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Avian influenza (AI) subtype H5N1 is one of the major threats to the poultry industry 

with significant human health implication worldwide. It still remains the most feared 

poultry disease in recent times. In the last 46 years, over 26 outbreaks of H5N1 had been 

documented worldwide. This rapidly evolving pathogen of both veterinary and human 

health first emerged in 1996 from apparently healthy ducks in Southern China. It spread 

to over 60 countries in Eurasia, over 500 million poultry were culled, 505 human cases 

were recorded with over 300 mortality. It is a highly contagious viral disease in poultry 

with 100% morbidity and mortality in susceptible birds. This disease known as highly 

pathogenic avian influenza (HPAI), is listed as a notifiable disease by the Office 

International Des Epizootes (OIE) under List A disease. All HPAI viruses were 

considered to be of H5 or H7 haemagglutinin subtype.  
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In order to isolate, amplify, clone and express H5, N1 and NS gene of AIV virus 

subtype H5NI, Pichia pastoris expression system was used. They were successfully 

cloned and expressed in the methylotrophic yeast Pichia pastoris. The haemagglutinin 

(H5HA) and nonstructural protein (NS1NS) recombinant proteins were generated using 

sticky ends ligation insertion of these genes into the multiple cloning sites of pPICZA 

and pPICZαA expression vectors, respectively. The inserted genes were confirmed by 

restriction enzymes analysis, polymerase chain reaction (PCR) and deoxyribonucleic 

acid DNA sequencing analysis. The recombinant plasmid construct were appropriately 

linearized and integrated into the chromosomal genome locus of Pichia pastoris by 

transformation through single cross over phenomena by electroporation. 

 

Transformation efficiency were observed to be enhanced significantly (P<0.05) with 

more than 100 folds after pretreatment of Pichia pastoris competent cells with 0.1M 

Lithium acetate (LiAc) and 10mM Dithiothreitol (DTT). Other factors involved include 

concentration of linearized plasmid DNA, cell biomass density, cell growth phase and 

restriction enzymes used for the digestion of the plasmid. All these put together, 

significantly (P<0.05) enhances the transformation efficiency by electroporation using 

1.5 Kv, 2.5 µF and 200 Ώ with over a 100 fold difference with a minimum of 2.5 x 10
5
 

transformants/µg of DNA. 

The recombinant H5 and NS1 proteins were expressed in methylotrophic yeast Pichia 

pastoris using shake flask high cell density fermentation as intracellular protein via 

pPICZA and as secretory protein via pPICZαA respectively. An optimum condition of 

2.0% periodic methanol induction of 120 hrs and 216 hrs post induction time using 
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complex media composition (YPTG/YPTM). An appropriate depression/repression 

switching of glycerol to methanol enriched complex media for the H5 and NS1 

respectively, under the temperature of 25
0
C at 250 rpm for ten successive days with 

80% aeration at a pH 8.0 were observed to be optimal expression conditions. 

 

The in vitro expressions of the fusion protein were confirmed by the sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis.  

These analysis detected a molecular weight of full-length H5HA and NS1NS 

approximately ~ 88kDa and ~ 28kDa, respectively. There was a clear difference 

between the first 72 hrs and the subsequent hours post induction in H5HA expression 

dynamics while in respect of NS1NS the expression was evident at the 8
th

 day post 

induction until the 10
th

 day. In addition there was significant increase (P<0.05) in the 

growth of cell biomass density at repression/depression stage when simple minimum 

media and complex media were compared. 

 

The study also revealed that the expressed recombinant protein was considered suitable 

as a potential diagnostic antigen for serological assay. In an in vitro diagnostic assay the 

recombinant protein expressed was applied as a coating antigen in an in-house 

developed preliminary ELISA assay for detection of avian influenza subtype H5N1, 

NS1 specific antibody. The results of the experiment showed that the known standard 

positive polyclonal sera (Abcam®, USA) reacted specifically with the purified 

recombinant NS1 protein as a coating antigen, thus, further confirming that the 

recombinant protein has properly folded and its antigenicity is maintained. Besides, it 
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was also shown that the recombinant protein and the antibody are specific and 

homologous. When positive cell lysate and negative cell lysate based ELISA results 

were compared, more than three-fold difference was observed, which further reaffirmed 

the specificity and homologous nature of the recombinant protein. In addition 

preliminary ELISA assay based on the commercial antibody against the recombinant 

protein has showed a good correlation with an R
2
 value= 0.972. 

  

In summary, the current study has produced a recombinant H5 and NS1 recombinant 

protein in an in vitro, expression using single cell eukaryotic Pichia pastoris expression. 

This recombinant protein has demonstrated potential diagnostic values for avian 

influenza virus subtype H5N1: NS1 detection and identification. Recombinant plasmid 

transformation method has been remarkably enhanced via thiol compound pretreatment 

prior to electroporation. These new recombinant DNA technology could offer a niche 

for more efficient, safe, cheap and easy ways of generating in vitro diagnostic antigen as 

against the old traditional and cumbersome method of using whole viral particles 

antigens. Further investigation, understanding and application of this DNA technology 

could open up another niche into diagnostics and subunit vectored vaccine using Pichia 

pastoris in an effort to control the scourge of rapidly evolving epidemic of avian 

influenza. 
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Subtip virus influenza unggas (AI) H5N1 adalah salah satu ancaman besar bagi industri 

unggas dengan implikasi kesihatan yang signifikan pada manusia di seluruh dunia. Ianya 

masih kekal penyakit unggas paling ditakuti pada masa sekarang. Dalam 50 tahun 

kebelakangan ini lebih dari 31 wabak H5N1 telah didokumentasikan diseluruh dunia. 

Patogen ini yang berkembang pesat dari segi kesihatan haiwan dan manusia, pertama 

kali muncul pada tahun 1996 dari itik yang kelihatan sihat di selatan China . Ianya 

tersebar ke lebih dari pada 60 negara di Eurasia, lebih dari 500 juta unggas 

dimusnahkan, 505 kes manusia dilaporkan dengan lebih daripada 300 kematian. Ini 

adalah penyakit virus yang sangat menular pada unggas dengan morbiditi 100% dan 

kematian pada unggas yang tiada imuniti. Penyakit ini, highly pathogenic avian 

influenza (HPAI) disenaraikan sebagai penyakit yang mesti dilaporkan oleh Pejabat 

Antarabangsa Dis Epizootes (OIE) di bawah penyakit senarai A. Semua virus HPAI 

dianggap H5 atau H7 subtip hemaglutinin. 
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Dalam rangka untuk mengasingkan, memperbanyakkan, pengklonan dan 

mengungkapkan, gen H5, N1 dan NS virus subtip H5NI AIV, ekspresi Pichia pastoris 

digunakan dalam kajian ini. Gen berkenaan berjaya diklon dan diekspres dalam 

methylotrophic yis Pichia pastoris. Hemaglutinin (H5HA) dan struktur protein 

rekombinan (NS1NS) dihasilkan, dengan menggunakan hujung melekat penyisipan 

ligasi gen ini ke dalam kawasan pengklonan beberapa pPICZA dan vektor ekspresi 

pPICZαA masing-masing. Gen yang dimasukkan disahkan dengan analisis restriksi 

enzim, polimerase rangkaian bereaksi (PCR) dan asid deoksiribonukleik analisis DNA 

penjujukan. Mengambil kira semua analisis di atas, ianya mengesahkan klon yang 

berturutan gen putatif dalam rangka dengan vektor ekspresi dan menghasilkan BLASTN 

homologi 98-100% dengan InfluenzaA/Ayam/Malaysia/5858/2004/H5N1. 

Konstruk plasmid rekombinan dilinierisasi dan diintegrasi sewajarnya ke dalam genom 

lokus kromosom dari Pichia pastoris dengan transformasi melalui fenomena silang 

tunggal  dengan elektroporasi. Kecekapan transformasi  dilihat dapat ditingkatkan secara 

signifikan (P<0.05) dengan lebih daripada 100 ganda selepas pre-rawatan Pichia 

pastoris sel kompeten dengan Lithium asetik 0.1 M (LiAc) dan 10mm Dithiothreoid 

(DTT). Faktor lain yang terlibat termasuk konsentrasi DNA plasmid linearized, sel 

kepadatan biojisim, sel fasa pertumbuhan dan sekatan enzim digunakan untuk 

pencernaan plasmid, ianya adalah signifikan (P<0.05) dalam konbinasi semua factor ini 

meningkatkan kecekapan transformasi dengan elektroporasi menggunakan 1.5 Kv, 2.5 

μF dan 200 Ώ, dengan lebih daripada perbezaan 100 kali ganda dengan minimum 

sebanyak 2.5x10
5
transforman/µgDNA. 
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Rekombinan H5 dan NS1 protein diekspres dalam yis methylotrophic Pichia pastoris 

menggunakan shake flask fermentasi sel kerapatan tinggi sebagai protein intraselula 

melalui pPICZA dan sebagai protein sekresi melalui pPICZαA masing-masing. Keadaan 

optimum 2.0% induksi metanol berkala 120 jam dan 216 jam waktu pasca induksi 

menggunakan komposisi kompleks media (YPTG / YPTM) dengan kemelesetan yang 

sesuai / penindasan beralih dari gliserol ke media kompleks banyak metanol untuk H5 

dan NS1 masing-masing, di bawah suhu 25
0
C pada 250 rpm selama sepuluh hari 

berturut-turut dengan aerasi 80% pada pH 8.0, diamati sebagai ekspresi keadaan yang 

optimum. 

 

Dalam ekspresi in vitro protein gabungan disahkan dengan natrium sulfat dodecyl 

elektroforesis gel akrilamida poli (SDS-PAGE) dan analisis Western blot. Analisis 

seperti ini mengesan berat molekul panjang penuh H5HA dan NS1NS sekitar ~ 88kDa  

dan ~ 28kDa masing-masing. Ada perbezaan yang jelas antara 72 jam pertama dan jam 

berikutnya pasca induksi dalam dinamik ekspresi H5HA, sementara berhubung NS1NS 

ekspresi tampak jelas di pasca induksi hari ke-8 hingga hari ke-10. Selain itu terjadi 

peningkatan yang signifikan (P<0.05) dalam pertumbuhan kepadatan sel biojisim pada 

penindasan / tahap kemelesetan ketika minimum media sederhana dan media kompleks 

dibandingkan.  

Kajian ini juga mendedahkan bahawa protein rekombinan yang diekspres dianggap 

sesuai sebagai antigen diagnostik berpotensi untuk ujian serologi. Dalam esei diagnostik 

in vitro protein rekombinan yang diekspres digunakan sebagai antigen pelapis dalam 

esei ELISA awal yang dibangunkan secara dalaman, untuk mengesan subtip flu burung 
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H5N1 NS1 antibodi spesifik. Keputusan kajian menunjukkan bahawa sera positif 

standard khas bertindak balas secara spesifik dengan protein NS1 rekombinan tulen 

sebagai antigen pelapis, dengan demikian, seterusnya mengesahkan bahawa protein 

rekombinan telah benar dilipat dan antigenisitinya adalah kekal. Selain itu juga ia 

menunjukkan bahawa protein rekombinan dan antibodi adalah spesifik dan homologi. 

Berdasarkan hasil keputusan ELISA, apabila sel lisat positif dan sel lisat negatif 

dibandingkan, lebih daripada tiga perbezaan didapati, yang selanjutnya mengesahkan 

sifat spesifik dan homologi protein rekombinan. Di samping itu, berdasarkan esei awal 

ELISA antibodi komersial terhadap protein rekombinan telah menunjukkan korelasi 

yang baik dengan nilai R2 = 0.972. 

Sebagai rumusan, kajian ini telah menghasilkan H5 dan NS1 protein rekombinan dalam 

ekspresi in vitro, dengan menggunakan sel tunggal eukariotik Pichia pastoris. 

Rekombinan protein ini telah menunjukkan potensi nilai diagnostik bagi virus influenza 

unggas subtip H5N1: NS1 untuk pengesanan dan pengenalan. Kaedah transformasi 

plasmid rekombinan telah ditingkatkan pada kadar tinggi, melalui pre-rawatan sebatian 

tiol sebelum elektroporasi. Teknologi DNA rekombinan yang baru ini boleh dijadikan 

niche bagi cara yang lebih cekap, selamat, murah dan mudah dalam menghasilkan 

antigen in vitro diagnostic, dibandingkan kaedah praktikal tradisional yang lama dan 

susah yang menggunakan antigen penuh partikel virus. Kajian yang lebih banyak dalam 

pemahaman dan penerapan teknologi DNA ini akan membuka niche baru dalam 

pembangunan ujian diagnostik dan subunit vektor vaksin, melalui penggunaan Pichia 

pastoris, dalam usaha untuk mengawal pusingan cepat perubahan epidemik influenza 

unggas. 
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        CHAPTER ONE 

 

INTRODUCTION 

 

Modern poultry industry has totally revolutionized the poultry production system in all 

ramifications ranging from tremendous increase in production capacity to improved bio-

security, general health care, disease prevention, and control. This turn around began in 

the mid 1950‟s, before then poultry were kept as small backyard flocks reared under free 

range or semi-intensive system. With the modernized system, hundred(s) of thousands of 

birds can be kept under fully automated closed-house system. These closed-systems are 

often prone to crowding thereby limiting available supply of fresh breathing air as well 

as a common source of feed and water. Such conditions thus create conducive 

environment for proliferation and spread of pathogens within the flock and even beyond, 

to neighbouring farms. However, the modernization in farm practice itself is vital owing 

to the current challenges of global population expansion, which poses a serious threat to 

regional, national, and global food security. As projected by experts, by the year 2030 

the anticipated world population would be 9.3 billion. This calls for a commensurate 

growth in food production for security and survival to curb against a global food crisis. 

Currently, the annual global poultry output stands at 35 – 40 billion chickens, 25% 

which comes from the USA; production of cheaper animal protein is thus one major 

challenge of the modern poultry system (Suarez et al., 2006; Swayne, 2008; Webster, 

2010) As part of the solution to the problem, there would be a need for an increased 

production of broiler, chicken, and eggs. While the modern poultry production is the 

answer, it remains a fact that it has its own inherent issues, challenges and shortcomings 
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including: extremely rapid disease spread within and around the flock in the face of an 

outbreak, demand for high throughput and rapid diagnostic tools, new strategies for 

preventing and combating disease outbreak(s). Furthermore, this turn around revolution 

has cut across geographical boundaries, owing to the threat posed by the availablity of 

modern fast and efficient transport systems that easily facilitates human and pathogen 

haulage across the globe in a short time. This has a high impact on disease 

transmission/movement into and out of both human and animal population through the 

international trading activities of animal and animal products. 

This global poultry revolution has positively influenced the current success of poultry 

industry in Malaysia. Poultry is the most successful sector of livestock that contribute 

more than 53% to the livestock industry in Malaysia. It provides income and livelihood 

source valued to the tune of over Ringgit Malaysia (RM) 5.468 billion annually with 

over 2,500 poultry farms producing more than 400 million birds per annum (GAIN  

Report, 2006). It has one of the highly world rated per capita consumption of animal 

protein (Chicken meat) of 32kg, and per capita egg consumption level of 280 eggs per 

person per annum. The country is 100% self sufficient in meeting its demand for animal 

protein with poultry contributing 95% of the overall meat and eggs produced.  The 

livestock industry recorded a remarkable and successful annual growth of 5.6% for the 

last decade (2000 – 2009) with production increasing from 714,300 to 1.202 million 

metric tones, with ex-farm value of RM5.468 billion or 53% of ex-farm value of the 

total livestock industry. The total export of chicken products increased from RM54,44 

million in 2007 to RM350.68 million in 2009. More so, 510 million metric tones of eggs 

was produced in 2009 with the total ex-farm value of RM 2.226 billion, contributing 
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22% of the ex-farm value of the livestock industry (GAIN  Report, 2006; GAIN  Report, 

2005; Idris, 2010) . 

This evolution in the Malaysian poultry industry from mere subsistent farming to a 

commercialized and advanced industry took a course for the past 60 years. It operates on 

a similar platform and pattern with the modern trend found around the world,  through 

introduction of superior breeds, vaccines for disease control, in addition to the 

government supported favourable policies put in place (Aini, 2005).   

While it has been clearly shown that poultry industry has significantly contributed to the 

realization of Agriculture as the third Malaysian engine of growth, development, and 

creation of revenue generation and provision of sustainable food security. The strategic 

role played by poultry in the country‟s mainstream economy now faces threats posed by 

the spate of emergence and re-emergence of infectious diseases like any other country in 

the world, since some of these infectious diseases do not have respect for geographical 

boundaries. These include avian influenza, Newcastle disease, infectious bursal disease, 

infectious bronchitis, and chicken anaemia virus. 

 

Avian influenza (AI) subtype H5N1 is one of the major threats to poultry production and 

human health implication across the World; it is the most dreaded poultry disease in 

recent times caused by an Orthomyxovirus. H5N1 is an important veterinary and human 

health pathogen that was first emerged in 1996 from apparently health ducks in Southern 

China. It has spread to over 60 countries in Eurasia, with over 500 million poultry 

destroyed, 505 human cases were recorded with 300 mortality. It is a highly contagious 

viral disease of poultry with 100% morbidity and mortality in susceptible birds (Capua 

and Alexander, 2007; Suarez et al., 2006; Swayne, 2008a; Webster, 2010). This disease 
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(HPAI) is listed as a notifiable disease by the Office International Des Epizootes (OIE) 

under List A Disease. Within the OIE code for international trade, trading restrictions 

and embargoes are placed to prevent the introduction of foreign poultry diseases such as 

highly pathogenic notifiable avian influenza (HPAI) by live birds, poultry meat, and 

other poultry products to countries or regions free of HPAI.  

In the past 48 years, 26 epidemics or limited/sporadic outbreaks of highly pathogenic 

avian influenza (HPAI) have been documented worldwide with the aid of consistent 

diagnostics and control strategies in place. All of these HPAI viruses were found to be of 

H5 or H7 haemagglutinin subtypes (Swayne, 2008; Hugita,2007;  FAO, 2006; FAO/OIE 

2005) . The number of epizootics, cases (i.e., farms), and number of birds affected by 

HPAI has grown geometrically since 1959. From 1959-1998, the number of birds 

affected with HPAI outbreaks stands at 23 million, while from 1999 to early 2004 it 

increased by more than 10 folds with over 200 million birds  involved (Capua, 2004). 

From 2007, with the completion of outbreaks in Canada and North Korea, the outbreaks 

spread further to more countries in Asia, Europe, and Africa, the number of dead and 

culled birds now exceeds 500 million. The H5N1 HPAI that appeared in 1996/97 

epidemic was the largest outbreak recorded in 50 years, exceeding 300 million birds 

either affected by the disease or culled. This epidemic has spread from its initial country 

of report in Southern China in 1996 to affect poultry and wild birds in over 60 countries 

in Africa and Eurasia. In spite of the fact that some few countries were able to 

successfully eradicate H5N1, the basic facts are that: [1]. the establishment of multiple 

epicenter of the virus in wild birds, village poultry and live poultry market (LPM) 

obviously evidenced in many countries (especially domestic ducks which occasionally 

show disease) is worrisome. [2]. lack of control of movement of village poultry and 
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existence of LPM systems. Also the inapparent infection of migratory waterfowls has 

created a favorable medium for recurrence of disease outbreaks within countries and as 

well facilitate viral reintroduction into countries that were declared free of HPAI in 2004 

and 2005 such as Japan, South Korea, and Thailand, from late 2006 to early 2007 

(Hugita, 2007; Kim, 2006; Swayne, 2008a; Swayne and Halvorson, 2008). The 

economic impact of HPAI was reflected clearly in these outbreaks /epidemics. 

 

In Malaysia, the history of Avian Influenza Virus (AIV) started with the isolation of 

only LPAI subtypes H4N3, H4N6, H3N6 and H9N2 in domestic duck (Aini and 

Ibrahim, 1986). However, in the beginning of August 2004, a LPAI virus, subtype H5N2 

was identified in ducks exported from a farm in Perak state, Malaysia to Singapore (Aini 

and Ibrahim, 1986).The first case of the HPAI virus subtype H5N1 was in two free-

range chicken flocks of approximately sixty birds located in the state of Kelantan, 

Malaysia boardering Thailand. It was reported on the 19
th

 August, 2004 (Sabirovic et al., 

2004).The 2004 outbreaks of same H5N1 in the neighboring countries of Vietnam and 

Thailand were highly fatal to human and poultry. 

 

Malaysia was fortunate enough, that despite HPAI outbreaks still occurring in some of 

the neighboring ASEAN countries, it managed to eradicate the disease successfully on 

three occasions. The first, second and third wave of HPAI outbreaks occurred in August 

2004, February 2006 and June 2007, respectively. Freedom from the disease was 

regained in May 2005, June 2006, and September 2007, respectively.  The dates of 

freedom declaration (DFODFD), of the three outbreaks, were 276, 124 and 95 days 

respectively. Birds culled during each wave were 15,537; 58,457 and 4,266, 
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respectively. The cost of handling the disease was really outrageous in spite of the short 

span of the outbreak, a total of RM 5.7 million, RM 3.1million and RM 0.58 million, 

respectively were spent on these three outbreaks to eradicate the disease successfully 

(DVS/VRI, 2009). 

  

In spite of the effort and support by the Malaysian authority in eradicating HPAI, there 

is still the need for research efforts to come up with a more definitive and effective 

control and prevention strategy. Also in need is a rapid, sensitive and specific diagnostic 

tool that will ensure prompt diagnosis of the disease and perhaps differentiating infected 

bird from vaccinated for the sake of International trade regulation and embargo. This 

effort will further ensure protection of the country from introduction of exotic or foreign 

poultry diseases such as HPAI through an effective national active and passive 

surveillance program campaign. 

 

The first pandemic influenza of the twenty first (21
st
) century that originated from swine 

in Mexico in April 2009 has clearly demonstrated the significance of recombinant DNA 

technology in the efforts to efficiently prevent and control emergence disease in the face 

of a global outbreak in both human and lower animals using modern and new generation 

vaccine development strategies.  The pandemic H1N1 2009 spread globally in human in 

a remarkably short time and has a wide zonootic host range including swine, turkey, 

ferrets, cats, and dogs. There was an urgent need for rapid vaccine production of both 

inactivated and live attenuated influenza vaccine that replicated well in embryonated 

chicken eggs and cell cultures. 
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Reverse genetics and conventional reassortment were used to generate high yielding 

vaccines strains. Other strategies for rapidly producing H1N1 to generate vaccines 

included in vitro expression of haemagglutinin in baculovirus. While approved influenza 

vaccines for humans currently include only whole virus, subunit and live attenuated 

vaccines  many recombinant strategies including single cell eukaryotic vector based 

recombinant are undergoing development and some of these are approved for use in 

poultry. Vaccines and diagnostics antigen for animal including domestic poultry have 

been developed for the HPAI H5N1 avian influenza virus “bird flu” that is a threat to 

both human and veterinary public health in multiple epicenter in Eurasia (Webster, 

2010). The strategies for vaccine and diagnostics development and use have been widely 

used in Eurasia specifically in China, Vietnam, Indonesia, and Egypt. The strategies 

include [1]- Inactivated oil emulsion vaccines [2]- In vitro expression system including 

Baculovirus in insect culture, Vaccinia, and Alpha virus: virus like replicon particle [3]- 

In vivo expression system including live attenuated influenza virus, Fowl pox, Avian 

leukosis virus, Paramyxovirus type 1 vectored, Gallid herpesvirus-1 and DNA vaccine- 

Naked DNA.  

In the present study, successes and failures, advantages and disadvantages of using 

single cell eukaryotic vector as a backbone for the expression of AIV H5, N1 and NS1 

genes in Pichia pastoris recombinant protein will be assessed. This is in the light of its 

use in potential diagnostics for HPAI A/Chicken/ Malaysia /2004(H5N1) as part of the 

effort for the control and prevention of HPAI in Asian poultry. Additionally attempts 

would be made to address the problem of inability to differentiate infected birds from 

vaccinated (DIVA) birds. The advent of   recombinant DNA technologies has further 

improved upon the existing benefits of the conventional diagnostics methods and 
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vaccines. In comparison to conventional ELISA assays which employed the use of 

whole viral particles, the present ELISA kits will involve the use of recombinant protein 

for specific genes. This offers increased sensitivity, specificity and rapidity in detection 

of Malaysian locally existing/isolated strains and subtype H5N1 which hitherto does not 

exist. This also could have a potential for differentiating of infected birds from 

vaccinated (DIVA) using the novel concept of DIVA. On the other hand, the 

recombinant antigen will serve as a bedrock/ foundation for developing a recombinant 

vaccine. In an attempt to develop a more efficient production of this recombinant protein 

as a potential diagnostic antigen and perhaps a suitable vaccine candidate, Pichia 

pastoris was investigated as a potential expression system. This methylotrophic yeast 

has been successfully used for functional expression and secretion of a broad spectrum 

of a proteins (Cereghino and Cregg, 2000a).  

It is hypothesized that the ability to insert H5 haemagglutinin, N1 neuraminidase and 

NS1 non-structural protein genes into the DNA genome of Pichia pastoris via pPICZA 

and pPICZαA expression vectors may enable the production of recombinant protein, 

expressing the foreign avian influenza virus H5HA, N1NA and NS1NS genes, which 

could also have a potential diagnostic value. Expression of viral antigens in a 

recombinant Pichia pastoris given, the genomic characteristic of Pichia pastoris makes 

could be feasible. 

Attempts have been made to generate a recombinant Pichia pastoris capable of 

expressing avian influenza virus subtype H5N1: H5, N1 and NS1 protein, with the goal 

of producing a recombinant protein in Pichia pastoris with diagnostic values and 

potential.The study focused mainly on the cloning, expression, and purification of avian 

influenza virus subtype H5N1, H5, N1, and NS1 genes recombinant protein in a Pichia 
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pastoris, as well as evaluation of the immunogenicity of the expressed proteins in vitro 

and in vivo. 

 

The ability to clone and express H5, N1 and NS1 proteins into the DNA genome of 

Pichia pastoris may enable the development of suitable recombinant protein with a 

diagnostic value and potentials (recombinant Pichia pastoris) for effective and efficient 

control of HPAI. 

 

The specific objectives of this study were: 

1. to amplify and clone avian influenza virus gene encoding H5, N1 and 

NS1 proteins  into Pichia expression vectors. 

2. to enhance the transformation efficiency of Pichia  plasmid. 

3. to express H5, N1 and NS1 recombinant proteins of AIV subtype 

H5N1 in Pichia pastoris. 

4. to determine the diagnostic potential of NS1 recombinant protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 210 

 

                        REFERENCES 

 

Aini. I. (2005). Research and development of avian viral diseases in Malaysia. Paper 

presented at the Proceedings of the Colloquium on Viruses of Veterinary and 

Public Health Importance. 

 

Aini, I. and Ibrahim, A. L. (1986). Isolation of influenza A viruses from domestic ducks 

in Malaysia. The Veterinary Record, 118(5), 130-130. 

 

Alexander, D. (2008). Avian influenza–diagnosis. Zoonoses and Public Health, 55(1), 

16-23. 

 

Alexander, D. J. (2000). A review of avian influenza in different bird species. Veterinary 

Microbiology, 74(1-2), 3-13. 

 

Allen, H., McCauley, J., Waterfield, M. and Gething, M. (1980). Influenza virus RNA 

segment 7 has the coding capacity for two polypeptides. Virology, 107(2), 548-

551. 

 

André, L., Hemming, A. and Adler, L. (1991). Osmoregulation in Saccharomyces 

cerevisiae studies on the osmotic induction of glycerol production and glycerol 

3-phosphate dehydrogenase (NAD+). FEBS letters, 286(1-2), 13-17. 

 

Arora, D., Chauhan, A. K., Khanna, N. 1998. (1998). Easy PCR screening of Pichia 

pastoris transformants. Cellular and Molecular Biology Letters 3, 21-24. 

 

Ausubel, F. M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G., Smith, J.A. and 

Struhl, K. (Ed.). (1994). Current Protocols in Molecular Biology (New York: 

Greene Publishing Associates and Wiley-Interscience). New York.:  New York: 

Greene Publishing Associates and Wiley-Interscience. 

 

Baba, S. S. (2006). Avian influenza and family poultry in Nigeria: potentials for rapid 

spread and continued presence of disease. INFPD Newsletter Vol. 16 No. 1, 

January–June 2006, 4. 

 

Baigent, S. and McCauley, J. (2003). Influenza type A in humans, mammals and birds: 

determinants of virus virulence, host-range and interspecies transmission. 

Bioessays, 25(7), 657-671. 

 

Barajas-Rojas, J., Riemann, H. and Franti, C. (1993). Notes about determining the cut-

off value in enzyme-linked immunosorbent assay (ELISA). Preventive 

Veterinary Medicine, 15, 231-233. 

 

Barr, K. A., Hopkins, S. A. and Sreekrishna, K. (1992). Protocol for efficient secretion 

of HSA developed from Pichia pastoris. Pharmaceutical Engineering, 12, 48-51. 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 211 

Beard, C. W. (1970). Demonstration of type-specific influenza antibody in mammalian 

and avian sera by immunodiffusion. Bulletin of the World Health Organization, 

42, 779-785. 

 

Beard, C. W., Brugh, M. and Webster, R. G. (1987). Emergence of amantadine-resistant 

H5N2 avian influenza virus during a simulated layer flock treatment program. 

Avian Diseases, 533-537. 

 

Becker, D. M. and Guarente, L. (1991). High-efficiency transformation of yeast by 

electroporation. Methods in Enzymology, 194, 182-187. 

 

Beer, H. D., McCarthy, J. E. G., Bornscheuer, U. T. and Schmid, R. D. (1998). Cloning, 

expression, characterization and role of the leader sequence of a lipase from 

Rhizopus oryzae. BBA-Gene Structure and Expression, 1399(2-3), 173-180. 

 

Behrens, G., Stoll, M., Kamps, B., Hoffman, C. and Preisser, W. (2006). Pathogenesis 

and immunology. Influenza Report. Kamps BS, Hoffmann C, Preiser W. Flying 

Publisher, Wuppertal. 

 

Belyaev, A. S., Hails, R. S. and Roy, P. (1995). High-level expression of five foreign 

genes by a single recombinant baculovirus. Gene, 156(2), 229-233. 

 

Birch-Machin, I., Rowan, A., Pick, J., Mumford, J. and Binns, M. (1997). Expression of 

the nonstructural protein NS1 of equine influenza A virus: detection of anti-NS1 

antibody in post infection equine sera. Journal of Virological Methods, 65(2), 

255-263. 

 

Bradford, M. M. (1976). A rapid and sensitive method for the Quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Analytical 

Biochemistry, 72: , 248-254. 

 

Brake, A. J. (1990). Alpha-factor leader-directed secretion of heterologous proteins from 

yeast. Methods in Enzymology, 185, 408. 

 

Brierley, R. A. (1998). Secretion of human insulin-like growth factor l (GFI). Methods 

in Molecular Biology, 103, 149-177. 

 

Broker, M. (1987). Transformation of intact Schizosaccharomyces pombe cells with 

plasmid DNA. BioTechniques, 5(5), 16-15. 

 

Brown, E. (2000). Influenza virus genetics. Biomedicine & Pharmacotherapy, 54(4), 

196-209. 

 

Capua, I. and Alexander, D. J. (2004). Avian influenza: recent developments. Avian 

Pathology, 33(4), 393-404. 

 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 212 

Capua, I. and Alexander, D. J. (2007). Animal and human health implications of avian 

influenza infections. Bioscience Reports, 27(6), 359-372. 

 

Capua, I., and D.J. Alexander. 2004. Avian influenza: recent developments. Avian 

Pathology, 33:393-404. 

 

Cattoli, G., Drago, A., Maniero, S., Toffan, A., Bertoli, E., Fassina, S., Terregino, C., 

Robbi, C., Vicenzoni, G. and Capua, I. (2004). Comparison of three rapid 

detection systems for type A influenza virus on tracheal swabs of experimentally 

and naturally infected birds. Avian Pathology, 33(4), 432-437. 

 

Centanni, E., Savonuzzi,E., La peste aviaria. (1901). Fowl plaque was caused by a 

filterable agent. Communicazione Fattaal l'Accademia Delle Science Mediche e 

Naturali de Ferrera. Acad Med. Ferra. 

 

Cereghino, G. P. L., Sunga, A. J., Cereghino, J. L. and Cregg, J. M. (2001). Expression 

of foreign genes in the yeast Pichia pastoris. Genetic Engineering Principles And 

Methods, 23, 157-170. 

 

Cereghino, J. and Cregg, J.M. (2000). Heterologous protein expression in the 

methylotrophic yeast Pichia pastoris. FEMS Microbiology Reviews, 24(1), 45-66. 

 

Charlton, B., Crossley, B. and Hietala, S. (2009). Conventional and future diagnostics 

for avian influenza. Comparative Immunology, Microbiology and Infectious 

Diseases, 32(4), 341-350. 

 

Choi, K., Nah, J., Choi, C., Ko, Y., Sohn, H., Libeau, G., Kang, S. and Joo, Y. (2003). 

Monoclonal antibody-based competitive ELISA for simultaneous detection of 

rinderpest virus and peste des petits ruminants virus antibodies. Veterinary 

Microbiology, 96(1), 1-16. 

 

Claas, E. C. J., Osterhaus, A. D. M. E., van Beek, R., De Jong, J. C., Rimmelzwaan, G. 

F., Senne, D. A., Krauss, S., Shortridge, K. F. and Webster, R. G. (1998). Human 

influenza A H5N1 virus related to a highly pathogenic avian influenza virus. The 

Lancet, 351(9101), 472-477. 

 

Clare, J. J., Rayment, F. B., Ballantine, S. P., Sreekrishna, K. and Romanos, M. A. 

(1991). High-level expression of tetanus toxin fragment C in Pichia pastoris 

strains containing multiple tandem integrations of the gene. Biotechnology, 9(5), 

455-460. 

 

Collins, R. A., Ko, L. S., So, K. L., Ellis, T., Lau, L. T. and Yu, A. C. H. (2002). 

Detection of highly pathogenic and low pathogenic avian influenza subtype H5 

(Eurasian lineage) using NASBA. Journal of Virological Methods, 103(2), 213-

225. 

 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 213 

Compans, R. (1973). Influenza virus proteins association with components of the 

cytoplasm. Virology, 51(1), 56-70. 

 

Costaglioli, P., Meilhoc, E. and Masson, J. M. (1994). High-efficiency 

electrotransformation of the yeast Schwanniomyces occidentalis. Current 

Genetics, 27(1), 26-30. 

 

Crabb, B., MacPherson, C., Reubel, G., Browning, G., Studdert, M. and Drummer, H. 

(1995). A type-specific serological test to distinguish antibodies to equine 

herpesviruses 4 and 1. Archives of virology, 140(2), 245-258. 

 

Crawford, J., Wilkinson, B., Vosnesensky, A., Smith, G., Garcia, M., Stone, H. and 

Perdue, M. (1999). Baculovirus-derived hemagglutinin vaccines protect against 

lethal influenza infections by avian H5 and H7 subtypes. Vaccine, 17(18), 2265-

2274. 

 

Cregg, J. M. (1999). Expression in the methylotrophic yeast Pichia pastoris. Gene 

Expression Systems: Using Nature for the Art of Expression, 157–191. 

 

Cregg, J. M., Barringer, K. J., Hessler, A. Y. and Madden, K. R. (1985). Pichia pastoris 

as a host system for transformations. Molecular and Cellular Biology, 5(12), 

3376-3385. 

 

Cregg, J. M., Cereghino, J. L., Shi, J. and Higgins, D. R. (2000). Recombinant protein 

expression in Pichia pastoris. Molecular Biotechnology, 16(1), 23-52. 

 

Cregg, J. M., Madden, K. R., Barringer, K. J., Thill, G. P. and Stillman, C. A. (1989). 

Functional characterization of the two alcohol oxidase genes from the yeast 

Pichia pastoris. Molecular and Cellular Biology, 9(3), 1316-1323. 

 

Cregg, J. M., Vedvick, T. S. and Raschke, W. C. (1993). Recent advances in the 

expression of foreign genes in Pichia pastoris. Biotechnology, 11(8), 905-910. 

 

Crowther, J. (2008). Enzyme Linked Immunosorbent Assay (ELISA). Molecular 

Biomethods Handbook, 657-682. 

 

Csonka, L. N. and Hanson, A. D. (1991). Prokaryotic osmoregulation: genetics and 

physiology. Annual Reviews in Microbiology, 45(1), 569-606. 

 

De Diego, M., Brocchi, E., Mackay, D. and De Simone, F. (1997). The non-structural 

polyprotein 3ABC of foot-and-mouth disease virus as a diagnostic antigen in 

ELISA to differentiate infected from vaccinated cattle. Archives of Virology, 

142(10), 2021-2033. 

 

Dominguez, A., Ferminan, E., Sanchez, M., Gonzalez, F. J., Perez-Campo, F. M., 

Garcia, S., Herrero, A. B., San Vicente, A., Cabello, J. and Prado, M. (1998). 

Non-conventional yeasts as hosts for heterologous protein production. 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 214 

International Microbiology: the official journal of the Spanish Society for 

Microbiology, 1(2), 131. 

 

Duesberg, P. (1969). Distinct subunits of the ribonucleoprotein of influenza virus* 1. 

Journal of Molecular Biology, 42(3), 485-499. 

 

DVS/VRI. (2009). Highly pathogenic avian influenza in Malaysia. Paper presented at 

the 21st Veterinary Association Malaysia VAM scientific congress, Held on 7th -

9th August 2009 in The Legend, Water Chalets Port Dickson, Negeri Sembilan 

Malaysia. 

 

Elbashir, S., Martinez, J., Patkaniowska, A., Lendeckel, W. and Tuschl, T. (2001). 

Functional anatomy of siRNAs for mediating efficient RNAi in Drosophila 

melanogaster embryo lysate. The EMBO Journal, 20(23), 6877-6888. 

 

Ellis, J. S. and Zambon, M. C. (2002). Molecular diagnosis of influenza. Reviews in 

Medical Virology, 12(6), 375-389. 

 

Ellis, S., Brust, P., Koutz, P., Waters, A., Harpold, M. and Gingeras, T. (1985). Isolation 

of alcohol oxidase and two other methanol regulatable genes from the yeast 

Pichia pastoris. Molecular and Cellular Biology, 5(5), 1111. 

 

Ellis, T. M., Leung, C., Chow, M. K. W., Bissett, L. A., Wong, W., Guan, Y. and Peiris, 

J. S. M. (2004). Vaccination of chickens against H5N1 avian influenza in the 

face of an outbreak interrupts virus transmission. Avian Pathology, 33(4), 405-

412. 

 

Faber, K. N., Haima, P., Harder, W., Veenhuis, M. and AB, G. (1994). Highly-efficient 

electrotransformation of the yeast Hansenula polymorpha. Current Genetics, 

25(4), 305-310. 

 

Falcon, A., Fernandez-Sesma, A., Nakaya, Y., Moran, T., Ortin, J. and Garcia-Sastre, A. 

(2005). Attenuation and immunogenicity in mice of temperature-sensitive 

influenza viruses expressing truncated NS1 proteins. Journal of General 

Virology, 86(10), 2817. 

 

Feng-ju, Z., Jing-chun, L. and Yu-jun, Z. (2006). The Research Progress on Avian 

Influenza Virus Nonstructure Protein [J]. Jilin Animal Science and Veterinary 

Medicine, 9. 

 

Flewett, T. and Apostolov, K. (1967). A reticular structure in the wall of influenza C 

virus. The Journal of General Virology, 1(3), 297. 

 

Fouchier, R. A. M., Rimmelzwaan, G. F., Kuiken, T. and Osterhaus, A. D. M. E. (2005). 

Newer respiratory virus infections: human metapneumovirus, avian influenza 

virus, and human coronaviruses. Current Opinion in Infectious Diseases, 18(2), 

141. 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 215 

GAIN  Report. (2006). GAIN  Report, M. P. a. A. Malaysia livestock and poultry, 

www.fas.usda.gov/gainfiles <http://www.fas.usda.gov/gainfiles>. 

 

GAIN  Report, M. P. a. A. w. f. u. g. g. p. a. J. (2005). Malaysia Poultry and Annual 2005. 

Malaysia, www.fas.usda.gov/gainfiles/ <http://www.fas.usda.gov/gainfiles/> 

  

Ge, Q., Eisen, H. and Chen, J. (2004). Use of siRNAs to prevent and treat influenza 

virus infection. Virus Research, 102(1), 37-42. 

 

Gellissen, G. and Hollenberg, C. P. (1997). Application of yeasts in gene expression 

studies: a comparison of Saccharomyces cerevisiae, Hansenula polymorpha and 

Kluyveromyces lactis-a review. Gene, 190(1), 87-97. 

 

Gietz, R. D. and Woods, R. A. (2001). Genetic transformation of yeast. BioTechniques, 

30(4), 816-831. 

 

Goldsby, R. A., Kindt, T. J., Osborne, B. A. and Kuby, J. (2003). Enzyme-linked 

immunosorbent assay. Immunology. 5th edition. New York: Freeman, 148–160. 

 

Gottschalk, A. (1957). Neuraminidase: the specific enzyme of influenza virus and Vibrio 

cholerae. Biochimica et Biophysica acta, 23(3), 645. 

 

Greiner, M., Pfeiffer, D. and Smith, R. (2000). Principles and practical application of the 

receiver-operating characteristic analysis for diagnostic tests. Preventive 

Veterinary Medicine, 45(1-2), 23-41. 

 

Greiner, M., Sohr, D. and Göbel, P. (1995). A modified ROC analysis for the selection 

of cut-off values and the definition of intermediate results of serodiagnostic tests. 

Journal of Immunological Methods, 185(1), 123-132. 

 

Hadfield, C., Raina, K. K., Shashi-Menon, K. and Mount, R. C. (1993). The expression 

and performance of cloned genes in yeasts. Mycological research(Print), 97, 

897-944. 

 

Halvorson, D. A. (1987). A Minnesota cooperative control program. . Paper presented at 

the Proceedings of the Second International Symposium on Avian Influenza. U.S. 

Animal Health Association:, Richmond, VA. 

 

Hashimoto, H., Morikawa, H., Yamada, Y. and Kimura, A. (1985). A novel method for 

transformation of intact yeast cells by electroinjection of plasmid DNA. Applied 

Microbiology and Biotechnology, 21(5), 336-339. 

 

Heine, H. G., Haritou, M., Failla, P., Fahey, K. and Azad, A. (1991). Sequence analysis 

and expression of the host-protective immunogen VP2 of a variant strain of 

infectious bursal disease virus which can circumvent vaccination with standard 

type I strains. Journal of General Virology, 72(8), 1835. 

© C
OPYRIG

HT U
PM

http://www.fas.usda.gov/gainfiles
http://www.fas.usda.gov/gainfiles%3e
http://www.fas.usda.gov/gainfiles/
http://www.fas.usda.gov/gainfiles/


© C
OPYRIG

HT U
PM

 216 

Herrler, G., Nagele, A., Meier-Ewert, H., Bhown, A. and Compans, R. (1981). Isolation 

and structural analysis of influenza C virion glycoproteins. Virology, 113(2), 

439-451. 

 

Hien, T., de Jong, M. and Farrar, J. (2004). Avian influenza--a challenge to global health 

care structures. New England Journal of Medicine, 351(23), 2363. 

 

Higgins, D. R. and Cregg, J. M. (1998). Introduction to Pichia pastoris. Methods in 

Molecular Biology-Clifton Then Totowa, 103, 1-16. 

 

Holton, T. and Graham, M. (1991). A simple and efficient method for direct cloning of 

PCR products using ddT-tailed vectors. Nucleic acids research, 19(5), 1156. 

 

Hood, M. T. and Stachow, C. (1990). Transformation of Schizosaccharomyces pombe 

by electroporation. Nucleic Acids Research, 18(3), 688. 

 

Horimoto, T. and Kawaoka, Y. (2001). Pandemic threat posed by avian influenza A 

viruses. Clinical Microbiology Reviews, 14(1), 129. 

 

Horne, R., Waterson, A., Wildy, P. and Farnham, A. (1960). The structure and 

composition of the myxoviruses:: I. Electron microscope studies of the structure 

of myxovirus particles by negative staining techniques. Virology, 11(1), 79-98. 

 

Hosseini, S., Omar, A., Aini, I. and Ali, A. (2007). Diagnostic potential of recombinant 

protein of hexahistidine tag and infectious bursal disease virus VPX expressed in 

Escherichia coli. Acta Veterinaria Hungarica, 55(3), 405-415. 

 

Hugita, H. (2007). Highly pathogenic avian influenza, Japan (Publication no. 

http://www.oie.int/wahidprod/public.php?page=single_report&pop=reportid=45

22). Retrieved March 13,2007, from WAHID Interface-OIE World Animal 

Health Informaion:  

 

Hügle, T., Fehrmann, F., Bieck, E., Kohara, M., Kräusslich, H. G., Rice, C. M., Blum, 

H. E. and Moradpour, D. (2001). The hepatitis C virus nonstructural protein 4B 

is an integral endoplasmic reticulum membrane protein. Virology, 284(1), 70-81. 

 

Idris, K. and S. N. R. (2010). Issues and challenges of livestock industry in Malaysia. 

Paper presented at the In: Proceedings of the 31stMalaysia Society of Animal 

Production Annual Conference, Kota Bharu Kelantan. 

 

Invitrogen, L. T. (2000). A Manual of methods for the expression of recombinant 

proteins in pPICZA and pPICZaA in Pichia pastoris. 

 

Ishiguro, J. and Kobayashi, W. (1995). A practical method for fission yeast 

transformation by electroporation. 70(1), 1-6. 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 217 

Itakura, K., Hirose, T., Crea, R., Riggs, A. D., Heyneker, H. L., Bolivar, F. and Boyer, 

H. W. (1977). Expression in Escherichia coli of a chemically synthesized gene 

for the hormone somatostatin. Science, 198(4321), 1056-1063. 

 

Ito, H., Fukuda, Y., Murata, K. and Kimura, A. (1983). Transformation of intact yeast 

cells treated with alkali cations. Journal of Bacteriology, 153(1), 163. 

 

Jin-hua, L., Qing-min, W., Wei-min, S. and Yu-pu, G. (2003). Cloning and Expression 

of the nonstructural protein (NS1) of the H9N2 Chicken Influenza Virus [J]. 

Virologica Sinica, 5. 

 

Jin-Hua, S., Ming-Fu, W., Ming-Wei, X., Miao, J. and Jun-Wei, W. (2006). The 

Function and Clinical Application of The Non-structural Protein of The Type A 

Influenza Virus [J]. Progress in Biochemistry and Biophysics, 8. 

 

JinHua, S., ZhiDan, Y., ZheHui, Q., Ya-wei, Z. and Jun-wei, W. (2006). Expression and 

Detection of Nonstructural Protein NS Gene of Two Avian Influenza Virus 

Strains. Chinese Journal of Animal Quarantine, 23(9), 28. 

 

JMP®, V. (2010). JMP®, Version 9. SAS Institute Inc., Cary, NC. 

 

Johansson, B., Bucher, D. and Kilbourne, E. (1989). Purified influenza virus 

hemagglutinin and neuraminidase are equivalent in stimulation of antibody 

response but induce contrasting types of immunity to infection. Journal of 

Virology, 63(3), 1239. 

 

Jonasson, P., Liljeqvist, S., Nygren, P. and Stahl, S. (2002). Genetic design for 

facilitated production and recovery of recombinant proteins in Escherichia coli. 

Biotechnology and Applied Biochemistry, 35, 91-105. 

 

Stone, K.M., Roche, F. W., and Thornhill F. N., (1992). Dry weight measurement of 

microbial biomass and measurement variability analysis. Biotechnology 

Techniques, 6(3), 207-212. 

 

Kaiser, C. A., Preuss, D., Grisafi, P. and Botstein, D. (1987). Many random sequences 

functionally replace the secretion signal sequence of yeast invertase. Science, 

235(4786), 312-317. 

 

Karube, I., Tamiya, E. and Matsuoka, H. (1985). Transformation of Saccharomyces 

cerevisiae spheroplasts by high electric pulse. FEBS letters, 182(1), 90-94. 

 

Kessler, N., Ferraris, O., Palmer, K., Marsh, W. and Steel, A. (2004). Use of the DNA 

flow-thru chip, a three-dimensional biochip, for typing and subtyping of 

influenza viruses. Journal of Clinical Microbiology, 42(5), 2173-2185. 

 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 218 

Khatchikian, D., Orlich, M. and Rott, R. (1989). Increased viral pathogenicity after 

insertion of a 28S ribosomal RNA sequence into the haemagglutinin gene of an 

influenza virus. Nature, 340, 156-157.  

 

Kilbourne, E. (1978). Genetic dimorphism in influenza viruses: Characterization of 

stably associated hemagglutinin mutants differing in antigenicity and biological 

properties. Proceedings of the National Academy of Sciences of the United States 

of America, 75(12), 6258. 

 

Kim. (2006). Highly pathogenic avian influenza, Korea(Rep of). doi:WAHID Interface-

OIE World Animal Health Information. 

 

Koutz, P., Davis, G., Stillman, C., Barringer, K., Cregg, J. and Thill, G. (1989). 

Structural comparison of the Pichia pastoris alcohol oxidase genes. Yeast, 5(3), 

167-177. 

 

Kozak, M. (1992). Regulation of translation in eukaryotic systems. Annual Review Of 

Cell Biology, 8(1), 197-225. 

 

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head 

of bacteriophage T4. Nature, 227:680-685. 

 

Lamb, R. and Krug, R. (2001). Orthomyxoviridae: the viruses and their replication. 

Fields Virology, 1, 1487–1531. 

 

Lazarowitz, S. and Choppin, P. (1975). Enhancement of the infectivity of influenza A 

and B viruses by proteolytic cleavage of the hemagglutinin polypeptide 1. 

Virology, 68(2), 440-454. 

 

Lee, C., Senne, D. and Suarez, D. (2004). Generation of reassortant influenza vaccines 

by reverse genetics that allows utilization of a DIVA (Differentiating Infected 

from Vaccinated Animals) strategy for the control of avian influenza. Vaccine, 

22(23-24), 3175-3181. 

 

Lee, J. D. and Komagata, K. (1980). Taxonomic study of methanol-assimilating yeasts. 

Journal of General and Appied Microbioiology, 26, 133-158. 

 

Li, J., Chen, S. and Evans, D. H. (2001). Typing and subtyping influenza virus using 

DNA microarrays and multiplex reverse transcriptase PCR. Journal of Clinical 

Microbiology, 39(2), 696-704. 

 

Li, Z., Jiang, Y., Jiao, P., Wang, A., Zhao, F., Tian, G., Wang, X., Yu, K., Bu, Z. and 

Chen, H. (2006). The NS1 gene contributes to the virulence of H5N1 avian 

influenza viruses. Journal of virology, 80(22), 11115. 

 

Mager, W. H. and Varela, J. (1993). Osmostress response of the yeast Saccharomyces. 

Molecular microbiology, 10(2), 253-258. 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 219 

Malissard, M., Zeng, S. and Berger, E. G. (1999). The yeast expression system for 

recombinant glycosyltransferases. Glycoconjugate journal, 16(2), 125-139. 

 

Marston, F. A. and Hartley, D. L. (1990). Solubilization of protein aggregates. Methods 

in enzymology, 182, 264. 

 

Meilhoc, E., Masson, J.M. and Teissie., J. (1990). High efficiency transformation of 

intact yeast cells by electric field pulses. Bio/Technology . 8,, 223-227. 

 

 

Meulemans, G., Carlier, M. C., Gonze, M. and Petit, P. (1987). Comparison of 

hemagglutination-inhibition, agar gel precipitin, and enzyme-linked 

immunosorbent assay for measuring antibodies against influenza viruses in 

chickens. Avian Diseases, 560-563. 

 

Ming, S., Tiezhu, Z., Chuanbin, W., Chunling, L., Yinqiao, D., Hongwei, W., Xizhao, C. 

and Kegong, T. (2004). Expression of NS1 gene of H5N1 subtype avian 

influenza virus in E. coli [J]. Acta Laboratorium Animalis Scientia Sinica, 4. 

 

Murphy, B. R. and Webster, R. G. (1996). Orthomyxoviruses. Fields virology, 1, 1397–

1445. 

 

Neil, G. A. (1993). Electroinjection. Methods Enzymol.  Methods in Enzymology, 221, 

339-361. 

 

Nestorowicz, A., Kawaoka, Y., Bean, W. J. and Webster, R. G. (1987). Molecular 

analysis of the hemagglutinin genes of Australian H7N7 influenza viruses: role 

of passerine birds in maintenance or transmission? Virology, 160(2), 411-418. 

 

Neumann, E., Schaefer-Ridder, M., Wang, Y. and Hofschneider, P. (1982). Gene 

transfer into mouse lyoma cells by electroporation in high electric fields. The 

EMBO Journal, 1(7), 841. 

 

Neumann, G., Noda, T. and Kawaoka, Y. (2009). Emergence and pandemic potential of 

swine-origin H1N1 influenza virus. Nature, 459(7249), 931-939. 

 

Nicholson, J. K. and Wilson, I. D. (2003). Understanding'global'systems biology: 

metabonomics and the continuum of metabolism. Nature Reviews Drug 

Discovery, 2(8), 668-676. 

 

Niebauer, R. T. and Robinson, A. S. (2006). Exceptional total and functional yields of 

the human adenosine (A2a) receptor expressed in the yeast Saccharomyces 

cerevisiae. Protein Expression and Purification, 46(2), 204-211. 

 

Offringa, D. P., Tyson-Medlock, V., Ye, Z. and Levandowski, R. A. (2000). A 

comprehensive systematic approach to identification of influenza A virus 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 220 

genotype using RT-PCR and RFLP. Journal of Virological Methods, 88(1), 15-

24. 

 

Okazaki, K., Okazaki, N., Kume, K., Jinno, S., Tanaka, K. and Okayama, H. (1990). 

High-frequency transformation method and library transducing vectors for 

cloning mammalian cDNAs by trans-complementation of Schizosaccharomyces 

pombe. Nucleic Acids Research, 18(22), 6485. 

 

Ozaki, H., Sugiura, T., Sugita, S., Imagawa, H. and Kida, H. (2001). Detection of 

antibodies to the nonstructural protein (NS1) of influenza A virus allows 

distinction between vaccinated and infected horses. Veterinary Microbiology, 

82(2), 111-119. 

 

Palese, P., Tobita, K., Ueda, M. and Compans, R. (1974). Characterization of 

temperature sensitive influenza virus mutants defective in neuraminidase. 

Virology, 61(2), 397-410. 

 

Parvin, J., Moscona, A., Pan, W., Leider, J. and Palese, P. (1986). Measurement of the 

mutation rates of animal viruses: influenza A virus and poliovirus type 1. Journal 

of Virology, 59(2), 377. 

 

Petri, T. and Dimmock, N. (1981). Phosphorylation of influenza virus nucleoprotein in 

vivo. Journal of General Virology, 57(1), 185. 

 

Petric, M., Comanor, L. and Petti, C. A. (2006). Role of the laboratory in diagnosis of 

influenza during seasonal epidemics and potential pandemics. The Journal of 

Infectious Diseases, 194(S2), 98-110. 

 

Prentice, H. L. (1992). High efficiency transformation of Schizosaccharomyces pombe 

by electroporation. Nucleic Acids Research, 20(3), 621. 

 

Qiao, C., Yu, K., Jiang, Y., Li, C., Tian, G., Wang, X., Chen, H. and Lombard, M. 

(2006). Development of a recombinant fowlpox virus vector-based vaccine of 

H5N1 subtype avian influenza. Developmental Biology (Basel), 124, 127-132. 

 

Resina, D., Serrano, A., Valero, F. and Ferrer, P. (2004). Expression of a Rhizopus 

oryzae lipase in Pichia pastoris under control of the nitrogen source-regulated 

formaldehyde dehydrogenase promoter. Journal of biotechnology, 109(1-2), 103-

113. 

 

Romanos, M. (1995). Advances in the use of Pichia pastoris for high-level gene 

expression. Current Opinion in Biotechnology, 6(5), 527-533. 

 

Romanos, M. A., Scorer, C. A. and Clare, J. J. (1992). Foreign gene expression in yeast: 

a review. Yeast, 8(6), 423-488. 

 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 221 

Romero-Steiner, S., Fernandez, J., Biltoft, C., Wohl, M., Sanchez, J., Feris, J., Balter, S., 

Levine, O. and Carlone, G. (2001). Functional antibody activity elicited by 

fractional doses of Haemophilus influenzae type b conjugate vaccine 

(polyribosylribitol phosphate-tetanus toxoid conjugate). Clinical and Vaccine 

Immunology, 8(6), 1115. 

 

Rott, R. (1992). The pathogenic determinant of influenza virus. Veterinary 

Microbiology, 33(1-4), 303-310. 

 

Sabirovic, M., Hall, S. and Paterson, A. (2004). Qualitative Risk Assessment: Low 

pathogenic notifiable avian influenza (H5 and H7) in poultry meat. Department 

for Environment Food and Rural Affairs–UK. 

 

Sabri., S. (2007). Expression and characterization of recombinant thermostable L2 in 

Pichia pastoris., Universiti Putra Malaysia, Serdang Selangor.  

 

Saelens, X., Vanlandschoot, P., Martinet, W., Maras, M., Neirynck, S., Contreras, R., 

Fiers, W. and Jou, W. (1999). Protection of mice against a lethal influenza virus 

challenge after immunization with yeast derived secreted influenza virus 

hemagglutinin. European Journal of Biochemistry, 260(1), 166-175. 

 

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989). Molecular cloning: Cold Spring 

Harbor Laboratory Press Cold Spring Harbor, NY. 

 

Sanchez-Vizcalno, J. M. a. A., M. C. 1987. Enzyme immunoassay techniques, ELISA.  

In: Animal and Plant Disease. Second edn, Technical Series No. 7, Paris France 

(Ed.). (1987). Enzyme immunoassay techniques, ELISA.In: Animal and Plant 

Disease (Second ed.). Paris France. 

 

Sanchez, M., Iglesias, F. J., Santamaría, C. and Domínguez, A. (1993). Transformation 

of Kluyveromyces lactis by electroporation. Applied and Environmental 

Microbiology, 59(7), 2087. 

 

Saxena, R. K., Sheoran, A., Giri, B. and Davidson, W. S. (2003). Purification strategies 

for microbial lipases. Journal of Microbiological Methods, 52(1), 1-18. 

 

Schein, C. H. (1989). Production of soluble recombinant proteins in bacteria. 

Biotechnology, 7, 1141-1149. 

 

Schӓfer, W. (1955). Vergleichende sero immunologische Untersuchungeri Uber die Viren der 

influenza und der klassischen. Geflὓgelpest. Z Naturforsch, 10b, 81-91. 

 

Scorer, C. A., Buckholz, R. G., Clare, J. J. and Romanos, M. A. (1993). The intracellular 

production and secretion of HIV-1 envelope protein in the methylotrophic yeast 

Pichia pastoris. Gene(Amsterdam), 136(1-2), 111-119. 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 222 

Sengupta, S., Onodera, K., Lai, A. and Melcher, U. (2003). Molecular detection and 

identification of influenza viruses by oligonucleotide microarray hybridization. 

Journal of Clinical Microbiology, 41(10), 4542-4550. 

 

Shen, S., Sulter, G., Jeffries, T. W. and Cregg, J. M. (1998). A strong nitrogen source-

regulated promoter for controlled expression of foreign genes in the yeast Pichia 

pastoris. Gene, 216(1), 93-102. 

 

Si-ting, Z., Gui-hua, W., ZHANG, R., Mei-lin, J. and Huan-chun, C. (2004). Cloning 

and expression of NS gene of avian influenza virus type H9N2 from ducks [J]. 

Chinese Journal of Veterinary Science and Technology, 5. 

 

Simpson, D. and Lamb, R. (1992). Alterations to influenza virus hemagglutinin 

cytoplasmic tail modulate virus infectivity. Journal of Virology, 66(2), 790. 

 

Smith, F. and Palese, P. (1989). Variation in influenza virus genes: epidemiological, 

pathogenic, and evolutionary consequences. The influenza viruses. Plenum 

Press, New York, NY, 319-359. 

 

Smith, G., Vijaykrishna, D., Bahl, J., Lycett, S., Worobey, M., Pybus, O., Ma, S., 

Cheung, C., Raghwani, J. and Bhatt, S. (2009). Origins and evolutionary 

genomics of the 2009 swine-origin H1N1 influenza A epidemic. Nature, 

459(7250), 1122-1125. 

 

Snyder, D., Marquardt, W., Mallinson, E., Allen, D. and Savage, P. (1985a). An 

enzyme-linked immunosorbent assay method for the simultaneous measurement 

of antibody titer to multiple viral, bacterial or protein antigens. Veterinary 

Immunology and Immunopathology, 9(4), 303-317. 

 

Snyder, D., Marquardt, W., Mallinson, E., Savage, P. and Allen, D. (1984). Rapid 

serological profiling by enzyme-linked immunosorbent assay. III. Simultaneous 

measurements of antibody titers to infectious bronchitis, infectious bursal 

disease, and Newcastle disease viruses in a single serum dilution. Avian 

Diseases, 28(1), 12-24. 

 

Snyder, D., Marquardt, W., Yancey, F. and Savage, P. (1985b). An enzyme-linked 

immunosorbent assay for the detection of antibody against avian influenza virus. 

Avian Diseases, 29(1), 136-144. 

 

Spackman, E., Senne, D. A., Myers, T. J., Bulaga, L. L., Garber, L. P., Perdue, M. L., 

Lohman, K., Daum, L. T. and Suarez, D. L. (2002). Development of a real-time 

reverse transcriptase PCR assay for type A influenza virus and the avian H5 and 

H7 hemagglutinin subtypes. Journal of Clinical Microbiology, 40(9), 3256-3260. 

 

Sreekrishna, K., Brankamp, R. G., Kropp, K. E., Blankenship, D. T., Tsay, J. T., Smith, 

P. L., Wierschke, J. D., Subramaniam, A. and Birkenberger, L. A. (1997). 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 223 

Strategies for optimal synthesis and secretion of heterologous proteins in the 

methylotrophic yeast Pichia pastoris. Gene, 190(1), 55-62. 

 

Stallknecht, D. and Shane, S. (1988). Host range of avian influenza virus in free-living 

birds. Veterinary Research Communications, 12(2), 125-141. 

 

Stone, K., Roche, F. and Thornhill, N. (1992). Dry weight measurement of microbial 

biomass and measurement variability analysis. Biotechnology Techniques, 6(3), 

207-212. 

 

Suarez, D. L., Lee, C. W. and Swayne, D. E. (2006). Avian influenza vaccination in 

North America: strategies and difficulties. Developments in Biologicals, 124, 

117. 

 

Suarez, D. L. and Schultz-Cherry, S. (2000). Immunology of avian influenza virus: a 

review. Developmental and Comparative Immunology, 24(2-3), 269-283. 

 

Suga, M. and Hatakeyama, T. (2001). High efficiency transformation of 

Schizosaccharomyces pombe pretreated with thiol compounds by 

electroporation. Yeast, 18(11), 1015-1021. 

 

Suga, M. and Hatakeyama, T. (2003). High-efficiency electroporation by freezing intact 

yeast cells with addition of calcium. Current Genetics, 43(3), 206-211. 

 

Suga, M. a. H., T. . (2001). High efficiency transformation of Schizosaccharomyces 

pombe pretreated with thiol compounds by electroporation.Yeast 18, , 1015-

1021. 

 

Suzuki, Y. and Nei, M. (2002). Origin and evolution of influenza virus hemagglutinin 

genes. Molecular Biology and Evolution, 19(4), 501. 

 

Swayne, D. (2000). Understanding the ecology and epidemiology of avian influenza 

viruses: implications for zoonotic potential. Emerging diseases of animals. C. 

Brown and C. Bolin, eds. American Society for Microbiology, Washington, DC, 

101–130. 

 

Swayne, D. (2008a). Current status of avian influenza with emphasis on pathobiology,  

ecology, disease diagnosis and control. 8th Science Conference EVPA, Giza 

(Egypt), 10-13 March. 

 

Swayne, D. E. (2008b). Avian influenza. UK: Blackwell Publishing Ltd . 

 

Swayne, D. E. and Halvorson, D. A. (2008). Influenza. in: Diseases of poultry. 11
th

 Ed. 

Saif, Y.M., Barned, H.J., Fadly, A.M., Glissson, J.R., McDougald, L.R. and 

Swayne, D.E., eds. Iowa State Press, Ames, IA. 153-184. 

 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 224 

Swayne, D. E., Senne, D. A. and Beard, C. W. (2008). Avian influenza. Isolation and 

Identification of Avian Pathogens, 4, 150-155. 

 

Thompson, J. R., Register, E., Curotto, J., Kurtz, M. and Kelly, R. (1998). An improved 

protocol for the preparation of yeast cells for transformation by electroporation. 

Yeast, 14(6), 565-571. 

 

Tollis, M. and Trani, L. D. (2002). Recent developments in avian influenza research: 

epidemiology and immunoprophylaxis. The Veterinary Journal, 164(3), 202-215. 

 

Tschopp, J. F., Sverlow, G., Kosson, R., Craig, W. and Grinna, L. (1987). High-level 

secretion of glycosylated invertase in the methylotrophic yeast, Pichia pastoris. 

Biotechnology, 5(12), 1305-1308. 

 

Tumpey, T. M., Alvarez, R., Swayne, D. E. and Suarez, D. L. (2005). Diagnostic 

approach for differentiating infected from vaccinated poultry on the basis of 

antibodies to NS1, the nonstructural protein of influenza A virus. Journal of 

Clinical Microbiology, 43(2), 676. 

 

Tumpey, T. M., García-Sastre, A., Taubenberger, J. K., Palese, P., Swayne, D. E. and 

Basler, C. F. (2004). Pathogenicity and immunogenicity of influenza viruses with 

genes from the 1918 pandemic virus. Proceedings of the National Academy of 

Sciences, 101(9), 3166-3171. 

 

Uttenthal, A., Parida, S., Rasmussen, T. B., Paton, D. J., Haas, B. and Dundon, W. G. 

(2010). Strategies for differentiating infection in vaccinated animals (DIVA) for 

foot-and-mouth disease, classical swine fever and avian influenza. Expert Review 

of Vaccines, 9(1), 73-87. 

 

Varghese, J., Laver, W. and Colman, P. (1983). Structure of the influenza virus 

glycoprotein antigen neuraminidase at 2.9 Å resolution. Nature, 303, 35-40. 

 

Vassileva, A., Arora Chugh, D., Swaminathan, S. and Khanna, N. (2001). Effect of copy 

number on the expression levels of hepatitis B surface antigen in the 

methylotrophic yeast Pichia pastoris. Protein Expression and Purification, 

21(1), 71-80. 

 

Vedvick, T. S. (1991). Gene expression in yeast: Pichia pastoris. Current Opinion in 

Biotechnology, 2(5), 742. 

 

Volmer, R., Mazel-Sanchez, B., Volmer, C., Soubies, S. M. and Guérin, J. L. (2010). 

Nucleolar localization of influenza A NS1: striking differences between 

mammalian and avian cells. Virology Journal, 7(1), 63. 

 

Wang, C. Y., Luo, Y. L., Chen, Y. T., Li, S. K., Lin, C. H., Hsieh, Y. C. and Liu, H. J. 

(2007). The cleavage of the hemagglutinin protein of H5N2 avian influenza virus 

in yeast. Journal of Virological Methods, 146(1-2), 293-297. 

© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

 225 

Wang, M. Z., Tai, C. Y. and Mendel, D. B. (2002a). Mechanism by which mutations at 

His274 alter sensitivity of influenza A virus N1 neuraminidase to oseltamivir 

carboxylate and zanamivir. Antimicrobial Agents And Chemotherapy, 46(12), 

3809-3816. 

 

Wang, N. S. (1988). Development of an Introductory Laboratory Course in Biochemical 

Engineering. http://www.eng.umd.edu/~nsw/ench485/lab9c.htm.   Retrieved 10th 

October 2009. 

 

Wang, S. H., Yang, T. S., Lin, S. M., Tsai, M. S., Wu, S. C. and Mao, S. J. T. (2002b). 

Expression, characterization, and purification of recombinant porcine lactoferrin 

in Pichia pastoris. Protein Expression and Purification, 25(1), 41-49. 

 

Waterham, H. R., Digan, M. E., Koutz, P. J., Lair, S. V. and Cregg, J. M. (1997). 

Isolation of the Pichia pastoris glyceraldehyde-3-phosphate dehydrogenase gene 

and regulation and use of its promoter. Gene, 186(1), 37-44. 

 

Webster, R. G. (2010). Advance technology in human health. Paper presented at the 

Ceva vaccine company  round table seminar.  

 

Webster, R. G., Bean, W. J., Gorman, O. T., Chambers, T. M. and Kawaoka, Y. (1992). 

Evolution and ecology of influenza A viruses. Microbiology and Molecular 

Biology Reviews, 56(1), 152-179. 

 

Weiner, M. P., Costa, G. L., Schoettlin, W., Cline, J., Mathur, E. and Bauer, J. C. 

(1994). Site-directed mutagenesis of double-stranded DNA by the polymerase 

chain reaction. Gene, 151(1-2), 119-123. 

 

Wiley, D., Skehel, J. and Waterfield, M. (1977). Evidence from studies with a cross-

linking reagent that the haemagglutinin of influenza virus is a trimer. Virology, 

79(2), 446-448. 

 

Winter, G., Fields, S. and Brownlee, G. (1981). Nucleotide sequence of the 

haemagglutinin gene of a human influenza virus H1 subtype. Nature, 292, 72-75. 

 

Wu, C., Leu, T., Chang, T. and Shiau, A. (1999). Hepatitis C virus core protein fused to 

hepatitis B virus core antigen for serological diagnosis of both hepatitis C and 

hepatitis B infections by ELISA. Journal of Medical Virology, 57(2), 104-110. 

 

Wu, S. and Letchworth, G. J. (2004). High efficiency transformation by electroporation 

of Pichia pastoris pretreated with lithium acetate and dithiothreitol. 

BioTechniques, 36(1), 152-155. 

 

Xu, Y., Jin, N., Xia, Z., Ma, M., Lu, H., Han, S., Jin, K. and Liang, G. (2006). 

Expression of AIV Subtype H5HA, H7HA and H9HA hemagglutinin gene in 

Pichia pastoris. Chinese Journal of Biotechnology, 22(2), 231-236. 

© C
OPYRIG

HT U
PM

http://www.eng.umd.edu/~nsw/ench485/lab9c.htm


© C
OPYRIG

HT U
PM

 226 

Yewdell, J. and Bennink, J. (1989). Brefeldin A specifically inhibits presentation of 

protein antigens to cytotoxic T lymphocytes. Science, 244(4908), 1072. 

 

Yi-ming, T., Jin-biao, L., Ping-hu, Z. and Xiu-fan, L. (2006). Comparasion of protective 

efficacy of commercial chickens immunized with the different H_5 subtype 

inactived oil-emulsion vaccine to challenge of H5N1 AIV. Journal of Yangzhou 

University (Agricultural and Life Sciences Edition). 

 

Yongkiettrakul, S., Boonyapakron, K., Jongkaewwattana, A., Wanitchang, A., 

Leartsakulpanich, U., Chitnumsub, P., Eurwilaichitr, L. and Yuthavong, Y. 

(2009). Avian influenza A/H5N1 neuraminidase expressed in yeast with a 

functional head domain. Journal of Virological Methods, 156(1-2), 44-51. 

 

Young, J., Desselberger, U., Palese, P., Ferguson, B., Shatzman, A. and Rosenberg, M. 

(1983). Efficient expression of influenza virus NS1 nonstructural proteins in 

Escherichia coli. Proceedings of the National Academy of Sciences of the United 

States of America, 80(19), 6105. 

 

Young, J. and Palese, P. (1979). Evolution of human influenza A viruses in nature: 

recombination contributes to genetic variation of H1N1 strains. Proceedings of 

the National Academy of Sciences of the United States of America, 76(12), 6547. 

 

Zebedee, S. and Lamb, R. (1988). Influenza A virus M2 protein: monoclonal antibody 

restriction of virus growth and detection of M2 in virions. Journal of Virology, 

62(8), 2762. 

 

Zhao, S., Jin, M., Li, H., Tan, Y., Wang, G., Zhang, R. and Chen, H. (2005). Detection 

of antibodies to the nonstructural protein (NS1) of avian influenza viruses allows 

distinction between vaccinated and infected chickens. Avian Diseases, 49(4), 

488-493. 

 

Zimmermann, U., Pilwat, G. and Riemann, F. (1974). Dielectric breakdown of cell 

membranes. Biophysical Journal, 14(11), 881-899. 

 

 

 

 

 © C
OPYRIG

HT U
PM




