4 2006 Nakhonphanom NorthEast ~ A/chicken/Thailand/NP-172/2006 DQ999878 DQ999875  DQ999876  DQ9YY9I872  DQ99Y877  DQ99Y873  DQ9IY874  DQIILBT1
4 2006 Phichit Central Alchicken/Thailand/PC-16; 98 999883  DQ999I881 DQ999882  DQ999I879
4 2006 Phichit Central A/chicken/Thailand/PC- 1ﬁU H q [ﬁ g m % pqgﬁ Q999891 DQ999888  DQ999Y88I  DQ9YYI8I0
4 2006 Phichit Central A/ch|cken/Ph|ch|t/NIAH606 2006 AB450510 AB450526 AB450542 AB450568  AB450588  AB450614  AB450634  AB450650
5 2006 Central A/quail/Thailand/CU- 330/2006 EU616858‘ EU616857 EU61 EU616851 EU61 EU616852 EU616853 EU616854
5 2006 Central A/quail/Th: U616860 EU616861 EU616862
5 2006 Central Nquail/Thﬂ/mﬂ a q ﬂ ?m ueﬁ ﬁﬂ mBQ 'T::a ﬁuewees EU616869 EU616870
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Table 14 (continue) The H5N1 viruses analyzed in this part.

Accession number

wave Year Location Region Strain HA NP NA M NS
5 2006 Central A/quail/Thailand/CU-333/2006 8 mes EU616879 EU616876 EU616877 EU616878
5 2006 Central Alwatercock/Thailand/CU-334/2006 / 3 EU616883 EU616887 EU616884 EU616885 EU616886
5 2006 Central A/moorhen/Thailand/CU-317/06 EU616826
5 2006 Central A/moorhen/Thailand/CU-318/06 EU616828
5 2006 Central A/watercock/Thailand/CU-319/2006 EUB16830
5 2006 Central A/quail/Thailand/CU-320/2006 EU616832
5 2006 Central A/chicken/Thailand/CU-321/06 EU616834
5 2006 Nakhonphanom NorthEast Alchicken/Nakhonphanom/NIAH113718/200! - . F419242
5 2007 Central A/duck/Thailand/CU-328/2007 16842, 5168 40 6835 EU616839 EU616836 EU616837 EU616838
5 2007 Central A/duck/Thailand/CU-329/2007 4 EU616843 EU616847 EU616844 EU616845 EU616846
5 2007 Nongkhai NorthEast ~ A/duck/Nong-Khai/Thailand/KU-56/2007 R 21985, U221249 EU221252 EU221251 EU221250 EU221253
5 2007 Phitsanulok Central Alchicken/Thailand/ICRC-195/2007 EU497920 EU669189 EU669188 EU669193 EU669194
5 2007 Sukhothai North Alchicken/Thailand/ICRC-213/2007 EU497921 EU875394 EU875395 EU875396 EU875397
5 2007 Sukhothai North A/chicken/Thailand/ICRC-V143/2007 EU233416 EU233417 EU233418 EU233419 EU233420
5 2007 Nongkhai NorthEast AJchicken/Nongkhai/NIAH400802/206 : ) ) 419
6 2008 Nakhonsawan Central Alchicken/Thailand/NS-339/2008 . ° EU620656 EU620657 EU620658 EU620659
6 2008 Nakhonsawan Central Alchicken/Thailand/NS-341/2008 EU850417 EU850418 EU850419 EU850420
6 2008 Nakhonsawan Central AJchicken/Thailand/NS-342/2008 EU850425 EU850426 EU850427 EU850428
6 2008 Phichit Central Alchicken/Thailand/PC-340/2008 m EU620660 EU620661 EU620662 El 663 EU620664 EU620665 EU620666 EU620667
6 2008 Phitsanulok Central Alchicken/Thailand/ICRC-618/2008 — EU875390 EU875389 EU547800 EU547798 EU547799 EU875388 EU669187 EU547801
6 2008 Nakhonsawan Central Alchicken/Thailand/ICRC- 669198 EUB69199 EU669201 EU669200
6 2008 Phitsanulok Central A/duck/Thailand/ICRC Vﬁ ﬁ 8 q %3@ ﬁ$ ﬁéﬂ fE}?ﬁ 676308 EU676311 EU676309 EU676310
6 2008 Suphanburi Central A/Kalij pheasant/ThalIand/v -1/2008 EU676314 EU676315 EU676316 EU676317 EU676318 EU676319 EU676320 EU676321
7 2008 Sukhothai North Alchicken/Thailand/ST- 351/2008 FJ868019 ‘ FJ868020 FJ86 FJ868014 FJ86 FJ868016 FJ868017 FJ868018
7 2008 Uthaithani North Alchicken/ J868035 FJ868036 FJ868037
7 2008 Sukhothai North Nchicken/ﬁn m’mlﬁq ﬂ iw n% 1@ wij ’-] ﬁ HJ868027 FJ868028 FJ868029
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2.2 Whole genome sequencing

The RNAs of H5N1 subtype was extracted from allantoic fluid of the avian
influenza inoculated eggs. The RNA extracted from allantoic fluid of the avian influenza
inoculated eggs were provided by: the Faculty of Veterinary Science, Chulalongkorn
University, Bangkok, Thailand; the Department of Livestock Development, Bangkok,
Thailand; the Faculty of Veterinary Science, Kasetsart University, Kampaengsaen
Campus, Nakorn Pathom, Thailand. RNA extracted were performed reverse transcription
using 1 pM universal primer (Uni12 primer 5-AGCAAAAGCAGG-3’) as described by
Hoffmann et al (Hoffmann et al., 2001) undel«identical conditions as described above.
The whole genome sequences. were gmpliﬁed by using the primers set for H5N1
influenza A virus (Table 15)«Briefly, 1 pl of cDNA template will be added to the reaction
mixture containing 10 pl of 2.5X Eppendo‘lf masterMix (Eppendorf, Hamburg, Germany),
0.5 UM forward and revegse primers'énd Hu"blease free water to a final volume of 25 pl.
The amplification reaction will/be perflvrm%d in a thermal cycler (Eppendorf, Germany)
under the following conditions: _,Dgnatura'i_t_‘_ign‘__ at 94 °C for 3 min, followed by 40
amplification cycles consisting of d_QﬂatUl’é'thQQ.at 94°C for 30 sec, primer annealing at
50°C for 30 sec (for PB2, PB1, PA gerie) and 85°C for 30 sec ( for HA, NP, NA, MP, NS
gene) then extension at 72°C for90sec; ana’ié*!oﬁduded by a final extension at 72°C for
7 min. After electropheﬁesis—m—a—%—agamse—gel—staina‘d:wuh ethidium bromide on
preparation, the expéded PCR product will be visualized ba‘a UV trans-illuminator. PCR
products will be purifieafrom the 2% agarose gel using the Perfectprep Gel Cleanup kit
(Eppendorf, GmbH, Germany)."DNA'sequencing will be petformed using the Gene Amp
PCR system 9600 (Perkin-Elmer, Boston, MC).
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Table 15 Primer sets for HSN1 whole genome amplification

Target Gene Primer Sequence (5'-3’) Position Strand
PB2 PB2-F5’ AGCAAAAGCAGGTCAATTATATTC 1-23 Sense
PB2-R1+ TTTGGAGGTTGCCTGTAAGC 1078-1059 Antisense
PB2-F2 AGCACAAGATGTCATCATGGA 501-521 Sense
PB2-F3 GTAGATATATGCAAGGCAGCA 949-969 Sense
PB2-R3 CGACCACTCTTTCAGTGCTAG 1493-1513 Antisense

PB2-F4 1357-1377 Sense

PB2-R5 TAAGT 2276-2256 Antisense

PB2-R3' oA CAAE T 2341-2317 Antisense
/ ~

PB1 PB1/ .a\\;l GOAAAGGA 1-23 Sense
PB1- 5T ‘\\\‘}‘\ 917-897 Antisense

PB1-F3 S TGTGAAAAACTTGAGC 806-826 Sense
PB TAACTCCAATC 1613-1593  Antisense

PB1-F CTOTEATE 135141371 Sense
PB1-R3’ v . 2341-2319 Antisense

PA 1-22 Sense
624-606 Antisense

2 GATGAAGAGA( ' 3 515-534 Sense

PAF3 SGCAC 1037-1055  Sense
PA-R3 = CTCATTTCCATGCCCCATTTC 1770-1750 Antisense

A VmERdRTmY S

o/
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Table 15 (continue) Primer sets for H5N1 whole genome amplification

Target Gene Primer Sequence (5-3) Position Strand

HA HA-F5’ AGCAAAAGCAGGGGTCTGATCTG 1-23 Sense
H5-R1 GCTCCTCTTTATTGTTGGGTATG 565-543 Sense
H5-F2 TGAGAAAATTCAGATCATCCCC 409-430 Antisense
H5-R2 CAACGGCCTCAAACTGAGTGT 1265- Sense
H5-F3 ACTCCAATGGGGGCGATAAAC 914-934 Antisense

HA-R3' AGA GGTGTTTTTAACTAC 1778- Antisense

NP 1-22 Sense
GT CC TGCCTT 613-593  Antisense

\‘{ A 477-497 Sense
- \ T 1564- Antisense

NA - AN AIFF ’ STTT/ 1-23 Sense
I ATA\BiE CTGTTATTAT 669-648 Antisense

s A AR SR
. e,n. CIEl TGCMIGEIC 539-559 Sense
A

FAGH AAC; SAGTTTTTTGAAC 1458- Antisense

M 1-21 Sense
[ - AGTAGAA/ \ ' "J 1022- Antisense

NS NS-F5' AGCAAAAGCAGGGTGACAAAAAC 1-23 Sense

PT NYINENIREG = -

AR T AMTINENAE
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2.3 Genetic comparison and Phylogenetic analysis

The H5N1 sequences (n=104) were aligned using Clustal X version 1.8.3
(Thompson et al., 1997). Columns with gaps were removed from the alignments. The
nucleotide regions used for analysis were PB2 (nt 73-2220), PB1 (nt 49-1971), PA (nt 28-
2117), HA (nt 48-1626), NP (nt 37-1434), NA (nt 25-1434), M (nt 25-1296) and NS (nt 25-
789). Phylogenetic trees of alignment were constructed using the Neighbor-joining
approach implemented in MEGA 4 (Tamura et al., 2007). Bootstrapping support for tree
topologies was performed using NJ metheds implemented in MEGA with 1,000
replicates. Bayesian tree was estimated by MrBayes version 3.1.2 (Huelsenbeck et al.,
2001) with 1 million generations, sampﬁng every 100 generations, using the default
heating parameter. The consénsus. tfrees were calculated using the ‘Allcompat’ option for
the final 10,001 trees fiom each/ run. ‘i'-The posterior probability for each split was
generated when Bayesianftregs were estiﬁwéted by using the MrBayes ‘sumt’ command
option with a 25% burnins These poéteri'(gr probabilities were used as an alternative

measure of clade assignment support.

2.3 Substitution Rate -fr:"*.

#esd hd

To estimate the rates of ﬁucl_eotide sﬁtitution among H5N1 clade 1 viruses, the

A B a =

el

Bayesian Markov chain Monte éarlo (BMCI\/]C) method.as implemented in the BEAST

v1.4.7 was applied (5rummond & Rambaut, 2007). Eacﬁgene was analyzed with the
codon based SRD06 nucleotide substitution model (Shapiro et al., 2006). Three clock
models including strict “cleek, uncorrelateds lognormal relaxed (UCLD) clock and
uncorrelated exponential relaxed (UCED) clock (Drummond et al., 2006) were attempted
independently, and the most appropriate clock model was selected by comparing their
posterior contribution ealculated’ using.the’ Bayes.factor; (Suchard et al., 2001). The
BMCMC analyses contained 1x10° states, with samples taken at 1000-state intervals,
and the first 10% of each chain were discarded as burn-in. Convergences and effective
sample sizes of the estimates were checked using Tracer v1.4 (Rambaut & Drummond,

2007).



85

2. 4 Geographic mapping

In order to visualize the geographic location of H5N1 isolates in this study, the
viruses and their clade identity were plotted on the map of Thailand. To examine the
geographic spread of viral variation, the location of variation based on phylogenetic tree

analysis was projected onto the map in relation to the period of outbreaks.

AULINENINYINg
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3. Results
3.1 H5N1 dataset

In this study, the eight whole genome of H5N1 were performed and 97 publicly
accessible isolates collected between the first and sixth wave in Thailand from 2004 to
2008 and obtainable at the Influenza Database, National Center for Biotechnology
Information (NCBI) were also included analysis. Altogether 105 isolates (Table 14) from
the first to the last wave from all regions, of the country consist of: 29 isolates from first

) y 004, 12 isolates from third wave in
. OO‘% 1&rom fifth wave in 2006, 7 isolates

from fifth wave in 2007, 8 isolates from sixth wave.in 2008 and 3 isolates from seventh

wave in 2004, 30 isolates fro

2005, 4 isolates from fourt

S were. Dlettad on the map of the Thailand

N

wave in 2008. The locatie

(Figure 14).

Figure 14 Location of H5N1 isolates in this study.
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3.2 Genetic comparison and Phylogenetic analysis

The phylogenetic trees of the H5N1 viruses isolated during outbreaks in Thailand
were constructed from 8 genes, using a NJ approach with bootstrapping supported by
NJ and BMCMC methods (Figure 15-22). The 105 H5N1 isolates obtained from the first
to seventh wave between 2004 and 2008 were analyzed. The phylogenetic tree
confirmed the two distinct clades among the Thai isolates. Most isolates in this analysis
belong to a distinct lineage designated clade 1 (Thai-Vietnam strains). The few
outbreaks occurring in the north-east of Thailandwere caused by clade 2.3.4 (Fujian-like
strains) (Chutinimitkul et al.,»2007). The 4_H5N4" isolates belonging to this distinct
lineage, designated clade 2.3.4 are JCk/NIAH113718/O6, A/Ck/Thailand/NP-172/06,
Ck/NIAH400802/07 and Dkifhailand/KU-86/07.

]
Genetic relationships showed that clade 1 can be divided into 3 distinct lineages

(CUK2-like, PC168-likes and PCT?O—Iiké)l with. bootstrap support and posterior
probabilities support over 90 apply'i‘ng NJ“bﬁd BMCMC methods. A similar finding has
been reported by Uchida and coworkers (Qdéhida et al., 2008) and designated 1.p1 and
1.p2. Since early 2004, the CUK2ike Iiné‘ja‘é__e. has circulated in Thailand and spread

throughout the country. The genétic homolog&':és of CUK2-like isolates within the lineage

d -l

are ranging from 99.5:09.7%.

The PC168—Iil§er and PC170—7Ii7ké lineage viruses -were distinct from CUK2-like
virus. Based on phylogenetic analysis, they clustered into two sub-branches by
bootstrap and posterior probabilities values“support over 90. During the third wave in
2005, PC170-like lineage virtses were detected. This.lineage was consistently detected
until the year 2006. During the coursé of the wave.in.2006, PC168-like viruses had been
detected. Both lineages persisted.until. the year 2007| (the fifthy'wave). The genetic
distances of PC168-like and PC170-like viruses compared to the CUK2-like lineage are
ranging from 98.4-99.4% and 98.7-99.5%, respectively. Upon phylogenetic analysis,
they can be divided into two branches with reference to all genes except for the M gene.
Based on M gene analysis, CUK2-like virus can be distinguished from PC168-like
isolates. Yet, this does not apply to the P170-like lineage since its M gene belongs to the

CUK2-like lineage (Figure 21).
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Figure 18 Phylogenetic tree of the HA gene of the sequence in this study. The
phylogenetic tree was constructed by using a NJ method. Topological support
summarized from bootstrap replication and posterior probability from BMCMC analyses

is also shown (NJ/BMCMC).
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summarized from bootstrap replication and posterior probability from BMCMC analyses

is also shown (NJ/BMCMC).
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Evidently, the 2008 strains had been re-assorted. The re-assorted gene could be
detected in  eight strains  (Ck/Thailand/NS-339/08,  Ck/Thailand/NS-341/08,
Ck/Thailand/NS-342/08,  Ck/Thailand/PC-340/08, Ck/Thailand/NIAH115067/08 and
Ck/Thailand/NIAH114843/08). Re-assorted viruses were derived from 2 lineages
(PC168-like and PC170-like viruses) with 4 segments (PA, HA, NP and M) (Fig 5, 6, 7
and 9) from the PC168-like and 4 segments (PB2, PB1, NA and NS) (Fig 3, 4, 8 and 10)

from the PC170-like lineage. This evident is confirmed by similarity plot and bootscan

analysis (Figure 23) In addition, CUK2-Iik iruses (non-reassorted) have still been
circulating in 2008 (Pheasa -‘ land/\/S) /08 Ck/Thailand/ST-351/08). This
2-like viruses which were still in

sither the PC168-like nor the PC170-like

circulation and the re-asso ile n ne
lineage was detected. [ RN

ﬂ‘UEJ’J‘VIEWl’ﬁWEﬂﬂ‘i
awwmmm UA1AINYAY
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Genetic characterization of clade 1 viruses did not reveal any mutations at key
determinant residues. The receptor-binding preference site at the hemagglutinin (HA)
residue (positions 222, 224) also contained glutamine and glycine, respectively. The
viruses harbor multiple insertions of basic amino acids at the HA cleavage site. Twenty
amino acid deletions at the NA stalk region (positions 49-68) were discovered in all
2004-2008 isolates. Five amino acid deletions at positions 79-83 of the NS gene were
also observed in all virus samples. The oseltamivir resistance residue in the NA gene at
position 274 was not discernible. Alterations/ofithe amino acid at position 31 (serine (S))

of the M2 protein can result in.amantadine resistance.
-
3.3 Rate of nucleotide substitution

Analysis of the elade 4" viruses in Thailand showed that the mean substitution

| : : :
rates for the HA, NA48Nnd NS denes were 2.46 x107 2.47 x10” and 2.56 x10°

substitutions per site, pef year (Subét/§ite/34ear), respectively, which are higher than the
substitution rates establishéd £ for .the :'{ofﬁer gene segment (1.39-2.15 x 10°

subst/site/year) (Table 16)f However, this analysis did not display any significant

p o
difference in substitution rates amaeng genes: .
S i iha
Table 16 Nucleotide substitution rates amongf?La-‘de 1 H5N1 viruses in Thailand from

e g

2004 to 2008.
Gene “Mean substitution rate (x10°) SGBstitution rate HPD (x10°)
PB2 1.70 ’ 1.31-2.08
PB1 215 1.71-2.62
PA 1.71 1.24-2.20
HA 2.46 1.94-3.06
NP 1.39 0.92-1.87
NA 2.47 1.93-3.06
M 1.53 0.96-2.10

NS 2.56 1.78-3.34
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3.4 Geographical expansion of genetic variation

The geographical location of each H5N1 group was plotted onto a map of
Thailand in order to trace both time and location of its respective emergence and
subsequent dissemination throughout the country (Figure 24). During 2006-2007, clade
2.3.4 (Fujian-like) strains were detected only in 2 provinces in the northeast of Thailand
(Nong-Khai, and Nakhon Panom). In contrast, the clade 1 strains spread throughout
Thailand. During the early outbreak in 2004, the CUK2-like lineage spread throughout
the center, south, north and east. of Thailand (Tiensin et al., 2007). In 2005, the CUK2-
like lineage persisted in the central region andthesPC170-like virus was also detected in
the central region (Ck/ThaiIand/CK—161/dé, Ck/Thailand/CK-162/05, Thailand/NK-165/05
and Quail/Thailand/QA-161405).4n2006-2007, the PC168-like lineage was detected in
some provinces of centraland lower norlhern Thailand (Moorhen/Thailand/CU-317/06,
Moorhen/Thailand/CU-318/06, Waferooélé‘/Thailand/CU—M9/06, Quail/Thailand/CU-
320/06, Quail/Thailand/CU-380/08, ] Qu"?iI/Thailand/CU-331/O6, Quail/Thailand/CU-
332/06, Quail/Thailand/CU-333/06, Wateroé@_l‘g/'[__haiIand/CU—334/O6 and Ck/Thailand/PC-
168/06,). PC170-like viruses persisted iri‘.f'jcqe_ntral Thailand (Dk/Thailand/CU-328/07,
Dk/Thailand/CU-329/07) and in-{ower nortﬁ'__é-rﬁlj-'Thailand (Ck/Thailand/PC-170/06). In
Phichit province, located in the lower par:t"'ib.f;the north,_ 2 lineages were detected

(Ck/Thailand/PC-168/06-ana-CkiFhallahePC-1-70/06):

In 2008, the re—aésorted viruses were found in the Ipwer northern part of Thailand
(Ck/Thailand/NS-339/08, Ck/Thailand/NS;341/08, Ck/Thailand/NS-342/08 and
Ck/Thailand/PC-340/08): | During the seventh wave" of the outbreaks, the re-assorted
viruses spread throughout the lowersnorthern and_the upper central part of Thailand.
(Ck/Thailana/NIAH146067/08, Ck/Thailand/NIAH114848/08). CUK24ike-viruses were still
detected’in the center of Thailand (Pheasant/Thailand/VSMU-1-SPB/08) and the lower
part of the north (Ck/Thailand/ST-351/08). Interestingly, neither the PC168-like nor the

PC170-like lineage was detected in the course of this year.
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4. Discussion

Thailand has been one of the countries exposed to HPAI H5N1 outbreaks. In
early 2004, the first outbreak of H5N1 has led to dramatic economic losses to the
nation’s poultry industry. The virus emerged in early 2004 and subsequently spread
through many parts of the country. H5N1 viruses were also detected in humans and
other mammalian species. HoN1 infections were mainly detected in backyard chickens
and domestic ducks. During the first and second outbreaks, the virus crossed the
species barrier and infected a domestic cat, a deg, captive tigers and leopards. During
the following outbreaks, the number of dead“animals decreased with time. Frequent
disinfection of farms, monitoring transpo?"t and.control on import of fowl and their eggs
across borders, and raising public awareness of the disease nationwide has led to a
decrease in the number of vimdses isolat:éd during the surveillance. However, sporadic
outbreaks were still reporied from 2006 toj*la’t'e 2008 (Amonsin et al., 2006; Buranathai et
al., 2007; OIE, 2008; Chutinimitkul et ;al., %007). The surveillance program in 2006 and
2007 which was conductediin live birds ariigﬂ_‘_‘fo‘(__)d markets in 10 provinces of the center
of Thailand indicated a risk for H5N1 cd‘ﬁj:?_mination in bird meats, especially quail

(Amonsin et al., 2008) suggesting-that the virﬁ_éb’;érsisted.

A B a

Genetic comparison showed the emb’réjé?fce of clade 2.3.4 viruses (Fujian-like

strains). These virusés_; were limited to the north-east of thé'(:::buntry in 2006-2007. Based
on genetic characterizafi_on of samples obtained from the neighboring country, Laos, the
clade 1 virus had been identified in 2004. Clade 2.3.4 virus was also observed in 2006-
2007. Phylogenetic analysis. demonstrated that viruses from both Thailand and Laos
originated from 'the same source. The locations where virus was detected, Nakhon
Panommand Nongkhai are locatediin the valley of the Mekong| River;swhich also forms the

border with Laos (Puthavathana et al., 2009).

Most Thai isolates belong to clade 1 and are still evolving. Upon genetic
characterization, clade 1 viruses, the native strains in Thailand, were divided into 3
distinct lineages. CUK2-like virus was detected from the first to the last outbreaks.
Analysis of recently isolated virus showed that the genetic distance was slightly different

from virus of the early outbreak and that CUK2-like viruses comprise the native strain.
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Between 2005 and 2007, PC168-like and PC170-like viruses were detected at various
locations around the central and lower northern part of Thailand. Viruses obtained from
Phichit province displayed 2 divergent lineages. The isolation of genetically divergent
strains within the same province may suggest that viruses that evolved in separate
environments may have converged in Phichit province due to as yet unidentified causes.
Phylogenetic analysis has shown that these lineages share the same origin as the
CUK2-like viruses. Genetic comparison has further demonstrated genetic drift from
CUK2-like viruses. The distance was insufficient to distinguish a new clade (98.4-99.4%
and 98.7-99.5%) (WHO, 2007). However, hemadglutination inhibiton test with a panel of
monoclonal antibodies demenstrated a“possibleantigenic drift between 2 lineages as

reported by a previous study{Uchida et al., 2008).

Numerous viruses re<assorted f;"om 2 lineages, PC168-like and PC170-like
viruses, were initially isolated/in 'fhe jrgii.ver northern. provinces of Thailand and
subsequently spread to the upper central "pa‘r-t of the country. Re-assorted viruses were
found in four neighboring provinces, Phioh!i.f' ‘Sukhothai, Nakhonsawan and Phitsanulok.
Although re-assorted viruses €aused the oujrbreak in 2008, CUK2-like viruses were still
detected around the lower nofthern and ibe upper central provinces of Thailand.

A ey

lineages could not be:defec’fed—suggesﬁng—that the remammg strains still circulating in

Thailand were CUK2- I|ke and re-assorted viruses.

The rate of nucleatide, substitution arrived at in this project was lower than those
previously described! for other countries (Vijaykrishna et al.; 2008; Chen et al., 2006;
Ducatez et al., 2007). The substitution' rates of the viruses in Africa and China were high,
reaching on‘average 2.6x10-3.and 2.8x10-8, respectivelyr In China, alcombination of
strong ecological and evolutionary factors led to a rapid increase in diversity, the spread
of the virus through large, immunologically naive poultry populations consisting of
diverse species coupled with relatively high rates of nucleotide substitution (Vijaykrishna
et al., 2008). But in Thailand, outbreaks were limited to the same area which might

explain the lower nucleotide substitution rate.
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The substitution rates of the surface genes (HA and NA) were higher than of the
internal gene. Genes that code for surface protein are subject to strong selection
pressure by neutralizing antibodies of host immune systems. On the other hand, genes
coding for internal protein may not be subjected to strong host immune selection
pressure but are thought to undergo significant host-specific adaptive evolution

(Gammelin et al., 1990; Gorman et al., 1991).

Analysis of the molecular evol

2004-2008 has demonstrated th ‘ ary scale, the virus in Thailand can be
divided into 2 branches with eds 'pg emerged in the lower northern

tion of HPAI H5N1 isolated in Thailand during

and upper central province more recent results could pinpoint

the locations of re-asso untry, surveillance of poultry

should continue throu control initiatives should be

NN
N

applied country-wide to Jainst th semergence of new variant HPAI H5N1 strains,

which would expand the ‘ 5 IIanCe programs conducted in

poultry would help de g ic reseryoir and the number of variant viruses in
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CHAPTER VI

QUASISPECIES OF H5N1 INFLUENZA A VIRUS IN MAMMALS

Influenza viruses have a high error rate during the transcription of their genomes
because of the low fidelity of RNA polymerase (Stech et al., 1999). The high error rate
produce quasispecies, a phenomenon where many different viral genotypes co-
circulate in the host, each virus subtype potentially associated with varying levels of
fitness for that host (Dominge et al., 1985)._As defined by Domingo et al, “viral
quasispecies are closely related (but Jnonidentical) mutants and recombinant viral
genomes subjected to centinuous genetic variation, competition, and selection”
(Domingo et al., 1998). This high error réte in replication operates as a double-edged
sword - improving the apility/ofthe virusjb rapidly adapt to a new host via genetic
changes that aid in replication -and tr%nsmission efficiency while leading to the
production of defective 'subtypes that have:fej_;__dg_‘ced fitness for the current host. Some or
most of these quasispecies or mixed sut;typ_es may be missed during viral culture
because a “host” (chicken embryo-or cell é_;ﬁl"ff;'re) adaptation pressure (Wang et al.,
2008). This study used the second: generat:ié'h‘--éequencing approach to sequence the
entire genome of H5N A -influenza-A-viruses-isolated-from-animals, Tigers and Leopard,

to detect quasispecieé. '

454 sequencing, second.generation.sequencing

Since. the early 1990s, DNA sequence praduction_has.almost exclusively been
carried out with ‘¢apillary-based,“semi-automated Iimplementaiions=of the Sanger
biochemistry (Figure 25). Alternative strategies for DNA sequencing, the second
generation sequencing, the cyclic-array sequencing have recently been realized in a
commercial product (e.g., 454 sequencing (used in the 454 Genome Sequencers,
Roche Applied Science; Basel), Solexa technology (used in the lllumina (San Diego)
Genome Analyzer), the SOLID platform (Applied Biosystems; Foster City, CA, USA), the

Polonator (Dover/Harvard) and the HeliScope Single Molecule Sequencer technology
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(Helicos; Cambridge, MA, USA)). The concept of cyclic-array sequencing can be
summarized as the sequencing of a dense array of DNA features by iterative cycles of
enzymatic manipulation and imaging-based data collection (Mitra et al., 1999; Mitra et
al., 2003). Although these platforms are quite diverse in sequencing biochemistry as
well as in how the array is generated, their work flows are conceptually similar (Figure

25)

¥
.

AU INENTNYINS
RININIUNRINYAE

Figure 25 Work flow of conventional versus second-generation sequencing. (a) With
high-throughput shotgun Sanger conventional sequencing. (b) In shotgun sequencing

with cyclic-array methods. (Shendure and Ji, 2008)
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The 454 system was the first next-generation sequencing platform available as a
commercial product (Margulies et al., 2005). At the first step, Library preparation is
accomplished by random fragmentation of DNA, followed by in vitro ligation of common
adaptor sequences. The short adaptors (A and B) are added to each fragment. The
adaptors are used for purification, amplification, and sequencing steps (Figure 26).
Single-stranded fragments (sstDNA) with A and B adaptors compose the sample library

used for subsequent workflow steps.

DNA Library Preparation : R Sequencing

4.3 HOUR®S
Genome fragmentad
by nebulization

Na cloning; no colony
picking

estDONA library created
with adaplors

ASB fragments
selecied using avidin-
biating purification

» sstDNA Library

Figure 26 Generation of singlé-stranded ir ) with A and B adaptors
compose the lorary used fol - workf! W steps (Droege and Hill,

2008).

During the foIIowm@mulsmn PCR procedure (Figure 27) the sstDNA library is

ot et off] 34 SED 1 LIS W) ARG ctgonuoioties et

Complementary% sstDNA. As a result most of gese beads cafry a unique single-
stranda watﬂﬂfﬂr@th%wQ@ Wrﬂ fq aarE]amulsified with
amplifiCaQion feagents in a water-in-oil mixture. Each bead is now captured within its
own microreactor where clonal amplification of the single-stranded DNA fragments

occurs. This results in bead-immobilized, clonally amplified DNA fragments.
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DNA Library Preparation Sequencing
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excess of DNA PCR reagants in eocurs inslde enrich for DNA-

Capture Beads water-in=oil micrareactors positive beads
micrareactors

gDNA —— = - —= s5tDMNA Library

DN ‘\;: Incubation Mix (containing

DNA polymerase) and gred with-Enzyme Beads (containing sulfurylase and

N

luciferase) onto the 4 ' e > (Fig 8). Only one library bead fits
into one well. The bea it Je fols 'SS maximi ‘ number of wells that contain

a single-amplified library beag avd -me stDNA library bead per well).

Sequencing
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Wes diameter: average of 44um
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& single cloned amplified sstDNA
bead s depcsited per weall
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Figure 28 The sstDNA library beads are added to the DNA Bead Incubation Mix
(containing DNA polymerase) and are layered with Enzyme Beads (containing

sulfurylase and luciferase) onto the 454 PicoTiterPlate™ device (Droege and Hill, 2008).
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The loaded PicoTiterPlate device is placed into the Genome Sequencer FLX™
Instrument for sequencing. Sequencing is performed by the pyrosequencing method
(Ronaghi et al., 1996). The amplicon-bearing beads are preincubated with sequencing
reagents (containing buffers and nucleotides) and then deposited on to a
microfabricated array of picoliterscale wells (with dimensions such that only one bead
will fit per well). Nucleotides are flowed sequentially in a fixed order across the

PicoTiterPlate device during a sequencing run. During the nucleotide flow, hundreds

molecule are sequenced in-parallel. If th ide complementary to the template

strand is flowed into a well;the poly g existing DNA strand by adding
nucleotide(s). Addition of ong -\ [ Its in a reaction that generates
a light signal that is recorde@ SJGCDIc: ‘?\g\ i

0N

Sequencing

ﬁ

7.5 HOURS

4 bases (TACO) eycled 10D
times

Chemiluminescent sijnal
generation

Signal processing to

determing base séqusnce
and guality scora

-------- r=====":=="= tadtail: fltered bases

[ [l iR 3 [

Figure 29 The scheme of 454 pyrosequencing (advanced pyrosequencing technology).

(Droege and Hill, 2008)

To investigate the viral quasispecies of H5N1 influenza virus in mammal, in this
study was separated into 2 parts. First, the quasispecies in the viral PB2 protein at
position 627 was determined by using direct conventional clonal sequencing. Many kind

tissues of tigers and leopard were determined. Second, the high resolution sequencing
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of 454 sequencing determined the quasispecies in the respiratory tract tissue from
tigers and leopard. Moreover, the comparison of viruses from direct tissue and virus

from tissue culture was determined by using high resolution sequencing.
1. Objective

To investigate the viral quasispecies of H5N1 influenza virus in mammal.

2. Clonal sequencing of PB2 gene in tissue fropism

Subbarao and team have established.a" role for the viral protein PB2 in
determining influenza virus host range ithissue culture (Subbarao et al., 1993). PB2 is a
component of RNA polymerasealong with two other viral proteins, PB1 and PA. Within
PB2, residue 627 normally show glutam‘ilc acid (E) in avian isolates but lysine (K) in
viruses from humans. Altefing' residue 62j*7"'a|one changed the host range of an avian
PB2 single-gene reassortant so that i’& rep“fﬂioated in mammalian cells (Subbarao et al.,
1993). Hatta et al. selected a pair of mé_fgj_@l)__of HS5N1, the highly pathogenic H5N1
(A/Hong Kong/483/97) and the nanlethal HE)W (A/Hong Kong/486/97) to explore the
molecular basis of virulence of these viruseg;r’:'mice. By using reverse genetics, they
discovered that a mutation at position 627 mtlr‘re* o prote_in influenced the outcome of
infection in mice (Hatta et-ak-2004)The-vifuteathigh-pathagenic and nonlethal viruses a
different in ability to invadle systemic organs, suggesting tha:{ the PB2 protein could be a
determinant of cell trop;ism. In this study, the qusispeciés at position 627 in the viral

protein PB2 was,determined in ‘mammals by-using clonal sequencing
2.1 Material and method

2.1 4" Virus from tissue

Fifteen virus isolates were isolated from direct tissue of three tigers and
one leopard. These viruses were isolated and provided by: (i) the Faculty of Veterinary
Science, Chulalongkorn University, Bangkok, Thailand; (ii) the Department of Livestock
Development, Bangkok, Thailand; (iii) Faculty of Veterinary Science, Kasetsart
University, Kampaengsaen Campus, Nakorn Pathom, Thailand; These viruses were

indicated in Table 17.
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Table17 Source of virus sample for clonal sequencing.

Strain Virus Isolated from
Alleopard/Suphanburi/Thailand/Leo-1/2004 Lung
Brain
A/tiger/Suphanburi/Thailand/Ti-1/2004 Lung
Brain
,’//’ Liver
=

Altiger/Chonburi/Thailan

=

Kidney

Lung

Heart
Spleen

Pancreas

A/tiger/Chonburi/Thailan Kidney
Liver

Spleen

\‘ Pancreas

m Trachea

AN WENS

2 RNA Extraction ‘RT PCR and‘Glonal sequenciiig

0 mmmmmnmm@m

using QIAmp viral RNA mini kit (Qiagen, GmbH, Germany)) as per the manufacturer’s
instructions. RNA extraction was performed in biosafety level 3. RNA was amplified by
single step RT-PCR by using the SuperScript Il Platinum One-Step RT-PCR system
(Invitrogen, California, USA). The reaction comprised a combination of 1.0 yl RNA
sample with a reaction mixture containing 10 pl of 2x Reaction Mix, 0.5 yl of SuperScript

[l RT Platinum® Tag Mix (Invitrogen, California, USA), additional 0.1 mM of MgCI2, 0.5M
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primer PB2F: 5-GTAGCAATGGTGTTCTCACAG-3’ (nt 1198-1218), 0.5M primer PB2R:
5-ACCTGCGTCCTTTCCAAGAA-3" (nt 2019-2000) and RNase-free water to a final
volume of 25 pl. The amplification reaction was performed in a Mastercycler personal
(Eppendorf, Hamburg, Germany) under the following conditions: reverse transcription at
42°C for 30 min, predenaturation at 94 °C for 2 min followed by 40 amplification cycles
comprising denaturation at 94°C for 30 sec, annealing at 55 °C for 30 sec and extension
at 72 °C for 1 min and concluded by a final extension at 72 °C for 10 min. The PCR
products were separated by 2% a ﬂy ectrophoresis and purified using the Gel
Extraction Kit (Perfectprep $ %}Hamburg Germany). The purified
products were inserted i -T @sy wem (Promega, Madison, WI),

according to the manW

resultant white colonies

were randomly selected from the
usmg the High Pure Plasmid
Isolation Kit (Roche, Gm manufacturer’s specifications.
For automated DNA s d using the Gene Amp PCR
System 9600 (Perkin-El s were subjected to a Perkin-

Elmer 310 Sequence Ana

|-/Ll"d'l tzi’ w g

The amino aclﬂat posmon 52’7‘|an

PCR product were d

uencing from directly RT-

ore clonal sequencing as

follow table 18. D '

ﬂ‘lJEJ’WlEJT‘]‘ﬁWEJ']ﬂ‘ﬁ
’QW’mﬁﬂ‘immﬂﬂﬂﬂ’lﬂﬂ
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Table 18 The result of amino acid at position 627 in PB2 protein from direct RT-PCR

sequencing
Strain Virus Isolated from Amino acid at position
627 in PB2 protein
Alleopard/Suphanburi/Thailand/Leo-1/2004 Lung K

Brain K

A/tiger/Suphanburi/ThaiIand/Ti'

Z

Altiger/Chonburi/Thailand

Adtiger/Chonburi/Thaila *i”

W

ﬂuﬂqwﬂﬂswﬂﬁni

p een K

ammnmumw&waa ¢

Trachea K
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Ten clones were randomly selected in each samples were then determined the
sequence at position 627 in viral PB2 protein. The results of amino acid sequencing at

position 627 in viral PB2 protein shown in Table19.

Table 19 The ratio of amino acid at position 627 in PB2 protein from clonal sequencing

Number of colonies which have

amino acid at position 627 in
Strain Tissue organ

PB2 protein are:

glutamicacid (E) lysine (K)

Alleopard/Suphanburi/Thai 0 10
— : 0
Altiger/Suphanburi/Thailand 10 0
10 0

10 0

A/tiger/Chonburi/Thailand/C 0 10
0 10

0 10

0 10

Pancres 0 10

A/tlger/ChonbﬂW%&ijC’%Z% EJ 7] j w EJL’A/ﬂ ‘j 0 10
sliver 10
awwmmmw’nmma& i
Pancreas 10

Trachea* 8 12

* 20 colonies of Trachea A/tiger/Chonburi/Thailand/C3/2004 were picked up for clonal

sequencing.



114

2.3 Discussion

The major sequencing from direct clonal RT-PCR showed that the isolate of
A/tiger/Suphanburi/Thailand/Ti-1/2004 is the only one strain which resulted glutamicacid
(E) at position 627 in PB2 viral proteins and the others showed lysine (K). The mixing
strain between glutamicacid (E) and lysine (K) was shown in only trachea of
A/tiger/Chonburi/Thailand/C3/2004 which was detected by clonal sequencing. Twenty
colonies were picked up for DNA sequencing. The variation ratio of this virus population
from this tissue is 8:12 for glutamic acid/ (E):.lysine (K). These results showed the
quasispecies in viral proteins. The guasispecies.of the other positions in genomic are
needed to use the high resolution sequ{encing method for the quasispecies detection

the in viral genome.
\
3. High resolution genome sequencing of'_H5N1

i

The quasispecigs and mixed infections of influenza A viruses had been detected

|

by de novo sequencing (Ramakrishnanf’_‘ef al,, 2009). The mixed infections and

quasispecies were identified in Iow"embrytéh'aféd chicken egg passage of influenza A
' <4

and cloacal swabs. An avian isolate and th'eij“s"e_qqond cloacal swab showed evidence of

mixed infections by two and th"ree_HA subﬁ_és. Multiple sequence differences were

A B a ——

el

identified between cloacal swab and the virus recoveredusing embryonated chicken

egg passage. Previously, genomic sequencing-of tiger-is,olates were determined by
using embryonated chicken egg passage isolates as templates but in this study we use
the RNA from direct tissue.s£To compare thefiguasispecies of influenza A virus between
directly tissue| organism. and embryonated: chicken egg passage isolate, the high
resolution sequencing were performed. Furthermore, the quasispecies in tissue

organism were determined by using this.technique.
3.1 Material and Method
3.1.1 Sample and virus

Five virus isolates form direct tissue of four tigers and one leopard and
the four parallel isolated from embryonated chicken eggs passage of three tigers and a
leopard were included for the quasispecies comparing between before (direct tissue

isolates) and after (embryonated chicken egg isolates) cultural processing. These
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viruses were isolated and provided by: (1) the Faculty of Veterinary Science,
Chulalongkorn University, Bangkok, Thailand; (2) the Department of Livestock
Development, Bangkok, Thailand; (3) Faculty of Veterinary Science, Kasetsart
University, Kampaengsaen Campus, Nakorn Pathom, Thailand; These viruses were

indicated in table 20.

Table 20 Viruses samples list for high resolution sequencing

No. Virus Isolated from Strain
1 Direct tissue (Lung) Alleopard/Suphanburi/Thailand/Leo-1/2004
2 Embryonated chickenregg passage Alleocpard/Suphanburi/Thailand/Leo-1/2004
3 Direct tissue (Lung) _ Altiger/Suphanburi/Thailand/Ti-1/2004
4 Embryonated chicken egg passaée Altiger/Suphanburi/Thailand/Ti-1/2004
5 Direct tissue (Lung) / . Altiger/Chonburi/Thailand/C2/2004
6 Direct tissue (Treachea) ~\Aiiger/Chonburi/Thailand/C3/2004
7 Embryonated chicken'egg passage o Altiger/Chonburi/Thailand/C3/2004
8 Direct tissueLung) Altiger/Thailand/CU-T3/2004
9 Embryonated thicken egg passage Al/tiger/Thailand/CU-T3/2004

3.1.2 RNA Extraction and Enrichment of influenza RNA segments

RNA was extracted from tissue organ and allantoic Tluid by using QIAmp
viral RNA mini kit (Qiagen, GmbH, Germany) as per the manufacturer’s instructions. To
reduce the contaminating host nucleic acids commonly observed in viral RNA
preparations, RNA of influenza A virus molecules were captured and enriched through
the hybridization of a biotin-labeled oligonucleotide directed to the conserved 5-end of
all eight segments of influenza A virus genome. Total RNA (50uL; ~50 ng/ul) was
incubated in the presence of 200 uyl of 6X SSPE buffer containing 0.1 units/ul of
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SUPERase-In  (Ambion,Texas, USA) and 0.5 pM of the 5-Capture Oligo (5-
CCTTGTTTCTACT-biotin-3) at 70°C for 5 minutes followed by 15 minutes at 39°C. Equal
volume (240 ul) of 2X binding and washing buffer containing 0.5 mg of washed
Dynabeads MyOne Streptavidin C1 (Invitrogen, California, USA) was added to the
above RNA samples and mixed thoroughly with a pipette. Fifty micro liters (a total of 0.5
mg) of Dynabeads MyOne Streptavidin C1 beads were washed with 1X binding and
washing buffer as per the manufacturer’s instructions and resuspended in 240 pl of 2X
binding and washing buffer (10 mM TrissHCL pH 7.5, 1 mM EDTA, 2 M NaCl, 0.1%
Tween 20). The solution was incubated at roem temperature for 30 min. with gentle
shaking in the orbital shaker-and then placed en+a magnetic stand for 3 min. The
supernatant was removed by aspiration with a pipette and the coated beads were
washed four times with 1X#binding /and \)'yashing buffer. The captured RNA was eluted
from the beads by incubating/at/65°C for 5 min with 40 ul of 10 mM EDTA, pH 8.2, in
99% formamide. The“tubg’ was /placed qun,;the magnetic stand for 3 min. and the

supernatant, containing@nrighed RNA, was aspirated with a pipette.

3.1.3 Fragmentation RNA .".f..rff_,_
The enriched V|ral RNA was—iragmented into a size range compatible

A ey

with sequencing onw the Genome Sequencer FLXo.Fiver micro liters of 5X RNA

Fragmentation Buffer (‘200 mM Tris-acetate, pH 8.1, 500 m‘M;Potassium acetate, 150 mM
Magnesium acetate) Wae added to 20 pl of enriched viral RNA. The samples were mixed
thoroughly by pipetting, incubated for 2 minsat 82°C, and then immediately transferred
to ice to stop the fragmentation reaction. Thelreaction volume was increased to 50 ul by
adding RNase free water, purified with RNAClean_(Agencourt, Bourgogne, France) as

per thegmanufacturer'siinstructions and eluted with 20 I of RNase free water.
3.1.4 cDNA synthesis

The fragment of RNA sample was reverse transcribed in the final volume
of 20 uL by using random hexamer (5’-phosphate-NNNNNNN-3’) and Superscript First-
Strand Synthesis System for RT-PCR (Invitrogen, California) as per the manufacturer’s
instructions. Each reaction consisted of 7 ul of fragmented RNA and 2 pl of 500 uM

primers. After reverse transcription, the RNA was removed by hydrolysis by adding 20 pl



117

of Denaturation Solution (0.5 M NaOH, 0.25 M EDTA) and incubating at 65°C for 20
minutes. The mixture was then neutralized by adding 20 ul of 0.5 M HCI in 0.5 M Tris-
HCI, pH 8.0. The resultant Single-stranded cDNA (sscDNA) was recovered with
RNACIean (Agencourt, Bourgogne, France) as per the manufacturer’s instructions and

eluted from the beads with 20 uL of RNase free water.
3.1.5 Adaptor preparing
cDNA Adapter Set A;

The reaction comprised a combination‘mixture of 50 yM cDNA Adapter Oligo
A, 60 pyM of cDNA Adapter-Oligo A-prime;10 mM 1 M Tris-Cl pH 7.5 and
DNase/RNase-free watertina final.volume of 100 pl."The reaction was performed in a
Mastercycler personal (Eppendorf, Hamb|urg, Germany) under the following conditions
of 80°C for 5 min, 65%€ for.# min; 60°C for,l.7 min, 55°C for 7 min, 50°C for 7 min, 45°C
for 7. min, 40°C for 7 min, 35:C for 7 min, 3@”C_for 7 min and the final of 25°C for 7 min.

cDNA Adapter Set B; f'

The reaction comprised a combinat‘i‘bhigf 240 UM of cDNA Adapter Oligo B, 200
UM of cDNA Adapter Oligo B-prrie. 10 MM f 4 M Tris-Cl pH 7.5 and DNase/RNase-
free water in a final volume of 400 jul. The"fﬁe'-a.iction preparation was performed in a
Mastercycler personali{Eppendeorf)-under-the-fellowing-conditions: 80°C for 5 min, 65°C
for 7 min, 60°C for 7 rﬁin, 55°C for 7 min, 50°C for 7 min, 45°C for 7 min, 40°C for 7 min,

35°C for 7 min, 30°C for 7 min and the final of 25°C for 7 min.
3.1.6 Adaptor ligation

For clonal amplification and sequeneing on the Geneme Sequencer FLX
the sscDNArequires the addition ef adaptors to each terminus. The‘adaptors have been
designed to enforce directional ligation to the sscDNA, such that one will be uniquely
ligated to the 5'-end (sscDNA Adaptor A) and the other to the 3'-end (sscDNA Adaptor
B) of the sscDNA. Each adaptor is comprised of two complimentary oligonucleotides
that are annealed together as described below. The 3'-end adaptor consists of “sscDNA
Oligo B” (5'-biotin- GCCTTGCCAGCCCGCTCAGNNNNNN-phosphate- 3') and “sscDNA
Oligo B-prime” (5'-phosphate- CTGAGCGGGCTGGCAAGG-dideoxyC-3'). After



118

annealing there will be resulted the “sscDNA Adaptor B” with 3’-random overhang with
six nucleotides. In the same way, the 5'-end adaptor consists of “sscDNA Oligo A-
prime” (5'-NNN NNN CTG ATG GCG CGA GGG AGG dideoxyC-3") and “sscDNA Oligo
A” (5'-GCCTCCCTCGCGCCATCAG-3') which form the “sscDNA Adaptor A” with a six

nucleotide 5'-end overhang.

The adapter ligation reaction was carried out using T4 DNA ligase (New
England Biolabs, Massachusetts) in a total volume of 30 ul, containing 3 pl of 10X ligase
buffer, 1ul of (1.67 mM final conc.) adapter/Ay 1aul of (6.67 mMfinal conc.) adapter B, 5
hL (2000 cohesive end units) of T4 DNA ligas€,«#5 1l of sscDNA and 5 ul of water. The
reaction mixture was incubated-at roomJtemperature for 2 hours; the ligated sscDNA
was recovered with Dynabeads'MyOne Streptavidin €1 (20 pl beads per sample) and
eluted by incubating at.65°Csfor 6 /min i"vvith 40 pl of 10 mM EDTA, pH 8.2, in 99%
formamide. The final sscDNA" was p'qrifie,igﬁwith two rounds of RNAClean (Agencourt,

Bourgogne, France) and eluted in 20 L of";nu‘élease free water.

3.1.7 Double stranded Iibrar_y-fpréparation
i ,-.. ‘l-
vl
The final adapted sscDNA was amplified using Advantage2 PCR Kit
(Clontech) in a total volume of 50 pif containing 6 ul of 10X Advantage 2 buffer, 2 pl of

A oa

] el

50X dNTP mix (10 mMieach), 10 pl (10 pM) Primer A (89-GCC TCC CTCGCG CCA-39),

10 pl (10 M) Prime#B (59-GCC TTG CCA GCC 0G039), 1 ul of 50X Advantage
polymerase mix, 10 pl-of sscDNA, and 12 pl of nuclease.free water. The PCR condition
used was: 96°C for 4 min; 30«cycles of 94°Cfor 30 s and 64°C for 30 s; 68°C for 3 min;
hold at 14°C. The PCR.product was purified with [two roundstof AMPure (Agencourt,
Bourgogne, France) followed the mafufacturer’s instructions. The deuble stranded DNA

library was eluted with 20 pl of water:
3.1.8 Quantify and sequencing

The double stranded DNA library was quantified with the Quant-iT
Picogreen dsDNA Assay Kit (Invitrogen , California, USA). Emulsion PCR amplification
was carried out using either primer A or primer B or both for bidirectional sequencing.
The sequencing reactions were carried out in small regions of the PicoTiterPlate (1-9

regions/sample) on the Genome Sequencer FLX (GS FLX) platform.
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3.1.9 Sequencing Data analysis

Data analyses were performed on the Linux servers work station at the
Minnesota Supercomputing Institute. All the sequencing reads were blasted against
influenza genome in NCBI blast version.2.2.16. The ‘non influenza’ sequences were
filtered out by perl script and only influenza reads were assembled in GS De novo
Assembler Version 2.0.00.20 and mapped in GS Reference Mapper Version 2.0.00.20.

The influenza contigs obtained usmg the above software were reassembled in

3.2 Result of high

Preparing proc
double stranded library= ecul JA fragment per bead. All of the
samples were loaded.i

from Genome Seque st ’ - >, ) million bp. The result was

underestimating from e |-$‘ , shown lower than usually run
(Table 21). Totally basés s un e ere ‘%‘;9 bp that was underestimating
from usually. e

The control sequenolngﬁf"ﬁbT&h@/y ower quality and quantity sequences
(Table 22). The tota e/ This run has shown the
underestimate quality should be approximately

{|
700,000-1,000,000 bp):

ﬂ‘NH’J‘VlEJWﬁWEJ’]ﬂ‘i
awwmnim UAIAINYA Y
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Table 21 The sample sequence statistics from Genome Sequencer FLX. In this study, samples were loaded in region 1 to 9.

SAMPLE SEQUENCE STATISTICS

Regions 1 Z 3 4 5 & - 3 2 18 11 12 13 14 15 16 Tot/hwe
Total Bozes 636 B3ge 3541 5 3263 467 F oy 159651 135649 18144 124848 124121 31842 166826 BEZ3T 11798 691299
Row Wel L= T30 42173 39323 41299 33993 GEEED 0 G948 3821 33V4Y 39167 48832 58846 36192 3481 35197 33726 6B9YeS
Keypozs Wells 23340 23574 16341 2BBRE 21667 0 EE99E SRIAS  F2gRd4 21E2E . F19AE 24892 18734 19241 23388 2YE44 33761 363684
Poszed Filter Wells 4 T8 51 16 43 4 % 138 1314 134 a5 L=l 17 a4 g 5 4556
Hum Dot Failed 17378 19753 14672 28179 198620 21384 0 2AR32 T ZHERS 0 15851 19858 ZETV1 S862 17781 16482 21368 27873 3EE1RS
Hum Mixed Failed B4z26 2631 1845 4591 1599 e o 2378 1428 2258 1188 953 GEE 629 3vaT 2992 3494 35871
Short. Quality A 1821 434 Tas 16 373 1854 1231 2147 1656 1556 L B33 2227 2021 2255 19193
Short. Primer 32 24 g6 Al 147 251 g1 2 0 57 ) 186 37 28 32 36 1196

% Dot + Mixed 27.67 94,97 W.EA 96,93 96,35 9YV.1@ 95.27 . 93,890 §3.41 94.31 98,38 53.15 95,63 85.91  §9.41 92,92  93.1Z
% Short Quality Primer 2.31 4.73 3.49 3.1 4.45 .71 4.5 558 1A.42  5.83 6.52 6.35 3.44 9.64 2.37 6.7 5.62

% Pozsed Filter .82 8.38 A.31 A .66 A.z28 A. 15 Bih A .61 6.7 A.61 2.59 5.58 A.99 3.45 1.21 A.25 1.26
SJequence Results 1.TCA Z2.TCA  3.TCA  4.TCA  B.TEA  6.TCA  7.TCA - &.TCA  9.TCA 1A.TCA. 11.TCA 12.TCA 13.TCA 14.TCA 15.TCA 16.TCA Totddwve
Sequence numbers 4 a5 5A g 44 8 59 135 T30t 134 692 589 159 795 325 95 4537
Average Seq Length 159.8 82.5 6 .G 9.4 ga L g6.7 3.0 1A1.1 1A3.4 1354 179.2  218.7 163.5 Z8A.5 0 1R4.6 0 12401 -

Ave Jeq Len Std Dewv 41.4 68.3 Bz.7 6.9 63.8 a9 .G 54 .5 a7.1 65.9 [ TE.7 7.1 7.9 2.1 gz.2 .2 -
Adverage Quality Score  13.86 22.5 21.2 257 21.3 26.4 21.1 2a.1 Ja.9 2925 .8 .5 28.3 29.6 23.2 Zh.5 -
Ave Qual Score Std Dew 4.8 7.7 g.1 g.1 g.4 g.4 g.6 3.3 7.1 T 7.2 7.5 7.8 g.1 g.4 7.9 -

0cl
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Table 22 The control sequence statistics from Genome Sequencer FLX.

CONTROL SEQUENCE STATISTICS

Regions 1 2 3 4 5 o ! & g 16 11 1z 13 14 15 16 Tot/dwve
Total Bases 4427 1516 15 357 Bl 154 4149 14373 2695 7204 457 32428
Row Wells 37936 42173 39328 41298 38993 3WEBE 0 B935% 382El 0 38T49 0 394A7  4AB32 8R4 30192 34A81 35197 38726 1219636
Kewvpazs Wells el 46 64 2 94 196 17& 118 246 il 176 345 125 3148 27 36 2138
Pazzed Filter Wells 27 A A A A 15 4 5 5 iy 3 75 13 46 A 2 191

Mum Dot Failed a 2 & A 4 9 14 G 47 1z 44 4 2 33 A 1 159

Mum Mixed Failed 5 3 g 1 9 13 2 16 26 g 21 i 14 45 7 5 245
Short Quality L1 35 BH 1 g1 18R 138 il 165 EE 165 232 95 197 26 28 15A5
Short Primer A A A A A 3} A i 5} 5} A A A A A A A

% Dot + Mixed 14.65 12,56 21.583 GBA.AB  13.83 14.29 19,32 - 18.84 / 29.67 28.17 36.93 1814 12,88 25,47 25,93 16.67 2A.358
% Short Quality Primer 5&7.29 87.568 75.12 BA.BA S86.17 768 784l 7712 E5.29 0 TH.42 6l.36 0 67.26 Y688 61.95 4.7 TILTE THLEG
% Poszed Filter 25.12 B.88 A.a8 A.a8 A.a8 6.63 vl G, ol 2.83 1.41 1.78 2261 1A.4A 12,58 B.80 5.RG 5.97
Sequence Results 1.ATG 2.ATG 3.ATG 4.ATG BUATG GGATG 7LATG - GBLATG  9UATG  dALATG. 11.ATG 12.ATG 13.ATG  14.ATG 15.ATG 16.ATG  Totfbve
Sequence numbers 23 18 3 3 5 1 3 74 12 36 2 172
Average Seq Length 192.5 A.A A.A A.A A.A 131.8 &5.7 112,53 1.2 1898 1397 1942 2246 Z20A.1 A.A 228.58 -

Adve Seq Len Std Dew 66.8 A.A A.A A.A A.A 652 ol 64.7 63.3 A.A 66.5 6E.2 35.4 44.7 A.A 9.5 -
Average Quality Score 25,9 A.0 A.A A.A A.A 26.4 15.2 278 33.3 25,6 24.8 29.9 24.3 29.5 A.A 22.4 -

Ave Qual Score Std Dev 5.3 A.8 A.A A.A A.A 7.9 4.2 8.5 5.2 5.8 g.1 6.7 7.5 6.5 A.A 7.3 -

Ll
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3.3 Discussion

The result from Genome Sequencing FLX should be around 10 million bp. The
total samples sequencing in this study showed only 691,299 bp. The numbers of
nucleotides sequencing results were less than actual value approximately by 10 times.
Not only samples sequencing results, but also control sequencing results
underestimated actual value. The result from this run showed low quality and quantity
performance. Machine running failure, results might be low quality and quantity. This

machine was out of control so this experiment.needs the further repeat.

4. Discussion

The high error rate.during the tré‘psoription process of genomes of influenza A
viruses may lead to produCe the quasispecies. Hatta et al. had showed the mouse
experiments with single-gene reasso’rtanfviruses (Hatta et al., 2001), the PB2 viral
protein which is the virallRNA- dependent RNA polymerase subunit was responsible for
the differenciation of virulence between the tyvo Hong Kong H5N1 viruses. This finding
was subsequently narrowed to,amino aC|d..2_r§__SIdue 627 of the PB2 protein, which

reportedly contributes to the noe_t_range of i:rﬁ_lgen;a A viruses (Subbarao et al., 1993).

The virulent reassortant viruses and non-virulent reassortantviruses also differed in their

ability to invade systemic organs, suggesting that the”PB2 protein could be a
determinant of cell tropism. In this study, the viral PB2 gene at position 627 was
determined the-quasispecies sby using, conyentional~Clonal-sequencing technique.
Twenty colonies were picked up from trachea organ of
A/tiger/Chonburi/Thailand/C3/2004. and performed™the, nucleotide” sequencing. The
quasispecies’ were. detected 8:12 of ‘glutamic ‘acid (E): Uysine (K). Fhe evidence of
quasispecies might be detected only in respiratory organ but not in trachea organ from

the other tigers.

The quasispecies of H5N1 in sequences covering the receptor-binding domain
of the hemagglutinin gene have been reported from fatal human cases (Kongchanagul
et al., 2008). The highly variation in HA gene may lead the cause of viral adaptation in

human host. The high resolution sequencing is the suitable technique for quasispecies
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detection of viral whole genome. This technique is the large-scale capable for 400-600
million base pairs sequencing per run with 400-500 base pair read lengths. The DNA
library preparation of genomics samples eliminates the laborious tasks of cloning and
colony picking. The respiratory organ from tiger were detected the viral genome
quasispecies by using the high resolution sequencing. Furthermore, viral genome
quasispecies from direct tissue organ were compared with viral genome quasispecies
from embryonated chicken egg. The mixed infection and quasispecies of influenza A
virus have been reported in low embryonatedichicken egg passage and direct clinical

specimens (Ramakrishnan etal., 2009).

Unfortunately, the resulisfrom Jﬁigh resolution sequencing were failed. The
controls running showed.the lew quality and quantity of results as well as samples
running. The experimentineeds (o be repi'eated. But, the limitation of funding time is the
problem for performing the repeat ru'hr\iné;%he Genome Sequence FLX running cost is
very expensive. The cosi of PiootiterPlat"g was up to 10,000 US dollar. This facility
machine was provided and ‘controlled E)y BioMedical Genomic Center (BMGC),
University of Minnesota, USA: BMGC consf&éted this problem and tried to find the way

to solve this problem. This problem was alt_eacliif reported to Roche Applied Science

A B a

(Indianapolis, USA), technicall é'up'pdrted comb'éﬁy.‘

The expectéd; result in high resolution sequehczihg might be showed the
quasispecies in other;_genes. HA"gene has been reported the quasispecies for
adaptation of the receptor-binding domainaof H5N1 virus in infected human tissues
(Kongchanagul et al.; 2008) -And, the viral tissuetropism were detected differences HA
quasispecies in differences organ tropism. However, the gonventional clonal
sequenging/showedithe quasispecies in|viral PB2 protein-in trachea."Not only surface
protein but might be also internal viral proteins were detected the quasispecies. The
position of viral adaptation to mammal host is not clear. This study approaches the
preliminary results of viral quasispecies for host adaptation, which need the further study

for determining the viral quasispecies in other viral genome position.



CHAPTER VII

SUMMARIZING DISCUSSION

These studies mainly focused on molecular analysis of influenza A virus strains,
not including pandemic H1N1 2009. Unfortunately, these studies were limited by the
availability of samples and sample processing techniques. These molecular analysis of

genetic materials may not answer all researchi-questions, however, they can be used for
3

the basic analyses and monitoring changes of the virus that may result in epidemic or

even a pandemic. ‘

In chapter Ill,"usually /HINY and ‘H3N2 are the most common subtypes of

influenza A virus found'to infect humans. Fowever, during the past few years, influenza
4

A virus subtype H5N1 has been reported té:i_gf@_ct humans in many countries. Therefore,

rapid detection and identification oﬁ-these:-'s‘iibtypes are particularly important in early
diagnosis, suitable treatment aﬁd preventioﬁ}gf virus transmission. The two methods

A B a ——

g

based on single-step multiplex riaal—time RT-PCR assays wgere developed and validated

in terms of specificity,-(sensitivity and efficiency. fhe first a-ésay consisted of primers and
probes specific to the matrix gene of influenza A virus, matrix gene of influenza B virus
and GAPDH gene of hasticells for typing /(A/B) ofiinfluénza viruses and verification by an
internal control, ‘tespectively. The other assay employed primers and probes specific to
the hemagglutinin /gene of H1Y, H3! and 'HS "subtypes | in. order~io ‘identify the three

subtypes’of influenza A viruses capable of infecting humans.

In chapter IV, the complete genome analysis of human influenza A viruses
subtype H1N1 and H3N2 which isolated between 2006 and 2008 obtained a
comprehensive picture of the evolution of viruses in Thailand. Phylogenetic analysis of

viral surface genes formed seasonal phylogenetic clusters. The seasonal clusters were
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closely related to the WHO recommended vaccine strains in each season. The surface

glycoprotein’s showed the higher selection pressure than the other internal gene.

In chapter V, we described the evolution of HPAI H5N1 isolated in different
regions in Thailand since early outbreak until seventh outbreak in 2008. H5N1 in clade 1,
hemagglutinin were first observed in early 2004 and persisted until 2008. Viruses with
clade 2.3.4 HA were first observed in the northeastern region of Thailand between 2006
and 2007. Phylogenetic analysis.among Thaidiselates indicated that clade 1 viruses in

Thailand consist of three distinet lineages: CUK2-like, PC168-like, and PC170-like. The

il

CUK2-like virus represents=the.predominant lineage and has been circulating

throughout the 4-year outbreaks./Analysis of recently isolated viruses has shown that the
]

genetic distance was slightly different from viruses of the €arly outbreak and that CUK2-

like viruses comprise the native stra_jn.’Betﬁ‘/een 2005 and 2007, PC168-like and PC170-
)

like viruses were first 6bsafved in Several areas around central and lower northern

Thailand. In 2008, viruses reassarted froflr.uflth_ese two lineages, The PC168-like and
PC170-like viruses were initially-‘i'éoléted in thg—lower northern provinces of Thailand and

A B a

subsequently spread-to the up:p;'e’-r-central paFt 'oFT_HaiIand. @n the other hand, CUK2-like

viruses were still cah .Z:letected around the Iower-nor‘[hern— aﬁd the upper central part of
Thailand. Furthermore,~dpon emergence of the reassorted viruses, the PC168-like and
PC170-like lineages could not berdetected, suggesting thattheonly predominant strains
still circulating inThailand were CUK2-like and reassorted viruses. The substitution rate
among'.clade 1" virdsesin‘Thailandiwas| lower. The virds being limilead to the same area

might explain the lower nucleotide substitution rate.

In chapter VI, H5N1 quasispecies were illustrated in Tiger. This study was tried
to find H5N1 viral quasispecies in mammal by using two methods. Conventional clonal
sequencing showed the viral quasispecies at PB2 gene position 627 in trachea of tiger.
Further study by high resolution sequencing is recommended for viral genome

quasispecies detection.
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FUTURE PERSPECTIVES

The data presented in these studies can be used as the basis for future
research. The single-step multiplex real-time RT-PCR could be applied for prevention
and identification the prevalence of influenza A viruses subtypes. The single-step
multiplex real-time RT-PCR could be developed for other influenza A viruses subtype
and including H1N1 2009 pandemic influenza. The studies of molecular evolution of
influenza A viruses in Thailand could be fused for predict the outbreak strains and
applied for surveillance programs. AItDough the-eurrent vaccine strains of human
influenza A viruses subtype H1N1 and H3N2 are efficient in controlling the circulating
outbreak subtypes, continudus surveillétnce IS necessary to provide unambiguous
information on emergentviruses.' These ‘findings contribute the understanding of
evolution in influenza A viruses in humzans %nd; are useful for the routine surveillance and
vaccine strain selection. The evolutigh of I—fé‘[}“,_study has demonstrated that nationwide
attempts to monitor the virus may hélp Curg{'é@!cess and propagation of new HPAI viral

S S

genes. The study of H5N1 influenza A virus @éillance in Thailand should be continued

e Y gl

since this virus is highly pathog.enic. Monitoring the fvariations can predict the

fundamental Characll'er‘;ilstic of H5N1 influenza virus and may be important for vaccine

development.

The conventional clonalisequencing showed-the guasispecies in viral PB2 gene
at position 627. The quasispecies might be found.in other genome;position. So, high

resolution sequencing isirecommended far further study.



REFERENCES

Amonsin A, Chutinimitkul S, Pariyothorn N, Songserm T, Damrongwatanapokin S,
Chaisingh A, Meemak N, Sirivan P, Puranaveja S, Jam-on R, Sae-Heng N,
Payungporn S, Theamboonlers A, Tantilertcharoen R, Suradhat S,
Thanawongnuwech R, Poovorawan Y. Genetic characterization of Influenza A
viruses (H5N1) isolated from 3rd wave of Thailand Al outbreaks. Virus Res
2006(122):194-199.

Amonsin A, Songserm T, Chutinimitkul S dam-On R, Sae-Heng N, Pariyothorn N,
Payungporn S, Theambeoonlers Ay Pooverawan-Y. Genetic analysis of influenza A
virus (H5N1) derivede«from domestic cat and dog in Thailand. Arch Virol,
2007(152):1925-1938" \

Amonsin A, Choatrakol Gy Lapkuntod J, “Tantilertcharoen R, Thanawongnuwech R,

Suradhat S, Suwanpakarn K, Thezifrhb,oonlers A, Poovorawan Y. Influenza virus

4
(H5N1) in live lird imarkets+andfood markets, Thailand. Emerg Infect Dis

2008(14):1739-1742.

)
id F 1N

Auewarakul P, Suptawiwat O, tgongchanagul'_'_é.;a Sangma C, Suzuki Y, Ungchusak K,

Louisirirotchanakul SJ__‘_LerdsamraE:; H, Pooruk P, Thitithanyanont A,

1
el

Pittayawongangn C, Guo CT, Hiramatsu H, Jampéngern W, Chunsutthiwat S,

Puthavathana“P,, An avian influenza H5N1 virus that binds to a human-type
receptor. J Virol*2007(81):9950-9955. .

Bean WJ Jr, Cox¢Nd, KendakAP. Recombination of Auman influenza A viruses in nature.
Nature 1980(284):638-640.

Berkhoff. EG,..Geelhoed-Mieras. MM, Fouchier RA;*Osterhaus. AD,“Rimmelzwaan GF.
Assessment of the'extent ‘offvariation in influenza' Awvirus cytotoxic T-lymphocyte
epitopes by using virus-specific CD8+ T-cell clones. J Gen Virol 2007(88):530-
535.

Braasch DA, Corey DR. Locked nucleic acid (LNA): fine-tuning the recognition of DNA
and RNA. Chem Biol 2001(8):1-7.



128

Bui HH, Peters B, Assarsson E, Mbawuike |, Sette A. Ab and T cell epitopes of influenza
A virus, knowledge and opportunities. Proc Natl Acad Sci USA 2007(104):246-

251.
Bullough PA, Hughson FM, Skehel JJ, Wiley DC. Structure of influenza haemagglutinin at
the pH of membrane fusion. Nature 1994(371):37-43.

Buranathai C, Amonsin A, Chaisigh A, Theamboonlers A, Pariyothorn N, Poovorawan Y.
Surveillance activities and molecular analysis of H5N1 highly pathogenic avian
influenza viruses from Thailand, 2004-2005. Avian Dis 2007(51):194-200.

Carrat F, Valleron AJ. Influenza mortality ‘among_the elderly in France, 1980-90: how
many deaths mayhave been' avoidedthrough vaccination? J Epidemiol
Community Health, 1995(49):419+425.

Cauthen AN, Swayne DE, Schultz-Chérry S, Perdue ML, Suarez DL. Continued
circulation in China' of shighly' pathogenic avian.influenza viruses encoding the
hemagglutinin“geng assoc@atéd W—ijfh.;the 1997 H5N1 outbreak in poultry and
humans. J Virol 2000(74):6592—659;)‘. \

Centers for Disease Control and Preventio’r_jf__Swine influenza A (H1N1) infection in two

children—Southern ‘California, Maréﬁé&pril 2009. Morb Mortal Wkly Rep

o .

2009(58):400-402. -

Chaichoune K, Wiriyar_zg\t W, Thitithanyanont A, Phonarknquén R, Sariya L, Suwanpakdee

S, Noimor T, Chatsurachai S, Suriyaphol P, U’n’g‘lchusak K, Ratanakorn P,
Webster RG, Thompson M, Auewarakul P, Puthavathana P. Indigenous sources
of 2007=2008 #H5N1, aviam jinfluenzag poutbreaks<inaFhailand. J Gen Virol
2009(90);216-222.

Chan PK. Qutbreak«of avian influenza-A(H5N 1), Vifussinfection in-Hong Kong in 1997.
Clin'Infect Dis 2002(34):S58-64.

Chen H, Deng G, Li Z, Tian G, Li Y, Jiao P, Zhang L, Liu Z, Webster RG, Yu K. The

evolution of H5N1 influenza viruses in ducks in southern China. Proc Natl Acad

Sci USA 2004(101):10452-10457.
Chen R, Holmes EC. Avian influenza virus exhibits rapid evolutionary dynamics. Mol Biol

Evol 2006(23):2336-2341.



129

Chen W, Calvo PA, Malide D, Gibbs J, Schubert U, Bacik |, Basta S, O'Neill R, Schickli J,
Palese P, Henklein P, Bennink JR, Yewdell JW. A novel influenza A virus
mitochondrial protein that induces cell death. Nature Med 2001(7):1306-1312.

Cheung CY, Poon LL, Lau AS, Luk W, Lau YL, Shortridge KF, Gordon S, Guan Y, Peiris
JS. Induction of proinflammatory cytokines in human macrophages by influenza
A (H5N1) viruses: a mechanism for the unusual severity of human disease?
Lancet 2002(360):1831-1837.

Chin PS, Hoffmann E, Webby R, Webster RG, Guan Y, Peiris M, Shortridge KF.
Molecular evolution of H6 influenza’viruses. from poultry in southeastern China:
prevalence of Ho6N4winfluenza vifuses possessing seven A/Hong Kong/156/97
(H5N1)-like genes inpouliry. J Virol 2002(76):507-516.

Chotpitayasunondh T, _Ungehusak P{ Hanshaoworakul W, Chunsuthiwat S,
Sawanpanyalert P Kijphati Ry Lochindarat S, Srisan P, Suwan P, Osotthanakorn
Y, Anantasetagoom” T, Kanjéna\z(jés,ri S, Tanupattarachai S, Weerakul J,
Chaiwirattana R, Maneerattanapor:j‘_.l\'/l,‘_Poolsavathitikool R, Chokephaibulkit K,
Apisarnthanarak A, Dow-e!l_;SF. HLJJ.rr_l‘an disease from influenza A (H5N1),
Thailand, 2004. Emerg Inféct Dis 2005(_'1-51_1):201—209.

Chutinimitkul S, Songserm ... Amonsiri".*i;AJ';__Payungpom S, Suwannakarn K,

Damrongwatafiapokin_S, _Chaisingh —A; Nuansrichay B, Chieochansin T,
Theamboonlers-A, Poovorawan Y. New strain of H5N1 influenza virus in Thailand.

Emerg Infect Dis 2007(13):506-507.

Claas EC, Osterhaus AD, vam Beek RyiDer JongrdCi-Rimmelzwaan GF, Senne DA,
Krauss S$;;Shortridge KF, Webster RG. Human influenza A H5N1 virus related to

a highlyathogenic-avian influenzavisuss Lancet1998(351):472-477.

Cox NJ, Subbarao K."Influenza’’Lancet, 1999(354):1277-1282.

Cockburn WC, Delon PJ, Ferreira W. Origin and progress of the 1968-69 Hong Kong
influenza epidemic. Bull World Health Organ 1969(41):345-348.

Conenello GM, Zamarin D, Perrone LA, Tumpey T, Palese P. A single mutation in the
PB1-F2 of H5N1 (HK/97) and 1918 influenzaAviruses contributes to increased

virulence. PLoS Pathog 2007(3):e141.



130

DiBrino M, Tsuchida T, Turner RV, Parker KC, Coligan JE, Biddison WE. HLA-A1 and
HLA-A3 T cell epitopes derived from influenza virus proteins predicted from
peptide binding motifs. J Immunol 1993(151):5930-5935.

DiBrino M, Parker KC, Margulies DH, Shiloach J, Turner RV, Biddison WE, Coligan JE.
The HLA-B14 peptide binding site can accommodate peptides with different
combinations of anchor residues. J Biol Chem 1994(269):32426-32434.

DiBrino M, Parker KC, Margulies DH, Shiloach J, Turner RV, Biddison WE, Coligan JE.
Identification of the peptide binding motif for HLA-B44, one of the most common
HLA-B alleles in the Caucasian populatien. Biochemistry 1995(34):10130-10138.

Domingo E, Martinez-Salas~E; Sobrino“F, de la forre JC, Portela A, Ortin J, Lopez-
Galindez C, Pérez-Brefa P Villanueva N, Najera R. The quasispecies (extremely
heterogeneous) naidire of viral RNA genome populations: biological relevance-a
review. Gene 1985(40):1-8. X

Domingo E, Baranowski E Ruiz-Jarabo CK/I,JMartin-Hernéndez AM, Séiz JC, Escarmis

¢
C. Quasispecies structure and persistence of RNA viruses. Emerg Infect Dis

1998(4):521-527. WAL /N
Droege M, Hill B. The Genome Séguencer FLX éystem—-longer reads, more applications,
straight forward bioinformatics and-‘j;_nbje, complete data sets. J Biotechnol.
2008(136):3+10.__ 3
Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis by sampling trees.
BMC Evol Biol 2007(7):214.

Drummond AJyHorSY, iPhillips MY, (Rambaut+Agy Relaxedyphylogenetics and dating with
confidence. PLoS Biol 2006(4):e88.

Ducatez,MF =Olinger, CM, .Qwoade, AAy Tarnagda Z, Tahita, MC, Sew A,;De Landtsheer
S, Ammerlaan W, Ouedraogo” JB, Osterhaus AD; Fouchier=RA, Muller CP.
Molecular and antigenic evolution and geographical spread of H5N1 highly
pathogenic avian influenza viruses in western Africa. J Gen Virol 2007(88):2297-
2306.

Fleming DM, Zambon M, Bartelds Al, de Jong JC. The duration and maGnitude of

influenza epidemics: a study of surveillance data from sentinel General practices

in EnGland, Wales and the Netherlands. Eur J Epidemiol, 1999(15):467-73.




131

Fouchier RA, Munster V, Wallensten A, Bestebroer TM, Herfst S, Smith D, Rimmelzwaan
GF, Olsen B, Osterhaus AD. Characterization of a novel influenza A virus
hemagglutinin subtype (H16) obtained from black-headed gulls. J Virol
2005a(79):2814-2822.

Fouchier RA, Rimmelzwaan GF, Kuiken T, Osterhaus AD, Newer respiratory virus
infections: human metapneumovirus, avian influenza virus, and human

coronaviruses. Curr Opin Infect Dis 2005b(18):141-146.

Gabriel G, Abram M, Keiner B, Wagner R, Klenk HD, Stech J. Differential polymerase
activity in avian and mammalian cellsidetermines host range of influenza virus. J
Virol 2007(81):9604=9604-. 4

Gabriel G, Herwig A, Klenk«HD.#Interaction of polymerase subunit PB2 and NP with
importin a1 is a determinant of F‘]ost range of influenza A virus. PLoS Pathog
2008(4):e11. e ¥

Gambaryan A, Tuzikoev A, /Pazynina G, B?)vir} N, Balish A, Klimov A. Evolution of the
receptor binding'phenotype of inﬂufjie‘n‘za}_A (H5) viruses. Virology 2006(344):432—
438. S iy

)
/N

Gamblin SJ, Haire LF, Russell RJ;Stevens DJ, Xiao B, Ha Y, Vasisht N, Steinhauer DA,

Daniels RS, Elliot A, Wiley-BC, Skehé_l-.;l\,l.-The structure and receptor binding
properties ofithie 1918 influenza hemagglutinin_Science 2004(303):1838-1842.

Gammelin M, Altmulle=A, Reinhardt U, Mandler J, Harley::VR, Hudson PJ, Fitch WM,
Scholtissek C. Phylogenetic analysis of nucleoproteins suggests that human
influenzatAwviruses ,emerged from a=19th-century, avianrancestor. Mol Biol Evol
1990(7):494-200.

Garcia;Sastres A, Iphibitions of«interferen-mediated-antiviral sresponses by influenza A
viruses and other negative-strand'RNA viruses. Virology 2001(279):375-384.

Garcia-Sastre A, Egorov A, Matassov D, Brandt S, Levy DE, Durbin JE, Palese P, Muster
T. Influenza A virus lacking the NS1 gene replicates in interferon-deficient
systems. Virology 1998(252):324-330.

Gianfrani C, Oseroff C, Sidney J, Chesnut RW, Sette A. Human memory CTL response
specific for influenza A virus is broad and multispecific. Hum Immunol

2000(61):438-452.



132

Gorman OT, Bean WJ, Kawaoka Y, Donatelli I, Guo YJ, Webster RG. Evolution of
influenza A virus nucleoprotein genes: implications for the origins of H1N1
human and classical swine viruses. J Virol 1991(65):3704-3714.

Guan Y, Shortridge KF, Krauss S, Webster RG. Molecular characterization of HIN2

influenza viruses: were they the donors of the “internal” genes of H5N1 viruses in

Hong Kong? Proc Natl Acad Sci USA 1999(96):9363-9367.

Guan Y, Peiris M, Kong KF, Dyrting KC, Ellis TM, Sit T, Zhang LJ, Shortridge KF. H5N1
influenza viruses isolated from geese in southeastern China: evidence for
genetic reassortment and interspecies «transmission to ducks. Virology
2002(292):16-23. 4

Guan Y, Poon LL, Cheung GY, Ellis TM, Lim W, Lipatov AS, Chan KH, Sturm-Ramirez
KM, Cheung CL, LetungfYH, Yuerﬁ,KY, Webster RG, Peiris JS. H5N1 influenza: a
protean pandemic.ifireat. Proc Natl Acad Sci USA 2004(101):8156-8161.

Gupta R, Jung E, Brunalk'S. Predidionuvof,jN-qucosvlation sites in _human proteins
§

[Online]. 2004. Available from': httpi:'[/wvx_/w.cbs.dtu.dk/services/NetNGch/ [2009,

Dec]

)
/N

Guo HC, Jardetzky TS, Garrett TP, Lane WS, Strominger JL, Wiley DC. Different length

peptides bind to HLA-Aw68' similarlyj"é)t'jheir ends but bulge out in the middle.
Nature 1992(360):364-366.

Harper SA, Fukuda K, Uyeki TM, Cox NJ, BridGes CB, Cenférs for Disease Control and
Prevention (CDC), Advisory Committee on Immunization Practices (ACIP).
Preventioh and control of influenza; recammendations, of:ithe Advisory Committee

on Immunization Practices (ACIP). MMWR Recomm Rep, 2004(53):1- 40.

Hatta My, Gaer Ry, Halfmann.P,-Kawaoka Y« Malecular basis for high virulence of Hong

Kong H5N 1¥influenza Aviruses."Science 2001(293):1840-1842.

Hinshaw VS, Bean WJ, Webster RG, Sriram G. Genetic reassortment of influenza A
viruses in the intestinal tract of ducks. Virology 1980(102):412-419.

Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR. Universal primer set for the full-
length amplification of all influenza A viruses. Arch Virol 2001(146):2275-2289.



133

Horimoto T, Nakayama K, Smeekens SP, Kawaoka Y. Proprotein-processing
endoproteases PC6 and furin both activate hemagglutinin of virulent avain
influenza viruses. J Virol 1994(68): 6074-6078.

Horimoto T, Kawaoka Y. Reverse genetics provides direct evidence for a correlation of
hemagglutinin cleavability and virulence of an avian influenza A virus. J Virol
1994(68):3120-3128.

Horimoto T, Kawaoka Y. Influenza: lessons from past pandemics, warnings from current

incidents. Nat Rev Microbiol 2005(3):591-600.

Huelsenbeck JP, Ronquist F. MRBAYES: Bayesian inference of phylogenetic trees.
Bioinformatics 2004(47):754-755:"
Ichikawa E, Yamamura S, Kato.K. Synthesis of 2',3-dideoxy-3’-C-(hydroxymethyl)-4'-

thiopentofuranosylntcleosides al’$ potential antiviral agent. Bioorg Med Chem

Lett 1999(9):11134114. e ¥
Inglis SC, Carroll AR, EambRA; Mahy BW Polypeptldes specified by the influenza virus
genome |. Evidence for e|ght dlstln’ct gene products specified by fowl plague

virus. Virology 1976(74): 489 503 Llf'j_

d‘ﬂ.

lto T, Couceiro JN, Kelm S, Baum LG, Krauss S, Castrucci MR, Donatelli |, Kida H,

Paulson JC, Webster RG:-Kawaoka \".“:MQLecuIar basis for the generation in pigs
of influenza A wruses with pandemic potential. J Ver| 1998(72):7367-7373.

Jameson J, Cruz J, Teraﬂma M, Ennis FA. Human CD8+ and CD4+ T lymphocyte
memory to inflienza A viruses of swine and avian species. J Immunol
1999(162): 7578 583

Jiao P, Tian G, l4i.Y, Deng G, Jiang Y, Liu C, Liu W, Bu Z, Kawaoka Y, Chen H. A single-
amine-acid ;substitution-in-the NS/1.protein-changes jthe pathegenicity of H5N1
avian influenza viruses in mice. J Virol 2008(82):1146=1154:

Johnson NP, Mueller J. Updating the accounts: global mortality of the 1918-1920
“Spanish” influenza pandemic. Bull Hist Med 2002(76):105-115.



134

Kash JC, Basler CF, Garcia-Sastre A, Carter V, Billharz R, Swayne DE, Przygodzki RM,
Taubenberger JK, Katze MG, Tumpey TM. Global host immune response:
pathogenesis and transcriptional profiling of type A influenza viruses expressing
the hemagglutinin and neuraminidase genes from the 1918 pandemic virus. J
Virol 2004(78):9499-9511.

Kawaoka Y, Krauss S, Webster RG. Avian-to-human transmission of the PB1 gene of
influenza A viruses in the 1957 and 1968 pandemics. J Virol 1989(63):4603-
4608.

Kawaoka Y, Webster RG. Sequence requirements«for cleavage activation of influenza

virus hemagglutininsexpressed in mammalian-cells. Proc. Natl Acad Sci USA

1988(85):324-328.
Kawaoka Y, Naeve CW, Websier RG. Is @irulence of H5N2 influenza viruses in chicken

associated with l6ss/ of ‘carbohydrate from. the hemagglutinin? Virology

_—

1984(139):303<316; A ] A 4
Keawcharoen J, Oraveerakul K, Kuiken 'If‘ Eogchier RA, Amonsin A, PayunGporn S,
Noppornpanth S, Wattanqqom S:j;‘;;:‘__T-r]eambooniers A, Tantilertcharoen R,
PattanaranGsan R, Arya’ N, -Ratanakorn p, Osterhaus DM, Poovorawan Y. Avian

influenza H5N1 in tigers.and'leopardéjc'i_E-merq Infect Dis, 2004(10):2189-2191.

Kennedy B, Arar K, RBela_V, Henry RJ. L ocked nucteic acidé for optimizing displacement
probes for quantitative real-time PCR. Anal Biochem::2005(348):294—299.
Kobasa D, Takada A, Shinya K, Hatta M, Halfmann P, Theriault S, Suzuki H, Nishimura
H, Mitamlra K, Sugayany Wsuiy Ty Muratar Ty MaedayYeWatanabe S, Suresh M,
Suzuki Tg SuzuKi'Y, Feldmann H, Kawaoka Y. Enhanced virulence of influenza A
viruses ~with, the.~haemagglutinin, sof« the 1918 , pandemic, virus. Nature
2004(431):708-707.

Koshkin AA, Rajwanshi VK, Wengel J. Novel convenient syntheses of LNA [2.2.1]bicyclo
nucleosides. Tetrahedron Lett 1998(39):4381-4384.

Kongchanagul A, Suptawiwat O, Kanrai P, Uiprasertkul M, Puthavathana P, Auewarakul
P. Positive selection at the receptor-binding site of haemagglutinin H5 in viral

sequences derived from human tissues. J Gen Virol 2008(89):1805-1810.



135

Kosakovsky Pond, S.L., Frost, S.D. Not so different after all: a comparison of methods for
detecting amino acid sites under selection. Mol Biol Evol 2005(22):1208-1222.

Krug RM, Broni BA, Bouloy M. Are the 5" ends of influenza viral mMRNAs synthesized in
vivo donated by host mMRNAs? Cell 1979(18): 329-334.

Lee CW, Suarez DL, Tumpey TM, Sung HW, Kwon YK, Lee YJ, Choi JG, Joh SJ, Kim
MC, Lee EK, Park JM, Lu X, Katz JM, Spackman E, Swayne DE, Kim JH.
Characterization of highly pathogenic H5N1 avian influenza A viruses isolated

from South Korea. J Virol 2005(79):8692-702.

Lee CW, Suarez DL. Application of real-time RT<PCRfor the quantitation and competitive

replication study ef*H5-and H7 ‘subtype-avian influenza virus. J Virol Methods

2004(119):151-158.
Letertre C, Perelle S, Dilasser F, Arar K, ‘Fach P. Evaluation of the performance of LNA

and MGB probes ig5'-fuglease PCR assays. Mol Cell Probes 2003(17):307-311.

Li ML, Ramirez BC, Krug RM. RNArdéperngent activation of primer RNA production by
influenza virus Jpolymerase: diﬁe;eqt regions of the same protein subunit
constitute the two required RNA—bmd&mg -sites. EMBO J 1998(17):5844-5852.

Li Z, Chen H, Jiao P, Deng G, Tiah &, Li Y, Hb’ffﬁann E, Webster RG, Matsuoka Y, Yu K.

Molecular basis of replication of duck HEN1 influenza viruses in a mammalian

mouse modeld Virol 2005(79): 1205812064 ,

Li Z, Jiang Y, Jiao P, Wang A, Zhao F, Tian G, Wang X, Yu;‘K, Bu Z, Chen H. The NS1
gene contribufés to the virulence of H5N1 avian influenza viruses. J Virol
2006(80)1 141 155111 123,

Li KS, Guan Y,gWang J, Smith GJ, Xu KM, Duan L, Rahardjo AP, Puthavathana P,
Buranathai €, Nguyen 1D -Estoepangestie AT,,Chaisingh AsAuewarakul P, Long
HT,"Hanh' NT, Webby RJ,"Poon’ LL, Chen H, Shortridge KF, Yuen KY, Webster
RG, Peiris JS. Genesis of a highly pathogenic and potentially pandemic H5N1
influenza virus in eastern Asia. Nature 2004(430): 209-213.

Martin K, Helenius A. Nuclear transport of influenza virus ribonucleoproteins: the viral

matrix protein (M1) promotes export and inhibits import. Cell 1991(67):117-1130.



136

Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, Bemben LA, Berka J,
Braverman MS, Chen YJ, Chen Z, Dewell SB, Du L, Fierro JM, Gomes XV,
Godwin BC, He W, Helgesen S, Ho CH, Irzyk GP, Jando SC, Alenquer ML, Jarvie
TP, Jirage KB, Kim JB, Knight JR, Lanza JR, Leamon JH, Lefkowitz SM, Lei M, Li
J, Lohman KL, Lu H, Makhijani VB, McDade KE, McKenna MP, Myers EW,
Nickerson E, Nobile JR, Plant R, Puc BP, Ronan MT, Roth GT, Sarkis GJ, Simons
JF, Simpson JW, Srinivasan M, Tartaro KR, Tomasz A, Vogt KA, Volkmer GA,
Wang SH, Wang Y, Weiner MP, Yus P, Begley RF, Rothberg JM. Genome

sequencing in microfabricated high<deasity.picolitre reactors. Nature 2005(437):
376-380. 4

Matrosovich M, Zhou N, Kawaoka'Y, and Webster RG. The surface glycoprotein’s of H5
influenza viruses isolated from hd,mans, chickens, and wild aquatic birds have

distinguishable propertiest J Virol 1999(78):1146-1155.

Mazur |, Anhlan D, Mitzner D, Wixler L, Sehubert U, Ludwig S. The proapoptotic
4
influenza A virlls protein PB1—F‘2 regulates viral polymerase activity by
interaction with the PB4 protéin. _CeIl-"MicrobioI 2008(10):1140-1152.
McAuley JL, Hornung F, Boyd Kk, Smith  AM, McKeon R, Bennink J, Yewdell JW,

McCullers JA. Expression-of-the 1931J8_--.'|Jjﬂuenza A virus PB1-F2 enhances the

pathogenesis pf viral_and_secondary_bacteriat-paeumonia. Cell Host Microbe

2007(2):240-249.
Mitra RD, Church GM."In situ localized amplification and contact replication of many

individuall DNA moleculesyNucleici Acids Res 1999(27):€34.

Mitra RD, Shendure J, Olejnik J, Edyta Krzymanska O, Church GM. Fluorescent in situ
sequencing.en polymerase.colonies, Anal Biochem.2003(320):55-65.

Mufioz ET, Deem® MW." Epitope “analysis "for influenza~ vaccine “design. Vaccine
2005(23):1144-1148.

Murphy BR, Webster RG. Orthomyxoviruses, In. Fields BN, Knipe DM, Howley PM. (ed.),
Fields virology 3" ed, pp. 1397-1445. Philadelphia: Lippincott-Raven, 1996.

Nakajima K, Desselberger U, Palese P. Recent human influenza A (H1N1) viruses are

closely related genetically to strains isolated in 1950. Nature 1978(274):334-339.




137

National Institute of Allergy and Infectious Disease. Flu(Influenza) Antigenic drift vs.

antigenic shift [Online]. 2006. Available from

http://www3.niaid.nih.gov/topics/Flu/Research/basic/AntigenicDriftShift.ntml
[2009, Dec].

Nelson MI, Holmes EC. The evolution of epidemic influenza. Nat Rev Genet 2007(8):196-
205.

Neumann G, Noda T, Kawaoka Y. Emergence and pandemic potential of swine-origin
H1N1 influenza virus. Nature 2009(459):931-939.

Nguyen DC, Uyeki TM, Jadhao S, Maines T,.Shaw.M, Matsuoka Y, Smith C, Rowe T, Lu
X, Hall H, Xu X, BalishvA; Kiimov'A, Tumpey #M, Swayne DE, Huynh LP, Nghiem
HK, Nguyen HH, Hoang kT, Coxi NJ, Katz JM. Isolation and characterization of
avian influenza viruses; including‘lhighly pathogenic H5N1, from poultry in live
bird markets in Hap6i, Vietham, in 2001, J Virol 2005(79):4201-4212.

Nicholls JM, Chan M@, Chan WY, Wofng Q‘K,;Cheung CY, Kwong DL, Wong MP, Chui
WH, Poon LL, Tsao SW,Guan', P‘t';‘_lri's;JS. Tropism of avian influenza A (H5N1)
in the upper and lower, resbj_rétory tréi;\:t; Nature Med 2007(13):147-149.

O'Neill RE, Talon J, Palese P The inﬂuenié-i;iirus NEP (NS2 protein) mediates the
nuclear export of viral rjb_‘onupleoprot'eﬁi-é;;w 1998(17):288-296.

Payungporn S, Chutirli:mitkul S, Chaisingh A, Damronqwa“ntanapokin S, Buranathai C,

Amonsin A, Theamboonlers A, Poovorawan Y. Sing’-lé‘step multiplex real-time RT-

PCR for H5N1 ififluenza A virus detection. J Virol Methods , 2006(131):143-147.

Payungporn S,/Grawfond PCyKouo dS,iChen-LM; Pempey J;vCastleman WL, Dubovi EJ,
Katz JMgDonis RO. Influenza A virus (H3N8) in dogs with respiratory disease.
Florida. Emerg Infect Dis. 2008(14):902-908:

Peiris JS,.Yu WC, Leung CW, Cheung CY, Ng'WF, Nicholls"dM, Ng"TK,"€han KH, Lai ST,
Lim WL, Yuen KY, Guan Y. Re-emergence of fatal human influenza A subtype

H5N1 disease. Lancet 2004(363):617-619.

Plotch SJ, Mouloy M, Ulmanen |, Krug RM. A unique cap (m7GpppXm)-dependent
influenza virion endonuclease cleaves capped RNAs to generate the promers

that initiate viral RNA transcription. Cell 1981(23): 847-858.



138

Puthavathana P, Sangsiriwut K, Korkusol A, Pooruk P, Auewarakul P, Pittayawanganon
C, Sutdan D, Kitphati R, Sawanpanyalert P, Phommasack B, Bounlu K,

Ungchusak K. Avian influenza virus (H5N1) in human, Laos. Emerg Infect Dis

2009(15):127-129.

Rambaut A, Drummond AJ. Tracer v1.4 [Online]. 2007. Available from
http://tree.bio.ed.ac.uk/software/tracer/ [2009, Dec]

Ramakrishnan MA, Tu ZJ, Singh S, Chockalingam AK, Gramer MR, Wang P, Goyal SM,
Yang M, Halvorson DA, Sreevatsan S. The feasibility of using high resolution
genome sequencing.of influenza ‘@  vifuses to detect mixed infections and
quasispecies. PLoS:One 2009(4):e7105:

Reid AH, Taubenberger JKe " The origin of the 1918 pandemic influenza virus: a
continuing enigma.d Gen Virol 20@3(84):2285—2292.

Reid AH, Taubenberger JiK§ Fahning TG. Evidence of an absence: the genetic origins of
the 1918 pandemic influenza v{rus.:filagure Rev Microbiol 2004(2):909-914.

4
Richardson JC, Akkina RK. NS2 protein of":fnflu_enza virus is found in purified virus and

phosphorylated ininfected cells. ArC’H;Virol 1991(116):69-80.
N ARer T - e

Rogers GN, Paulson JC. Receptor determinants of human and animal influenza virus

isolates: differences in.receptor spe’p:i;ﬁ(;'jty of the H3 hemagglutinin based on

species of ofigih. Virology 1983(127):361-373.

Rohrlich PS, Cardinaud-S, Firat H, Lamari M, Briand P, Es’éfiou N, Lemonnier FA. HLA-
B*0702 transgénic, H-2KbDb double-knockolt mice: phenotypical and
functional ¢characterizationg ing response ¢to winfluenza virus. Int  Immunol
2003(15);765-72.

Ronaghis,. M,=Karamohamed .S, .Rettersson By Uhlen M, (Nyren-, P Real-time DNA

sequencing” ‘using " detection™ of © pyrophosphate” release.Anal Biochem

1996(242):84-89.

Salomon R, Franks J, Govorkova EA, llyushina NA, Yen HL, Hulse-Post DJ, Humberd J,
Trichet M, Rehg JE, Webby RJ, Webster RG, Hoffmann E. The polymerase
complex genes contribute to the high virulence of the human H5N1 influenza

virus isolate A/Vietnam/1203/04. J Exp Med 2006(203):689-697.



139

Scholtissek C, Rohde W, Von Hoyningen V, Rott R. On the origin of the human influenza
virus subtype H2N2 and H3N2. Virology 1978(87):13-20.

Seo S, Hoffmann E, Webster RG. Lethal H5N1 influenza viruses escape host anti-viral
cytokine responses. Nature Med 2002(8):950-954.

Shaw MW, Xu X, Li Y, Normand S, Ueki RT, Kunimoto GY, Hall H, Klimov A, Cox NJ,
Subbarao K. Reappearance and global spread of variants of influenza
B/Victoria/2/87 lineage viruses in the 2000-2001 and 2001-2002 seasons.
Virology 2002(303):1-8.

Shendure J, Ji H. Next-generation DNA sequeneing.Nat Biotechnol 2008;26:1135-45.

Shinya K, Ebina M, Yamada S, Ono M,“Kasai N, Kawaoka Y. Avian flu: influenza virus
receptors in the human‘aiaway. Nature 2006(440):435-436.

Simonsen L, Clarke MJ, Williamson GD,"LStroup DF, Arden NH, SchonberGer LB. The
impact of influenzafepidemics on mortality: introducing a severity index. Am J
Public Health, 1997(87):1944—17950'7 ;

Simonsen L, Clarke MJ; Schonberger LBTS‘.ArEj_en NH, Cox NJ, Fukuda K. Pandemic
versus epidemic influenzé ‘rf.]ortality:':;p‘a_ -pattern of changing age distribution. J
Infect Dis 1998(178):53-60: ;_{.*

Sims LD, Domenech J, Benigno-C; Kahn S,f;éamata A, Lubroth J, Martin V, Roeder P.

Origins and evplution of H5N1 highly pathogenic avian influenza in Asia. Vet Rec

2005(157):159-164.
Smorodintsev AA, Golubev DB, Luzjanina TY. Principles of rational classification and

nomenelatuse jofshumansinfluenzarAwiruses. (BollFlst:Sieroter Milan 1982(61):202-

2009.

Smith W, Andrews.CHg Laidlaw RP.; A, vinus, obtained from; influenza, patients. Lancet
1933(2):66-88.

Songsermn T, Amonsin A, Jam-on R, Sae-Heng N, Meemak N, Pariyothorn N,
Payungporn S, Theamboonlers A, Poovorawan Y. Avian influenza H5N1 in

naturally infected domestic cat. Emerg Infect Dis 2006a(12):681-683.

Songserm T, Amonsin A, Jam-on R, Sae-Heng N, Pariyothorn N, Payungporn S,
Theamboonlers A, Chutinimitkul S, Thanawongnuwech R, Poovorawan Y. Fatal

Avian Influenza A H5N1 in a Dog. Emerg Infect Dis 2006b(12):1744-1747.




140

Spackman E, Senne DA, Myers TJ, Bulaga LL, Garber LP, Perdue ML, Lohman K, Daum
LT, Suarez DL. Development of a real-time reverse transcriptase PCR assay for
type A influenza virus and the avian H5 and H7 hemagglutinin subtypes. J Clin
Microbiol 2002(40):3256-3260.

Stech J, Xiong X, Scholtissek C, Webster RG. Independence of evolutionary and
mutational rates after transmission of avian influenza viruses to swine. J Virol
1999(73): 1878-1884.

Stevens J, Corper AL, Basler CF, Taubenberger JK, Palese P, Wilson |A. Structure of the
uncleaved human H1 hemagglutinin J#frome the extinct 1918 influenza virus.
Science 2004(303):4866=1870.

Stevens J, Blixt O, Tumpey IM; laubenberger JK, Paulson JC, Wilson IA. Structure and
receptor specificitysof the hemag&glutinin from an H5N1 influenza virus. Science
2006(312):404-410s ek T

Stieneke-Grober A, Vey M, Angliker‘_.H:She;{N E, Thomas G, Roberts C, Klenk HD, Garten
W. Influenza virds hemagglutinin v:n'th Enultibasic cleavage site is activated by
furin, a subtilisin-like endobr_oitease.é@ 1992(11):2407-2414.

Suarez DL, Spackman E, Senng DA, Bulagé'_'.l;fg}Welsch AC, Froberg K. The effect of
various disinfectants on- detection of;ylén_influenza virus by real time RT-PCR.

Avian Dis 200?3(47):1 091-1095.

Subbarao EK, London W, Murphy BR. A single amino acid Tﬁ the PB2 gene of influenza
A virus is a detéfminant of host range. J Virol 1993(67):1761-1764.

Suzuki Y. Natural selection,on the influenzacvirgs, genome. MolBiol Evol 2006(23):1902-
1911.

Suchard, MA»\Weiss«RE; Sinsheimer JS. Bayesian-selection jofscontinuous-time Markov
chain ‘evolutionary 'models:"Mol Biol Evol 2001(18):1001-10%3.

Tamura K, Dudley J, Nei M, Kumar S. MEGA4: Molecular Evolutionary Genetics Analysis
(MEGA) software version 4.0. Mol Biol Evol 2007(24):1596-1599.

Taubenberger JK, Reid AH, Krafft AE, Bijwaard KE, Fanning TG. Initial genetic

characterization of the 1918 "Spanish" influenza virus. Science 1997(275):1793-

1796.



141

Thanawongnuwech R, Amonsin A, Tantilertcharoen R, Damrongwatanapokin S,
Theamboonlers A, Payungporn S, Nanthapornphiphat K, Ratanamungklanon S,
Tunak E, Songserm T, Vivatthanavanich V, Lekdumrongsak T, Kesdangsakonwut
S, Tunhikorn S, Poovorawan Y. Probable tiger-to-tiger transmission of avian

influenza H5N1. Emerg Infect Dis, 2005(11):699-701.

The World Organization for Animal Health (OIE). Avian Influenza: H5N1 Timeline
[Online]. 2008. Available from
http://www.oie.int/eng/info_ev/en_Al_factoids_H5N1_Timeline.htm [2009, Dec]

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. The CLUSTAL X
windows interfacesflexible strategies formultiple sequence alignment aided by

quality analysis tools..NUcleic Acids Res 1997(25):4876-4882.

Tiensin T, Nielen M, Songserm /T, Kélpravidh W, Chaitaweesub P, Amonsin A,
Chotiprasatintara S, Ghaisingh- A, ‘Damrongwatanapokin S, Wongkasemijit S,
Antarasena C,"Songkiiti V. Cﬁangéhgi K, Thanapongtham W, Stegeman JA.
Geographic and" temporal distribu"::ibp _of highly  pathogenic avian influenza A
virus (H5N1) in Thailand, 205(_)%1—2005&%_9 -overview. Avian Dis 2007(51):182-188.

Tiensin T, Chaitaweesub P, Songserm T, Ch’é-:p_s}ngh A, Hoonsuwan W, Buranathai C,

Parakamawongsa T, Premashthira S,fAansin A, Gilbert M, Nielen M, Stegeman

A. Highly pa:choqenic avian influenza H5N1, ]:hailand. Emerg Infect Dis

2005(11):1664-1672.

To KF, Chan PK, Chan KF, Lee WK, Lam WY, Wong KF, Tang NL, Tsang DN, Sung RY,
Buckley=TAg Tam JS7Cheng AR rPathologygof fatalshuman infection associated
with avian:influenza A'H5N1 virus. J Med Virol 2001(63):242-246.

Townsend AR, ~Skehels JJ«, The -influenza, A .irus nucleopretein, gene controls the
induction ‘of both subtype” specific ‘and cross-reactive cytotoxic T cells. J Exp
Med 1984(160):552-563.

Tumpey TM, Garcia-Sastre A, Taubenberger JK, Palese P, Swayne DE, Basler CF.
Pathogenicity and immunogenicity of influenza viruses with genes from the 1918

pandemic virus. Proc Natl Acad Sci USA 2004(101):3166-3171.




142

Turner D, Wailoo A, Nicholson K, Cooper N, Sutton A, Abrams K. Systematic review and
economic decision modelling for the prevention and treatment of influenza A and

B. Health Technol Assess, 2003(7):1-170.

Uchida Y, Chaichoune K, Wiriyarat W, Watanabe C, Hayashi T, Patchimasiri T,
Nuansrichay B, Parchariyanon S, Okamatsu M, Tsukamoto K, Takemae N,
Ratanakorn P, Yamaguchi S, Saito T. Molecular epidemiological analysis of
highly pathogenic avian influenza H5N1 subtype isolated from poultry and wild
bird in Thailand. Virus Res 2008(1138):70-80.

Vartdal F, Johansen BH, Friede T, Thorpe<Cd, Stevanovic S, Eriksen JE, Sletten K,
Thorsby E, Rammensee HG, Sollid LM The'peptide binding motif of the disease
associated HLA-DQ.(alpha 1%:/0501, beta 1* 0201) molecule. Eur J Immunol

1996(26):2764-2772: |
van Riel D, Munster VJ, dedWit/E /Rimmelzwaan GF, Fouchier RA, Osterhaus AD, Kuiken

T. H5N1 virus aftachiment to Jower r?asgiratory tract. Science 2006(312):399.
Vijaykrishna D, Bahl J, Riley, S, Duan L, Zh;ng JX ChenH, Peiris JS, Smith GJ, Guan Y.
Evolutionary dynamics andemergepc_e of panzootic H5N1 influenza viruses.
PLoS Pathog 2008(4):e1000161. ;_{f
Wang G, Gunic E, Girardet iL,_,_Stoisavljevig:_--L.;-Conformationally locked nucleosides.

Synthesis and Aybridization properties of oligodeoxynucleotides containing 2',4'-

C-bridged 2'-deaxynucleosides. Bioorg Med Chera [étt 1999(19):1147-1150.

Wang M, Lamberth K, Harndahl M, Reder G, Stryhn” A, Larsen MV, Nielsen M,
Lundegaard C.aTang, STy Dziegiel«MkhaRasenkyistyJizPedersen AE, Buus S,
Claesson MH, Lund O. CTL epitopes for influenza A including the H5N1 bird flu;

genomes, pathogen-, and HLA-wide,screening«\Vaccine-2007(25):2823-2831.

Wang R, Soll L,' Dugan V," Runstadler J,"Happ G, Slemons 'RD, Taubenberger JK.
Examining the hemagglutinin subtype diversity among wild duck-origin influenza
A viruses using ethanol-fixed cloacal swabs and a novel RT-PCR method.
Virology 2008(375):182-1809.

Watanabe T, Watanabe S, Shinya K, Kim JH, Hatta M, Kawaoka Y. Viral RNA
polymerase complex promotes optimal growth of 1918 virus in the lower

respiratory tract of ferrets. Proc Natl Acad Sci USA 2009(106):588-592.




143

Webster RG, Laver WG, Air GM, Schild GC. Molecular mechanisms of variation in
influenza viruses. Nature 1982(296):115-121.
Webster RG, Laver WG. Antigenic variation of influenza viruses. In. Kilbourne ED (ed.),

The influenza viruses and influenza, pp. 270-314. New York: Academic Press,

1975.

Winter G, Fields S. The structure of the gene encoding the nucleoprotein of human
influenza virus A/PR/8/34. Virology 1981(114):423-428.

World Health Organization. Antigenic and Gepetic characteristics of H5N1 viruses and
candidate H5N1 vaceine viruses develeped for potential use as pre-pandemic

vaccines. Wkly Epidemiol-Rec, 2006(81):328=330.

World Health Organization/\Werld«Organisation for Animal Health/Food and Agriculture
Organization H5N ¢ Evelution Wd'[king Group. Toward a unified nomenclature

system for hiGhly gathoGenic aviah influenza virus (H5N1). Emerg Infect Dis,
2008(14):e1. s N 4
4

World Health Organization. WHO Epidemi¢':anq Pandemic Alert and Response (EPR),

Influenza: Influenza A(H1 N1‘):virus r«’aj'é}stance to oseltamivir - 2008/2009 influenza

season, _ northern = hemisphere  [Online]l.  2009. Available  from

http://www.who.inchr/digease/influehgé]ﬂjN 1webupdate20090318%20ed_ns.p
df [2009, I\/Iarch

Wright SM, Kawaoka Y4 Sharp GB, Senne DA, Webster Ré‘. Interspecies transmission
and reassortment of influenza A viruses in pigs and turkeys in the United States.

Am J Epidemiolgd 992(136):488-497 .

Xu X, Subbaraog, Cox NJ, Guo Y. Genetic characterization of the pathogenic influenza
A/Goese/Guangdong/1496.(HBN1) wiruss similarity ©f; its, hemagglutinin gene to
those " of "HEN1 “virdses ‘from “the " 1997 outbreaks in" Hong=Kong. Virology
1999(261):15-19.

Yamada S, Suzuki Y, Suzuki T, Le MQ, Nidom CA, Sakai-Tagawa Y, Muramoto VY, Ito M,
Kiso M, Horimoto T, Shinya K, Sawada T, Kiso M, Usui T, Murata T, Lin' Y, Hay A,
Haire LF, Stevens DJ, Russell RJ, Gamblin SJ, Skehel JJ, Kawaoka Y.
Haemagglutinin mutations responsible for the binding of H5N1 influenza A

viruses to human-type receptors. Nature 2006(444):378-382.



144

Young JF, Palese P. Evolution of human influenza A viruses in nature: recombination

contributes to genetic variation of H1N1 strains. Proc Natl Acad Sci USA

1979(76):6547-6551.
Yuen KY, Chan PK, Peiris M, Tsang DN, Que TL, Shortridge KF, Cheung PT, To WK, Ho
ET, Sung R, Cheng AF. Clinical features and rapid viral diagnosis of human

disease associated with avian influenza A H5N1 virus. Lancet 1998(351):467—

471.

Zamarin D, Garcia-Sastre A, Xiao lese P. Influenza virus PB1-F2 protein

induces cell death NT3 and VDAC1. PLoS Pathog
2005(1): e4.

Zhang M, Gaschen B, Foley, Kwken C, Korber B. Tracking
global patterns o inke . | rlatlon in highly variable viral

opes. and influenza hemagglutinin.

Zhou NN, Senne DA, L: s ;—~ " ; —rickson G, Rossow K, Liu L, Yoon KJ,
Krauss S, Webs RG. enetic/” ) of avian, swine, and human

influenza A viruses i efican pigs 99(73):8851-8856.

2
ﬂUEJ’JT’IEJVIﬁWEJ\’lﬂ‘i

ammn‘im UA1AINYAY



145

BIOGRAPHY

NAME: Kamol Suwannakarn
SEX: Male

DATE OF BIRTH: July 19", 1981
PLACE OF BIRTH:  Bangkok, Thailand

' helor of Science Major in Genetics,
i a';and.

MSc; ience Major in Medical

, ,\mThanand.

NATIONALITY: Thai
EDUCATION: 2000-2004:

by multiplex reeﬁifne R et)ﬂds. 2008:152(1-2):25-31.

2. Suwannakarn K, Amensin A, Sasipreeyajan J, Kitikoon P, Tantilertcharoen R,
Parohaﬂru &rgs%]ng !mgcw gsaﬁrﬁt Theamboonlers A,
Poovora\?vdan Y. Molecular evolution of H5N#in Thailand betwieén 2004 and 2008.

VA DAl I TETa e

3. Suwannakarn K, Chieochansin T, Thongmee C, Makkoch J, Praianantathavorn K,
Theamboonlers A, Sreevatsan S, Poovorawan Y. Molecular evolution of human
H1N1 and H3N2 influenza A virus in Thailand, 2006-2009. PLoS One, 2010

accepted.



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgements
	Contents
	Abbreviations
	Chapter I Introduction
	Background and Rationale
	Research question
	Objective
	Key words
	Conceptual Framework

	Chapter II Review and related literatures
	The influenza virus classification
	Nomenclature of influenza virus
	Morphology and viral genome of the Influenza virus
	Life cycle
	Antigenic Variation
	Emerging of influenza
	Host restriction and pathogenesis
	Human influenza and vaccination
	The emerging of HPAI H5N1
	The emerging of HPAI H5N1 in Thailand
	H5N1 in Tiger

	Chapter III Typing (A/B) and subtyping (H1/H3/H5) ofinfluenza A viruses by multiplex real-time RT-PCR assays
	1. Objective
	2. Materials and methods
	3. Results

	Chapter IV Molecular evolution of human influenza(H1N1 and H3N2) in Thailand, 2006-2008
	1. Objective
	2. Materials & Methods
	3. Results
	4. Discussion

	Chapter V Molecular evolution of H5N1 in Thailand between 2004 and 2008
	1. Objective
	2. Materials and methods
	3. Results
	4. Discussion

	Chapter VI Quasispecies of H5N1 influenza A virus in mammals
	454 sequencing, second generation sequencing
	1. Objective
	2. Clonal sequencing of PB2 gene in tissue tropism
	3. High resolution genome sequencing of H5N1
	4. Discussion

	Chapter VII Summarizing discussion
	FUTURE PERSPECTIVES

	References
	Vita



