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Severe respiratory illness can be caused by several factors. The important factor is 

viral infection especially influenza A virus infection. Influenza A virus can cause severe 

respiratory illness in every age which makes patient has high fever, cough , sneeze including 

pneumonia particularly in children or elderly people. In this thesis, the molecular genetics of 

influenza A virus in Thailand were studied. There were influenza A virus subtype H 1 N 1, H 1 N2, 

H3N2 and also H5N1 which spread among avian species in Thailand since 2004 and cross 

species to infect human. The studies consisted of; firstly, the H5N1 influenza virus from human 

plasma was isolated and proved that the virus can replicate in the cell culture experiment. 

Secondly, Oseltamivir resistant detection of H5N1 influenza virus was designed using 2 

specific TaqMan probes. This method can detect the mixture of both wild type and Oseltamivir 

resistant virus which could be the advantage for monitoring the change of virus in patient 

during Oseltamivir treatment. Thirdly, the 2 distinct genotypes, genotype Z and V of H5N1 

influenza virus spreading in Thailand were identified and characterized which showed the 

difference in the sensitivity of Amantadine drug. Fourthly, influenza A virus, H1N1 and H3N2, 

in infants and children who admitted to Chulalongkorn Memorial hospital since 2006 -2007 

were detected. The sequences of HA and NA gene were characterized for comparing the 

receptor binding and antigenic site of each subtype. In addition, they were compared with 

H1 N1 and H3N2 vaccine strain from Northern Hemisphere 2007-2008, the finding showed the 

isolated subtypes were not different from vaccine strain . As a final , subtypes of swine 

influenza virus were isolated. Three subtypes, H1 N1 , H1 N2 and H3N2, are described. 

Phylogenetic analysis of the SIV hemagglutinin and neuraminidase genes shows individual 

clusters with swine, human or avian influenza virus at various global locations. 
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CHAPTER I 

INTRODUCTION 

BACKGROUND AND RATIONALE 

The common cold and influenza (flu) are the most common syndromes of 

infection in human beings. Influenza is an infectious r:lisease of birds and mammals 

caused by an RNA virus of the family Orthomyxoviridae. In humans, common symptoms 

of influenza infection are fever, sore throat, ml.!scle pains, severe headache, coughing, 

and weakness and fatigue. In more serious cases, influenza causes pneumonia , which 

can be fatal. particularly in young children and the elderly. Typically, influenza is 

transmilted from infect~d m2'l1mals through the air by cougi IS or ::; neezes, creatirg 

aerosols containing the '/irus, and from infected birds through their droppings. Influenza 

can also be transmitted by saliva, nasal sE'cretions, fpces and blood . Infections Llccur 

through contact with these bodily fluids or with contaminated surfaces . Flu viruses can 

remaill infectious for about one week at human cody temperature, over 30 days at () °C 

and indefinitely r:1t very low temperatures; however, most influenza strains can be 

inactivated easily by disinfectants and detergents (Ercles, 2005). Flu spreads 

throughout the world in seasonal epidemics, killing millions of people in pandemic years 

and hundreds of thousands in non-pandemic years. Three worldwiGe (pandemic) 

outbreak::> of influenza occurred In the 28th century: in 1918, 1957, and 1968 and killed 

tens of millions of people, with each of these pandemics being cause:: by the 

appearancE; of a new strain of the virus in humans. Recurrently, these new strains result 

from the spread of an existing flu virus to humans from other animal spec ies. Since it first 

killed humans in Asia in the 1990s, a deadly avian strain of H5N 1 has posed the greatest 

treat for a new influenza pandemic ; however, this '/irus has not mutated to spread easily 

between people (K ilbourne , 2006). Since 2004, when the avian influenza A subtype 

H5N1 widespread in Thailand, many Thai researchers enthusiastically explored the 

basic data of this virus. Together with this thesis, the aim of each experiment is to 

provide advance research in developing laboratory diagnostic techniques both in 
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hUrlan and animal and study the genetic characterization in many subtypes of influenza 

A virus in several species of Thailand. The detail of this thesis can be divided into S 

parts that is 1) HSN1 influenza A virus and infected human plasma; 2) HSN1 Oseltamivir­

resistance detection by real-time PCR using two high sensitivity labeled TaqMan probes; 

3) New strain of influenza A virus (HSN 1), Thailand; 4) Molecular characterization and 

phylogenetic analysis of H 1 N1 and H3N2 human influenza A viruses among infants and 

children in Thailand and S) Genetic characteriza tion of H 1 N 1 H 1 N2 and H3N2 swine 

influenza virus. 

Hypothesis 

1. Infectious ~SN 1 i'1f1u3n7a A virus can be iSf1lated in human fatal case. 

2. Rapid detection of wild type and Oseltamivir resistance of HSN 1 influenza virus 

designed by real-time PCR using a two labeled probe set fJrovide high accuracy 

and sensitivity in sevE-ral sources of specimens. 

3. The strain of HSN 1 influenza virus in Northeastern Thailand is different from other 

parts of Thailand. 

4. The current vaccine strain for the Northern Hemisphere 2007-2008 is suitable for 

influenza A virus in thd Y'::lar of 2007 in Thaila,ld. 

S. Swine influenza virus share r8ceptor prJperties of both avian and human 

influenza virus 

Objectives 

1. To prove that HSN1 influenz3 A virus can be isola ted from plasma of HSN1 

infected human. 

2. To remind the necessity to carefully hancile and transport serum or r ll::;.31T' <1 

specimens trom patients suspected of HSN 1 infection. 

3. To develop rapid methori for differentiation between influenza A virus HSN 1 

Oseltamivir-resistant strain and wild type at H27 4 Y nf "euraminidase gene and 

expand the detection in several sources of specimens 
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4. To survey HSN 1 influenza virus strains in Thailand for evaluate the potential 

HSN1 influenza vaccine strain. 

S. To investigate subtype of human influenza virus during the year of 2006 to 2007 

and evaluate the difference in both hemagglutinin and neuraminidase gene with 

past and current influenza vaccine strain. 

6. To investigate subtype of swine influenza virus and deeply examine in 

hemagglutinin and neuraminidase gene for studying the relatedness of swine 

influenza vi .. us to avian and humar. influenza virus. 

Conceptual Framework 

P,ut 1 f-lS~11 Influenza A virus 8nd Infected Human Plasma 

Part 2 HSN1 Osel tamiv ir-resistance detection by real-time peR using two high 

sensitivitll labeled TaqMan prob~s 

Part 3 Nev. Strain of Influenza A Virus (HSN~) , Thailand 

Part 4 Molecular characterization and phylogenetic analysis of H1 N1 and H3N2 

human influenza A viruses among infants and children in Thailan 

Part S Genetic characterization of H 1 N 1 H 1 N2 and H3N2 swine influenza virus 



Part 1: H5N 1 !nfluenza A virus and Infected Human Plasma 

Plasma of H5N1 influenza A virus infected patient 

! 
Multiplex peR and real-time peR test 

I 

pOTve ----------,1 
Plasma inoculation to Quantification test 

embryonated chicken egg 

! 
Her,lagglutinatiorl test 

! 
Multiplex peR 8:1d real-time peR test 

1 
Whule genome sequencing 

~ 
Negetive 
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Part 2: H5N 1 Oseltamivir-resistance detection by real-time peR using two 

high sensitivity labeled TaqMan probes 

Probe and primer design 

- Multiple alignment of H5N 1 neuraminidase gene obtained from several species 

outbreak in 2003-2006 worldwide from NCBI database. 

- Select conserved region that cover H274Y position to design probe for wildtype and 

mutant which attach different fluorescence dye. 

Positive control design 

Design from possible pattern of nucleotide char,ging in probe area from by using 

A/cricken/Nak0rn-Pat0m/T'12ilar.d/CU-K2/2004 as the template for nlLltagenosis 

and clone to plasmid . 

\'ondition setting and test primer and probe to all positive control 

Sample testing 
I 

Suspected Oseltamivir resistance group 

- Vietnamese patient 

Oseltamlvir non-treated group 

plasma of H5N 1 infected human 

- CU-Tf ti;;J€i 57,58 several tissues from difference 

- KU-11 while tiger orgar,:; of tiger (lung, spleen , 

kidney , live;·) brain of leopard 

Cloning selection: Randomly pick 10 allan~oic fluid of embryonated 

colonies and sequence contlrmed chicken e9g inOCUlated with the 

vir'.Js tha t is ca~, dog, quail, ostrich 

and ch ir:kens 

~ 
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Specificity test (cross reactivity study) 

Different NA subtypes (N2-N9) of influenza 

~Jewcastle disease virus (NOV) 

Respiratory syncytial virus (RSV) subgroups A and B 

Infectious bursal disease virus (IB[)V) 

Infectious bronchitis vicus (IBV) 

Human Metapneumovirus (HMPV) 

Coronavirus OC43 and 229E 

Sensitivity test 

Mixing different rc:: tios of wild type and mutant p:Jsmid 

and diluting over a range of concentrations 

Part 3: New Strain of Influenza A Virus (H5N 1), Thailand 

RNA extracted from H5N 1 infected chickens (n =20) 

1 
~A and NA whole gene sequAncing (n=20) 

1 
Select the different for whole genome sequencing ::md data analysis 

Part 4: Molecular characterization and phylogenetic analysis of H1 N1 and 

~ 1 :'::--.J2 ~ ,u;-,~ar; ;nfluenza A viruses among infants and children in Thailand 

302 "lP suction specimens were collected during Feb 2006 to 2007 

1 
Rr-.;A extraction and screening for influenza A virus positive 

1 
HA and NA whole gene sequencing and data analysis 

6 
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Part 5: Genetic characterization of H1 N1 H1 N2 and H31'J2 swine influenza 

virus 

RNA extracted from 12 positive swine influenza virus 

t 
HA and NA whole gene sequencing and data analysis 

Key Words 

I nfluenza A virus, H 1 N 1, H 1 N2, H3N2, H5N 1, phylogenetic analysis, molecular 

characterization, Oseltamivir resistance, Real-time peR 

Expected Benefits 

1. Di:;[ribut8 knowledge/info ~m('1tion tr.at infectious influAnza A virus H5N1 wac; 

isolated from human blood and propose the necessity to careiull y handle and 

transport infectious serum or plasma specimens from patients suspected f-I51\J 1 

AI infection for :'ospital staff and care-takers. 

2. Develop a new testing method for rapid and accurate detection of bird flu 

resistance to [he anti-viral drug (osel lamivir) for clinical laboratory. 

3. Identify H5N 1 influenza virus strain in Thailand for eVa luating the potential H5N1 

influenza vacc ine strain . 

4. Reveal tho subtype of human influenza virus isolated trom infants and children in 

Thailand d L.. ,·i nO 2006 to 2007; assess the sUitable influenza vacc ine strain in 

I hailand and genectic varia tion of hU'I1an influenza virus. 

5. Reveal thE:; sJbtype of swine influenza virus in 2005 and determ ine the 

ce lCJtedr.ess of swine influenza virus to avian and human influenza viruses. 



CHAPTER II 

REVIEW AND RELATED LITERATURES 

I nfluenza is a highly infectious disease that a~fects the respiratory (breathing) 

tract. It is also known as the flu or grippe. Influenza viruses are classified in family 

0rthomyxoviridae of which there are three types A, Band C. Type A virus can infect 

many different kinds of animals, including humans, pigs, horses, and birds. Type Band 

C infect only humans. Influenza A is responsible for most cases of the disease in 

humans . Types Band C are less common and produce a milder form of infection. 

Nevertheless, the subject of this thesis was specific to influenza A virus . ~~aturally, 

influenza A viruses infer:: t a variety of mammalian and avian species and are associated 

with thd major human pdndemics. ~nfluenza A virLJses are categOlised by thair two 

surface antigens HA, of which there are 16 types (H1-H16), and NA, of which thera are 

9 (N~-1\j9) (Fouc:lier et aI., 2005). The natural hosts, waterfowl, shorebirds and gulls, 

harbour a large reservoir of influenza viruses, representative of all HA and NA typos from 

which mammalian influenza viruses arb directly or indirectly derived. 

Influenz8 A virus Morphologv and genome 

The virions of influenza A virus con sist of an envelope, a matrix protein , a 

nucleoprotein complex, a nucleocapsid , and a polYMerase comolex. Viru ~ capsid is 

enveloped. Virions are spherical to pleomorphic; filamentous forms occur (sometimes) . 

Virions measure 80-120 nm in diameter and 200-300(-3000) nm in length. Surface 

projections are densely dispersed , about 500 clustered, distinctive spikes that cover the 

surface evenly and comprise major glycoprotein hemaggluti nin and neuraminidase that 

are interspersed in a ratio of HA to NA about 4-5 to 1. Surface projections are composed 

of different types of proteins. Surface projections are 10-14 nm long; 4-6 nm in diameter. 

Capsid/nucleocapsid is elongated with helica l symmetry. The nucleocapsid is helical ; 

and segments have different size classes with clear predominate lengths with a length 

of 50-130 nm (in different size classes). The nucleocapsids are segmented with loops at 

one end (ICTVdB Management, 2006) . 
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The genome is segmented and consists of eight segme'"lts of linear negative­

sense, single-stranded RNA. The complete genome is approximately 13580 nucleotides 

long. The genome has terminally redundant sequences and repeated at both ends. 

Nucleotide seque,lces 8t the 3'-terfTlinus are identical. The 5'-terminal sequence has 

conserved n~gions anJ repeats complementary to the 3'-terminus (5'­

AGUAGAAACAAGG ... , terminal repeats at the 5'-end are 13 nucleotides long. The 3'­

terminus has conserved nucleotide sequences; of 1? nucleotides in length: in viruses of 

same species; sequence has conserved regions (3'-UCG(U/C)UUUCGUCC ... , in all 

RNA species. The multipartite genome is encapsidated, each segment in a separate 

nucleocapsid, and the nucleocapsids are surrounded by one envelope . Each virion 

contains defective interfering copies (may De present) (Hoffmann et aI., 2001). The eight 

infiueJ"lza A viral RNf-I segmcnts encoce 10 rpcognizea gene products . These are PB 1, 

PB2, and PA polymerases, HA, NP, NA, M1 and M2 proteins, anrl NS1 and NS2 proteins 

(Table 1) (Webster et aI., 1992; Baigem and McCauley, 2003) . 

E:mergence of influenza 

The efJidt::fTliological behaviour of in f lu6nza in people is related to the two types 

of antigenic variation of its envelop(; glycoprotei,ls - antigenic drift anc antigenic shift. 

During anti::Jcnic drilt, new strains of virus evolve by accumulation of point mutations in 

the surface glycoproteins. The new strains are antigenic variants but are rela ted to those 

circulating during preceding epidemics. This feature enables the viru.3 to evade immune 

recognition, leading to repeated outbreaks during interpandemic years. Antigenic shift 

occurs with the emergence of a new potentially pandemic, influenza A virus that 

possesses a novel hemagglutinin alone or with a novel neuraminidase. The new virus is 

antigenically dis:: .... ,ct from earlier human viruses and could not have arisen from them by 

mutation. Three such majrx global pandemics caused by novel antige~ v c;rian ~s of 

influenza viruses have affected the human population, the "Spanish flu" in 1918 (H 10J 1 

subtype), the "Asian flu" in 1957 (H2N2 subtype), and the "Hong Kong flu" in 1968 

(H3N2 subtype) resulting in millions of deaths (Stephenson and Zambon , 2002). 
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Table 1 Influenza virus genes anci proteins 

Seg Protein 

PB2.96K 

2 PB1 .87K 

3 PA. 85.5K 

s 

Haemagglutinin 

4 (HA).220K 

homotrimer 

Nucleoprotein 
5 

(NP).55K 

Localisation & features 

Virion interior. infected cell nuclei 

Virion interior. infected cell nuclei 

Virion interior. infecteo cell nuclei 

Virion envelope. infected cell surface 

Globular head bears antigenic sites & 

receptor binding site; stem; 

transmembrane span; cytoplasmi, ''.1i1 

Virion interior. associateo with 

Polymerase complex & viral RNA 

Function 

Viral replication ano transcription . in a complex of 

these three proteins . RepliCa te the viral RNA in a 

complex wi th NP. PB2 may be host sper.ific in 

replication. 

Vi rus binding to sialic acio-containing receptors on 

ho~t cell: penetration of virus genome into host cell 

cytoplasm by fusion of virus & host cell 

membranes; major antigenic ceterminant 

Rote in controlling the replicalion of the viral RNA. in 

a complex with PB2. PB1. anc PA 

----------------------------- - ---

6 

7 

8 

Neu'3minidase 

(NA).240K 

homotetramer 

Matrix protein 

(M1i.28i: 

M2.15K 

homOletramer 

Non-struc tural 

protein 1 (NS1). 

25K dim8r 

Non-structural 

protein 2 (NS2). 

14K 

Virion envelope. infected cell surface 

Cytoplasmic tail: transmembrane 

::iialidase enzyrne catalysing c 2avage of terminal 

sialic acid resicJes from glycoconjugates thereby: 

span; extracellular stalk; nlob'Jlar head oigesting mucin to enahle vi rus :0 reaCI) target 

bears antigenic sites & enzyme active 

site 

Beneath lipio bilayer of virion 

envelope: associates with vRNPs in 

mature virion to form nucleocapsid 

Virion envelope. infecteu cell surface 

(abundant) Extracellular region: 

transmembrane span; cytoplasmic tail; 

tetramers form cation-selective 

channel 

Infected cell nuclei 

Associated with core components of 

virion ; cytoptasm of infected cells 

epithelium & facilitating relea"e :-f Infectious 

progeny virus: antigenic molee ~ e 

Controls 'he transpon of viral r.tonucleoprotein 

complexes into ana out of the , ~cleus. 

Inv" lv;)ri il"' the 'Judo;..,:: )f tre ",\ Ps at th~ nlasma 

membrane during virion forma : :.., 

Fforms ion channel in vir;un to c )w H+ ions to 

enter the vi rion ana allow M/NP .) oissociate. 

enabling the RNP to travf'1 to tre nucleus; 

mooulates the pH of the Goigi :: allow acio­

sensitive HA molecules to pass 'c the cell surface 

intac:. 

Bln03 anc sequesters RNA. pre . ents ac •• va tion ot 

PKA. and prevents cellular apc:::osis. 

Involved in the nuclear export of vi ral RNPs. 
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The origins of the human influenza virus genomic segments during the 

emergence of the pandemic strains in 1918, 1957, and 1968, and the further 

reassortment of the viral segments between the H3N2 and the H2N 2 viruses that 

occurred after the emergence of the H3N2 virus was shown in Figure 1. A much more 

complex, multi-factorial gei letic mechanism allows for the formation of viral bridges from 

avian onto mammaiian species at large, usually c~inging abo~t notable , and at times 

profound, clinical manifestations in the infected mammalian host. Thofe bridges readily 

form towards pigs; they are long established, ~hough appreciably narrower, towards 

horses: they occasionally form towards seals; and they have but once formed towards 

minks, cats, bats, deers, squirrels and whales. In all those cases, apparently, the 

mammalian virus strains thus given birth to became intra-species contagious. Infectivity 

towards man has formed, for now, w:~h regarj lO the avi;=Jn-origillated antig~nic 

subtypes H1 N1, H2N2, H3N2, rl5N1, H7N2, h7N3, H7N7 and H9N2. H1 N2 

(AlWisc:onsin/2G01) and H3N 1 (AiMemphis/1 571) were also iso:a ~ed from humdns, 

independently, as well as H10N7 (AiEgyptl2004). All that can be observed . then, is that 

any antigenic subtype already showing infectivity towards humans, tentatively has 

somewhat higher chance to be the progenitor of the next pandemic virus. as compared 

to other subtypes (Shoham, 2006\. 

Molecular controls of host range and interhost transmission 

For a virus to beco~e a successful pathogen of a new host it Must gain the 

ability to bind, enter, and infect the cell, overcome or avoid the cellular antiviral and host 

innate immune responses, complete its replication cycle, and sprp.ad among the 

appropriate tissues of the hosts. It must also spread within the host and be released or 

transmitted to new host animals. Most influenza viruses are able to infec: a variety of 

hosts including embryonated eggs or cultured cells, and there are many examples of 

avian or porcine influenza viruses causing dead-end infection in humans without 

spreading efficiently to other individuals (Parrish anJ Kawaoka, 2005; Lipatov et aI., 

2004; Webster et aI., 1997; Baigent and McCauley 2003). This suggests that hos. dllimal 

infection by those viruses is inefficient bl" that once infection occurrs the viru ;:, can 
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replicate in the new host and spread wi thin tissues; however, barriers prevent host to 

host spread. In experimental infections avian viruses do not efficiently replicate in 

primates, and human viruses do not replicate well in ducks (Hatta et aI., 2002). Those 

differences include cell surface receptors, intracellular environment, body temperature, 

and innate and adaptive antiviral immune responses. Sialic acid (SA) types and their 

linkages within the oligosacchorides on target cell glycoproteins or glycolipids differ 

between ceils and tissues of humans and birds . The viruses in humans cause mainly 

respiratClry infect;ons and in aquatic birds the viruses primarily infect the intestinal tract. 

As SAs are a critical component of the receptors for host cell binding and infection, the 

host jumping viruses must therefore adapt from the avian to the human forms of SA, and 

the viruses from different hosts show specificity for the SA of the host tissues in which 

they rep;;C'3te (~ke~f'1 and Vviley. 2000; Suzuki et aI. , ~ono) . lhat adapta ~i on involves th3 

corr,plementary activi ~ies of the HA and NA. Influenza viruses recognize two species of 

SA (N-acetylneLraminic ac;d, NeuAc , anci N-glycolylneuralninic acid, NeuGc) which are 

attacheo to galactose in SAa-2,3Gal or SAa-2,6Gal linkages. The host animal might 

exert selectiv~ pressures on receptor specificity of the virus , since the 8bundance of 

receptor types on cells at the sites of virus replication varies. human tracheal epithelium 

has predominantly NAuAca-2,6Gal ; e'luine tissues fJossess t)oth NeuAc and NeuGc, 

the major SA-Gal moiety in horse trachea being NeuGca-2 ,:1Gal ; du(,~ intestine contains 

mainly NeuAca-2,3Gal (also NeuGca-2,3Gal ). This may explain why ho ~ses are 

susceptible to direct transmission of avian viruses though apparently not to hurr,an 

viruses. Swine tissues possess bOlh NeuAc and NeuGc, the trachea having both SAa-

2,3Gal and SAa-2,6Gal. This confers susceptibili :y to avian and human viruses, both 

experimentally and in the field (Ito et al ., 1998). Changes in the HA allow the binding to 

sialyoligosaccharides possessing NeuAc linked to galactose by a 2,6 linkages 

(NeuAca 2,6Gal) found in humans rather than bv the NeuAc~2.3Gai linko::;3 ;uund in 

birds (Ito and Kawaoka, 2000) . The receptor-binding site lies In a depression near the 

tip of the HA molecule, and changes in that site control the specificity of binding. The 

binding to the NeuAca2,6Gai linkage foun c.i In human SAs is determined by 

combinatior ~ of residues Leu-226 is associated with Ser-2l'B and in equine and avian 
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viruses Gln226 is associated with Gly228 allowing the proper orientation of the SA in 

the receptor-binding site in the H2 and H3 subtypes but not in H 1 (Vines et aI., 1998). In 

H 1 viruses of swine and humans, mutation of Glu 190 to Asp and Gly225 to Glu is 

associated with acquisition of SAu-2,6Gal specificity during adaptation of avian viruses 

to these hosts (Matrosovich et aI., 2000). In order to establish why H5N1 avian influenza 

virus is so lethal to r.umans and why the virus is not easily expelled by coughing and 

sneezing, scientists emplo~'ed marker molecules, lectins specific for SAu-2,3Gal and 

SAu-2,6 Gal to indicate the cell type in human respiratory tissues. They found that SAu-

2,6 Gal is dominant on epithelial cells in the nasal mucosa, with SAu-2,3 Ga: being 

occasionally detected on non-ciliated cuboidal bronchiolar cells at the junction between 

the respiratory bronchiole and the alveolus at the hurnan lower respiratory tract (ShinY2 

et aI., 2C05). Al this site, H5N i virus attac;lec predorr,jnantly tJ type II pn3Ur,)Ocytes and 

alveolar rnacrophages, which may contribute to the severity of the pulmonary lesion 

since type II pneumocvtcs are metabolica:ly active and dre the most numerous cell type 

lining the alveoli which C3n impair their functions, including re-epithelialization after 

alv30lar damage, ion transport, and surfactant production, and thus may inhibit tissue 

repair. 

Amnng experirnellt?1 anilYJa1s, thE' lower respiratory tract of cats and fermts 

resembles human tissues more closely than th3t of mic8 and macaq~es. Due to the 

simil<lrity in viral attachment, these two sper.ies are the most suitabia arimal models for 

H5N 1 viral pneumonia in humans (van Riel et al.. 2006). Influenza species lJarriers 

illustrate the interrlction of factors that limit transmission and subsequent establish mont 

of an infection in a novel host species. 

For a virulent virus, the receptor-binding properties of HA should be functionall y 

compatible with the cleavage specificity of NA and the stalk length of NA since release 

of virus from the cell surface requires cleavage of the receptol uy i~A. Incompatibi1itv 

betvveen HA and NA can restrict the virulence of reassortant viruses, while SOl.13 

combinations of HA and NA are associated with infection of certain host species. NAs 

can cleave SAu-2,3 and/or SAu-2,b linkages. NA cleavage specificity should also 

; .3tch the predominant linkage type In the host species. During the evolution of N2 
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avian influenza viruses in man , a-2,3 cleavage activity of NA has been maintained 

and a-2,6 activity increased, possibly conferring a selective advantage to human 

viruses where the HA has a-2,6 receptor specificity (Baum and Paulson , 1991). 

Evolution of these viruses also correlates with decreased enzymatic activity of NA due to 

amino acid substitutions in and near the active site. Since affinity of human virus HAs for 

their respective receptors is less than that of avian virus HAs, it is likely that reduction in 

specific activity of NA is required to maintain an optimal balance between HA and NA 

acti vity during evolution of ,hese viruses in man (Kobasa et aI., 2001) . The NA stalk, 

which holds the active site above the virion envelope, varies in sequence and length. A 

short-stalked NA is inefficient in disaggregating progeny virus because the active site 

cannot access its substrate efficiently. A shortened NA stalk reduces ability of virus to 

elute frorl erythrocY:9s, can decrease lIirus growth in MeeK c811s and e9gs and can 

decrease virulence in mice. However, naturally occurring avian viruses having short NA 

stalks are full y virulent :n poultry, showing a long stalk is not essential for virulence in 

chickens (Castrucci and Kawaoka, 1993). 

Zoonotic potential rind role of rigs in the irfluenza viruses' transmission 

Influenza as a disease of pigs was first recognized during the Spanish influenza 

pandemic of 1918-1919 in the United States of America. Influenza virus was first 

isolated from pigs in 1930 wi th the virus isolated from humans several years later (Mye,s 

et aI., 2007). T ne first isolation of a swine influenza virus from a human occurred in 1974 

(Ito et aI. , 1998), confirming speculation that swine origin influenza viruses could infect 

humans. Pigs are thought to have an important role ::1 Interspecies transmission of 

influenza, because they have receptors to both avian and I-tClman influerl za virus strains. 

Consequently, they have oeen considered a possible "mixing vessel " in which genetic 

material can be exchange( J, with the oot3nm:! to resul t in novei progeny viruses to wh ich 

humans ai"e immunclogically naive and highly suscepti:': le (Webster et aI. , 1992). 

I nfluenza viruses of three different subtypes, H 1; ~ 1, H3N2 and H 1 N2, are 

circul;:jting in swine worldwide . Unlike for human influenza viruses, the origin and nature 

of swir ~ infIUE:;, 'lz~ I, ;,"USd S (=" iV) differ on different continents. The pred0 rn inant H 1 N1 SIV 
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in Europe is entirely of avian origin and they were introduced from wild ducks into the 

pig population in 1979. Two types of H1N1 SIV are circulating in the USA: the so-called 

"classical " Hi N 1 viruses that have been present since the early 20th century and novel 

reassortants with the surface glycoproteins of the classical virus and internal proteins of 

more recently emerged H3N2 or Hi N2 SIV. 
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Figure 1 The SOl!rces of genomic segments acquired from different viruses arp- shown in 

differe:l l culors. The H 1 N i-derived gene segments are black, those from avian-like 

V)iUSeS encociing the HA, NA, or PB 1 protei,ls (juring the derivation of the H2N2 virus 

strain in 1957 ai3 lcd , lie; ,h(l;:,d acquired from a second avian arcestor during the 

emergence of the H3N2 virus are blue. The ; ILf'12 v;rus€s had separated in to two clades 

befrxe 1968 (snlid anj hatci led ~i ne:;) , ard the derivation of the original H3N2 from clade 

1 parents is show'), along with the secondary reassor1ment of that H3N2 virus with clade 

2 human H2N2 VI (uses to give tile later strains of the H3N2 virus. The origin and 

continued circulation of the porcine H1N1 virus, which also emerged around 1918 from 

a source closelv related to the human H1N1 virus, is also shown (Parrish and Kawaoka , 

2005). 
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Vin..ises of both other subtypes also have a different origin in Europe and in the 

USA and were introduced in the swine population at different times (van Reeth, 2007) . 

(Table 2). 

Table 2 Influenza A virus subtypes infecting pigs endemically in Europe and f\<orth 

America and their antigenic/genetic characteristics (Van Reeth, 2007). 

Continent 

Euro~e 

North America 

Subtype Year of introductivn AntigenicJgenetic dlaracteristics 

H 1 N 1 1979 Wholly avian virus 

H3N2 

H1N2 

H1N1 

H1N1 

H3N2 

H3N2 

H1N2 

1984' 

1994 

1918 

1998 

'998 

1998 

1998 

Reassortant 

human H3N2 (Hong Kong /B8-like HA and NA) X swine H1Nl 

Reassortan ' 

human HI Nl (F.ng/~nd/8C like HA) X swine H3N<' (NA) X swne H1Nl 

"Classical" SIV 

Reassorlan t 

classical SIV (HA. NA) l( swine H3N2 OR swine H1N2 

Reassorlanl 

human H3N2 (HA. NA) X classical SIV 

"Triple" reassorlanl 

hUf""an 1-J3N2 (I-JA. NA) X clal'sical SIV X avian 

Reassorlanl 

classical SIV (HA) X triple reassor/ant H3N2 (NA ,' 

Progenilor virus lineages of the reassortant SIV are ~hown in Iialics. 

'A wholly human Hong Kong/68- l ike influenza vi rus was alreaoy Iransmitted to pigs in the early 19705. 

but genetic reassortment with the "avian-like" H1 N1 SIV occu rreo in the mid 1980s. 

SIV t,avp been occasionally isolated from the respir3tory secretions or lungs of 

IIUmans ir') Europe , Asia and the US.". Most SIV infections in people :::tre not c linically 

distinguishaole frol l) human influenza virus infections, but fatal cases have been seen in 

:lun lans :nfected with classical H 1 N 1 SIV. During the so-called "New Jer~~y" incident in 

the l.JSA in 1976, en approximate 500 humans became infected with an H 1 N 1 virus 

identical to viruses isolated from pigs (van Reeth, 2007), 

For a long time, it was thought that transmission of avian influenza viruses to 

humans does not occur directly but via the pig as an intermediate host. Pigs are clearly 

susceptible to infection with both LPAI and HPAI viruses. Though most 0; these viruses 
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have an H 1 or H3 HA, HA subtypes that are usually restricted to birds can also cross 

the species barrier to pigs. Serological investigations ir. Asia, for example, have shown 

evidence for infections of pigs with avian H4, H5 and H9 viruses (Ninomiya et aI., 2002) 

Importantly, however, only the H1 N1 virus that cross6d from wild birds to swine 

in Europe in 1979 has become established in pigs, whereas the otr.er viruses have 

disappeared. Irl an experimental study, most LPAI viruses are able to infect pigs after 

experimental intranasal inoculation of a hiGh virus dose, but there are strong indications 

that avian influenza viruses replicata much less efficiently than the typical SIV. Therefore, 

that the circulation of entirely AI viruses in pigs in nature is a relatively rare event. Still, 

there is circumstantial evidence that the genes of avian viruses may persist after 

reassortment with one or more influenza viruses endemic in pigs. As an example, H3N2 

and H 1 ~L influenza '/iruses carrying m!'<turas 0; avian, swine and human influenza virus 

g3nes hClve become enzootic in Europe and North Amarica. 

There are :i lallY iactor~ that limit the transmission of influenza viruses fron, one 

species to another. A first possible barrier is a lack of suitable receptors on the host cell , 

so that the HA of a virus from another species cannot attach (Kuiken et aI., 2006). Even if 

an influenza virus succeeds to enter the cell of a new r,oSt, it r:iust successfulij co-opt 

host cell processes to replicate there . '1 ne oolvmerases of the vin's . which are 

responsible for the replica tion and transcription of v;ral ~NA. playa key role 3t this stage 

(Salomon et aI., 2006; Gabriel et aI., 2005). Finally, the influenza virus mus: escape from 

the cell it has infected. During this step, the viral HA tends to re-bind to receptors on lhe 

cell surface and the NA helps to break this binding. Like the HA, the NA also has a 

preference for one of both types of sialic acid linkages and thus for humans or birds . It is 

le8ssuring that a large number of viral mutations, or genetic reassorlments, are 

obviously needed for this adaptation and that most of sUCt) genetic changes will be 

d~leterious for the vi rus. The exact natul'e of these changes remains u:lknown and the 

genetic basis of influenza virus transmissibility appears to be highly complex (val' 

Reeth, 2007) . 



~ ""'1: 
..\. ~. V'~ .,! 

:.. E .... . vtJ:"':': 
4 ~'C"1 C"_" ,:' .) 

~:.:O: ok\CI~ ; ' " 

:.. ! '- JOC' ' r 
,,:.::. ;)., .... ::: 
... : " . :':,.., •. : .. ~ !, ... .. .. .. ;.... •. != 
-, •• - (·..,. ~ C : ~:. !6 
... :~ '(" .• ' - ~ t.-

.;.. ~ - ," 1".) • ~­

... :". ;~:_ .~ e: 

.... GO' . "'I : ~:, : ~ 
:' !' ,'''?: ::-:: 
... :: -, .... ,.,,'--;., . 
':' .:"". -- . ;: . ':j!:': ­
.:. •. \ ... .. . \ ! t,'9. 

:. ': (I '~, ~ ) • 
.... ::'~- A-. : \." ~ 9-, 

.:.. ' .I~~~¢ ... '0 ii 

.:. ~ Uj .- .I I ' C;: 

.:.. ,': .. , "~ : . : :.J 
':" ::.J" ~ nil ':':.1 

.:. :."':' -~ ,. ,,: ,~ 

:, f. ; " 't 
.I,. :, ..... I . ') 

... ~ '" •• 1 ......... " : ~ 

.:, . 1. .. . - .. . 

.. . ... .. :,' ~- ," • :~ !'~ 

- ;:: :.~: . . : .. ,~. -

f... ~ .'; . '-: • -: 

f ~ ':..H' .. ... :._ '" 
" .... :..:. ::: .',.: 
!':'>- H.t-: !: ,. 
- , ' ... : .... :::. 
~ ."'.'~, ' . ,: 

9. :::, ',."''' .;. ~ g: 
en • . " l '!,.J :.~ 

e :,:r .. l ' r1 'H 
6' "", ,',,- 1.;05.,t: 
II " o'"i ' ~-i l l:!; 
:. ~ - .... 1" .. :~. : : 
+:"'''''-', ' -;.:. 

..... 

---t=====4-i· -
'--=t-o 

I 

18 

· · I.L~~ ___ -, 
, l 

~-
I -, 

I ------ -- -------

Figure 2 Changes in the influenza vaccine compositions rec8mmended by the WHO, 

1973-2008. The viruse:; listed are the prototy;:>es recGmmended for inclusion in the 

bivalent or tnvalent (1977 onwards) vaccire (Adapteci from Hav et aI., 2001). 

Vaccination and influenza virus in Thailand 

The outstanding feature of influenza viruses is their capacity for evadir.;J host 

immunity and causing recurrent annual epidemics of disease and major worldwide 

pandemics due to the introduction of antigenically novel viruses into an immunologically 

naive human population . After the isolation of the first human influenza virus in 1993, 

WHO has established a global Influenza Survei!lance Network for monitoring changes in 

the viruses causing outbreaks of influenza throughout the year in different parts of the 

world and published formal recommendations for the compositions of influenza vaccines 

based on cumulative data since 1973. The epidemiology of human influenza reflects the 

particular characteristics of the virus genome (segmented single-stranded RNA) and the 

diversity and host ran;Je of the viruses. Two types, namely influenza A and influenza B 



19 

viruses are responsible for recurrent annual epidemics. They are antigenically distinct 

and do not exhibit cross-immunity, nor do they undergo intertypic genetic reassortment 

(recombination). Although influenza B viruses have been responsible for severe 

epidemics, the impact of influenza A viruses is greater in terms of annual epidemics as 

well c:s the infrequent more devastating pand~mics . The latter characteristics and the 

evolution of influenza A viruses is a consequence of their greater gene~ic diversity and, 

in particular, their unique host range. Whereas influenza B viruses almost exclusively 

infect humans, influenza A viruses are essentially avian viru3es that r:-eriodically transmit 

to other species, including mammals. Furthermore, influenza A viruses comprise a large 

variety of antigenically distinct subtypes, with different combinations of 16HA and 9NA 

subtypes, that replicdte asymptomatically in the intestine of aquatic birds, particularly 

ducks <:md constitute a large rese,voir of potential pandelT.ic vii USE-So The extent of 

variation in the anLgenic properties of the viruses is reflected in the numiJer of changes 

recommended in vaccine composition (Figure :2). The greater ar,tigenic variability G ~ 

AH3N2 viruses has required 26 changes in the vaccine component over 38 years. In 

contrast, the 14 changes ~o :he influenza B component and eight ::hanges to the AH 1 N 1 

component made duril1g [his period reflect the slower rates of antigenic change of these 

viruses ~Wp.bster et al. . 1 ~9~: HC'ly et al. 2001) 

Tha requirements for annual vaccination and the high cost of the influenza 

vaccine when compared to other vaccines recommenrled by WHO are likely to be 

significant obstacles to vaccine introduction In less wealthy countries . In Thailand, 

influenza vaccine is not widely used and is mostly limited to persons who can ;:Jfford to 

pay private health care iJroviders for the immunization . Three companies currently 

distribute inactivated influenza vaccine in Thailand at an average retail cost of 

approximately 300 Thai baht (USS 7) per dose. The virological surveillance is conducted 

at the Thailand National Institute of Health (I'-JIH) by conducting laboratory surveillance, 

subtyping viruses responsible for disease outbreaks, and contributing strain surveillance 

data which identified influenza virus throughout the year in Thailand with a peak in the 

proportion of positive isolates typically occurring between June and October (Figure 

3A) . Sharp peaks in reported influenza cases are observed d .. ~ing the months of June 
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through September with smaller increases in reported cases sometimes being seen in 

January and February (Figure 3B). The age distribution of reported cases of influenza 

infection in Thailand during 1999-2002 indicates that influenza may be more likely to be 

diagnosed in older age groups (Figure 3C) (Simmerman et aI., 2004) . 

A g.J" •• 

80···., 
70· , 

6J" . 

50" 

. ) 
o . 

B 
1: ":-: 

~ I ;) J::: 

U ; :;: 
~ y ---

C 
11" .. 

... 
~ It) , 

III 
>-

C-
1.t ~ 

a. P ' 
0 
0 
0 l C<, 

ci 
0 n" 
... 
" a. 
III I ( III 
III 
Ol 
U 

, 
'. 

· 1 ~ 

0 
U...:. 

i , 

. -~:. 
" ')" 

}" 

J ~ 

0 
~ ' ~I 

'". " 

',' (J llth 

.. ;f .. '; ~ " -;'::- , .' 

" .;$' 

Y~ .tr , t rld Mv n th 

1/ 11 

n I j~ 

1;'·3 

~ I ) 1G [J 0 D 
. , ' , . ' !,>.,' .: l ·.· .;.! .! ~ . ~, .! : , ~}o-C~ , . 

Age Groups 

Figure 3 The virological surveillance at the Thailand National Institute of Health (NIH) (A) 

Proportion of specimens positive for influenza virus by month in Thailanr1: Jafluary 2001-

September 2003. Source: Thailand National Institute of Hea!th. (B) Seasonal distribution 

. of reported influenza 1988-2002. Source: Bureau of Epidemiology, Thailand Ministry of 

Public Health. (C) Age Distribution of repol led influenza in Thailand 1999-2002. Source: 

Bureau of Epidemiology, Thailand Ministry of Public Health (Simmerman et aI., 2004). 
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The beginning of H5N1 in Thailand 

When an epidemic of disease happened, the first important thing is the 

coordination of high potential organization to study the etiology of that disease for 

pronlpt treatment, effective management and successfully defend for recurrent of 

disea:::;e. The avian influenza A subtype H5N 1 widespread in Thailand was the 

imperative samples to draw '3ttention to research collaboration. The avian influenza A 

subtype H5N 1 has been reported to have emergAd in Hong Kong in 1997. Since 2003 to 

early 2004, the virus h3S rqached endemic levels among poultry in several south-east 

Asian countries ar,d during 2005 in Europe and Africa with H5N1 virus infected birds in 

more than 50 countries. The 2004-2007 outbreaks in various countries and highlights the 

highly pathogenic avian influenza (HPAI) subtype H5N 1 virus as the ca ,lse of a major 

epidemic with potc rtially .las' r~per.:;u::,sions on economics, pLbli r. heal th ::> nd soc;ety at 

large. Not onl'y has this AI virus infected poultry but has also proven highly pathogenic 

and fatal to mammai;an sjJecies inclLiding hu'w3ns and other mammals. 3y July, 2007 

ma;ly countries had been affected by the spread of influenza H5N1 vir..Js infections in 

poultry and the mortali ty rate of highly pathogenic H5N 1 avian flu in a h..Jman is righ 

nearly 60% of cases classiiied as H5N1 resulted in death . 

n~e 2004-2007 oUlbreaks of highly pathogeni .:; avian influenza ' -iPAI} SUbtype 

H5N 1 virus in Thailand can cause 5 periods of the outbreaks which 17 froM 2J infected 

human deaths. In the first period during January 2004 to May 2004. the qenome 

sequence analysis of H5N 1 avian Influenza A Virus isolated from the Ou:break aMong 

poultry, wild and domestic bird populations, a domestic cat infected by e::; :ing a pigeon 

carcass, a tiger and leopard from Suphanburi province in Thailand .. as pror'1Ptly 

reported (Songserm et aI., 2006a; Songserm et aI., 2006b; Keawcharoe- et aI. , ~ ")J4 ). 

After the molecular characterization, HA gene revealed a common char::;cterisiic of a 

highly pathogenic AI (HPAI), a 20-codon deletion in the neuraminidase £:,Ie, a 5-co(~ _ :1 

deletion in the NS gene and polymorphisms of the M2, amantadine rt:;s ,s:ance, and a 

Single amino acid substitution at the position 627 in the polymerase b:::sic pro:ein 2 

(PB2). Moreover, the HA and NA genes of the Thai avian j, ,iiuenza virus a isplayed high 

similarity to those of [f-.q AI viruses isolated from human caSb during tne s.:;:me epidemic 
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(Viseshakul et aI., 2004 ; Amonsin et aI., 2006a). Then, the rapid single-step multiplex 

RT-PCR based on conventional peR and real-time PCR for influenza A virus subtype 

H5N1 detection was developed for screening the massive samples (Payungporn et aI., 

2004; Payungporn et aI., 2006a). Based on virulence , the H5 influenza virus subtype can 

be further differentiated into highly pathogenic avian influenza (HPAI) and low 

pathogenic avian influenza (LPAI) (Payungporn et al. . 2006b). The HPAI virus causes 

systemic lethal infection, which can kill numerous birds rapidly, whereas it is uncommon 

for the LPAI virus to generate outbreaks of severe disease. Hence, morbidity and 

mortality rates of LPAI virus infections are lower than those of HP.t..1 viruses . O'Je to 

different post-translational proteolytic cleavage of the HA precursor molecule (HAO) into 

HA 1 and HA2 subunits , LPAI do not cont?in a series of basic amino acid at the protease 

cledvage site bu ~ are cleavad by protaases localized in re:::;piratory and inte;:;tinal 

organs, resulting in mild localized infections. In contrast, the HA of HPAI viruS hartors 

multiiJle basic :Imino acids at the cleavag e: site, for example RERRRKKR, which are 

cleaved by ubiquitous proteases in a wide range of organs, resulting in lethal systemic 

infection. The way to discriminate HPAI and LPAI is sequencing, however, using of one­

step real-time RT-PCR with melting curve analysis was attractive for large-scale 

screening of sllspec ~8d subtypp. H5 influenz('l A virus dunng outbreaks to identify 

candidate LPAI that could be used as vaccine strains. 

The second pe: riod of the outbreaks occurred during July 2004 to April 2005 

which was the most widely spreading period of avian influenza H5~11 virus in poultry of 

Thailand. The vast devastated by H5N1 influenza virus happened on October 2004 in 

tiger zoo in Srirac l(a , Chonc.Jri , Thailand which cause a total of 147 from 441 ti gers died 

or were euthanized . The animals had been fed raw chicken carcasses that were 

possibly contam inated with the HPAI H5N1 vi rus. Microscopic findings showed 

moderate congesl ion of the brain with rr.:ld non:;upp ... , .. J ive meningoencerha' ;tis, S3vere 

diffuse lung hemorrhage and edema, and moderate multifocal necrotizing nE: ~Cltitis. The 

researcher also found that after stop feeding the tigers with raw chicken carcasses in 

::::12 days, and no other a v;,., n or mammal species kept in the zoo but tigers had been 

infected during this outbrea K. It can be pointed toward tigers were probably infected by 
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horizontal transmission since the animals had not been fed raw chicken carcasses 

(Amonsin et aI. , 2006a; Thanawongnuwech et aI., 2005) . Administration of oseltamivir 

therapy could suppress and prolong the incubation period of the H5N1 virus infection, 

but it is unlikely. Not only avian influenza H5N1 virus is known to cross the species 

barrier and infect humans and felines, in this period, fatal H5N1 infection in a dog 

following ingestion of an H5N1-infected duck was reported from Suphanburi province. 

H5N 1 influenza virus can be isolated from lung, liver, kidney, and urine of dog's 

specimens ancJ this study is the first report of H5N 1-related systemic disease in a 

domestic dog (Songserm et aI., 2006b) . The studies in felines and canine demonstrate 

that H5N1 virus infection causes systemic disease and can spread within and between 

mammalian hosts . Although no direct transmission of H5~J1 from cats to humans has 

been reported, the ;Jossibility d humans acquil ing H5N 1 infection frum direct contact 

with infected cats and dogs warrants concern and highlights the need far monitoring 

dorr.ec;tic animals dL.: ~ing f-l5N1 outbreaks 

The third period of the outbreaks carried on July 2005 to November 2005. The 

H5N 1 vir uses in this period were characterized from one human case and three poultry 

cases. A plasma sample fron I an H5N 1 iilfected patient which stored at _20DC for 12 

days and th an storeri at -70De was processed for virus isolation by embryon8ted egg 

injection within 48 hours , and tt·,e allantoic fluid was shown to contain 2,048 

hemagglutini n (HA) units. Whole genome sequencing was performed and compared 

with chickens and quail from this period outbreak. Tr.e seouence analysis of eight gene 

segments revealed that the 2005 H5N1 viruses isolated in Octl)iJer 2005 were closely 

related to those r2covered frorll chicken , tiger(s) and human(s) In January and July 

2004. Furthermore . the genetic changes of the .l\1 isolates at the HA cleavage site have 

been observed (the details in this thesis) (Chutinimitkul et aI. , 2006) . The broadly use 

Tamiflu (Oseltamivir) for tre3t H5 ~~1 in ~~: ttj patients cause the prevalence of 

oseltamivir-resistan t H5N1 viruses among patients treated W l'! tilis drug is being 

stockpiled in many countries potentially affected by the influenza A virus subtype H5N1 

epidemic. For idt:;llll iying this change in Oseltamivir-treated patients, a method based on 

real-time PCR USIII~ two laoeled TaqMan probes or conventional PCR technique was 
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developed for detection the substitution of amino acid H274Y in Neuraminid2se gene 

of H5N 1 influenza A virus in many species and various sources of specimens with high 

sensitivity and specificity (the details in this thesis) (Chutinimitkul et aI., 2007b). 

The fourth wave began on July 23, 2006 and spreding shortly until July 29, 2006. 

These outbreaks involved chickens and encompassed 2 distinct areas: Phichit and 

Nakhon Phanom Province . All 8 gene segments of both provinces were sequenced. 

Whole genome analysis showed that all 3 samples had undergone minor mutations that 

are typ;cal of circulating influenza A viruses . All at once. ,his outbreak was associated 

with 2 strains of the virus. The samples from Phichit closely resembled H5N 1 strains that 

had circulated in Thailand during 2004 and 2005, although samples from Nakhon 

Phanom was newly obser.'ed in Thailand and more closely related to H5N1 strains that 

had beAn circulating since 2005 in soL:th8ast PeoplQ's Republic of China ana Lpo's 

PDR. The whole genome phylogenetic aralysis also showed that the viruses isolated 

fro:-n Pnichit belonged to genotype Z, whereas vi;u~ isolated from Nakhon Phanom 

belonged to genotype V. According to previuus World Health Organization reports, the 

HA sequences of most influenza (H5N1) viruses that circulated in avian species duri:lg 

the past 2 years are separated into 2 distinct phylogenetic clades . In Thailand, from 4 

periods of the outbreaks, H5N 1 influenza virus can be seoaratec1 into Clarie 1 Clnd ~Iarie 

2 su~clade 3 (the details in this thesis) (Chutinimitkul et aI., 2007a). 

The last outbreaks occurred during January 20C7 to March 2007 which effected 

to 4 provinces; Ang Thong. Phitsanulok, Nong Khai and Mukdahan which can be 

divided viruses in to 2 genotYiJe. genotype V and Z, Clade 1 and Clade 2 subclade 3, as 

;n the fourth outbreaks. 

The H5N 1 iilfluer,za virus epic.iemics enlighten us the important lesson. There are 

some evidences which show that the virus was probably transmitted from humans to 

hUm8:lS in T'la:~and, Vietnam and ~Iso Indonesia as well as evidence of tiger to tiger 

transmission. Symptomatic of 1-':;1.11 avian influenza infection in human and mammals 

had high mortality rate. The virus has high invasive properties, not only pulmonary tract 

involvement, but also pathogenicity occurring in the extra respiratory system such as 

CNS lencephalitis), kidney (renal failure) . H5N1 C.v;an influenza virus could morph into a 
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pandemic in two ways: the mutation of the virus in order to transmit from human to 

human or gene exchange with common human influenza strain. The pandemic will occur 

at what time the adapted virus suitable for the most of people who have no immune 

protection. We believe that the outbreak of H5N 1 is unlikely to be the last in the near 

future. We have to prepare and take preventive measures for a pandemic by extensive 

influenza surveillance. vaccine development and production. antiviral thelapy and 

influenza related research . 

The treatment of influenza with antiviral drugs 

Influenza is responsible for more morbidity and mortality each year than all other 

respiratory diseases combined. and it results in tremendous economic costs both from 

admissions to hospital 3nc loss of productivity. Preventiv9 s ~ratel:1ies are the key to 

reducing the impact of influenza on our communities. and effective vaccination 

strategies havE: been in place for ha! ~ " cE:ntury '1nd continue to be improved upon . 

However. for the individual physician faced with a severely ill patient during an influenza 

epidemic. effective treatment is required . This need has led to the rjevE: ;opment of 

antiviral agents that halt or impede the ability of the virus to infect respiratcry epithalial 

cells. Two main classes of drug interfere with influenza virus infection: the firs t drug to be 

developed was amantadine. which belongs to the ion channel blockbr gruup of anti­

influenza drugs. It has been used to treat and prevent influenza A since the mid-to-Iate 

1960s. In the United States. rimantadine. an agent with fewer side effects than 

amantadine is Morc commonly used. The second c lass of agents consists of the viral 

neuraminidase inhibi lurs (NAls). zanamivir (Relenza) and oseltamivir (Tamiflu). There are 

2 maj::l r proteins on ~h E surface of tile influenza virus . the hemagglutinin (HA) and the 

neuraminidase (NA). The hemagglutinin mediates attachment of the virus part icles to the 

re':' pird tory epi thelial r.ells via specific receptors. Once the virus has bound to its host 

cell. it is transportf"::l into the cytoplasm in an endosome. The acid pH in the endosome 

activates or opens an ion channel called the M2 protein. permitting hydrogen ions to 

enter the virion. The resulting acidification of the virus is necessary for viral uncoating. 

another essential step in viral replic ;::~ ; cn (Figure 4) (Stiver. 2003). 
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Amantadine, the M2 inhibitors act by blocking the influx of hydrogen ions 

through the M2-proton channel of influenza A and inhibiting the uncoating and release of 

free viral ribonucleoproteins into the cell cytoplasm. In vitro and animal models have 

demonstrated a benefit from M2 and NAI therafJY in combination . Amantadine is only 

effective against influenza A, and not influenza B, because i~fluenza B does not have an 

M2 protein, but a substitute protein called NB that is not affected by amantadine 

(Hayden, 2006). Ther6 are sev'eral concerns with the use of M2 inhibitors (amantadine 

and rimantajine), for seasonal influenza. These concerns include central nervous 

system (dizziness, nervousness, and insomnia) and gastrointestinal toxicities, as well as 

antiviral resistance (Peters et aI., 2001). However, amantadine might be considered as 

part of combination antiviral therapy by clinicians treating severely ill fJatients in a 

pandem:8. Current WHO t,eat;nen l guidelines for pandemic influenza recommend the 

use of an M2 inhibitor along with an NAI only if administered in the context of 

prospect;_ e data c'J1I8ction and if local surveillance data show that thE; H5N 1 veriant of 

concern is known or likely to be susceptible to this drug (WHO, 2006b). The dosing 

schedules for amantadine and rimantadine a,-e shown in Table 3. 

Neuraminidase is a viral enzyme thot cleav63 the neuraminic acid cumponent of 

sialic acitj in the respiratory epithelial cell hemagglutinin recpptrJrs. After replir.atton, in 

order to exit the cell and infect other ctills, ;nfluenza virus particles bud off the host cell 

membran3. The viral neuraminidase is required to release the budding virus particles by 

digesting the hemagglutinin receptors holding the viruses to the cell. The virus particles 

thus released still have hemagglutinin receptors from the cell membrane coating them , 

and the hemagglutinins of other newly released viruses bind to these causing cl l-'mping . 

The neuraminidase cleaves these residues, allowing the viruses to disperse, enhancing 

their abili ty to infect other cells . The third function of the neuraminidase is to diGest 

neuraminic acid in respiratolY mucus, perhaps facilitating viral spread . The NAI drugs, 

zanamivir and oseltamivir, bind to the active site on the viral neuraminidase, blocking its 

activity. Thus, virus particles cannot exit the cells as easily, and they tend to clump and 

not disperse. This impedes their ability to infect more cells and attenuates the patient's 

ink"tion. However, there is still subclinicai or mild infection that actively immunizes the 
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patient against that strain . The NAls are active against both influenza A and B (Stiver, 

2003). Oseltamivir is an oral preparation (either a capsule or liquid suspension) and after 

absorption is widely distributed throughout the body. Zanamivir is delivered by 

inhalation or, rarely, intravenous infL .. s;on. When administered through a diskhaler, 

zanamivir is concentrated in the respii'atory tra ::: t and is effective within 10 seconds . 

5ecause the replication of influenz2 virus is at a peak from 24 to 72 hours after iliness 

onset, the NAls must be administered as early as possible after symptoms appear. The 

dcsing schedules for oseltamivir alld zanamivir are shown in Table 3. 
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Figure 4 Schematic representations ')f influenza virus attachment, in:ernalization . 

replication and exit from the host respiratory cell and steps inhibited by amviral drugs 

Amantadine blocks viral internalization and uncoating. Neuraminidase inhibi:ors preven: 

the neuraminadase from releasing budding viruses and dispersing virions. Photo: Myra 

Rudakewich (Stiver, 2003). 
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Table 3 Dosing schedule of antivirals for the treatment and prevention of influenza, 

according to patient's age and coexisting illness (Harrod et aI., 2006; Montalto et aI., 

2000). 

Recom"1ended dose according to age 
Drug 

1~ years 7-12 years 13-64 years ~ 65 year::; 

Treatment 

Zammivir NA 10 mr, (2 inhalations) 10 mg (2 inhalations) 1 (1 mg (2 inhalations) 

twir.e daily for 5 days for twice daily for 5 (;"ys twice daily for 5 days 

children> 5 years 

Oseltamiw 2 mglkg up to 75 mg 2 mglkg up to 75 mg 75 mg twice daily for 75 mg twice oaily for 

twice oaily for 5 days twice daily for 5 days 5 days 50ays 

Amantadine 5 mg per "g per day. lI'J 100 mg twice dailY 100 mg twice daily < 1 OU mg tv. 'ce dally 

to 150 mg given in two 

oivided d05% 

Rimantaoine NA NA 100 mg twice daily 100 or 200 mg per oay 

Prophylaxis 

Zanamivir 1'< A NA 10 mg (2 inhalations) 1'<A 

once daily for 10-

28 d'lYs 

Osel!3mivir 1'< A NA 75 mg once daily for 75 mg once daily for 

> 7 days (up to > 7 oays (up to 

6 weeks) 6 weeks) 

Amantadine NA 100 mg once daily for 100 mg twice daily for 100 mg once daily 

children aged 5-9 years people> 9 years 

Rimantaoine 5 mg per kg per day, up 100 mg twice daily 100 mg twice daily 100 mg or 200 mg twice 

to 150 mg given in c aily 

tvlooivioeo ooses 

NA = no' ~~plicable 



29 

Emergence of antiviral resistant strains 

Up to approximately one-third of patients may shGd resistant viruses when 

amantadine or rimantadine is used for therapy. In virtro sensitive viruses became 

resistant after three or five passages in the presence of 2 ~g/ml an lantadine. Naturally 

occurring influenza A viruses can be viewed as mixtures of sensitive ar,d resistant 

strains with a ratio oi 10000: 1, the latter would be selected wi:hin 2-3 days of starting 

amantadine therapy (Hayden et aI., 1951). Persons who have influenza A infection and 

who are treated with amantadine can shed sensitive viruses early in the course of 

treatment, and later shed drug-resistant viruses, especially after 5-7 days of therapy. 

Such persons can benefit from therapy even when resistant viruses emerge. However, 

amantadine-resistant viruses are not more virulent or transmissible than -sensitive 

viruses. ;he molecular changes associated w;th resistance have been identified as 

single-:lucleotide changes leading to corresponding aminG-acid substitutions of one of 

lOur critical sites, amino dciJs 26. 27. 30. and 31. in the transmembrane region of the M2 

protein (Holsingel· et al.. 1994. Suzuki et al.. 2003). 

Zanamivir and oseltamivir. the currently marketed influenza virus neuraminidase 

inhibitors (NAls). are prescribed for the treatment and Pi opr,/Iaxis or influenza and dre 

being stockpiled for pandemic influenza. Oselt8mlvir resistanr.e h8s been repo~eo in lip 

to 2% of patients in clinical trials of oseltamivir and in Llp to 18% of treated children . 

There are also reports in ut least three patients treated with oseltamivir for influenza A 

(H5N1) infections. At this stage. there are no reports of resistance occurring to zanamivir 

in ir,lmunocompetent patients. Zanamivir and oseltamivir bind differently at the 

neuraminidase catalytic site and this contributes to different drug resistance profiles 

(Reect 2007). Oseltamivir resistance owing to neuraminidase mutations have been 

rising both in challenge studies and in patients with natu ra:ly acquired infections. The 

rates rf resistance are estimated to be around 1 % in the adul t population and 5% in 

pec' ;-1 l 'ic patients (Whitley et al.. 2001; Jackson et al.. 2000). Ir: 2004. influenza A viruses 

(H3N2) were collected from 50 children before and during treatment with Oseltamivir. 

Eighteen percent of the children (N=9/50) had neuraminidase mutations at Arg292Lys 

(N=6/9) or Glu119Va: (N=2/9) or Asn294Ser (N= 1/9) (Kist) et al. . 2004). Data from 
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volunteers experimentally infected with influenza NTexas/36/91 (H1N1) virus and 

treated with Oseltamivir show a substitution H274Y in the neuraminidase active site 

(Gubareva et aI., 2001). This mutation following Oseltamivir phosphate treatment leave 

virus severely compromised both in vitro and in vivo (ivtjs et 81. , 2002) and confers 

about 400- to 600- fold resistance (Wetherall et aI. , 2003) . The mutation at position 274 

can influence the sensitivities of influenza N1 NA tut not of N2 NA to Oseltamivir 

carboxylate by rearrangement ihe sha~e of active site to create a pocket for Oseltamivir 

(Moscona, 2005b; GLlbareva, 2004; Wang et aI., 2002). 



CHAPTER III 

H5N1 INFLUENZA A VIRUS AND INFECTED HUMAN PLASMA 

(Published in Emerg Infect Dis. 2006 . 12: 1041-1043) 

Since January ~n04, a total of 22 persons have been confirmed infected with 

avian influenza A virus (H5N 1) in Thailand; 14 of these patients died. Three waves of 

outbreaks occurred during the past 2 years. The last patient of the third wave was a 5-

year-old boy whose symptoms developed on November 28, 2005; he was hospitalizprj 

on December 5 and died 2 days later. The child resided in the Ongkharak District, 

Nakhon Nayok Province, 70 km northeast of Bangkok. Villagers informed the 

Department of Livestock after the patient's illness was diagnosed. Five dead chickens 

had been reported in this area from November 28 to Oecelnber 1, 2005. Samples from 

these chickens could not be obtained, thus, no H5N 1 testing was perfLJII·lled . The boy 

had fever, head8she, and productive cough for 7 days before he was admitted to the 

Her Royal Highness Princess Maha Chakri Sirindhom Medical Center. Clinical 

examination and chest radiograph showed evidence of lobar pneumonia . He was 

treated "-'itt": antimicrobial drugs (midecamycin and penicillin G) and supportive care, 

;ncludlng oxygen therapy. 0;-, December i, the patient s condition worsened, and 

severe pneumonia with adult respiratory distress syndl ome developed. Laboratory tests 

showed leukopenia (2,300 cel!s/mm\ acicosis, and lOW blood oxygen saturation by 

cutanEOUS pulse oximetry (81.6%). Oseltamivir was administe,'ed after his parents 

:nformed hospital staff about the bois contact with the dead chicken. However, the boy 

died the same day; no autopsy was performed. On December 9, the cause of death vIas 

declared by the Ministry of Publ ic Health to be H5N 1 influenza virus. 

A blood sample was collected from the patient on December 7; ant;coagulation 

was accomplished with ethy:enediaminetetraacetic acid (EDTA) for repeated 

biochemistry analysis and complete blood count. The plasma from the EDTA blood 

sample was separated 2 days later and stored at -20°C for 12 days. The sample was 

subsequently given to the Center of Excellence in Viral Hepatitis, Faculty of Medicine , 

Chulalongkorn University. for molecular diagnosis ~ -: d then stored at -70°C, where 
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specific precautions implemented for handling highly infectiou~ disease specimens 

such as H5N1 influenza virus were observed. Plasma was examined by multiplex 

reverse transcription-polymerase chain reaction (RT-PCR) (Payungpom et aI., 2004) 

and multiplex redllime RT-PCR {payungporn et aI., 2005), both of which showed positive 

results for H5N 1 virus. The virus titer obtained from the plasma was 3.08 x 10
3 

copies/mL. T:'e plasma specimen was processed for virus isolation by embryonated 

egg injection, according to the standard protocol as described previously (Harmon, 

1999). Briefly, 100 ~L 1:2 diluted plasma was injected into the allantoic cavity of Cl 9-day­

old embryonated egg and incubated at 3rC. The infected embryo died within 48 hours, 

and the allantoic fluid was shown to contain 2,048 hemagglutinin (HA) units; also, 

subtype H5N1 was confirmed (Payungporn et aI., 2004; Payungporn et aI. , 2006a). 

Whole genome seql'encing was perhrmed and subnlitled to the GenBank database 

under th~ strain NThaiiand/NK165/05 accession no. OQ372fi91-8. The phylogenetic 

trees of the HA and neuraminidase (NA) gends were constructed by using MEGA 3 

(Kumar et aI. , 2004) for comparison with H5N1 viruses isolated from humans, tigers, and 

chicke'1s frum previous outbreaks in 2004 and 2C05 (Figure 5). The sequence analys8s 

of the viruses shuwed that the ;-iA cleavage site contained SPQRERRKKR, which 

differed from the 7004 HSN1 '/ir1ls by all ar~inille-to-Iysinp. sLlbstitutirm ::)t p0sition 141. 

That finding had alsc been observed in wild bird species during earlier 

outbreaks in Thailand in 2004 (Keawcharoen et aI., 2005) . Similar to the 2004-2005 

H5N1 isolates from Thailand, a 20-amino acid deletion at the NA stalk region was 

observed. Moreover, the amino acid residues (E119, H274, R292, and N294) of the NA 

active site were conserved , which suggests tha ~ the virus was sensitive to oseltamivir. In 

addition, a single amino acid substitution from glutamic acid to lysine at position 627 of 

PB2 showed increased virus replication efficiency ir mammals (Shinya et aI., 2004). 

Observing live influenza virus in human serum or plasma is unusual. However, in 1963, 

low quantities of virus were isolated from blood of a patient on day 4 of illness (Naficy, 

1963), and in 1970, the virus was cultivated from blood specimens from 2 patients 

(Lehmann and Gust, 1971). Recently, a fatal case of avian influenza A (H5N1) in a 

Vietnamese child was reported . The diagnosis was determined by isolating the , , ~us 
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from cerebrospinal fluid, fecal, t1roat, and serum specimens (de Jong et aI., 2005); 

viral RNA was found in 6 of 7 serum specimens 4-9 days after the onset of illness (WHO 

2005). In this case, the H5N1 virus could be isolated from plasma on day 10 after 

symptoms developed. This case showed the virus in the patient's blood . which raises 

concern about transmission among humans. Because probable H5N1 avian influenza 

transmission among humans has been reported (Ungchusak et aI., 2005) , this case 

should be a reminder of the necessity to carefully handle and transport serum O ~ plasma 

samples suspected to be infected with H5N1 avian influe,lza. Because viable virus has 

been detected in blood samples, handling, transportation, and testing of blood samples 

should be performed in a biosafety (category III) containment laboratory :0 prevent the 

spread of me virus to healthcare and laboratory workers. 
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Figure 5 Phylogenetic analysis of the hemagglutinin and neuraminidase genes of H5N1 

from study f-..JLi ent compared with sequences from previous outbreaks (2004-2005) . 



CHAPTER IV 

H5N1 OSELTAMIVIR-RESISTANCE DETECTION BY REAL-TIME 

PCR USING TWO HIGH SENSITIVITY LABELED TAQMAN PROBES 

(Publ ished in J Viral Methods. 2007 . 139: 44-49) 

A single amino acid substitution, from histidine to tyrosine at position 274 of the 

neuraminidase bene has converted Oseltamivir sensitive H5N1 influenza A virus into a 

resistant strain. Currently, Oseltamivir is being stockpiled in many countries potentially 

affected by the influenza A virus subtype H5N1 epidemic. To identify this change in 

Oseltc:Jmivir-treated patients, a method based on real-time PCR using two labeled 

;aqMan probes was developed for its rapid detection . In order to validate the method , 

Oselta~ivi , ~pP.c;men from treated (Oseltarrivir-re3istrlllt strain from d Vietnar1dse 

patient, twe Oseltamivir-treated tigp.rs) and untreated subjects have been used for this 

study. The results thus obtaif1ed as well as those derived from clune selection and 

sequencing showed that TaqMan probes could clearly discriminate wild type H274 from 

the mutant 274Y variant. The sensitivity of this assay was as low as 1 0 copies/~I and 

allowed the detection of the mutation in a mixture of wild type and mutant. Overall , the 

assay based on real-time PCR with two labeled T:lqMan probes described here should 

be usef'JI f'x detectirg Oseltamivir-re~ i stant H274 Y H5N 1 influer.za A ViiUS in many 

species and various sources of specimens with high sensitivity and specificity. Such 

studies can address potential differences in the diagnostic outcomes between patients 

who develop detectable Oseltamivir resistance and those who reta in only the wild type 

strain of H5N1 . 

1. Introduction 

Influenza virus is a RNA virus from the Orthomyxoviridae family. A~nua ll y, 

influenza viruses may develop symotomatic influenza in 20% of children an05%of 

adultsworldwide (Turner et ai., 2003) . From the three types A- C only A and B C8use 

widesprec:d outbreaks. Further subtyping of influenzA A virus is based on the antigenic 

differences between two surface glycoproteins: haem agglu ti nin (HA) and neuraminidase 

(NA) . Nowadays, 16 HA (H1 - H16) and 9 NA (N1-N9) subtypes have been de~r: ribec! 



35 

(Fouchier et al ., 2005; Nicholson et aI. , 2003) . Since 2004, the influenza A virus subtype 

H5N1 has been the cause of severe disease in various poultry and mammals. The 

clinical spectrum of avian influenza (H5N 1) in humans comprises ini tial symptoms of 

high fever (exceeding 38 °C), lower respiratory tract symptoms, clinically significant 

lymphopenia , abnormalities on chest radiography, and in some cases diarrhea, vomiting 

(Tran et aI., 2004) and encephalitis . The overall fatality rate among hospital:zed patients 

with avian influenza A (H5N1) infection has amounted to 57% (WHO, 2006a). Two 

groups of antiviral agents are currently available for the treatment of influenza infection. 

The Adamantanes (Amantadine and Rimantadine) block the function of Ihe M2 protein; 

however, drug resistance in patients has increased to 30% (Hayden and Hay, 1992). 

The more recently developed class of viral neuraminidase inhiiJitors incl.Jdes Zanamivir 

(Relen7a j and Oseitamivir (Taniflu). An important antiviral medication used against all 

strains of influenza A virus is Oseltamivir, which is the firs ~ orally active neuraminidase 

inhibitor in the form of a capsul E: or fJov;der for liauid suspension (Kim e: aI., 1997). The 

neuraminidase inhibitor (NAI) Oseltamivir imitates natural neuramin idase substra te 

molecules al)d binds to the active site of the enzyme in addition to interfering with the 

release of prog'3ny influenza virus from infected host cells (Moscona, 2005a). Therefore, 

neuraminida~e (NA) cannot cle<'N6 a termir,al N-ncdyl,lel1ral nirdc acid r~sirjue from nn 

oligosaccharide chain and thus, the virions solf-aggregale and bind to the surface of 

infec ~ed cells. Oseltamivir resistanc'3 due to neuramir.icase mutation:; have arise,) both 

in challenge studies and in patients with naturally aCC:; 'Jired infecti ons . Rates of 

resistance are estimated ;]t around 1 % in the adu!! population and 5:/0 in ped iatric 

patients (Jackson et aI., 2000; Whitley at aI. , 2001) . In 2004 , Kiso et al. 1'/004\ an81Y7oc 

influenza A viruses (H3N2) collected from 50 children before and during :reatmem with 

Oseltamivir. Eighteen percent of the children (N = 9/50) had ileuraminidase mutations at 

Arg292Lys (N= 6/9) or Glu119Vai (N = 2/9) or Asn294~er (N= 1. Sj . Volunteers 

experimentally infected with influenza A/Texas/36/91 (H 1 N1) virus 2'lrj treated with 

oseltamivir have shown an H274Y substitution at the neuraminidase active site 

(Gubareva et aI., 2001) . This mutation in respon3e to oseltamivir phosphate treatment 

leaves thE: virus severely compromised both in vitro and in vivo (Ives et aI., 2002) and 
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confers about 400- 600-fold resistance (Wetherall et aI., 2003). The mutation at position 

274 can influence the sensitivity of influenza N1 NA yet not of N2 NA to Oseltamivir 

carboxylate by rearranging the shape of the active site to create a pocket for Oseltamivir 

(Gubareva, 2004; Moscona, 2005b; Wang et aI., 2002). Safeguarding against a potential 

influenza A virus subtype H5N1 epidemic, many countries now stockpile Oseltamivir. It 

has recerltly been reported that Oseltamivir-resistant influenza A (~5N1) viruses with the 

H274Y mutation have been ;solated from three patients. H5N1 viruses with pror.ounced 

Oseltal nivir resistance were isolated from two of eight Vietnamese patients during 

Oseltamivir treatment. Both patients died in January 2005 and another resistant case 

died in February 2005 (Beigel et aI., 2005; de Jong et aI., 2005; Le et aI., 2005). As an 

increase in Oseltamivir-resistant viruses seems likaly, a methon aimed at rapidly 

;dentlfying resistant H5N1 strains applying real-time PCR using TaqMan probes was 

designed. (he assay enables to identify the H274Y mutation from samples origi'1ated 

directlY from infected tiSSUE and rlasma. 

2. rv1aterials and methods 

2.1. Sources of clinical specimens 

Oseltarr,ivi ~-ti·aated c:nd non-tre<'lted specimens of several Srp.Ci3S 

infected with avian influenza A subt~l r)e H5N1, ~reviously detected using the method 

descr:bed by Payungporn et al. (2005), wer3 used. The Osaltamivir-treated specimens 

were: H5N1 Oseltamivir-resistant strain in a Vietr3mese patient (N= 1), OSE: ~amivir­

treated tiger CU-P; Panthera tigris tigris (N~ 1) white tiger KU-11 ; P. tigris tigris (N= I). 

The Oseltamivir untreated specimens we re : plasma of H5 f'11 infer.ten hi Imar (N= 1: 

(Chutinimitkul et aI., 20(5), several tisslJes from different organs of tiger, lung (N= 1) 

spleen (N= 1), kidney (N= 1), liver (N= 1), brain of leopard (Panthera pardus) (0J= 1), 

allantoic fluid of embryonated chicker. ClggS inoculcHed with the VIrUS according to t:;e 

method described by the Office International des Epizooties (OlE) originating from a ca t; 

Felis catus (N = 1), a dog; Canis familiaris (N= 1), a quail (N= 1), an ostrich (N = 1) and 

chicken (N= 6). These specimens were isolated and provided by: (1) the Faculty of 

'vC:lerinary Science, Chulalongkorn University, Bangkok, Thailand; (2) the Department of 
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Livestock Development, Bangkok, Thailand; (3) Faculty of Veterinary Science, Kasetsart 

University, Kampaengsaen Campus, Nakorn Pathom, Thailand; (4) Department of 

Pediatrics, Faculty of Medicine, Srinakharinwirot University, Nakhon Nayok, Thailand; (5) 

National Institute of Hygiene and Epidemiology, Hanoi , Vietnam. 

2.2. Primer and TaqMan probe design 

The nucleotide sequences (N= 246) of the neuraminidase gene of 

influenza A virus (H5N1) were taken from the Genbank database going back a3 far as 

2003-2006 and hence, comprising entries isolateci from various species , such as avian, 

cats, dog, tigers, swine and humans, including DQ250165, the sequence of one 

Vietnamese Oseltarr,ivir-resistant patient (ANietna,n/CL2009/2005(H5N 1 )). The 

alignments wore performed using CLUST AL X (Version 1.81 from ftp://ftpigbmc.u­

strasbg.fr/pub/ClustaIX) and BioEdit sequence alignment Software Version 5.0.9 

(http://www.mbio.ncsu.edu/BioEditibioedit.html). Assay target regions wpre first 

identified by visual inspection of the sequence alignment. Primers were chosen from 

constant regions of all sequences specific for the neuraminidase gene N 1 of influenza A 

virus most closely related to the probes. MGB TaqMan probes were chosen from thE 

regi::>n covEring the drt.;g resistant 8rea (H274Y) 8'ld -:lesigned to b6 s[Jecific for !Jotil 

wild tyne and mutant. Both primers and probes were analyzed using the primer design 

software (OLIGOS '.'ersion 9.1 by Rusian :<:alendar, Institute of Biotechnology, University 

of Helsinki, Finland) :md Primer Express SottwarE 'jersion 2.0 (Applied Biosystems, CAl . 

The wild type (H) and mutant (Y) MGB Taq-Man probes were labeled with FAM and VIC 

with emission wavelengths at 5:10 and 560 nrr. , respec~ively. The primers and pr~bes 

used in this study are shown in Table 4. 

2.3. Oligonucleotides designed for H274Y :T'Ltagenesis 

An RNA samrle extracted from erTlbryonated chicken eggs and 

previously identified as influenza A virus subtype H5N 1 (Nchicken/Nakorn­

PatomlThailand/CU-K2/2004(H5N1)) was applied to design a series of mutagenesis. The 

oligonucleotides depicted in Table 1 were used to generate the series of mutagenesis at 
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amino acid position 274 of the neuraminidase N 1 gene which served as a control for all 

possible patterns of nucleotide change in the area of probe binding. The primers N 1 MuF 

and N1 MuR served as the outer primers of each mutagenesis group, which paired with 

Table 4 H274Y detection primers and TaqMan MGB probes and series of mutagenesis 

primers at amino acid position 274 

Primer/Probe Sequence (5'-3') Positiun* Strand 

PrimerJ 5'-AT ACTGAGAACTCAAGAGTC-3' 583-602 Sense 

Primer_R 5'-TT ATCCCTGCACACACATG-3' 800-702 Antisense 

?robe_~ 1274 5'-6FAM-TCCTCAT AGTGRT AA TT -MGBNFQ-3' 749-733 Antisensp. 

Probe_274Y 5'-VIC-TCCTCATAGTARTAATT-MGBNFQ-3' 749-733 Antisense 

N1MuF 5'-GGGGCTGTGGCTGTA TTG-3' 517-~34 Sense 

N1MuR 5'-GGGGCGTGGA TTGTCTCC-3' 900-883 Antisense 

N1Mu1F 5'-ATTATCACTATGAGGAATGCTC-J' 734-755 Sense 

N1Mu1R 5'-GAGCATTCCTCATAGTGATAAT-3' 755-734 Antisense 

N1Mu2F ~'- A TT A TT ACTATGAGGAA TGCTC-3' 734-755 Sense 

N1Mu2R 5'-GAGCATTCCTCATAGTAATAAT-3' 755734 Antisense 

N1Mu3F 5'-A TT ACCACTA iGAGr:: A.A TGCTC-3' 734-755 Sense 

~!1Mu3R 5'-GAGCA nCCTCATAGTGGT AAT-3' 755-734 Anti~ense 

N1Mu4F 5' ·t;. '-:-,\C- '.C.\ TC.\GGAA TG(;TC-3' 734-75:: Sense 

N1Mu4R S'-GAGCATTCCTCATAGTAGTA,'\T 3' 755-734 An tisense 

a The neura,ninidase gene of A/chicken/Naf<~rn-Pat()mfThailand/CU-K2/2004 GenBank 

accession number AY590567 served as reference. 
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the mutagenesis primers. Mutagenesis primer group 1 for H274 is N 1 Mu1 F and 

N 1 Mu 1 R·. Mutagenesis primer group 2 for 274 Y is N 1 Mu2F and N 1 Mu2R. Mutagenesis 

primer groups 3 and 4 were designed for possible varied strains occasionally found. 

The mutagenesis products of groups 1 and 2 were used to construct mutagenesis 

groups 3 and 4. Mutagenesis group 3 for H274 is N 1 Mu3F and N 1 Mu3R. Mutagenesis 

group 4 for 274Y is N1Mu4F and N1Mu4R. The primary mutagenesi.3 PCR reaction 

mixture comprised 0.5 IJI of cDNA CU-K2, 0.5 1Jiv1 forward primer (outer or mutagenesis 

primer), 0.5 IJM reverse primer (outer or mutagenesis primer), 10 IJI of 2.5x MasterMix 

(Eppendorf, Hamburg, Germany) and nuclease-free water to a final volume of 25 IJI. The 

secondary mutagenesis PCR reaction mixture comprised 0.5 IJI PCR product 

represantativp for each mutagenesis group, 0.5 IJM N1 MuF, 0.5 IJM N1 MuR, 10 IJI 2.5x 

MasterMix (EppendGrfj and nuciease-free water tv a final '!'Jlume of 25 :JI. Botr, 

amplification r6action~ were performed in a Mastercycler personal (Eppendorf) under 

the following conditions : preder,atul atlon at 94 "C for 2 min followed by 40 amplification 

cycles consisting of 30 s denaturation at 94 °C, 30 s annealing at 52°C and 1 min 

extension at 72 °c and concluded by a final 7 min extension at 72 °C. Four groups of 

nlutagenesis PCR products were separateci by 2% agarose gel electrophuresis and 

purified using the Gel Extraction :<it (PFlrfectprep Gel CI~anl'p, '=prencor, Hamhur£ , 

Germany). These purified products were inserted into the pGEM-T Easy Vector System 

(Promega , Madison, WI) and plastnids were purified by using the High Pure Plasmid 

:solatinn Kit (Roche, GmbH, Germany) according to the manufacturer's specifications. 

The series of H274Y mutations were sequenced and used as controls. 

2.4. Rt'-!A extraction and reverse transcription 

Viral RNAwas extracted from 140 IJI samples of the alian:oic flu id of 

inoculated elT' 'Jryor.ated eggs, plasma and the supernatant resul ti ng from tissue 

extraction L:,,;:r,~ the QIAmp viral RNA mini kit (Qiagen, GmbH, Germany) according to 

the manufacturer's specifications. Reverse transcription was performed on 12 IJI of each 

RNA sample at 37°C for 1 h using 200 units of M-MLV reverse-trancriptase (Promega), 

5 IJI of 5x M-MLV reaction bUller (Promega) , 5 IJI of 10mM dNTP (Promega ), 25 units of 
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rRNasin® Ribonuclease Inhibitor (Promega), 1 ~M universal primer as described by 

Hoffmann et al. (2001) . Twelve microliters of RNA from the RNA extraction kit were 

heated to 70 °C for 5 min and cooled on ice before adding nuclea~ e-free water to a final 

volume of 25 ~I. 

2.5. Real-time peR conditions 

Real-time PCR was performed using the Biotools QuantiMix EASY 

PROBES KIT tBiotools, Madrid, Spain). Both probes and primer pairs depicted in Table 

1 were used in mul tiple formats, each primer and probe at a final concentration of 0.5 

~M and 0.20 ~M, respectively. A combination of 0.5 ~I cDNA from embrj onated eggs or 

2 ~I cDNA frorr. tissue, serum or plasma with a reaction mixture containing 1 0 ~I of 

QUANTI PROBES, 4.0mM MgCI2 and nucleas.3-free water was ddjuStEj to a final volume 

of 20 ~I. Real-time PCR amplification was carried out in a Rotor-Gene 30(1) Instrumer ' 

(Corbett ~esearch , Syrlney, Australia). The amplification reaction consisted or a 

preincubation step at 95 ' c for 10 min to activate the HotStarTaq DNA pc!ymerase. This 

was followed by 40 cycles of amplification including denaturation at 9:5 °c for 10 s, 

annealing 3t 55 °C for 15 s ar"1d extension at 72 °c for 20 s. Two fluorescent signals were 

uctain3d O:lce pei C/ CI 3 at thE enj of the exten:>ior. StbP with detE-ctc,s cor;·esr-ondin8 

to the FAM (530 nm) and VIC (560 r.m) channels, respectively. D2ta acquisition and 

analysis of the real-time PCR assay were performed using the Rotor-Gene data analysis 

software, Version 6.0 (Corbett research supporting program) . 

2.6. Selection of drug resistant clones 

cDNAs were amplified by PCR in a reaction mixture con:aining 10 ~I of 

2.5x MasterMix (Eppendorf) 0.5 ~M primer F: 5'-ATACTGAGAACTCAAGAGTC-3', 0.5 

~M primer R: 5'-n ATCCCTGCACACACATG-T and nuclease-free W2> ter to a final 

volume of 25 ~I. The amplification reaction was performed in a Mastercyc ler personal 

(Eppendorf) under the following conditions : predenaturation at 94 °C for 2 min followed 

by 40 amplification cycles comprising denaturation at 94 °c for 30 s, annealing at 55 °C 

for 30 s and extension at 72 °c for 30 s and concluded by a final extpnsion at 72 °c for 7 
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min. The PCR products were separated by 2% agarose gel electrophoresis a~d purified 

using the Gel Extraction Kit (Perfectprep Gel Cleanup, Eppendorf, Hamburg). The 

purified products were inserted into pGEM-T Easy Vector System (Promega), according 

to the manufactL! rer's protocol. Ten clones were randomly selected from the resultant 

white colonies and plasmids were purified using the High Pure Plasmid Isolation Ki t 

(Roche, GmbH) according to the manufacturer's specifications. For automated DNA 

sequencing, all plasmids were amplified using the Gene Amp PCR System 9600 (Perkin­

Elmer, MA). The sequenced products were subjected to a Perkin-Elmer 310 Sequence 

Analyzer (Perkin-Elmer) . 

2.7. Specificity and sensitivity test 

The specificity uf the c!ual probe real-time PCRwas evaluz,ted by cross­

reaction tests carried out between RNA extracts frorr !solates or clinical specimens 

expressing the entire spectrum of NA subtypes (N2-N9) of WHO reference o-tra in 

influenza and other viral pathogens, such 3S Newcastle disease virus (N OV), respiratory 

syncytial virus (RSV) subgroups A and B, human metapneumovirus (HMPV) , coronavirus 

OC43, coronavirus 229E, infectious bursal disease virus (IBOV) and infectious bro,lcil itis 

'/iru:> (18V) . The s,:ms;livi ,y was E;staolis;led w;th J:;las,niC:s cuntdinir,g a cc py ')f tf-)e wi'a 

type H274 and mutant L74Y serving 2S reference . The wild type H274 and mutant 274Y 

plasm ids were used to determine the capacity of the real-time PCR assay :0 det8ct wild 

type and Oseltamivir-resistant codon 274 mutants in a sin(:lle sample. DNA 

concentration was determined by measuring absorbance at 260 and 280 nm. The two 

control plasm ids were diluted to 10
4

, 10
3

, 10
2 

and 10 copies/iJI and sach resulting 

concentra tion was mixed at 100:0, 75:25, 50:50, 25:75 and 0: 1 00 wild ~ / pe-to-variant 

ratios . Real- time PCR analysis of potential coLion 274 variants was performed on each 

ratio at each concentrat io ~ under the conditions described above. 



42 

3. Results 

3.1. Detection of oseltamivir resistance by real-time peR using two 

labeled TaqMan probes 

T:'e result was obtained by using two TaqMan probes labeled with the FAM and 

VIC fluorescent signal for wild type and mutant detection, respectively. The fluorescent 

signal resulting from real-time PCR can be interpreted as shown in Figure 6. A sample 

containing only the wild type strain will emit the fluorescent signal exclusively via the 

FAM channel (530 nm) whereas a sample containing the Oseltamivir-resistant variant 

with a nucleotide alteration at position 274 of the neuraminidase gene will emit the 

fluorescent signal via the VIC channel (560 nm) . In order to develop and optimize the 

assay these probes were tested on four sets of mutagenesis and obt8ined clearly 

discernible results irresjJectiv€ of the concentrations of wild type a,ld mutant plasmids or 

the ratio in which they had been mixed. The cl :~:c;al samples tested in this assay were 

isolated from humans, tigers, leopard, cat, dog and various avian species previously 

infected with H5N1. Two human :::;pecimens in this experiment were investigated . The 

first one isolated from human plasma and collected in Nakhon nayok province showed a 

positive result for the wild type only. In contrast, the second one obtained from a 

'Ji€tnarnese ~atient ~rev;ou::,ly leportbd Ly La ee al. (2005, enlittbd s;g;::3I~ specif;c ~or 

both wild type and mutant. Th3 remaining specimens originating from tiger lung, spleen, 

kidney ;:Jnd liver, leopard brain and the allantoic fluid of various avian species, cat and 

dog displayed positive results specific for the wild type only. 
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Figure 6 Two fluorescent signals for wild type H274 and mutant 274Y detection emitted 

by TaqMan probes labeled wi :h FAM (A) and VIC (B), respectively. H274: positive 

control plasmid, 274Y: positive control plasmid; Vietnam: Oseltamivir-treate j 

Vietnamese patient (Le et al. . 2005) showing both fluorescence signals indicative of a 

combination between wild type and resistant strain, KU-11: Oseltamivi r ~~0ated white 

tiger, CU-T7: Oseltamivir-treated tiger showing only the wild type signal. 
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2.2. Selection of drug resistant clones 

Three specimens, treated with Oseltamivir, were chosen to be cloned 

into plasm ids for confirmation. The first specimen was from a tiger (NTiger/Thailand/CU­

TlI04) isolated from zoo tigers that had perished during the mid-October 2004 H5N1 

influenza outbreak. CU-T7 was isolated from a nasal swab of a tiger that eventually 

perished but had been treated with Oseltamivir at 75 mg/60 kg twice daily for 4 days 

prior to specimen collection (Amonsin et aI., 2006; Thallawongnuwech et aI., 2005) and 

inoculated into SAN-fowl eggs according to the method described by the Office 

International des Epizooties (OlE). Ten clones of CU-T7 were randomly selected and 

sequenced. All the clones were sensitive to Oseltamivir. The second specimen was 

white tiger (NTigerfThailand/KU-11/04) was isolated from a sick white tigel found 

pusitive for H5N 1 by nas"1l swab and subsequent:y treated with Oseltamivir at 75 mg/60 

kg twicA daily for 4 days. This tiger survived and a rectal swab was ~aken . This 

spec;men was inoculated into SAN fowl eggs. :en clolle~ of KU-11 were randomly 

selected and sequenced . All the clones were sensitive to Oseltamivir. The third 

specimen was cDNA from a Vietnamese patient (Le et aI., 2005). Ten clones of this 

strain were randomly selected and sequenced. Nine of the 10 clones were resistant to 

(lseltarT'ivir '3nrl only 1 clene w?os sensitive. 

3.3. Specificity and se:1sitivity test 

The specificity of the assay by cross-contamination tests were JV81uat8d 

and found no cross-reactivity to total human DNA, any of the different NA subtypes of 

influenza A virus , Newcastle disease virus (NOV), re::,piratory syncytial virus (RSV\ 

subgroups A and 8 , human rnetapneumovirus (HMDV), coronavirus OC43, coronavirus 

229E, infectious bursal disease virus (18DV) and infectious bronchitis virus (1 8V). 

Likewise, any significant false positive or non-specific signal ir. any of the samples 

tested was not observed. Overall, the results obtained on Oseltamivir resistance with the 

two labeled probes indicate a high specificity of both primers and probes used for 

amplification. As for the sensitivity of real-time PCR, the threshoid concentration for 

detecting both wild type (hL 74) and mutant (274Y) was 10 copies/lJl. Furthermore, in 



45 

order to establish the limits of real-time PCR to detect both wild type and mutant in the 

same sample, wild type and mutant plasmids were mixed in various ratios and diluted 

them over a ral1ge of concentrations 100:0, 75'25, 50:50, 25:75 and 0:100 ratios of wild 

type and mutant. The result showed the high sensitivity of the detection that can be 

detected although the reaction had 7.5:2.5 plClsmid copies/~I of wild type and mutant. 

4. Discussion 

At present, there is a substantial risk of a global influenza A virus subtype H5N1 

epidemic not only affecting poultry but also mammalian species including humans. A 

medication capable of preventing the spread to humans is the neuraminidase inhibitor 

Oseltamivir. Yet, influenza A virus subtype H5N 1 has already developed drug resistance 

by rnutations i;l the neuraminidase gene leading to amino acid substitutions 

predominantly at positions 119, 152 274 and 292 (N2 numbering ~J'stclT') of the 

enzyme's active site (Gubar9va et aI., 2000). The amino acid substitution at position 274 

identified in mutants selected in the presence of NA inhibitors both in vivo and in vitro 

has exclusively been found in N1 (Gubareva et aI., 2002). In 2005, H5N1 virus resistant 

t'J oseltamivir due to an amino acid change from Histidine (H) to Tyrosine (Y) based on a 

singlp. nucleotide al~el dtion dt position 2711 has been isclatod frcm three \'ietl1am3se 

patients one of whom, a 14 ye~ ~s old , recovered (Le et aI., 2005) while the remaining 

'.:-.No, a 13 and 18 yec:rs old, succumbed to t:1e infectiun (de Jong et aI., 2005). Hence, 

patients found positive for H5N1 infection c\..Igflt to be monitored for the nucleotide 

change at position 274 causing resis tance to Oseltamivir before the ons~t of 

treatment.With the mutation detected in time, alternativp. 'r""ltrn " !lt "' ppl ~'; rlg , for eXdmple 

Zanamivir might sa'.'e the patient's life. 

In this experiment, both probes and primers were specificelly desianed to detect 

the nucleotide change causing C3eltamivir resistance . The amino acid substilUt: :J il of 

Histidine (H) with TyrOSine (Y) is the consequence of ::1 single nucleotide in the first 

codon of this amino acid change from C to T. The alignment of theH5N1 neuraminidase 

gene sequence with more than 200 sequences stored in the Genbank database showed 

a nucleotide change in the specific probe area yet at a position not triggering the critical 
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amino acid alteration. Hence , the probewas designed to allow for this inconsequential 

mutation by using a degenerClte nucleotide at that position thus closely mimicking the 

natural situation . Moreover, since the conserved area of the gene restricted the probe's 

length to 17 nucleotides TaqMan MGB was chosen. The probe was coupled with a 

minor groove binder enhancing its Tm and had a non-fluorescent quencher attached to 

the 3' end, which does not interfere with fluorescent signal detection. After having tested 

the probes with the mutagenesis control, the result showed high ssnsitivity and correct 

distinction between wild type and mutant upon mixing different ratios of wild type and 

mutant plasmid at low concentrations. 

In conclusion, real-time peR using two labeled TaqMan probes provides a 

highly specific and sensitive method to detect the ami'1o acid alteration at position 274 

of the inf!Jenza A subtype H5('..;1 neuraminidase gene causing oseltamivir resistance. 

Studies as the one described here c')uld address the potential diffp,rences in diagnostic 

outcomes ~e(WeeI1 ratients who develop detectable Oseltamivir resistance and patients 

who retain oniy the wild type strain of H5N 1. However, the other point mutations of 

Oseltamivir resistance in H5N 1 infected mammalian species need for the further 

investigation. 



CHAPTER V 

NEW STRAIN OF INFLUENZA A VIRUS (H5N1), THAILAND 

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

During 2004-2005, 3 major waves of avian influenza outbreaks occurred in 

Thailand (Amonsin et aI., 2006a). The first wave was reported in early January 2004, the 

second in July 2004, and the third in October-December 2005. In total , 22 persons were 

infected and 14 died. Recently, a fourth wave began on .July 23, 2U06. The Thai Ministry 

of Public Health reported that avian influenza A (H5N1) virus killed 2 infected persons. 

The first patient, a 17-year-old man in Phichit Province, began to experience symptoms 

on July '15,2006, and died on July 24, 2()06 (~opp, 2006). The second patient :1 27-

year-old man in Uthai Thani Province, began to experience symptoms on July 24, 2006, 

and jied on August 3, 2006 (Gals, 2006) . The fourth wave of thesp. ou:breaks involved 

chickens and encompassed 2 distinct areas: Phichit Province identified on July 23, 2006 

(Dudley, 2006), and Nakhon Phanom Province, identified on July 28. 2'J06 (Marsr,all, 

2006). We sequenced 311 8 gene segments of the 2 viruses isolated fron Phichit and 1 

virus isolated from Nakhon Phanom and then submitted to GenBanK as follows: 

A/cr.icken/Thailand.'PC-168/2005 (CQ999878--86) ::md AlchicKenl rhallana PC-170/2U06 

(00999887 -94) from Phichit and A!chickenfThailand/NP-172/2006 (00999871-8) fr')m 

Ndkhun Phanom. Whole genome analysi3 showed that all 3 samples rl3d undergone 

minor ,Tlutations that are typical 01 Circulating influenza A viruses . Une/.pectedly, ,his 

ou~break was associated with 2 strains of tf-je virus. The 2 samples fror.1 ~hic;lit closely 

resembled H5r-.1 ~ ~tr2;rs that h3d circulaled in Thailand during 2004 ::'1d 2005. The 

sample from Nakhon Phanom was newly cb.3erverj in Thailand 3nd more ::: losely rela:ed 

to H5N1 strains that had teen cirr:ulating since 2005 in southeast Peopl;;; s Republic of 

Cilina . The whole genome phylogenetic a;ldlysis also showed that the . -Jses isola:ed 

from Phichit belcnged to genot~lpe Z, whereas virus isolated from N::/.hon Phanom 

belonged to genotype V, which differs from genotype Z in the PA gene (Mase et aI., 

2005) (Figure 7) . The phylogenetic tree of the hemagglutinin (HA) gE::-le (Figure 8) 

showed that the Phichit samples were similar to the cluster of samples is') lated during 
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2004 and 2005 in Thailand and Vietnam. In contrast, the Nakhon Phanom sample was 

clustered into the same group with viruses isolated from southeast People's Republic of 

China, including Zhejiang, Shantou, Hunan, Fujian, Gual")gxi, and Lao People's 

Democratic Republic (Boltz et aI., 2006) with the differences in the cleavage site, 

SPLRERRRK-R/G (underline and dash indicate differences), which had never been 

found in Thailand. The N-link glycosylr'ltion sites (positions 154-156) of the Pichit isolates 

were NST residues, whereas in the Nakhon Phanom isolate, NNT residues were 

observed. However, the receptor binding site of HA (positions 222 and 224) was 

unchanged. In the neur3minidase (NA) gene, the new isolates contain 20 amino acid 

deletions within the stalk region, the same as previously described (Amonsin et aI., 

2006a). The ESEV residues in the C-terminal and Asp92 of NS1 wore observed in the 

2006 isolates a~d in viruses that have been isolated from Thailand. VietnarTl, and 

People's Republic of China. This finding indicates that the new isolates were highly 

Jirulent but sensitive to treatment with interferon and tumor necrosis factor-alpha (Krug, 

2006). The 2006 isolates contain Glu627 of PB2, identical to the previo~ c; isolates from 

Thailand and Indonesia, which may indicate that the new isolates had less efficient 

replication capabiiity in mammalian hosts (Shinya et aI., 2(04 ). Drug resistar.ce or 

sp.nsitivity is based on sequences of M2 and NA. Sutstit~tion 'Nithin res : jJ2S ir,cludinG 

L~61, V27A11, A30S, and S31N of the M2 ion channel protein was used to predict 

amantadine-resistant mutants, and H274 Y of the NA was used to predic: for oseltamivir 

resistance (ScholLssek At aI. , 1998). The virus observed in 2006 isola,es from Phichit 

was resistant to amantadine but sensitive to oseltamivir, whereas the isolate from 

Nakhon Phanom was sensitive to amantadine and oseltamivir, which implies :hat 

infected patients received differe~t antiviral drugs. According to previoJs 'Horld Health 

Organization reports , the f-iA sequences of most influenza (H5N 1) viruses :hat circula:ed 

in dvian ..,~e"ies during the pa~t 3 years are separated into 2 distinc: phylogenetic 

clades. Clade 1 viruses the.. ci rculated in Cambodia , Thailand . and '/Ietnam v/ere 

responsible for human infections in those countries during 2004 and 2G05. Clade 2 

viruses that circulated in birds in People's Republic of China and Indonesia during 

2003-2004 and 2005-2006 spread westward [0 the Middle East, Europe. and Africa. 
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This latter genetic group of viruses has been principally responsible for human 

infections during late 2005 and 2006 (WHO, 2005). Ttle latest wave of the outbreaks in 

Thailand was caused by viruses closely related to those that caused outbreaks ;n 

Thailand in 2004-2005 and to viruses recently circulating in southea3t People's Republic 

of China and other Southeast Asian countries. This finding raises concern for 

development of new candidate influenza (H5N 1) vaccine strains. Geographic 

spreading, epidemiology, and gelletic properties of recently circulating influenza (H5N1) 

viruses should be considered Wilen developing candidate H5N1 strains of influenza 

vaccine. 
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CHAPTER VI 

MOLECULAR CHARACTERIZATION AND PHYLOGENETIC 

ANALYSIS OF H1N1 AND H3N2 HUMAN INFLUENZA A VIRUSES 

AMONG INFANTS AND CHILDREN IN THAILAND 

(Published in Virus research . 2008 . 132:122-131) 

The annual infiuenzc:. outbreaks can cause a high mortality mte among infants 

and children . In the tropics , influenza shows no clear dependence on seasons. In the 

present study, we performed molecular and phylogenetic analysis of H 1 N 1 and H3N2 

influenza virus isolated from infants and children diagnosed with respiratory tract illness 

between Feb,'uary 2006 and February 2007. A total of 33 samples (10.92%) were found 

positive for humar. influerzt'l virus infection. Charac~erization of tile :'er,lagglutinin gene 

revealed conserved seCjuences at the receptor-binding site as wp.1I as variations due to 

Cimino acid sub;;titutions :::It the antigpnic site, potp.ntially resultino in an N-linked 

glycosylation site. As for the neuraminidase gene, amino acid substitutions were found 

in N1 and N2 but not directly at the catalytic or framework sites of this enzyme. Based 

on the phylogenetic tree, the hemagglutinin 1 (HA 1) region and the neuraminidase (NA) 

gene of both H1 N1 and H3N2 isolated subtypes clustert:d witI"' the current vaccine 

strain for tr.e Northam Ham;sphare 2807 -2C88. Thi~ fi,ldin0 contributes to 

ullderstanding the evolution of influenza A viruses in humans and is useful for 

surveillance and vaccine strain selection . 

1. Introduction 

Influenza !" viruses are members of the Orlhomyxoviridae fam ily ':l hich C8n be 

divided into subtypes based on the antigenic properties of the surface glycoproteins, 

hemagglutinin (HA) , and neuraminidase (NA) (Webster et al., 1992) . All infl -.Jenza A virus 

subtypes have been discO\/ered in avian species, but only a few subtypss have been 

found in humans. Every year, in excess of 200,000 people worldwide succ-.Jmb to severe 

respiratory illness caused by influenza A virus. Three such major global pandemics 

caused by novel antigen variants of influenza viruses have affected the human 

population, the "Spanish flu" in 1918 (H1 N1 subtype:, the "Asian flu" in 1957 (H2N2 
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subtype), and the "Hong V:ong flu" in 1968 (H3N2 subtype) resulting in millions of deaths 

(Stephenson and Zambon, 2002). The recent circulation of highly pathogenic avian 

H5N 1 viruses since 2003 has brought about more than 300 infected cases and nearly 

200 human deaths (WHO, 2007b) which has raised concern as to the emergence of a 

new pandemic. However, only cyclical alterations of the H1N1 and H3N2 viruses are 

predominant strains in humans. During 2006-2007, influenza A virus subtypes H 1 N 1 

and H3N2 circulated in many parts of the world. The influenza A surface glycoprotein 

hemagglutinin (HA) is under selective pressure to undergo changes in o,der to evade 

the host's immune system (Holmes et aI., 2005). Each year, WHO publish 

recommE:ndations on the composition of influenza vaccine for the Northern and Southern 

Hemispheres. In the Northern Hemisphere, many isolates of H 1 N 1 influenza viruses 

were a'1tigenicaliy similar to the current ref Hence viru:;, NNew C21edonia/20/1999, but 

an increasing proportion of recent viruses were more closely related :0 NSolomon 

Islands/3/2006. Likewi3e, H3N2 influenza viruses were antigenically sirni;ar : 0 the current 

reference virus, NWiscons1n/67/2005, but showed an increasing proportion of antigenic 

differences (WHO, 2007a). Predicting variatiuns of circulating influenza strains for 

subsequent annual vaccine development has become vital. Furthermore, comparisons 

b'3tw'3er antig'3nic di f fer'3nces "lnd ph~lloQenetir. analyses arp. nec3s~ai-J :0 turther the 

understanding of multiple lineages of influenza virus variants. Therefore, bptween 

February 2006 and February 2007, we collected 31)2 clinical samples of nCisopharyngeal 

suction from patients diagnosed with respiratory illness in the Pediatrics ward at King 

Chulalongkorn Memorial Hospital, Thailand for influenza ft, virus detection. On all 

positive ~amples, we performed sequence analysis to study the antiger .. :: differences 

and compare them with the vaccine strain. 

2. Materials and methods 

2.1. Clinical samples 

The study protocol was approved by the Ethics CommittEe, Faculty of 

Medicine, Chulalongkorn University, Bangkok. The parents of all participCi:ing chllGren 

were informed about the study objective and their written consent WciS obtained. 
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Nasopharyngeal suction specimens were collected from 302 infants or children (age 

range: 5 days to 14 years) suffering from respiratory illness from 14 February 2006 to 28 

February 2007. All clinical samples were provided by the Departmflnt of Pediatrics, King 

Chulalongkorn Memorial Hospital. NP suction samples were collected in transport 

medium consisting of phosphate buffered saline with antibiotics (250 U/mL of Penicillin 

G sodium and 250 ~g/mL of Streptomycin sulfate) and stored at -70°C until tested . 

2.2. RNA extraction and cDNA synthesis 

RNA was extracted from 150 ~L of each NP suction sample using TRI 

REAGENT® LS (Molecular Research Center, Inc., Cincinnati, OH ) and dissolved in 12 

~L of DEPC-treated water. cDNAs were synthesized at 3rC for 2 h using the ~.1-MLV 

reverse-transcription system (Promaga, Madison, WI) consisting of 200U of M-MLV 

reverse transcriptase, 5 ~L of 5x M-MLV reaction buffer, 5 ~L of 10mM dNTP. 25U of 

RNasin® ribonuclease inhibitor, 0.') ~g/~L of ~andom primer, 12~L of RNA heated to 

70°C for 5 min, then cooled on ice and nuclease free water to a final volume of 25 ~L. 

These samples were used for additional respiratory screening described by 

Chieochansin et al. (2007). 

2.3. Influenza A virus detection 

Influanza A virus detectio:l was performed h'y co,wentionai PCR using 1 

~L of cDNA, 0.5 ~M of FluA_MJ: 5'-RGGCCCCCTCAAAGCCGr'\-3' (nt 76-93), 0.5 ~M 

of FluA_M_R: 5'-ACTGGGCAC3GTGAGYGT-3' (nt 235- 218) (the m3trix gene from 

GenBank, accession number NC 0020166, served as the reference), 1 C : ,,_ "f 2 c:;x 

Eppendorf MasterMix (Eppendorf, Ha:11burg, Germary), and nuclease-free water to a 

final volume of 25 ~L. The house keeping gene glyceraldehyde-3-phosphate 

dehydrogenase; GAPD~ , of each sample was amplified in one additional reaction 

mixture of identical volume with primers GAPDHJ: 5'-GTGAAGGTCGGAGTSAACGG-3' 

(nt 112-131) and GAPDH _R: 5'-GTIGTCATGGATGACCTTGGC-3' (nt 603-583) (the 

GAPDH gene from GenBank, accession number NM 002046, served as the reference) 

at a 0.5 ~M fi rli:l I concentration, each. The amplification reaction was performed in a 



54 

thermocycler (Eppendorf, Hamburg, German",) under the following conditions: initial 

denaturation at 94°C for 3 min, followed by 40 amplification cycles consisting of 94°C for 

30 s (denaturation), 55°C for 30 s (primer annealing), and 72°C for 1 min (extension), 

and concluded by a final extension step at 72°C for 7 min. After 2% agarose gel 

electrophoresis, gel were stained with ethidium bromide and visualized on a UV 

transilluminator. The expected products of influenza A virus and the house keeping 

gene was 160 bp and 492 bp, respectively. 

2.4. Full-length peR amplification of HA and NA 

Representative for each month of collection, we selected 20 matrix gene 

positive samples of sufficient volume for full length hemagglutinin (HA) and 

r,eurami!1idase (NA) gene PCR amplifica~ion. We re-extracted RNA and performed 

reverse traflscription "~ing ~M of universal primer (Uni12 primer 5'­

AGCAAAAGCAGG-3') as described by Hoffmanll et al. (201) 1) under identir.al 

conditions 2S described above. Subsequently, we amplified the full length HA and NA 

genes using forward and reverse primers published by Hoffmann et al. (2001) with 

modifications . The HA gene was amplified using 0.5 ~M of HAF5': 5'-CAGGGAGC 

AfAASCAGGCG-3' a:ld 0.5 iJM of HAR3': 5'-CCi:l.GTAGAAAC":A..AGGGTGTTTT-3' or NA 

gene W8S amplified by using 0.5 ~M of NAF5': 5'-CAGGGAGCAAAAGCAGGAGT-2' and 

0.5 ~M of NAR3':5'-CCAGTAGAAACAAGGAGTTTiTT-3' with 10 ~L of 2.5x Eppendorf 

MasterMix (Eppenr:Jorf, Hamburg, Germany), and nuclease-free water to a final volume 

of 25 I-lL. The amplification reaction was performed in a tI-,ermocycler (Eppendorf, 

Germany) under the following conditions: denaturation at 94°C for 3 min, followed by 40 

amplification cycles conSisting of denaturation at 94°C for 30 s, pr:mer annealing at 

55°C for 30 s. and extension at 72°C for 2 min, and concluded by a final extension step 

at 72°C for 7 min . 

2.5. HA and NA sequencing 

The resulting amplicons were analyzed by 2% agarose gel 

electronhoresis and purified with the Perfectprep Gel Cleanup Kit (Eppendorf, Hamburg, 
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Germany).DNA sequencing was carried out using the Big Dye Terminator V.3.0 Cycle 

Sequencing Ready Reaction kit (ABI, Foster City, CA) together with the inner primer of 

each subtype shown in Table 5. Subsequently, any unincorporated labeled ddNTPs 

Table 5 Inner sequencing primer for each subtype of human influenza A virus 

Subtype Primer Sequence 5'-3' Tm Position 

H1_F266: S'-CTT AGGAAACCCAGAA TGCG-3' 60 266-285 

H1_R394: 5' -TGCTCCCTCAGTTCCTCA T A-3' 60 394-375 

H1 • H1_R627: 5'-ACGGGTGATGAACACCCCA-3' 60 627-609 

H1J766: 5'-ACTACTGGACTCTGCTGGAA-3' 60 766-785 

H1J1062: 5'-GGTTTGTTTGGAGCCATTGC-3' 60 1062-1081 

H1_R1525: 5'-CCA TTTTTCACACTTTCCATSC-3' 62 15?5-15,)4 

H3J360: 5'-AGCAACTGTT ACCCTT A TGATG-3' 62 360-381 

H3_R431 : 5'-C" CTGTGCCGGATGAGGC-3' 60 431-414 

H3 b H3J598: 5'-TTGACAAA TTGT ACA TTTGGGG-3' 60 598-619 

H3_R797: 5'-TCCCGGATTTACTATTGTCCA 3' 60 797-777 

H3J1013: 5'·CACTCTGAAATTGGCAACAGG-3' 62 1013-1033 

H3_R1184: 5'-GCTTTTGAGATCTGCTGCTTG-3' 62 1184-1164 

N1_R330: 5'-TGTCTTTTGTGTATATAGCCCA-3' 60 330-309 

N1J479: 5'-CCCYT ATAGGGCYTT AATGAG-3' 62 479-499 

N1 c N1_R620: 5'-A TTP.TCTGGACCAGAAA TTCC-3' 59 620-600 

N1J653: 5'-AA T AACTGAAACCAT AAAAAGTTG-3' 60 653-67'3 

N1J84S: 5' -GAGGAA TGTTCCTGTT ACCC-:" 60 849-868 

N1_R1159: 5'-CA TCCA TT AGGATCCCAAA TCA-3' 62 1159-1138 

N2_F367: 5' -GACAAGAC. '';''CCTT A TGTGTC-3' 60 367-387 

N2J557: 5'-AGCTCAAGTTCTCACGATGG-3' 60 557-576 

N2 d N2_R564 : 5'-CTTGAGCTGG "CCA TGCT A T -3' 60 564-545 

N2J766: 5'-AG : TGATACT AAAJ-. TACTATTCAT-3' 60 766-789 

N2_R1120: 5' -GC TGA TCGTTC TTCCCA TCC-3' 62 1120-1101 

N2_R1298: ~' . TC" "CTCCACA T AAAAGCACC-3' 60 1298-1278 

a Reference position of the H 1 gene from A/Naw YorkJ399/2003(H 1 N 1) Accession number CY002808 

b Reference position of the H3 gene from NTaiwan/30005/2004(H3N2) Accession number OQ249261 

C Reference position of the N 1 gene from NTaiwan/30017/2002(H 1 N1) Accession number OQ249258 

d P~fer~ nc : ,Jos : ~; on of the N2 gene from NNew YorkJ396/20n'i(H3N2) Accession number CY002074 
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were removed by ethanol precipitation. The reactions were resolved on an ABI-Prism 

310 Genetic Analyzer (PerkinElmer, Norwalk, CT), sequences were edited by Chromas 

Lite version 2.01 (Technelysium Pty Ltd., Australia) and the Bioedit Sequence Alignment 

Editor V.7.0.5.3 (Hall, 1999). Finally, sequences were aligned using the SeqMan 

program (DNASTAR, Madison, WI). The nucleotide sequences of all samples were 

submitted te, GenBank ullder the accession numbers shown in Table 6. 

2.0. Phylogenetic analysis 

Phylogenetic trees were constructed based on the continuous nucleotide 

sequences aligned with ClustalX (Thompson et aI., 1997). Genetic distances were 

calculated applying Kimura's two-parameter method using MEGA31 (Kumar et aI., 

20(4), and u.3ed to construct neighbour-joinin9 (NJ) trees. Confidence values for the 

tree topologies were evaluated by bootstrap analysis of 1000 pseudo-replicate dat~sets . 

3. Results 

Three hundred and two nasopharyngeal (NP) suction specimens from infants or 

children ::1ged between 5 days and 14 years diagnosed with respiratory illness between 

14 February, 2J06 and 2e F3t ~uary, 2C07 were testec:j by peR for the matrix genes of 

influenza A virus with the house keening gene serving as internal control. Since 

February , the number of res;Jiratory illness semple :::; had be2n slightly Illcreasing. It 

peaked in August and was again on the decrea~ 3 by September. Every sdl ' lple 

displayed the house keeping gene but only 3~ s~mples proved positive for the matrix 

gene of influenza A virus. The aJerage age of patients testing r"c;itivA wp, s 2 I/€a ~s 11 

months, wi th a minimum ace of 4 months and a maxiMum agE of 13 years. Of the 33 

matrix gene positive samples, we selected 20 represen ting each month of r:ollection bnd 

of sufficient volume for further testing . E2Ch patient's details are sr.ow~ in Table 6. 

Sequencing revealed 10 samples as influenza NH 1 N 1 primarily irlentified from March to 

July 2006 and 10 samples as influenza NH3N2 tentatively identified from March to May 

2006 whereas after August 2006, this subtype was predominantly identified as shown in 

FigLJlc 9. 
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Table 6 Specimen details and sequence accession numbers 

Patient Strain Subtype 
Date' 

Sex Age Gene 
I\ccession 

(dd/mmlyy) Number _ 

NThaiiano/CU23/2006 H3N2 22-03-06 Female ;Y HA I;UQ,],§§ 

NA I;UQ,] ,67 

2 NThaiiand/CU32/2006 H1N1 13-04-06 Female 3Y HA I;U021 ,64 

NA I;UQ,1,6:i 

3 NThaiiand/CU41/2006 H1NI 18-05-06 Male 4Y HA I;UQ,],~6 

NA FUQ2]2H 

4 NThailano /C Ll44/2006 H1N1 13-05-06 Female 11 Y HA I;UQ,],:i6 

NA I;UQ,],:i9 

S NThiliianolCU46/2006 H3N2 18-0S-06 Male 11 M HA I;UQ21?66 

NA I;UQ,1,69 

6 NThaiiano/CUS1I2006 H1N1 30-0S-06 Male 2Y HA I;UQ212:i4 

NA (;UQ,1,:i:i 

7 NThaiianolCUS3/2006 H1N1 06-0S-06 Female 3Y HA I;UQ212~6 

NA ~~ 

8 NThaiianolCUS7/2006 rl1N1 10-:16-06 Male 1 Y HA I;UC212:it: 

NA I;UQ<:12:i7 

9 NThaiianolC U67/2006 H1N1 23-06-06 Male 2Y HA I;UQ212:iQ 
NA I;UQ~1251 

10 NThailano /CU68/200o H1N1 26-06-06 Female 8M HA I;UQ212§Q 

NA I;UQ21261 

11 NThaiianolCU7S/2006 H1N1 06-07-06 Female 6Y HA I;UQ21262 

NA I;UQ21,6J 

12 NThaiiand/CU88/2006 H1N1 2S-0(-06 Female SM HA I;UQ,1,:i, 

NA fllQ21lli 
13 AfThaiianolCU124/2CJ6 H3N2 18-08-06 Female 2Y HA I;UQ,1284 

N/, I;UQ,12!::i 

14 AfThdilanwCU228/2JG6 rl3N2 11-1lJ-06 Male 2Y HA f;UQ,1274 

NA I;UQ,1,Z:i 

1S NThaiianolCU231 /2006 H3N2 14-11-06 Male 1 Y HA I;UCl21262 

NA I;UQ21263 

16 NThaiiano /CU259/2006 H3N2 27-12-06 Male 1 Y '-I A I;U""1276 

NA I;UQ,12Z9 

17 NThaiiano /CU260/2006 H31\2 27-12-06 Female 1Y HA I;UQ2126Q 

NA I;UQ21261 

18 NThaiianolCU272/2006 H3N2 11-01 -07 Male 11 M HA I;UQ212ZQ 

NA I;UQ21"71 

19 NThailano/CU.!80/2006 H3N2 26-01-07 Female 2Y HA I;UQ21272 

NA I;UQ2127J 

Z ) NThail3no /CLJ282/2006 H3N2 02-02-07 Male 3Y HA EUQ212Z6 

NA EU021277 

* Date of specimen collection; Y, Year; M, Month ; HA, Hemagglutinin gene; NA, 

f\lAuraminidase gene 
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Figure 9 NUlnber of clinical samples obtained each month between Febr -.Jary 2006 and 

February 2007 from 302 infants and children with respiratory tract illness showing a 

slight increase from February or)wards, peaking in August and decreasing by 

September. Thirty-three samples were positive for influonza A V;'-.JS. of which 10 

harhored subtype NH 1 N1 and another I 0 subtype NH3N2. ND, no suc:ype detected . 

The nucleotide and deduced amino acid sequences of hemaggUtinin 1 (HA 1) 

from 20 isolated samples were compared witn current vaccine strains. = or H 1 N 1 HA 1, 

NSolomon Isl::mds/3/2006 and NNew Caledonia:2011 999 were used as :accine strains 

in the Northern Hemisphere 2007 -2008 and SO'.Jthern Hemisphere 2( ,=;, respec tive ly. 

Ten H 1 i-J 1 isola les from Thailand indicated a higher average of per CEn: similarity to 

NSolorTion Islandsl3!20r~ (9R.30% b.Jsed on nucleotiaes and 98.10% :::E:sed on amino 

acids) than IJNew Caledonia/20/1999 highest -,\ erage per cent similari:y :0 this vaccine 

strain with 99.09% based on nucleotides and 98.(;-+% based on aM ino acids. The 

C" .'erage per cent nucleotide and amino acid similarities of the previous H3N2 HA 1 

'.'Jccint: S~,a'll tu Ai valilOmia/7/2004 were 98.59% and 98.04°1 , to ftNJellingtonl1/2004 



59 

98.49% and 97.14% and to NFujian/411/2002 98.09% and 96.04%, respectively. 

Genetic relationships of the HA 1 region and NA gene of the H 1 N 1 (Figure 10) and H3N2 

(Figure 11) isolates with vaccine strains and other influenza viruses were constructed by 

Neighbor-Joining 8nalysis with 1000 bootstrapped replicates. 80th showed continuous 

evolution and the isolates were relevant to the recent vaccine strain. 

IIA constitutes the receptor-binding and membrane fusion glycoprotein uf 

influenza virus. The alignment of the terminal sialic acid (SA) residues of glycoproteins 

and glycolipids representing the cellular receptors for influenza virus, the targets for 

neLitralizing antibodies, and N-linked glyc()sylation sites are shown in Figures 12 and 13. 

Five conserved amino acid residues in both H1 and H3 influenza A virus, Tyr(Y)-98, 

Ser(S)-136, Trp(W)-153, His(H)-18~ and Tyr(Y)-195 (numbering according to H3 

structure) at thp. HA rcceptor-bi'1ding site have Oben described by Skehp.1 and Wiley 

(2000). These five amino acid residues within the receptor-binding site of both H 1 N 1 

and H3N2 isolates were relatively conservad. The amino acids at the terminal sialic acid 

(SA) of 811 H 1 isolates were Asp(O)-190 and Asp(O)-225 which have been previously 

reported (Stevens et aI., 2006; Matrosovich at aI., 1997) as the SA binding specific to the 

NeuAca.2,6Gdl amino acid iinkage, except for AlThaiiand/CU75/06 with Ala(A)-190. 

RAsidues mainly rp.spr;n!3;ble for NeuAsa.?,6Gal linl<agp of H, are l_eu(L)-226 and 

Ser(Sj-228 (Vines et aI., 1998); however, the amino acids at the terminal SA of all H3 

isolates were IIe(I)-226 and Ser(S)-228, similar to the previous report by ~indstrom et al. 

(1996). The patterns of the antigenic site in theHAqene can be observed by amino acid 

alignment. The antigenic sites of H 1 N 1 and H3N2 isolates were related to the sites 

already defined in a previous study of hA1. As for H1N1, antibodies are directed to 

each of the two strain-specific (Sa and Sb) and common antigenic sites (Ca and Cb) of 

the virus hemagglutinin (Caton et aI., 1982) .we detected four altered amino acids at the 

H1 HA1 antigenic sites ; amino acids Ser(S)/Leu(L)-73 and Arg(R)/Lys(K)-77 at the Cb 

site and amino acids Arg(R)/Lys(K)-192 andLys(K)/Thr(T)-197 at the Sb site (Figure 12). 

As for H3N2, the antigenic sites A-E have been described by Wiley et al. (1981). We 

found three altered (95.78% based on nucleotides and 94.68% based on amino acids). 
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Figure 10 Pr,ylogram of the hemagglutinin (HA) region of the HA gene (A) and 

neuraminidase (NA) gene (B) of H1N1 isolates with the H1N1 vaccine strain and other 

H1 N1 influenza viruses since 1918. The tree was createn by Neigr,Dor-Joining method 

and bootstrapped with 1,000 replicates. The bootstrap numbers are given f~r each node 

(e; H 1 N 1 isolates , 0; vaccine strain for subtype H 1 N 1). 
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Figure 12 Amino acid comparison between HAl dcmains of H 1 N 1 isolatEs and vaccine 

strains NSolomon Islands/3/06 and NNew Caledonia/20/99. Dots represen: amino acids 

~im:lar to the r.onsenSJs. The ~onserved amino acid lesiGues aL t'le rE:;cep:or-uinding 

site are shown as sr, ,all rectangles. Altern8tive amino acids for sialic acid linkages of HA 

are underiined. The amino acid residues mapped at previously defirled antigenic sites 

are shown as follows: site Sa (0), site Sb (+), site Ca (A ), anrl si:s Cb (e ). All 

potential N-linked glycosylatiol1 sequons (NXSIT) are double-underlined . 
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Figure 13 Amino acid comparison between HAl domains of H3N2 isolates and vaccine 

strains ANVisconsin/67/05,CVCaliforniai7 104, AfWeilington/1/04 and AlFujian/411/02 . 

Dots represent amino acids similar to the consensus. The conserved amino acid 

residues at the receptor-binding site are shown as small rectangles. Alternative aminu 

acids for sialic acid linkages of HA are underlined . The amino acid residues mapped at 

previously defined antigenic sites A-E are shown as large recta'1gles. All potential N-

linked glycosylation sequons (NXSfT) are double-underlined . 
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For H3N2 HA 1. NWisconsin/67/05 was used as the vaccine strain both in the 

Northern Hemisphere 2007-2008 and the Southern Hemisphere 2007. Ten H3N2 

isolates indicated the amino acids at the H3 HA 1 antigenic sites; Gly(G)/Arg(R)-142 at 

site A. Leu(L)/Ser(S)-157at site B, and Glu(E)/Lys(K)-173 at site E (Figure 13). N-linked 

glycosylation was commonly found in HA of influenza A virus with (Asn-X-SerfThr) as the 

specific polypeptide for glycosylation where X can be any amino acid except fOI 

aspartic acid or proline. This sequence is known as a glycosylation sequon (Helenius 

and Aebi, 2004). There were 7 and 12 potential glycosylation sites on H1 and H3 HA. 

respectively (Figures 12 and 13). The HA2 sequences of both H 1 N1 and H3N2 isolates 

were largely conseNed (data not shown). 

We compareci the nL.!cleotide and deduced amino acid sequences of the NA 

fror,l 20 isolated sar.lples with the vaccine strains. As for H 1 N1 NA, '10 isolatas from 

Thailand indicated a higher average of per cent similarity to NSolomon Islands/3/2006 

(98.34% based on nucleotides and 98.21 % based on aillino acids) than to NNew 

Caledonia/20/1999 (97.70% based on nucleotides and 97 .73% based on ar.lino acids). 

As for H3N2 NA, 10 isolates showed a higher average of per cent nucleotide anG amino 

acid similarity to the vaccine strains NWisconsin/6712005 (98.99%. gS.71 U/o) , 

,AJCalifornia/7/2004 (9885%, 99.09%), and NW"Jliir.gtor/1/:2004 (99.0e%, 98.'32%) tr.an 

to NFujian/411/2002 (95.54%, 95.80%). The analysis of NA of H1N1 and H3N2 isolates 

showed conseNed residues in all NA subtypes including the catalytic sites (R 118, 0151, 

R152, R224, E276, ~292, R371, and Y406) (N2 numbering) and framework sites 

supporting the catalytic residues (E119, R156. W178, S 179, DIN 198. 1222. E227, H274, 

E277. N294, and EA~5) (Colman et aI., 1993; Colman , 1994). However, we detected 

amino acid substitutions in the :1euraminidase gene of influenza virus subtype H1 N 1 and 

H3N2 isolates not rel 2~9d to catalytic or framework sites as shown in Table 7. 
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Table 7 Amino acid substitutions in the neu~aminidase gene of influenza virus subtypes 

H1 N1 and H3N2 isolated in Thailand compared with vaccine strains. 

Virus sir din 

H1N1 

(N2 numbering) 

AfThailandlCU5:W6 

AfThaiiandlCU88106 

AfThaiiandlCU67 ilJ6 

AfTha ila ndlCU4 1 ilJ6 

AfThaiiandICU51106 

AlSolomon Islandsl3l06 

AfThailandlCU44i1J6 

AfThaiiandlCU75i1J6 

AfTha .1and/CU68.'"J6 

AfThaila ndlCU5 7 ilJ6 

AfThaiiand/CU32i1J6 

AJNew Caiedonial20/99 

H3~12 

23 41 

(23) (41) 

G 

G 

M G 

M G 

M G 

M G 

M G 

M G 

59 

(56) 

s 
s 

s 
s 

s 

S 

N 

t\j 

N 

s 

S 

64 

(61) 

N 

N 

N 

N 

N 

N 

H 

H 

H 

H 

H 

H 

77 

(74) 

E 

E 

E 

E 

E 

G 

G 

G 

E 

G 

G 

Amino acid position of NA gene 

94 

(94) 

v 

1/ 

V 

173 

(172) 

R 

R 

R 

R 

R 

R 

K 

K 

K 

K 

K 

K 

214 

(21 3) 

G 

G 

234 

(233) 

M 

M 

M 

M 

M 

M 

M 

M 

V 

V 

266 

(265) 

T 

T 

T 

T 

T 

T 

S 

S 

S 

S 

S 

S 

267 

(266 1 

M 

M 

~~ 

M 

R 

273 

(272) 

N 

N 

N 

N 

N 

N 

S 

S 

S 

N 

t\j 

N 

359 

(362) 

M 

M 

M 

M 

L 

382 

(385) 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

o 

o 

452 

(452) 

G 

G 

G 

G 

G 

G 

r-. 

N 

o 

o 

c 

43 93 150 194 310 295 370 3~2 

------------------------------------------------------------------
AfThaiiandlCU272/07 

A'Thalland/CU260/06 

AfThaiiandlCU282/07 

AfThpilanc;:CULL8/00 

AfT ha ilandlCU 259/fl6 

AfTha iland/CU 28010 7 

AfThai'lnd/CU23/n6 

AfThaiiandlCU231 /06 

AfThaiiandlCU 124/06 

AHhaiiandlCU46106 

A/Wisconsinl67105 

A/Californial7l04 

A/Welhngtonl1/04 

AlFujianl411 /02 

SOH V v R S S 

S O H V v R S S 

SOH V v R S S 

S U ; 1 V R S 

SOH V v R S 

SOH V v R 

N N H V " S 

NOR H S 

NOR H S 

N N H V S 

N N H V v S 

NO H II S 

NOH V S 

N N H V v S 

s 

s 
S 

S 

L 

L 

L 

L 

L 

S 

s 

s 

s 
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4. Discussion 

From February 2006 to February 2007, we colleted nasopharyngeal suction 

samples by inserting a nasal catheter into the posterior ~asopharynx of pediatric 

patients diagnosed with respiratory tract :IIness, and placed them in virus transport 

medium. We extracted viral RNA and dissolved it in high concentration avoiding 

embryonated egg or MOCK cell inoculation in order to prevent adaptation associated 

with alteration of receptor binding properties (Widjaja et aI., 2006). Of 302 specimens, 

33 (10.92%) were positive for influenza A virus and other respiratory viruses deteCted by 

Chieochansin et al. (2007). Those specimens included 20 (6.62%) positive for HBoV, 48 

(15.89%) positive for RSV, 28 (9.27%) positive for hMPV, 18 (5.9%) positive for 

adenovirus, 14 (4.63%) positive for parainfluenza and 1 (0.33%) positive for influenza B 

virus. We characterized the respective subtyp8s of influenza ,,\ virus by preliminary 

sequencing using primers specific for the 5'- and 3'-ends of the HA arj 'JA gene~ :::nd 

extenJ ing the inner nucleotide of the HA or NA gene by using overlap priMers specific 

for each subtype . 

To date, molecula,' and phylogenetic analysis of influenza virus spanning an 

entire year has not been reported in ihailand. Based on our results, t\', 'J sJbtypes of 

influenza A vi~u~, ~ 1 N 1 ar.d H3N2, :llternatvely in~ectod r-ed iatric r;ati €. n:s :hrJu8hout 

the year. Each year, WHO recoMmends the most suitable composition of influenza 

vaccine strains for the Northern and Southern Hemispheres, respectively. COMparison of 

the nucleotide and amino acid sequences of the HA 1 region and NA gsres between 

both H 1 N 1 and H3N2 isolates and [he vaccine strains showed they are closely related to 

the vaccine strains recommended for the Northern Hemisphere 200'( -200~. 

HA gene characterization showed higher variation in HA 1 ~han HJ.2 . ,',h ich rWJht 

be due to its receptor-binding properties and to it being targeted t: neutralizing 

antibod ies since it represents the membrane fusion glycoprotein 'Jf influs-za virus. The 

residues within the receptor-binding site are relatively conserved but the rssi due mainly 

responsible for NeuAca.2,6Gal linkage specific for the H3 subtype was IIe::::26 instead of 

Leu226 as previously reported (Parrish and Kawaoka, 2005; Skehel and N iley, 20GIJ). 

The same amino acid substitution had been described by Lekch8roensuk f:: al. (2006, in 
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H3N 1 swine influenza virus. Since Leu, lie, and Val are similar neutral non-polar amino 

acids, substitution between them most likely maintains hydrophobic interactions and 

proper conformation of the binding pocket. Furthermore , the substitution of V2261 had 

been found in the adaptation of NFujian/411/2002 (H3N2) in eggs during serial 

passages in the amniotic then allantoic cavities aimed at augmenting growth (Widjaja et 

aI., 2006). Variations in H1 N 1 and H3N2 isolates were predominantly located at the 

antigenic site, which is of interest for developing suitable vaccine strains. In this context, 

Wilson and Cox (1990) proposed that epidemiologic311y important drift variants usually 

display four or more al.lino acid sucstitutions located at two or more antigenic sites on 

the HA 1 protein. The N-linked glycosylation is conserved among various HA subtypes of 

influenza A viruses. Its presence or absence may cause increase or loss of function of 

the ;:Jlycoprotei~ (?ar.da et aI., 2(04) because N-linked glycosylation can initidte and 

maintain folding, stabilitv, solul>ility, transportation, antigenicity, and immunogenicity of 

the protein. HA 1 H3 amino acid characterization (Figure 13) also showed a probable N­

linked glycosylation site at amino acids 4b--47 of two isolates (NThailanrl/CU272/07 and 

AlThai:and/CU2BO/07) which may affect the protein's function. 

As for the NA gene, we discovered more amino acid substitutions in N1 than in 

I\J? None were at the r,8talytic or ~ramework sites of the ne~raminidQsE- enzyrT,e. The.:;e 

changes may occur because the virus requires NA to be more active whenever HA has 

undergone substitutions as suggested in the previous report on molecular changes 

associated with adapt",tion of human influenza A virus in embryonater:l chicken eggs 

(Widjaja et aI., 2006). 

In conclusion . the present study has confirmed conserved sequences as well as 

discovered variations due to al.lino acid substitutions at the receptor-binding site and 

hence, the antigenic si~e including the potential N-linked glycosylation site of HA, and at 

the Ca la, y'lic and framework ~ ites of NA in both H 1 N 1 and H3N2 subtypes of 20 

influenza A virus isolates ~ro l , l Thailand. The phylogenetic tree also showed close 

similarities to the current vaccine strains for the Northern Hemisphere 2007-200B. 



CHAPTER VII 

GENETIC CHARACTERIZATION OF H1 N1, H1 N2 AND H3N2 

SWINE INFLUENZA VIRUS IN THAILAND 

(Published in Arch Viral. 2008 . 153:1049-1056) 

Swine have been known to be a suitable host for influenza A virus. In Thailand, 

phylogenetic analysis on swine influenza virus (SIV) has as yet not been attempted. 

The present report presents molecular and phylogenetic analysis I-'erformed on SIV in 

Thailand. In this study, 12 SIV isolates from the central and eastern part of Thailand 

were subtyped and the molecular genetics of hemagglutinin and neuraminidase were 

elucidated. Three subtypes, H1 N1, H1 N2 and H3N2, are described . Phylogenetic 

analysis of the SIV hemagglL'~inin a~d neuraminidase gel1es shows inciviCiua' clusters 

with swine, human or <lvian i"f1uenza virus at various global locations. Furthermore, 

amino acid substitutions were detectea either at the receptor bindir.g site or the 

antigenic sites of the hemagglutinin gene. 

1. Introduction 

Swine influenza virus (SIV) has first been detected during t;1e Sp2nish influenza 

pandeirlic in the USA Jur;ng 19i8- i913. I,) 193G, the ~orc : n2 v;rus ha~ : i rs~ been 

isolated trom humans and classified as a member of the family Orthomyxoviridae, 

species influenza A virus (Myers et aI., 2007) . Three different SIV subtypes , H 1 \J 1, H3N2 

and H1N2, have been circulating :n swine worldwide. H1N1 SIV known as classical SIV, 

having spread throughout the major swine populations of the world. In the J SA, the 

predominant H1N1 SIV has remained antigenically conserved as classical SI V. whereas 

the virus found in Europe is entirely of avian origin (van Reeth, 2807). Subseq -Jent to t:1E 

human "Hong Kong flu " panden ,ic, the human H3N2 virus has been transmi tted to pigs. 

Due to re-assortment, the newly :-esulting virus is a human-like swine H3N2 vir-Js with the 

HA and NA of the human virus and the internal proteins either derived from c lassical 

swine H1 N 1 as detected in the USA (van Reeth, 2007) or by re-assort~en t obtained 

from the avian-like swine H1N1 virus as found in Italy (Castrucci et aI., 1993). In addition, 

re-assorted human-like swine H 1 N2 virus has become increasingly important. H 1 N2 
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subtype viruses have also originated from genetic re-assortment between the H1 N1 and 

H3N2 viruses. In Europe, the virus resulting from re-assortment contains H1 HA closely 

related to that of human H 1 N 1 viruses circulating in the early 1980s, a hum;:;n-like N2 NA 

and other int6rnal genes corresponding to avian-like H1 ~J1 viruses (Mdrozin et aI., 2002) 

whereas in the US, the virus has been derived from re-assortment between a classical 

swine H1 N1 virus and a swine-human-avian re-assorted H3N2 virus (Karasin et aI., 

2000b). Recently, newly re-assorted subtypes of swine influenzas have been identified 

as for exarr.ple, subtypes H3N1 (Ma et aI., 2006; Shin et aI., 2006), H4N6 (Karasin et aI., 

2000a) and H9N2 (Cong et aI., 2007) . 

In Asia, particularly in China, classical H 1 N 1 SIV apparently constitutes the 

predominant influenza A virus infectinp pigs and in south China, an independent transfer 

of H1N1 virus from birds to pigs has baen reported (Guan et aI., 1996). Morecver, some 

of the H3N2 viruses isolated from pigs in China since 1970s have been entirely avian­

like (Kida et aI., 1~88) . In Thailand, there have been a few reports on SIV. Since 1978, 

H3N2 SIV in Thailand has been reportee: displaying serological relatedness to 

contemporary human strains (Nerome 8t aI., 1981) and since 1988, H1N1 SIV has been 

the first virus repo~ed showing serological and antigenic relatedness to the isolate from 

t~e USA (:<uprad;r.~.m et 0:., 1931). Un~il 2804, serolngical s[uciies of SIV :-t1rJ1 H1rJ2 

and H3N2 were conducted on farmed pigs ir. Thailand (Damrongwatanapckin et aI., 

2006). In addition , the recent study (Komadina et aI., 2007) has demonstrated that since 

2005 H 1 N 1 SIV isolates from humans from Thailand have displayed the highest degree 

of similarity to the classical swine H1 viruses circulating in Asia and the USA and that the 

N1 protein is related to viruses circulating in European swine. This present study 

presents molecular characterization and phylogenetic analysis of SIV in Thailand. Both 

the HA and NA gene of SIV subtypes H 1 N 1, H 1 N2 and H3N2 were characterized and 

the amino acids at the receptor binding site and antigenic: sites were evaluated. 
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2. Materials and Methods 

2.1. Clinical swine samples 

Clinical swine samples were collected from the central part - Saraburi, 

Nakhon Pathom and Ratchaburi provinces - and the eastern part - Chachoengsao and 

Chon Buri provinces - of Thailand. All nasal swabs were incubated using specific 

antibody negative embryonated chicken eggs according to the method described by 

OlE (Office International des Epizooties), sub::;equently the hemagglutination (HA) test 

was performed. 

2.2. RNA extraction and cDNA synthesis 

RNA was extracted from 140 IJI allantoic fluid of each sample using the 

QIAmp viral RNA mini kit (CJiagen, GmbH, Germany) accordillg to the manufacturer's 

~pecifications . cDNAs were synthesized at 3rC for 2 hours Iising the M-MLV reverse­

trancription system (Prornega, Madiso'1, WI) com prising 200 units of M-MLV reverse 

transcriptase, 5 IJI of 5X M-MLV reaction buffer, 5 IJI of 10mM dNTP, 25 uni ts of RNasin® 

ribonuclease Inhibitor, 1 IJM of universal primer (Uni12 primer 5'-AGCAAAAGCAGG <~') 

as described by Hoffma:ln 9t al (2001). Twelve IJI of RNA were heated to 70°C for 5 min, 

then COOl3d on i~e and nllclease-free water NoS add8d to ::) finai volume uf 25 jJl. 

2.3. rull length PCR amplification of HA and NA 

HA positive samples were confirmed by PCR using j:ril11ers specific for 

the Matrix (M) gene as described E;lsewhere (Payungporn et aI. , 2004). S'Jbsequently, 

full length HA and NA genes were amplified using the forward and reverse r rim oros 

published by Hoffmann et al (2001) with modifications. The HA gene was amplified 

using 0.5 IJM of HAF5': 5'-CAGGGAGCAAAAGCAGGGG-3' and 0.5 IJM of HAR3' : 5'­

CCAGTAGAAACAAGGGTGTTTT-3', the NA gene was amplified using 0.5 flM of NAF5': 

5'-CAGGGAGCAAAAGCAGGAGT-3' and 0.5 IJM of NAR3' : 5'- CCAGTAGAAAC<\AGGA 

GTTTTTT-3' with 10 IJI of 2.5X Fppendorf MasterMix (Eppendorf, Hamburg, Germany), 2 

IJI of cDNA and nuclease-free water to a final volume of 25 IJI. The amplification reaction 

was performed in i:l thermocycler (Eppendorf, Hamburg, Germany) under the following 
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conditions: Denaturation at 94°C for 3 min . foll owed by 40 amplification cycles 

consisting of denaturation at 94°C for 30 sec, primer annealing at 55°C for 30 sec, and 

extension at 72°C for 2 min, ard concluded by a final extension step at 72°C for 7 min. 

2.4. Sequencing and phylogenetic analysis 

The resulting amplicons were analyzed by 2% agarose gel 

electrophoresis and purified with the Perfectprep Gel Cleanup Kit (Eppendorf, Hamburg, 

Germany). DNA sequencing was carried out using the Big Dye Terminator V.3.0 Cycle 

Sequencing Ready Reaction kit (A81, Foster City, CA) together with the respective inner 

primer which was designed de novo to ascertain specificity for each sequence (Primers 

are available upon request) . Subsequently, any unincorporated labeled ddNTPs were 

removed by ethdnol prec:pitation. The reactions were resolved on an AB I-Prism 310 

Genetic Analyzer (Perkin Elmer, Norwall<, CT), seq' IClnces were edited by Chromas Lite 

version 2.01 (Technelysium Pty Ltd, Australia) , SeqMan program (DNASTAR, Madison , 

WI) and the Bioedit Sequence ,Alignment Editor V.7 .0.5.3 (Hall, 1999). Finally, 

sequences were aligned using Clus[alX (Thompson et aI., 1997). Phylogenetic trees 

were constructed based on continuous nucleotide sequence alignment a:ld genetic 

dis~ar.:::es WfCre ..; al cula~ed applying Kirr.ur8's : .'10 param3ter mcthcd USi"'lg MfGA3.1 

(KL'mar et aI., 2004), and applieci to construct neighbour-joining (NJ) trees. Confidence 

values for the tree topologies were evaluated by bootstrap anal/ sis of 10JO pseudo­

replicate datasets. 

3. Results 

3.1. SIV subtype and BLAST analysis 

Clinical swine samples WE; re collected from the central par: - Saraburi , 

Nakhon Path om and Ratchaburi provinces - and the east - Chachoengsao and Chon 

Suri provinces - of Thailand . In total, 12 extracted RNA samples were sent :0 the Center 

of Excellence in Clinical Virology, Chulalongkorn University, Bangkok, Thailand. In Aach 

sample, the hemagglutinin (HA) and neuraminidase (NA) genes were amplified and 

sequenced . SIV subtypes werp. analyzed using the BLAST (Basic Local Alignment 
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Search Tool) program available at http://www.ncbi.nlm.nih .gov/blasV. Three SIV 

subtypes, H 1 N 1, H 1 N2 and H3N2 were identified and their respective distribution in 

each area is shown in Figure 14. Strain name and subtype of each virus, accession 

number, year and homology analysis performed on the HA and NA genes are depicted 

in table 8. 

3.2. H 1 N 1 swine influenza virus 

Four of 12 SIV isolates were characterized as H 1 N 1 subtype. 

Phylogenetic analysis of the HA and NA genes of SIV Hi N1 from Thailand in comparison 

with other nucleotide sequences is shown in Figure 15 and 16, respectively. The HA 

sequences of 4 strains, AlSwine/Chachoengsao/NIAH587/2005 (NIAH587), AlSwinel 

Chonburi/NIAH589/2005 (NIAH58~), AlSwineiCnoilburi/05CB1/20U5 (05CB1) and 

AlSwine/Chonburi/06C82/2006 (06CB2), isolated frolT' Thailand clustered with the 

classic::!1 SIV sequences determined for the American and Asian SIV along with the 

swine-like human influenza virus strain AlThailand/271/05(H 1 N1) (Komadina et aI., 

2007) . In contrast, the NA gene sequences of SIV H 1 N 1 isolated from Thailand clustered 

with the avian-like SIV from Europe. The HA genes of all 4 isolates showed the highest 

homoloGY to AJThaiI8nd/271/C5(H1N1). However, Lhe N.4. genes of t\:IAH587 ':lnd 

NIAH589 V'.''?re distinctiy homologous to AlSwine/England/195852/92(H1 N 1) whereas the 

~JA genes of 05CB1 anc 06C82 showed pronounced ~omology to 

AlThaiiand/27 1 105(H 1 N 1;. 



Table 8 BLAST subtype ard homolcgy analysis of the HA ::lnd NA genes of 12 swine influenza viruses in Thailand 

Accession number Hemagglutinin (HA) gene Neuraminidase (NA) gene 

Virus strains Subtype Province Year Nudeotide Nudeotide 
HA NA Virus with highest homology 0/0 a Virus with h 'ghesl hom()logy "10' 

analyzed analyzed 

AlSwine/Chonbun/NIAII5il'lIOS 111N1 Chon Bun 200S CU296599 W296600 AlThaiiand/271 /05( 1 11 N1) 1-1032 95 AlSwine/England/195852/92(H 1 N1) 22-1381 93 

AlSwine/Chachoeng! lo/NIAH587105 H1N1 Chachoengsao 2005 EU296601 EU296602 AlThaiiandl271/0S(H 1 N 1) 1-1032 95 AlSwine/England/195852/92(H1 N 1) 22-1381 93 

AlSwine/Chonburil05CB 1/05 IIoN1 Chon Buri 2005 EU296603 EU296604 AlTha"and/271/05(H 1 N 1 ) 1-1032 97 AlThailand/271/05(H1 N1) 22-1381 97 

AlSwine/Chonburil06CB2106 H1N 1 Chon Buri 2006 EU296605 EU2966J6 AlThailand/271/05(H 1 N1) 1-1032 97 AlThailand/271/05(H1 N1) 22-1381 97 

AlSwi , ~/SaraburiINIAH13021IOS 111N2 Saraburi 2005 EU29E607 EU296608 All nailandl271105(111 N1) 46-1032 94 AlsWlnelUK/119404/91(H3N2) 23-1382 92 

AlSwine/Chachoengsao/N!AH-Nongwal03 H3N2 Chachoengsao 2003 EU296609 EU296610 ,Vswlne/ltaly/729188(H3N2) 49-1032 89 Alswine/Gentl1/84(H3N'2) 34-1380 92 

AlSwine/Chachoengsao/NIAH586/05 H3N2 Chachoengsac 2005 LU296611 EU296612 I JBilthovenl2600f75(H3N2) 49-1032 88 AlAJbanyI20/74(H3N2) 34-1380 93 

A/Swine/Nakhon pathom/NIAH586-1 /05 H~N2 Nakhon pathom 200" EU296613 EU296614 I.JB,lthovenl2600175(H3N2) 49-10~2 89 AlAJbany/20174(H3N2) 34-1377 89 

AlSwine/Nakhon pathom/NIAIIS86-21OS I t:lN2 Nakhon pathom 200S ELJ296615 ELJ296615 AIOllthoven/2600/75(113N2) 49-1032 89 AlVictort;: /4/72(II3N2) 34 -1377 90 

AlSwlne/Ratchal1"roINIAII1l74/1l:, IUN2 Ra tchal1,Jr1 21l1l!) r::LJ2'lL(; 11 ClJ2%(;1B ,vCaracnsI422197(1 1:IN2) 49-1032 96 AlChnstchLJrchl1/96(113N2) 34-1380 96 

AlSwine/Ratchaburi/NIAH9426105 InN2 Ratchabun 2005 ELJ29ti619 EU296620 AlCaracas/422197(113N2) 49-10:;2 96 AlChris tCl)urchl1195(1-I3N2) 34-1380 95 

AlSwine/Chonbun/05CB2/05 IUN2 Chon Bun 2005 EU296621 EU296622 AlBilthovenl260 ,: 15(113N2) 49-1032 89 AlAlbanyI20/74(H3N2) 34-1377 89 

Perren! homology of tH ~mn9011ll inin 
, \ 

<l nn neuram inidase 
II 

gene of swine Influenza viruses in Thailand from BLAST analysis 
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Figure 14 Map of Thailand highlighting fivA provinces, Saraburi, Nakhon Pathom and 

Ratchaburi provinc E.: :n t!le center and Chachoengsao and Chon Buri province in the 

east where swine infllienza viruses were isolated. 

3.3. H 1 N2 sw!ne ir.fh.!enza vi~us 

SIV H1 N2 was ini tially isolated in Europe and North America in 1994 and 

1998, respectively (v8n Reeth, 2007) . SIV ~1 N2 isol2~ed in this s:udy has for the first 

time been reported in Thailand for the A/Swi ne/Saraburi/NIAH13021 /2005 :;-..JIAH13021) 

strain in Th2i1and. Phylogenetic analysis performed on the HA and NA genes of SIV 

H1 N2 comparing betwE:en the Thai isolate and other SIV H1 N2 subtvo9~ is shewn in 

Figures 17 and 1R, respectively . The H1N2 HA sequence o f the NIAH13021 st,'ain 

clustered wi th the American and Asian SIV H1 N2 whereas the NA sequence of the same 

strain clustered with the Europe2n SIV group. The HA gene 01 the NIAH 1302 -; is'.Jla te 

was predominantly homologous to the human isolate A/Thailand/271 /05(H 1 N 1) vv' llel'eas 

the NA gene showed pronounced homology to SIV A/swine/UKl119404/91 (H3N2). In 

addition, comparisons between H1;-..J2 and H1 of H1N1 as well as N2 of H3N2 are shown 

in Figures 15 and 20, respectively. The H1N2 HA of NIAH13021 clustered with SIV H1N1 
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isolated from Thailand and also with NThailand/271/05(H1N1). The H1N2 NA of 

NIAH 13021 clustered with 4 SIV H3N2 isoiates from Thailand. 

3.4. H3N2 swine influenza virus 

Seven of the 12 SIV isolates cisplayed the H3N2 subtype. Phylogenetic 

analysis performed on the HA and NA genes of SIV H3N2 from Thailand in comparison 

with other nucleotide sequences is shown in Figures 19 and 20. The phylogram of HA 

and NA shows that two H3N2 isolates. NSwine/Ratchaburi/NIAH874/2005 (NIAH874) 

and NSwine/Ratchaburi/NIAH9426/2005 (NIAH9426). cluster with the American and 

Asian SIV and that their HA genes are predominantly homologous to 

NCaracas/422/97(H3N? ) whereas their NA genes are more profoundly homologous to 

NChris~church/1 196(H3N~) . une sar:1ple. NSwine/Chachoengsao/N iAH-Ncllgwa/2003 

(Nongwa). was grouped with the European SIV for both HA and NA and showed the 

highE;st ilomology to Nswine/ltaly/729/88 for HA and Nswine/Gent/1/84 for NA. As for 

the remaining 4 samples. NSwine/C~achoengsao/NIAH586/2005 (NIAH586). 

NSwine/Nakhon pathom/N IAH58G-1 12005 (N IAH 586-1). NSwine/Nakhon 

pathom/NIAH586-~/2005 (NIAH586-2) and NSwine/Chonburi/05CB2/2005 (05CB2). the 

HA genes were grouped 'vi t1 H3N2 h~ma:1 inf!u€nza vir~s f. orr, thE. 1970s wherbas the 

NA genes clustered on a separate branch of European SIV although they displayed the 

highest homology for both HA and NA to H3N2 human influenza virus from thp 1970s. 

3.5. Receptor-binding and antigenic sites analysis 

Hemagglutinin (HA) constitu tes the receptor-binding site and the target 

for neutralizing antibodies. Term inal sialic acid (SA) residues of glycoproteins and 

glycolipids represent the cellular receptors for influenza A virus . Alignments of the HA 1 

amino acids of H1 and H3 SIV isolates are shown in Figures 21A and B. Five conserved 

amino acid residues, Tyr(Y)-98, Ser(S)-1 36 , Trp(W)-153, His(H)-183 and Tyr(Y)-195 

(numbering according to H3 structure) at the hemagglutinin receptor binding site of H1 

and H3 SIV which have been described by Skehel and Wiley (2000) are highlighted. 
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In contrast to the previous report (Skehel and Wiley, 2000) one amino acid residue at 

position 136 of the SIV H1 isolates was Thr (T) instead of Ser (S). Nevertheless, SIV H3 

isolates were conserved . With H 1, SA binding was specific to the NeuAca2,6Gailinkage 

due to amino acids Asp(D)-190 and Asp(D)-225 although the SIV H1 isolates had Gly(G) 

instead of 0 at position 225. As for H3, amino acids lIe(I)-226 and Ser(S)-228 were 

specific to the NeuAca2,6Gai linkage but the SIV H3 isolates had lIe(l) or Leu(L) at 

amino acid position 226. The antiaenic sites of the H1 and H3 isolates were related to 

the sites already defined in a previous study of HA 1 (Caton et 01., 1982; Wiley et aI., 

1981). As for H1, antibodies are dir2cted to each of the two strain-specific (Sa and Sb) 

and common antigenic sites (Ca and Cb) of the virus hemagglutinin (Caton et aI. , 1982). 

Upon cC!l1parison between the various SIV isolates, we detected several differE:l t amino 

"lcids at [he H 1 flA 1 antigenic $ites (Figure 21 A). As for H3 and its antigenic sites A - E 

described by Wiley et al. (1981), several distinCt amino acids were found at each 

dislinctive antigenic site (Figure 21 B). 
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FigClre 15 PhyloQrams of the hemagglutinin {H.A.} 1 region of the HA gene of SIV H 1 N 1 

isolates from Thailand with nucleotide sequences determined for each subtype of avian, 

human and swine influenza virus from several areas. The tree was created by Neigh~or-

Joining method and bootstrapped with 1,000 replicates. The bootstrap numbers are 

given for each node. Only bootstrap values above 80 are shown. 
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Figure 16 Phylograms of the NA gene of SIV H 1 N 1 isolates from Thai land with 

nucleotide sequences determined for each subtype of avian, human and swine 

; nflue~za virus from several areas. The tree was created by Neighbor-Joi ring method 

:3lld bootstrapped with 1,000 replicates. The bootstrap numbers are g iven for each 

node. Only bootstrap values above 80 are shown. 



H1N2 HA 

0 .05 

100 

91 

99 

A/sw/Korea/S14/06 

A/S\"I /KanSlls/OO246/04 

A/s'.', /Kon=~/S 5/05 

A/sw/Guangxi/13/06 
A/m /Korea /CY02/02 

A/sw/T'linnesota/55551/00 

A/duck/llC/91347/01 

A/sVi/Zhejia n9/1/04 

A/5w/Hainan/l/05 
'----- A/Ph ilippines/344/04 

'----- A/swfTaiwan/C0935/04 

A/sYl/NagaSllki/l/90 
'----- A/sw/t'liyag ,/5/03 

'------- A/sw/Saraburi/NIAH13021/0S 

American, 
Asian SIV 

~
7 A/Eg),pt/34fOl 

A/Ne", York/209/03 
A/England/627 /01 

100 A/lndi~/77251/01 

AfY,., ko h' 'l1a /22/0 2. 

Human 

LOO 

- A/S ,ngafJore/63/01 

A/S'N IEngla nd/4 38207/94 
A/sw/England/7268S/96 

A/m/Scotland/410440/94 

~
A/S\"'/Gent/10S/01 

A/s'.'!{ItlJl)','lG81/00 

97 A/sw/Cote.;'d Armor/SOO/OO 
A/.'.': IEngla nd /6904 21/95 

A/sw{lta ly /1521/98 

European SIV 

101l A/mallard/lIe,', York/170/32 Avia n 
~-------- A/s'.'I /1tiJly /2064/99 I 

97 '------ A/rnurre/Alas~a/175/76 

79 

Figure 17 Phylograms of the hemagglutinin (HP.) 1 region of the HA gene of SIV ~ 1 N7 

isolates from Thailand with nucleotide sequences determinE:d for each subtype of avian. 

human and swine influenza virus from several areas, The tree was cre;:jted by Neighbor-

J'Jining method and bootstrapped with 1,000 replicates, The bootstrap numbers are 

given for each node, Only oootstrap values above 80 are shown, 
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Figure 18 Phylograms of the NA gene of H 1 N2 isolates from Thailand with nuc leotide 

sequences determined for each subtype of avian, human and swine influenza virus from 

several areas. The tree was created by Neighbor-Joining method and bootstrapped with 

1,000 replicates. The bootstrap numbers are given for each node. Only bootstrap values 

above 50 are shown. 
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F :gll f a 19 Phylograms of the hemagglutinin (HA) 1 region of the HA gene of SIV H3N2 

iSuiales from Thailand with nucleotide sequences determined for each sub:ype of avian, 

human and swine influenza virus from several areas. The tree was created by Neighbor-

Joining method and bootstrapped with 1,000 replicates_ The bootstrap numbers are 

given for each node. Only bootstrap values above 80 are shown. 
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Figure 20 Phylograms of the NA gene of SIV H3N2 isolates from Thailand wi th 

nucleotide sequences determined for each subtype of avian , humcHI and swine 

influenza virus from several areas_ The tree was created by Neighbor-Joining method 

and bootstrapped with 1,000 replicates. The ~ootstrap numbers are given for each 

node. Only bootstrap values above 80 are shown. 
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Figure 21 Amino acid COMparison at the HAl domains of SIV H 1 (A) and H3 (B) isolates. 

Dots represen t amino ac ids similar to the consensus. The conserved amino acid 

residues at the recep1nr-b inding site are shovm as small rectangles. T; )e HA control 

binding to alterna tive forMS and linkages of sia li c ac id is underlined. The amino acid 

residues mapped at previously defined antigen ic sites are shown as follows: site Sa (0), 

site Sb (+) , site Ca (A). and site Cb (e) for H1 and sites A-E are shown as large 

rectangles for H3. 
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4. Discussion 

Pigs are believed to play a vital role in interspecies transmission of influenza, 

since they harbor receptors to both avian and human influenza virus strains. For that 

reason, pigs have been considered as a possible "mixing vessel" in which genetic 

material can be exchanged, with the potential to result in novel progeny viruses to which 

humans are ilnmunologically naive and highly susceptible (Webster et aI., 1992). Ir 

Thailand, subsequen: to previous studies on SIV subtype H3N2 in 1978 (Nerome et aI., 

1981) and on serological and antigenic relatedness of SIV subtype H1N1 in 1988 

(Kupradinun et aI., 1991) no further molecular investigation of SIV has baen reported. 

Thus, the present study represents the first attempt at molecular investigation of SIV in 

Thailand. Based on the results the SIV subtype in Thailand can actually be dividej into 3 

suttypes, H11\11, H1N2 and H3N2. SIV H1N1 can oe isolatec frum east Thailand, 

Chachoengsao and Chon Buri, and displays the highest homology of botll the HA and 

NA genes to thE; NThaiiand/271 I05(H 1 N 1) strain which constitutes the swine-like 

influenza virus recently isolated from a 4 year old male suffering from rhinorrhea, fever 

and myalgia (Komadina et aI., 2007). The phylogenetic tree of SIV H1N1 also shows the 

HA gene clustering with the classical SIV which is related to virus prevalent in the USA, 

Jape!"! and Chira 3r.d the NA gen3 clusteri:lg wi~h European SIV that ori';lini1ted from 

avian influenza virus. This finding sup~orts a pl'evious study on SIV isolated from 

humans in Thailand (Komaaina et aI., 2()07) 

SIV subtype H 1 N2 was firs t isolatpd from swine in Saraouri ~;()Vince in the 

center of Thailand. Based on 4 phylogenetic tree patterns and upon comparison with 

H1N2 for both HA anc NA, as well as with H1 of H1N1 and N2 of H3N2 the SIV H1N2 

HA gene is similar to HA of the American and Asian SIV H1 N2 whereas the NA gr::ne is 

more closely related to the European SIV. In the H 1 N 1 group, the H 1 "!2 HA isolate 

clustered with classical SIV, id~'ltical to the SIV HI N1 i SLJlat~ from Thailand "inc' also, 

AlThailand/271105(H 1 N1), a swine-like human influenza virus. The H 1 N2 NA i.3olate 

clustered with the SIV H3N2 isolate from Thailand. 

Surprisingly, the SIV sUDtype H3N2 isolates from Thailand display similarity to 

American, Asian and European SIV and also, to H3N2 human influenza virus having 
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circulated in the 1970s. Noticeably, this subtype has spread through both central and 

east Thailand. Specifically in Chachoengsao province, 2 patterns of SIV subtype H3N2 

emergpd, with both the HA and NA genes showing similarity to human influenza virus 

spreading in the 1970s and to European SIV. 

Comparison between the receptor binding site and antigenic sites of the 

hemagglutinin gene of H1 and H3 SIV, showed some aifferences between the amino 

acids at the receptor binding site of H1 SIV. Furthermore, the amino acids at the 

antigenic sites of both H 1 and H3 SIV were slightly different from the antigenic sites of 

H1 and H3 human influenza virus . But with reference to the previous report (Kupradinun 

et aI., 1991), the amino acid sequence of swine-like human influenza virus 

NThailand/271 /05(H 1 N 1) at the receptor binding site and antigenic sites was similar to 

H1 SIV isolates from 1 nailand. Hence, althouQh there are some amino acids differences 

between identic::)1 subtypes of swine and human influenza virus, swine influenza vi rus 

may potentially be transmitted to humans. However, the 7 other genes cf ~IV ougrt to be 

considered and consequently investigated in the course of any transmission experiment 

and receptor specificity test. 

1 his report draws attention to an SIV subtype v!hich has nfwer been investigated 

in Thail2nd. With ~he pr€ser.t d:ss€min3ticn Of hUrT'3n ann avian influbnL.a virus, :3Vvine 

may constitute a crucial intermediate host. In order to prevent a potential fu ture influer 7 3 

pandemic , in depth studies on SIV re-assor..ment are ~equired . Thus , it mig!!t be fea sible 

to better understand the variation continuously occurring in this virus and to monitor the 

genetic drift causing swine-like influenza virus transmission to humans. 



CHAPTER VIII 

SUMMARIZING DISCUSSION 

When there is an outbreak of disease, the first important thing to do is to study 

the etiology of that disease for prompt treatment. effective management and to 

successfull/ defend against recurrence of disease. The spread of avian influenza A 

virus subtype H5N 1 in Thailand was a good example to draw attention to research 

collaboration. The Center of Excellence in Clinical Virology is one of the laboratories that 

explored and published the data of the spread of H5N 1 influenza virus in Thailand in 

collaboration with Kasetsart University, Srinakharinwirot University, National Institute r)f 

Hygiene and Epiderr.iology, Hanoi, Vielnam and Department cf Livestock [, . :velopment, 

National Institute of Animal Health, Bangkok. This resulted in several publications, some 

of which are pan of ~his thesis . 

The studies in this thesis mainly focused on molecular analysis of influenza A 

virus strains. Unfortunately, these studies were limited by the availability of samples 3nd 

sample processing techniques. These molecular ana lyses of genetic materials of 

influenza A virus may not answer all research questions, however, they can be the hasis 

for analyzing and monitoring challges in the virus that may result in antiviral drug 

resistance or even a pandemic. 

hlucleotide and amino acid sequ::::;-:ce analysis 

The first g021 of this thesis W2: to determine the importance of specific 

nucleotide and al ,dno aC:d sequer.ces in eac~ influenza A vir..Js gene. As mentioned 

above, inf!uenza A virus is a negative :::;tr8nd RNA virus composed of 8 gene segments. 

Influenza A '/irus is divideG imo sl..Jbtypes based on antigenic differences in the surface 

olyc:o~roteills, hemagglutinin (HA) anr neurarninidase (NA). Up until now, there are 16 

HA and 9 NA subtypes (Fouchier et aI., 200"\. In this thesis, only subtypes H5N 1, H1 N 1, 

H3N2 and H1 N2 isolated from mammalian and H5N1 from avian species were analyzed . 
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In chapter III, V, VI and VII , sequences of influenza A virus strains were analyzed and 

variability of nucleotide sequences and the resulting amino acid changes were studied. 

I n chapter III, we described a virus isolated in 2005 from a fatal human case of 

H5N 1 infection. Genetic analysis showed that this virus belonged to clade 1 of HPAI 

H5N 1 viruses Circulating in Southeast Asia. HA, NA and PB2 of the virus were studied in 

more detail. The sequenre analyses of the viruses showed that the HA cleavage site 

differed from the 2004 H5N 1 influenza virus by an arginine to lysine substitution at 

position 341 . Besides, a 20-amino acid deletion at the NA stalk region was observed 

ar.d the amino acid residues (E119, H274, R292, and N294) of the NA active site were 

conserved, which suggests that the virus was sensitive to oseltamivir. In addition, a 

single amino acid substitution from glutamic acid to lysine at posi tion 627 of PB2 

showed ir.cre3scld ',' lrLJ.3 replicatior, efficiency in m8mmals ::::ihtnya ot aI. , 2G04). 

In chap~er V, we described HPAI H5N1 viruses isolated in different regions in 

Thailc:.nd ;n 2006. Genetic C\nalysis showed tha t the viruses isolated from Phichit 

be:onged to genotype Z, whereas virus isolated from Nakhon Phanom belonged to 

genotype V, which differs from genotype Z in the PA gene . Futherm'Jre. :hey were also 

different in clade based on sequence analysis of the HA gene. The \I;ruses isolated from 

Phichit beionged to clade 1, while v;rus isolated from N8khon Phanom belonged to 

clade 2. These findings are important because viruses from different clades differ in 

antiviral drug resistance and because t~ey can indicate the origin of the fo~ rth wave of 

H5N 1 outbreaks in Thailand. I n addition, this finding raises concem for development of 

new candidate influenza (H::lN 1) vaccine strains which have high potenIial for cross 

protection. 

In chapter VI, we showed that two subtypes of influenza A vir-.: s. ri1N1 and 

H3N2, alternatively infected pediatric patients throughout the year. From :hese isolatl'!s, 

tt· e v8riations due to amino acid Substitutions at the recc;J tor-b i, ,ding ~. :E. :he antigenic 

site including the potential N-linked glycosylation site of riA were discovered , which is of 

interest for developing suitable vaccine strains. Besides, the catalytic and framework 

sites of NA in both H 1 N 1 and H3N2 sut, ~yues of 20 influenza A virus isolates from 

Thailard were revealed. 
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In chapter VII, the first attempt at molecular investigation of swine influenza 

virus (SIV) in Thailand is described. Three subtypes, H1 N1, H1 N2 and H3N2 were 

detected. SIV Qf subtype H 1 N 1 displayed the highest homology of both HA and NA 

genes to the swine-like human influenza virus, NThailar.j/271/05(H1 N1), which was 

isolated from a 4-year-old boy. For the H1 N2 SIV, HA and NA gene slustered with SIV 

H 1 N 1 and SIV H3N2 i30late from Thailand, respectively. The SIV subtype H3N2 isolates, 

both HA and NA, displayed similarity to /\merican, Asian and European SIV and also, to 

H3N2 human influenz2 virus having circulated in the 1970s. Surveillance and genetic 

characterization of SIV circulation is important because upon transmission to humans it 

may cause severe infections (Rimmelzwaan et aI., 2001; Komadina et aI., 2007). 

Besides using molecular techniques lor epidemiological analysis of circulati,lg 

strgins, it can ;]Iso fJe used to study rnore specific virus charactuistics. For instance, we 

can predict; the receptor binding specificity from ~he specific amino acids in tho HA 

gene. -I his is irnpc ~a;lt bec8use avian viruses use u-2,3 - linked sialic acids as a 

receptor v.'hereas human viruses bind to u-2,6 - linked sialic acids (Ito and Kawaoka, 

2000) . Changes in receptor specificity of avian viruses that increase binding to u-2,6 -

linked sialic acids may thus indicate increased risk oi transmission to anc betwee:l 

humans. Moreover. we can predict the susceptibility to antiviral rlrugs such as 

oseltamivir from the amino acid changes in the ;-.JA gel Ie or amantadine in matrix (M) 

gene which is important for treatment of patients. The efficiency of viral replication in 

mammals may be increased by a single amino acid substitution from glutamic acid to 

lysine at position 627 of PB2 (Subbarao et aI., 1993; Massin et aI., 2001; Shinya et aI., 

20U4; Mase et aI., 2006) . Finally, the sensitivIty to treatment with interferon and tumor 

necrosis factor-alpha can be predicted from amino acid ESEV residues in the C-terminal 

and Asp92 of non-structural (NS) gene (Krug 2006). 

Presence of live virus in plasma 

The presence of live H5N1 influenza A virus in plasma is unusual (Naficy, 1963; 

Lehmann and Gust, 1971). However, in chapter III it was shown that H5N1 virus could 

be isolated f: ':" ::l plasma of an infected patient on day 10 after symptoms developed 
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which raiseds concern about transmission among hLJmans . Because viable virus has 

been detected in blood samples, handling , transportation, and testing of blood samples 

should be performed in a biosafety (category III) containment laboratory to prevent the 

spread of the virus to healthcare and laboratory workers . Moreover, it would be 

interesting to study why this strain caused systemic disease. 

Applied molecular technique 

The second goal of this thesis was to distinguish drug-resistant from wild type 

H5N 1 influenza A viruses rapidly . There are several molecular r.lethods for 

discriminating wild type from drug-resistant viruses by cell culture based assays or 

clonin,9 and sequencing , however, they are time consuming. Since ')seltamivir rema ins 

the primar I recomme,ldpd antivi,-al treat:nent, ooserva~ioral data on treatment with 

oseltamivir in the early stages of the disease suggest its usefulness in redu cing H5N1 

influer.zi1 A virus infecti,:m-associated mortali ty . Since it is important to start antiv iral druy 

treatment as early as possible in order for the treatment to be effective, thus, a fast 

method to detect osel tamivir-resistant viruses was developed. Accordingly, real-time 

PCR was choser, and probes were designed in chapter IV. The problem of design ing 

prohes for H5i J 1 influenza A virus was its' sequence variabi!ity. hence. :re shortest and 

most specific probes had to be desi8ned. In this thesis, minor groove binding wi th 

degenerated nucleotide probes are described th8t had both high specifici ty and 

sensitivity. It was demonstrated that, using only 2 probes, dr"CJ-resistan: viruses can be 

distinguished from a mixtu re of wild type and resistant-viruses with an efficiency as high 

as those ar:hieved by c loning into d vector and subsequent sequenr. ing. Thus, the real­

time PCR assay described in this thesis had equa l efficiency to other assays but can be 

performed within hours of obtaining the virus isolate. 

Future perspectives 

The data presented in this thesis can be used as the basis for L.Jture research . 

First, the rapid osel lomivir resistance assays could be developed for the resistance N2 

influenza A viruses. rlowever, this might be complicated by the fact that there Clre 



90 

several resistanc8 mutations in N2 gene. Second, genetic characterization of 

circulating strains is important to monitor changes that require updating probes or 

changes other than the H274Y substitution that lead to oseltamivir resistance. Third , it 

may be possible to develop similar tests to determine resistance to other antiviral drugs 

such as the adamalltane drug group, zanamivir and peramivir. Fourth, it would be 

beneficial to combine molecular characteriza:ion of riA ar,d NA described in this thesis 

with antigenic characterization of strains to study vaccine efficacy. 

Fifth, the surveillance of swine inf:~enza virus should be maintained because 

pigs are thought to play an important role in interspecies transmission of influenza A 

virus. Pigs have receptors to both avian and human influenza A viruses , therefore they 

have been considered a possible "mixing vessel " in which genetic material can be 

exchangaG. This could potentially r3sult In r,J,, 'el Pi ogeny viruses [0 which hLJma1s are 

immunologically naive and highly susceptible. 

Sixth, surveillance for presence of influenza A virL..s in children s;,ould be 

upgraded to inclulie other hospitals thereby increasing samplo size. Also, it would be 

:ntoresting to include clinical specirr.ens from adults because the immunological 

response and viral exposure in adults might be different from that of chilciren. Finally, the 

HtlN 1 influenza A virus surveillance in Thailand should be ~oflti"ued, since this virus is 

highly pathogenic strain, Monitoring the variation in these strains can predict the 

fundamental characteristic of th8 H5N 1 influenza vir -.JS and may be important for var:cine 

development. 

In conclusion, the data described in this :hesis are important for developing 

luboratory diagnostic techniques on human and animal health, for studyillg in inter­

species transmission and may lead to vaccine development for both humans and 

clnim;)ls . 
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