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ABSTRACT 

Research on the Genomic  
Patterns of Selected Infectious Viruses and 

Their Utilization Using Bioinformatics  
Techniques 

 

Hayeon Kim 

 
Lab. of Computational Biology and Bioinformatics 

Graduate School of Public Health 
The Graduated School 

Seoul National University 
 

The incidences of infectious diseases were expected to decrease gradually, 
due to improvements in public health and advances in the life sciences, 
medical technology, and other areas. However, infectious diseases are still 
important issues threatening human health. Infectious diseases prevalent in the 
past may re-emerge and re-spread infection, or new variants with resistance 
through infectious pathogens may create new infectious diseases previously 
unknown. There are many causes for infectious diseases, such as faster 
transportation, complex population movement, worldwide climate change, 
and environmental changes related to communicable diseases. Now, the issue 
of communicable diseases is no longer limited to within countries. In the 
future, newly emerging and re-emerging infectious diseases may have greater 
influences on global health due to the rapidly changing environment. Thus, 
these diseases need to be evaluated thoroughly, such as via monitoring 
infections and transmissions, analyses for the development of treatment and 
prevention methods, and prediction research for simulations. Large-scale 
biological data related to infectious diseases obtained through various studies 
is accumulating continuously. The aim of this study was to provide useful 
information based on large-scale biological data using bioinformatics 
techniques. For this, studies were conducted using a series of bioinformatics 
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approaches, from biological data collection processes to software simulation 
applications, and targeted viruses were selected, such that wide ranges of 
sequence information were acquired in line with the occurrence and area of 
infection. First, a comparison study was performed on occult hepatitis B virus 
(HBV) infection (OBI), which is difficult to diagnose. OBI is caused normally 
by chronic HBV infection when HBV is not diagnosed in serological tests. 
When HBV infection persists, not only does liver damage occur, but problems 
may also arise during transfusion, liver transplants, and other procedures. In 
this study, to determine the biological patterns for OBI diagnosis, large-scale 
sequence data were collected from NCBI and a database was constructed for 
research purposes. No site-specific mutations were found when sequence 
analysis was performed on surface antigen regions of HBV in either the OBI 
or non-OBI group from the database. Phylogenetic analysis showed different 
patterns between the OBI and non-OBI groups, indicating differences in 
genetic characteristics. If sequence data based on various epidemiological 
information of OBI can be collected in the future, detailed studies will be 
possible. Second, evolutionary pattern analysis was performed, which is 
useful in forecast studies and analyses of the infection characteristics of 
viruses that cause infectious diseases. Analyses were performed on Rift Valley 
fever virus (RVFV), based on a large volume of data, and on human disease-
causing viruses within the Phlebovirus genus related to vector-borne viral 
infections. Phylogenetic analysis of the Phlebovirus genus showed a pattern of 
viruses classified according to the vector. Correspondence analysis based on 
relative synonymous codon usage (RSCU) confirmed that the virus appeared 
to have distribution in each vector at the S segment. This suggests that 
characteristics shared by viruses were separated according to the vector or that 
viral characteristics that determine the vector are located at the S segment. We 
wanted to check whether evolutionary patterns differed according to the 
infected host and the region in which infection occurred, as the geographical 
range of RVFV is expanding more and more. Correspondence analysis in 
accordance with phylogenetic analysis and codon usage patterns confirmed 
that RVFV did not differ according to the host or region but showed 
differential patterns according to the isolation year of the virus. In addition, 
correlation analysis of the effective number of codons (ENC) values, GC 
content, and GC3 content with respect to isolation year showed that each 
segment had a significant correlation. These types of studies will be useful for 
forecasting research on RVFV. Third, a validation test for influenza virus 
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sequence prediction by the SimFlu program was performed such that it can be 
applied to other viruses causing infectious diseases in the future. Results 
showed that the accuracy of simulation decreased as the seed sequence 
progressed (in time) from the isolation year, but predictions over short time 
periods achieved higher accuracy. The reason for providing sequence 
information for mutating influenza viruses is to identify candidate sequences 
of future influenza viruses. Efficient use of accumulated biological data is 
particularly important for infectious disease research because future threats 
that are infectious to humans are undoubtedly possible. In addition, 
maintaining workflows for large-scale biological data, such as data mining, 
integrating, and managing and the construction of analysis systems, can 
provide use in related biological research. The series of approaches reported 
in this study includes detection of pathogen-specific genomic regions, 
searches for information that can be utilized in prediction research, and 
identification of candidate pathogen sequences. These approaches can be 
applied to various areas which rely on understanding pathogenic variation 
patterns and monitoring the transmission of infectious agents. 
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CHAPTER  I.   

INTRODUCTION  

 

1.1 Research Background 

In the 20th century, the breakout of prevalent infectious disease was 

considerably reduced due to countless efforts to enhance public health 

(Schlipköter et al., 2010). After the eradication of smallpox, for example, the 

WHO continued projects in order to exterminate the occurrence of 

poliomyelitis and measles, for which vaccines were developed (Fenner, 1982; 

Willis, 1997). As result, the death rate among people with these diseases fell 

significantly compared to the past, and the diseases were eradicated in many 

regions (de Quadros et al., 1992; Schlipköter et al., 2010; Fauci et al., 2012). 

As such, it was thought that infectious diseases were going to disappear 

gradually in modern society due to vaccines and drug development research 

following the development of therapies and technology (Parks et al., 2012). 

However, infectious diseases are still a threat to human health. According to 

the “World Health Report (WHO, 2004)”, death by infectious disease 

accounted for 26% of total deaths in the world, and it is the second leading 

cause of death (Jones et al., 2008; Schlipköter et al., 2010). Over time, the rate 

of infectious disease has not indicated a decrease in prevalence. Historically 

common infectious diseases could re-emerge or bring about new infectious 

diseases with new variants and even antibiotic resistance. That is, new 
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pathogens are continually being found; Table 1.1 lists them. One of the most 

well-known of these is HIV (Human immune-deficiency virus), which was 

identified in 1981 (CDC, 1981; De Cock et al., 2011), a cause of many 

infections and deaths according until now. In the case of SARS (Severe Acute 

Respiratory Syndrome), which spread around the world within just a few 

months after the first breakout in 2002, it caused 8,422 patients and 916 

deaths (Lee et al., 2003; Lau et al., 2010), and the emergence of a new and 

mutated type of influenza virus (subtype H5N1, H1N1, H7N9) has caused 

chaos due to the possibility of a pandemic (CDC, 1997; Smith et al., 2009; 

Gao et al., 2013). Many factors contribute to the emergence of infectious 

diseases. Complicated population movements due to faster and more 

accessible modes of travel can exert a critical influence on the spread of 

infectious diseases. Also, environmental change related to global climate 

changes and communicable diseases has introduced new infectious diseases 

that are not epidemics, increasing the risk of epidemics through reactivation of 

communicable diseases that were under control (Weiss et al., 2004). Now, 

communicable diseases in one country are no longer limited to that country. 

As our climate changes continue, even more diverse infectious diseases could 

emerge or recur in the future, so significant research needs to be conducted in 

order to closely monitor these diseases. Actually, an infectious agent is 

evolutionarily dynamic, so a list of diseases caused by one is always changing 

and seemingly increasing (Pybus et al., 2009). Also, many human infectious 

diseases exhibit an evolutionary pattern upon analysis. Therefore, the 

mechanism of infection should be examined in detail by studying viruses that 

adapt to the environment through continued variation (Parrish et al., 2008; 

Pybus et al., 2009). Furthermore, 75% of newly emerging pathogens are 

zoonotic diseases carried by animals, so research needs to be conducted on 

how to deal with increasing infectious disease prevalence by analyzing cases 

that could be the result of transgenic shift (Taylor et al., 2001; Parrish et al., 2008).  
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Table 1.1 Examples of recently emerging major infections 

Infectious pathogen Diseases Year References 

Rotavirus Gastroenteritis 1973 (Bishop et al., 1973) 

Legionella pneumophila Legionnaires’ disease 
(Legion fever) 

1977 (McDade et al., 1977) 

Ebola virus Ebola hemorrhagic fever 1977 (Bowen et al., 1977) 

Borrelia burgdorferi Lyme disease 1982 (Burgdorfer et al.,  
1982) 

HIV AIDS 1983 (Barré-Sinoussi et al., 
1983) 

Hepatitis C virus Hepatitis C 1989 (Choo et al., 1989) 

Vibrio cholerae O139 Cholera 1992 (Albert., 1994) 

Sin Nombre virus Hantavirus pulmonary 
syndrome 

1993 (Nichol et al., 1993) 

Human herpersvirus 8 Kaposi’s sarcoma 1994 (Chang et al., 1994) 

Influenza virus A (H5N1) Influenza 1997 (CDC, 1997) 

Nipah virus Nipah virus encephalitis 1999 (Chua et al., 2000) 

SARS coronavirus Serere acute repiratory 
syndrome 

2002 (Lee et al., 2003) 

Influenza A virus (H1N1) Influenza 2009 (Smith et al., 2009) 

Influenza A virus (H7N9) Influenza 2013 (Gao et al., 2013) 
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1.2 Viral Infections in Human 

1.2.1 Viral Diseases 

A virus cannot self proliferate by itself into an infectious agent. 

Proliferation is carried out through replication within the host cell (Greber, 

2002). That is, it differs from other infectious agents in that viral replication 

and proliferation relies solely on a host cell’s mechanism. Therefore, a viral 

life cycle can be seen to be in complex entanglement with a host cell’s 

biological process (Damm et al., 2006). Most viruses, upon infection, can 

cause diseases in humans, and various viruses cause various diseases. Table 

1.2 lists diseases caused by viral infection. The most representative diseases 

caused by viral infection are the cold, which is caused by an infection of the 

upper respiratory tract. Other than this, many diseases by virus such as 

chickenpox (varicella), influenza, herpes, HIV/AIDS, infectious 

mononucleosis, mumps, measles, rubella, viral gastroenteritis, viral hepatitis, 

viral meningitis and viral pneumonia exist. Virus can spread its disease 

through various methods of propagation paths. Reasons for spreading viral 

disease between humans are; vertical transmission where a virus directly 

passes down from a mother to an infant and horizontal transmission that is 

caused by direct or indirect contact between individuals (Mims, 1981; Barker 

et al., 2001). In vertical transmission, there is infection through breathing 

virus-contaminated air, intake of contaminated water or food, droplet contact, 

sexual contact and indirect propagation by vectors such as mosquitoes or ticks, 

and propagation by contacting with virus-contaminated body fluid and 

transfusion of infected blood (Barker et al., 2001; Tapper, 2006).  

Viral disease can show different levels of symptoms depending on the 

infectee’s overall body condition and other various factors. There can be an 

acute severe clinical symptom, which can cause death in a short time, and can 
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become the cause of chronic infection or cancer. In case of influenza virus, it 

is generating respiratory diseases by incurring big and small epidemics in 

various parts of the world, and pandemic risk by influenza A virus especially 

is being discussed continually (Wright et al., 2001; de Jong et al., 2006). In 

20th century, three major influenza pandemics have been reported, which are; 

Spanish Flu (A/H1N1) in 1918, Asian Flu (A/H2N2) in 1957, and Hong-Kong 

Flu (A/H3N2) in 1968 (Kilbourne et al., 2006; Al et al., 2010). The death by 

Spanish Flu was approximately 50 million, the death by Asian Flu was about 

2 million, and 1 million died by Hong-Kong Flu, all showing high death rate 

and inducing social chaos thereof (Simonsen et al., 1998; Johnson et al., 2002; 

Kilbourne et al., 2006). Outbreak of influenza virus (A/H1N1) in 2009 was 

the first influenza pandemic of the 21st century where infected cases were 

reported in 214 countries with 16,000 death until February 2010 (WHO, 2009; 

Al et al., 2010). Influenza virus (A/H1N1) occurred at that time is genetic 

combination of swine influenza virus, human influenza virus and avian 

influenza virus, which is formed of entirely new combination unlike any other 

previous virus (Al et al., 2010). Also, human infection of new avian influenza 

virus subtype was confirmed in China recently. It is said that it displays high 

pathogenicity, causing a severe respiratory disease in human upon infection, 

which can even result death (Gao et al., 2013; Li et al., 2014). Altogether 144 

subtypes can be made for influenza virus by haemagglutinin (H1–H16) and 

neraminidase (N1–N9), and production of new subtype virus is possible 

through genetic reassortment as it is formed out of segmentation genes (Wiley 

et al., 1987; Nelson et al., 2007). Novel virus subtypes made in such way can 

also induce change in the existing interspecies specificity, making it cause of 

pandemic by enabling spread of virus from birds to human or between 

humans (Horimoto et al., 2001). Moreover, even with the same subtype, there 

can be difference in pathogenicity depending on the viral gene alignment 

change. Also, viral antigenic variation can evade host’s immune response, 
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allowing fast and easy infection (Nelson et al., 2007). Therefore if virus forms 

unexpected new subtype virus that enables direct propagation to human 

through continuous variation, possibility of pandemic increases a lot, as the 

human population do not yet have immunity against such novel virus (Palese 

and Wang, 2011).  

Most disease occurring due to viral infection is giving difficulty to 

drug and vaccine development due to viral rapid speed of evolution. HBV 

(Hepatitis B virus), which is cause of viral hepatitis, is a well-known common 

infectious disease that has infected about 2 billion around the world, and over 

400 million among these are reported to have chronic hepatitis disease 

(Lavanchy, 2004). Due to drastic development of molecular biology, various 

researches on HBV is being conducted but there are still many aspects to be 

discovered such as mutation caused by drug resistance, liver cancer 

occurrence mechanism in chronic infection, and occult HBV infection. HBV 

show variation relatively fast, and various genotypes exist according to this 

(Norder et al., 2004). HBV has higher mutational rate than other DNA virus, 

with 10-4–10-5 substitutions per base estimated in one reproduction cycle. 

Viral genetic mutation hampers detection, suppression of reproduction, and 

elimination of virus, and also affects response against treatment and diagnosis 

through serological test (Horvat, 2011). By understanding and analysing 

molecular biological change and infection mechanism on virus, there is a need 

for useful information to be offered. 

 

1.2.2 Vector-Borne Viral Diseases 

The increase of disease vectors due to environmental change is 

increasing the spread of communicable disease between humans and animals, 

and as new disease arises due to the appearance of new vectors of various 
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types, the need for further research on the relevant pathogens has increased. 

Existing vector-borne viral diseases usually occur in tropical and subtropical 

climate, but the recent environmental change such as global warming is 

increasing the occurrence frequency of vector-borne viral diseases (Rogers et 

al., 2006). Rise in temperature effects viral replication rate and transmission 

of pathogens, and by shortening time in which pathogen can reproduce within 

vector, it allows mass proliferation in short time, and this lengthens contagion 

period, enabling more propagation to human and animals (Paz and Semenza, 

2013; Chabot-Couture et al., 2014). Also, global warming and precipitation 

pattern change can change distribution and aspects of host animal, if things 

such as flood occur frequently, vector or host animal’s geographical living 

environment expands and can lead to increase in the disease occurrence 

frequency (Chabot-Couture et al., 2014). Especially, it is expected that 

diseases due to vectors such as mosquitoes and ticks will heavily be affected 

by climate change, and malaria, dengue fever, yellow fever, lime disease and 

tsutsugamushi fever are the major diseases (Gubler, 1998). Increase of vector-

borne viral diseases relates to increase of vector due to climate change and 

host animal’s life and survival environment by nature protection (Engering et 

al., 2013). Also, increase of international exchange by the activation of the 

trade and travel lead the transmission of pathogens and it has helped the 

spread of diseases (Deen et al., 2006; Rogers et al., 2006; Kilpatrick et al., 

2012). Ecology of vector-borne diseases and epidemiology, as explained in 

Figure1.1, can be explained by “disease triangle” on host-pathogen-

environment made by plant pathologists (Sutherst, 2004). In order to solve the 

problem of vector-born viral diseases occurrences caused by global change of 

various factors, comprehensive approach needs to be made including study 

into vector and vector-borne disease pathogen, development of fast diagnosis 

on pathogen infection, ecological change according to climate and 
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environment change, vector-borne disease outbreak prediction model and 

prevention measures, vector related disease outbreak aspect change prediction 

analysis and model research (Sutherst, 2004; Ellis and Wilcox, 2009). 

This is especially true if the pathogen is virus in a vector-borne 

disease. Advertent surveillance is required in that virus can easily adapt to its 

habitat as it can infect similar vector and host due to its rapid rate of evolution 

(Grenfell et al., 2004). Therefore, Table 1.3 lists information on the major 

vector-borne viral diseases. Flavivirus genus in Flaviviridae family is a 

representative virus that causes vector-borne viral diseases, where about 70 

species are identified presently and most of them use mosquitoes or ticks as 

vector to cause infection in human or animal (Kuno et al., 1998). Among 

those, dengue fever infects human by dengue virus carrying Aedes aegypti or 

Aedes albopictus and causes acute fever disease symptom. Approximately 100 

million to 200 million people are infected every year in tropical areas of Asia, 

South Pacific area, Africa and American continent, and the disease show 

sever symptoms in 250 thousand to 500 thousand (Deen et al., 2006; Guzman 

et al., 2010; Kilpatrick et al., 2012). Also, Yellow fever virus is mainly 

transmitted through same major vector (Aedes aegypti) with dengue virus, 

infection with this virus was reported in sub-Saharan Africa and tropical 

South America and an estimated 200,000 cases of yellow fever causing 

30,000 deaths worldwide each year (Monath et al., 2008). West Nile virus, 

which causes fatal damage to brain, uses Culex pipiens, Aedes vexans and 

Aedes albopictus as its mediator to cause West Nile fever. This disease 

became native in Africa, Asia, Europe and Australia, and spread to all of 

America quickly ever since its outbreak in New York, United States in 1999 

(Gubler, 1998). Other than this, Japanese encephalitis that occurs commonly 

in Southeast Asia is a disease caused by Japanese encephalitis virus mediated 

by Culex tritaeniorhynchus, in the mid-1990s, this was propagated even to 
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Northern Australia (Halstead et al., 2010). Other than these, there are various 

viruses that cause vector-mediated diseases such as St. Louis encephalitis 

virus, Murray valley encephalitis virus, and Powassan virus (Gubler, 1998). It 

is said that there are about 3,200 species of mosquitoes that can actually harm 

human lives by acting as viral vector (Ward et al., 1992). Therefore, by 

understanding characteristics about virus and researching disease mechanisms, 

developing technology that can cut the chain of infection vector. 
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Table 1.2 List of viral diseases  

Type/Family Transmission Diseases References 

Adenovirus 
/Adenoviridae 

fecal-oral route, 
aerosolized droplets, 
exposure to infected 
tissue or blood 

acute respiratory disease, 
epidemic 
keratoconjunctivitis, 
pharyngoconjunctival 
fever  

(Bell et al., 1955; 
Jawetz, 1959; 
Dudding et al., 
1973)  

Epstein-Barr virus 
/Herpesviridae 

saliva Burkitt, Hodgkin, AIDS-
associated malignancies, 
posttransplant 
lymphomas, 
nasopharyngeal 
carcinoma  

(Raab-Traub, 
1996; Sitki-Green 
et al., 2004) 

Hepatitis A virus 
/Picornaviridae 

fecal-oral route acute hepatitis (Cuthbert, 2001) 

Hepatitis B virus 
/Hepadnaviridae 

blood, body fluids acute hepatitis, 
chronic hepatitis, 
hepatic cirrhosis, 
hepatocellular carcinoma 

(Wright et al., 
1993; Kwon et al., 
2011) 

Hepatitis C virus 
/Flaviviridae 

blood, 
sexual contact 

acute hepatitis, 
chronic hepatitis, 
hepatic cirrhosis, 
hepatocellular carcinoma 

(Saito et al., 1990; 
Sharara et al., 
1996; Memon et 
al., 2002) 

Herpes simplex 
virus, type 1 

/Herpesviridae 

direct contact, 
mucocutaneous 
contact 

gingivostomatitis 
(primary infection), 
keratoconjunctivitis, 
meningoencephalitis, 
herpes labialis, 
encephalitis 

(Whitley et al., 
2001; Adler, 2004) 

Herpes simplex 
virus, type 2 
/Herpesviridae 

sexual contact, 
vertical transmission 

genital herpes (Corey et al., 1983; 
Sacks et al., 2004) 
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Table 1.2 (continued) List of viral diseases 

Type/Family Transmission Diseases References 

Cytomegalovirus 
/Herpesviridae 

sexual contact, 
blood/tissue 
exposure, 
vertical 
transmission 

CMV mononucleosis, 
organ-specific diseases 

(Cohen and Crey, 
1985; Grandhi and 
Khanna, 2004) 

Human herpesvirus,  
type 8/ 
Herpesviridae 

bodily fluids Kaposi sarcoma, 
multicentric Castleman's 
disease, 
body-cavity-based 
lymphoma 

(Huang et al., 1995; 
Sjak-Shie et al., 
1999) 

HIV 
/Retroviridae 

sexual contact, 
injection drug use, 
blood, 
vertical 
transmission 

AIDS 
(acquired 
immunodeficiency 
syndrome) 

(Barré-Sinoussi et al., 
1983; Donovan and 
Stratton, 1994) 

Influenza virus 
/Orthomyxoviridae 

droplet contact, 
airbone 
transmission 

respiratory tract (Jackson and Lynch, 
1996; Bridges et al., 
2003) 

Measles virus 
/Paramyxoviridae 

respiratory route Measles, 
Pneumonia, 
Encephalomyelitis  

(Perry and Halsey, 
2004) 

Mumps virus 
/Paramyxoviridae 

direct contact,  
droplet spread, 
contaminated 
fomites 

Mumps  (Hviid et al., 2008) 

Norovirus 
/Caliciviridae 

direct contact 
fecal-oral spread, 
contaminated 
fomites 

Gastroenteritis  (Patel et al., 2009) 

Human 
papillomavirus 
/Papillomaviridae 

direct contact 
sexual contact 
vertical 
transmission 

cervical cancer, 
papillomatosis, 
anogenital warts 

(Bosch and de 
Sanjosé., 2007) 
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Table 1.2 (continued) List of viral diseases 

Type/Family Transmission Diseases References 

Rabies virus 
/Rhabdoviridae 

animal bite (saliva) rabies  (Jackson, 2006) 

Respiratory syncytial 
virus 
/Paramyxoviridae 

droplet contact, 
direct contact 

bronchiolitis, 
pneumonia, 
respiratory tract, 
tracheobronchitis 

(Ogra, 2004) 

Rhinovirus 
/Picornaviridae 

droplet contact, 
direct contact 

common cold, 
wheezing illnesses, 
pneumonia 

(Peltola et al., 
2008) 

Rotavirus 
/Reoviridae 

fecal-oral route, 
respiratory spread, 
infected fomites 

gastroenterities (Parashar et al., 
1998; Dennehy, 
2000) 

Rubella virus 
/Togaviridae 

droplet contact German measles, 
congenital rubella 
syndrome (CRS) 

(Edlich et al., 
2005) 

Varicella-zoster 
virus/Herpesviridae 

direct contact, 
droplet contact 

shingles, 
chickenpox 

(Arvin et al., 
1996) 
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Figure 1.1 The host-pathogen-vector-environment framework. The scheme that 
can be referenced to assess the risk of vector-borne diseases based on global 
environmental changes (climate change and climate variability, land use, water 
storage and irrigation, human population growth and urbanization, trade and travel 
and chemical pollution) (Sutherst, 2004). 
 

 

 

 

 

 

 

 

 

  



14 

 

Table 1.3 List of vector-borne viral diseases  

Disease Virus Vector Host Symptoms 

Eastern equine 
encephalitis 

(EEE)1) 

Alpha-
viridae 
family 

Eastern 
equine 

encephalitis 
virus 

(EEEV) 

Mosquitoes  
(Aedes sollicitans, 

Aedes vexans, 
Coquillettidia, 

Culex spp.) 

Human, 
Horses 

Systemic 
illness, 

Encephalitis 

Western 
equine 

encephalitis 
(WEE)2) 

Western 
equine 

encephalitis 
virus 

(WEEV) 

Mosquitoes 
(Ochlerotatus 
melanimon, 

Aedes dorsalis, 
Aedes campestris) 

Human, 
Horses 

Systemic 
illness, 

Encephalitis 

Venezuelan 
equine 

encephalitis 
(VEE)3) 

Venezuelan 
equine 

encephalitis 
virus 

(VEEV) 

Mosquitoes 
(Culex spp.)  

Human, 
Equine 
species 

Flu-like 
symptoms, 

Encephalitis 

O'Nyong-
Nyong virus 

disease4) 

O’nyong 
nyong virus 

(ONNV) 

Mosquitoes 
(Anopheles spp.) Human Arthralgia, 

Arthritis 

Chikungunya 
fever5) 

Chikungunya 
virus 

(CHIKV) 

Mosquitoes 
(Aedes spp.) 

Human, 
Primates, 
Rodents, 

Birds 

Fever,  
Arthralgia 

Yellow fever6) 

Flavi- 
viridae 
family 

Yellow fever 
virus (YFV) 

Mosquitoes 
(Aedes spp., 

Haemagogus spp.) 

Human, 
Primates, 

Hedgehogs, 
Rodents 

Fever, 
Yellowing of 

the skin 

Dengue fever7) 
Dengue 

fever virus 
(DV) 

Mosquitoes 
(Aedes spp.) 

Human, 
Primates 

Fever, 
Headaches, 

Muscle, bone 
and joint 

pain 

Japanese 
encephalitis8) 

Japanese 
encephalitis 
virus (JEV) 

Mosquitoes 
(Culex spp.,  
Aedes spp.) 

Human, 
Birds, Pigs, 

Cattle, 
Horses 

Fever, 
Headaches, 
Seizures, 

Encephalitis 



15 

 

Table 1.3 (continued) List of vector-borne viral diseases  

Disease Virus Vector Host Symptoms 

West Nile 
fever9) 

Flavi- 
viridae 
family 

West Nile 
virus (WNV) 

Mosquitoes 
(Culex spp.) 

Human, 
Birds, 
Horses 

Febrile 
illness, 

Neurologic 
illness 

Tick-borne 
encephalitis 

(TBE)10) 

Tick-borne 
encephalitis 

virus 
(TBEV) 

Ticks 
(Ixodes spp.) 

Human, 
Ruminants, 

Birds, 
Rodents, 
Horses 

Fever, 
Encephalitis 

Murray valley 
encephalitis 
(MVE)11) 

Murray 
valley 

encephalitis 
virus 

(MVEV) 

Mosquitoes 
(Culex annulirostis) 

Human, 
Birds 

Fever, 
Encephalitis 

Omsk 
haemorragic 

fever 
(OHF)12) 

Omsk 
haemorragic 
fever virus 
(OHFV) 

Ticks 
(Dermacentor 

reticulatus, 
Dermacentor 

marginatus, Ixodes 
persulcatus) 

Human, 
Muskrats,  
Rodents 

Hemorrhagic 
fever, 

Encephalitis 

Kyasanur 
forest disease 

(KFD)13) 

Kyasanur 
forest 

disease virus 
(KFDV) 

Ticks 
(Haemaphysalis 

spinigera) 

Human, 
Rodents, 
Monkeys  

Hemorrhagic 
fever, 

Encephalitis 

Saint-Louis 
encephalitis 

(SLE)14) 

Saint-Louis 
encephalitis 

virus 
(SLEV) 

Mosquitoes 
(Culex spp.) 

Human, 
Birds 

Fever, 
Encephalitis 

Louping ill15) Louping ill 
virus (LIV) 

Ticks 
(Ixodes ricinus) 

Human, 
Sheep, 
Dogs, 
Cattle, 

Horse, Pigs 

Encephalitis 

Usutu 
disease16) 

Usutu virus 
(USUV) 

Mosquitoes 
(Culex spp.) 

Human, 
Birds Encephalitis 
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Table 1.3 (continued) List of vector-borne viral diseases  

Disease Virus Vector Host Symptoms 

Powassan 
(POW)17) Flavi- 

viridae 
family 

Powassan 
virus 

(POWV) 

Ticks 
(Ixodes spp.) Human Encephalitis 

Zika18) Zika virus 
(ZIKV) 

Mosquitoes 
(Aedes spp.) 

Human, 
Monkeys Fever, Rash 

Rift Valley 
fever (RVF)19)  

Bunya-
viridae 
family 

Rift Valley 
fever virus 
(RVFV) 

Mosquitoes 
(Aedes spp.) 

Human, 
Cattle, 

Buffalo, 
Sheep, 
Goats, 
Camels 

Hemorrhagic 
fever, 
Ocular 
disease, 

Encephalitis 

California 
encephalitis20) 

California 
encephalitis 
virus (CEV) 

Mosquitoes 
(Aedes triseriatus) Human Encephalitis 

Crimean-
Congo 

hemorrhagic 
fever 

(CCHF)21) 

Crimean-
Congo 

hemorrhagic 
fever virus 
(CCHFV) 

Ticks  
(Hyalomma spp.) 

Human, 
Cattle, 
Goats, 
Sheep, 
Hares 

Flu-like 
symptoms, 

Liver 
enlargement, 

kidney 
deterioration 

1-3)(Steele and Twenhafel, 2010) 1)(Scott and Weaver, 1989) 3)(Smith et al., 2006) 
4,5)(Powers et al., 2000) 6-18)(Kuno et al., 1998) 6)(Monath et al., 2008) 7)(Deen et al., 
2006; Guzman et al., 2010; Kilpatrick et al., 2012) 8)(Halstead et al., 2010) 
9,11,14,17)(Gubler, 1998) 19)(Ikegami and Makino, 2011) 20)(Glaser et al., 2003) 
21)(Appannanavar and Mishra, 2011) 
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1.3 Viral Evolution 

1.3.1 Mechanisms of Variation  

Virus is composed of a relatively simple structure, so adaptation to 

environment is easy and its evolutionary speed is very fast. However, the high 

mutation rate of virus can create difficulties for researchers hoping to analyse 

the origin of a virus to develop a diagnostic method. Virus can expand the 

range of host through genetic variation, increase pathogenicity and change 

tissue tropism, or susceptibility that is related to immune response (Domingo 

et al., 2010). As such, virus uses every possible strategy through mutation to 

remain in every stage required for reproduction in the host thereby making 

new genotypes and adapting quickly to changing environmental conditions 

(Domingo, 2010; Domingo et al., 2012). Viral variation can occur by various 

mechanisms, but mutation by nucleotide substitution is most frequent 

(Domingo et al., 2010). Viruses show different mutation rates depending on 

the nucleic acid. Most RNA virus has higher mutation rates than DNA virus 

(Table 1.4, Steinhauer and Holland, 1987). Because there is no proofreading 

mechanism in RNA viral polymerase, incidence of error is higher, and results 

more mutation (Thomas et al., 1998). Change of gene sequence of virus can 

lead to amino acid sequence change, which can ultimately result change of 

protein’s characteristic or absence of functional protein (Domingo and 

Holland, 1997).  Moreover, by recombination of nucleic acid, 

rearrangements at virus genome occur sometimes (Hu and Temin, 1990).  

Genetic recombination of virus can synthesize advantageous genotypes 

through mutational recombination that benefits viral survival, and once 

deleterious mutations arise, this is eliminated to maintain the wild-type 

genotype (Simon-Loriere and Holmes, 2011). By repairing genomic defect 

caused by genetic damage, it’s possible to come up with functional genome 
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(Simon-Loriere and Holmes, 2011). Viral fitness is increased by 

recombination of virus, and this can affect virus emergence, pathogenicity, 

evolution and vaccine efficacy (Gould et al., 2010). For another mechanism 

that creates genetic divergence of virus is reassortment. This means exchange 

of genetic materials that are from two similar viruses, which have infected a 

host cell (Chen et al., 2006). Chiefly, reassortment occurs in virus like 

influenza virus, which has segmented genome, and affects the expansion of 

host range and change of lethality to bring about emergence of virus (Marshall 

et al., 2013). The recent outbreak of influenza virus (A/H1N1/2009) was 

caused by emergence of a new strain that could infect human by reassortment 

of avian, human and swine influenza virus (Smith et al., 2009). Variation at 

viral genomes caused by mutation, recombination and reassortment, which 

occur during replication of virus, helps swift adaptation to a changed 

environment by offering genetic diversity (Domingo, 2010). Especially, 

process of evolving by selecting genetic variation that helps viral fitness 

enhancement from viral variation is an important factor that causes emergence 

of new viral pathogen that can expand host range and allows survival of virus 

despite of host defence mechanism (Agudelo-Romero et al., 2008; Domingo, 

2010). Therefore, emergence and re-emergence of new virus are researched 

continuously through viral variation. 

 

1.3.2 Consequences of Viral Variation   

Due to genetic mutation like mutation, recombination, reassortment, 

quasi-species, change in tropism and host specificity and immune evasion can 

occur. Quasi-species have formed by generating genetic diversity in order to 

cause continuous infection to the host and are related to error-prone 

replications, high mutation rates and short generation times of the 

evolutionary dynamics in virus (Lauring and Andino, 2010). This is shown in 
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most RNA viruses such as HIV and dengue virus, and with the generation of 

Quasi-species, virus can evade immune response and resist to vaccine and 

drug (Domingo et al., 2012). Virus tries to adapt successfully by continuing to 

incur mutation that is suitable to cause infection despite the environmental 

change through change in tropism and host specificity (Figure 1.2, Woolhouse 

et al., 2005; Parrish et al., 2008). However, viral infection in unexpected 

forms that result from viral mutation like this can be a threat to public health. 

Therefore, understanding viral evolution is instrumental in conducting related 

researches such as prevention and treatment of viral diseases and diagnosis. 
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Table 1.4 Mutation rates of several viruses  

Virus Mutation rates* References 

SARS coronavirus 0.80-2.38 × 10-3 (Zhao et al., 2004) 

Foot-and-mouth disease virus 3.3 × 10-4 (Airaksinen et al., 2003) 

Influenza A virus 1.5	×	10-5 (Parvin et al., 1986) 

Canine parvovirus 1.7 × 10-4 (Shackelton et al., 2005) 

Feline panleukopenia parvovirus 9.4 × 10-5 (Shackelton et al., 2005) 

human immunodeficiency virus 3.4 × 10-5 (Mansky and Temin, 1995) 

Poliovirus 1.13 × 10-4 (Drake, 1993) 

Vesicular Stomatitis Virus 3.15 × 10-4 (Drake, 1993) 

Rous sarcoma virus 4.60 × 10-5 (Drake, 1993) 

Herpes simplex virus, type I 3.5 × 10-8 (Sakaoka et al., 1994) 

Hepatitis C virus 0.9 × 10-3 (Abe et al., 1992) 

* Mutation rates; Possibility of mutations at each replication cycle  
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Figure 1.2 Host and viral processes. Viruses generate variations for adapting to host 
processe that can affect each viral process (Woolhouse et al., 2005; Parrish et al., 
2008). 
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1.4 Evolutionary Analysis of Viruses 

1.4.1 Codon Usage Analysis 

§ Relative Synonymous Codon Usage  

Three-nucleotides in a nucleic acid sequence encode an amino acid. 

The nucleotide triplet is called codon, and there are 64 different codons. 61 of 

the 64 possible codons spceify particular 20 amino acids and 3 stop codons. 

Most of the amino acids are encoded by more than one codon, and codons 

encoding the same amino acid are called synonymous codons. The patterns of 

codon usage vary considerably among species or genes, so often specific 

codons could be preferred (Plotkin et al., 2006). Therefore, codon usage bias 

based on preferred codons refers to differences in the frequency of occurrence 

of synonymous codons. Codon usage is not a random event, and non-random 

usage of synonymous codons is important in efficient protein translation and 

correct folding (Yin et al., 2013). By analyzing codon usage bias, it is possible 

to explain bias patterns in mutation pressure translational efficiency, gene 

length, dinucleotide bias, tRNA abundance and organ specificity, and it is also 

helpful in understanding the mechanisms (Archetti, 2004; Chen, 2013). 

Therefore, codon usage bias for an amino acid can be calculated by using 

“RSCU (Relative synonymous codon usage)” (Sharp and Li, 1986). 
 

 RSCU =	 1∑   

n = number of synonymous codons for the amino acid  X= number of occurrences of codon i 
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Normally, codons with RSCU values of more than 1.0 can be seen to 

have a high codon preference (abundant codons), and when lower than 1.0, it 

can be said that preference of that codon is low (less-abundant codons) (Sharp 

and Li, 1986). The RSCU value is not related to the abundance ratio for amino 

acid usage (or for synonymous codons), but directly related to values for 

synonymous codon usage bias (Sharp and Li, 1986). When the value is equal 

to 1.0, the preference for that codon is equal, or the codon was used randomly. 

The codon usage bias analysis of viruses not only offers data on molecular 

evolution, but enhances understanding of viral gene expression regulation, 

and it can help with vaccine designs for the efficient expression of 

information for the necessary viral proteins that are needed for triggering 

immune responses (Shackelton and Holmes, 2004; Butt et al., 2014). 

 

§ Effective Number of Codon  

When attempting to evaluate codon usage biases, ENC (Effective 

number of codons) is a useful index. ENC measures bias from equal codon 

usage of gene (Wright, 1990).  
 

 ENC = 2 +	 9 + 1 + 5 + 3	 F =	 − 1 − 1 		 ,  =  
  

    F = the k-fold degenerate amino acids 

n = the total number of occurrences of the codons n = the total number of occurrences of the ith codon 

 

 



24 

 

The ENC value is at least 20, assuming that only one synonymous 

codon was preferred, and the value is 61 at its maximum, assuming all 

synonymous codons were preferred equally (Wright, 1990). When the ENC 

value is more than 35, it can be said that it is showing a stable ENC value, and 

this suggests that there is a relatively conserved genomic composition 

(Comeron and Aguadé, 1998). An inverse relationship generally exists 

between the ENC value and the gene expression. A low ENC value shows 

strong codon usage bias and a higher gene expression; in contrast, a higher 

ENC value can show that various codons were used to code the amino acids, 

and there is a lower gene expression (Wright, 1990). ENC is a quantitative 

method of measuring codon bias. It is a widely used, popular index, because 

ENC makes interpreting results easier than other methods, and an additional 

analysis related to optimal codons is not necessary. 

 

§ Base composition analysis 

Base composition plays a crucial role in codon usage patterns, 

because most of the indices of codon usage bias are based on the base 

composition of coding regions. In order to see the genetic sequence 

characteristics of a virus, it is necessary to examine the nucleotide's 

composition. The GC composition is the calculation of the guanine (G) and 

cytosine (C) composition in the genomic sequence, which can be seen as the 

overall GC content, local GC composition, and the ratio of G/C or A/T. 

Overall GC composition is calculate GC% at 1st (GC1), 2nd (GC2) and 3th 

(GC3) (Wan et al., 2004). The GC content at the third codon position (GC3) 

and the GC content at the region where the gene is located show an especially 

strong correlation (Bernardi, 2000). With the ratio of G/C or A/T within a 

single strand of DNA, the GC content at the strand and minus strand of the 

DNA sequence can be compared by using the Watson-Crick base pairing rules 
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as a basis (Wan et al., 2004). 
 

 GC = ( + )( +  +  + )		 , GC = ( + )3 		 
 ,  = the number of G and C at the nth position of the codon 

L = the length of the genome 

 

The GC content is related to various genomic features, such as repeat 

element distribution, methylation patterns, and gene density (Duret et al., 

1995; Jabbari and Bernardi, 1998). Species-specific codon bias is strongly 

related to GC content, and it is possible to distinguish through the codon bias 

in the genes of other organisms (Knight et al., 2001). Generally, GC-rich 

regions contain many genes, and GC-poor regions contain hardly any genes. 

In addition, when GC composition is very low or high, we say that there is a 

large codon usage bias (Ermolaeva, 2001). Therefore, analysis and 

distribution information of GC content helps in researching the evolution and 

origin of regions related to the functions in coding sequences. When codon 

bias analysis was performed, the value of the GC3 content should be acquired, 

because the GC3 content can be a good predictor for base composition bias.   

 

§ Correspondence Analysis 

When attempting to determine the particular patterns of viral genetic 

sequences, the results of the codon usage are multivariate, so the efficient 

statistical method COA (correspondence analysis), which can show the 

relation between multiple categorical variables, is usually used (Greenacre, 

1984; Perrière and Thioulouse, 2002). COA is mainly used in codon usage 

studies, because it allows for the analysis of complex datasets and the 



26 

 

visualization of results with a graphical approach. When analyzing codon 

usage variation tendencies between genes, each gene can be presented with 59 

dimensional vectors in COA. Each dimension follows the RSCU value of the 

sense codon except for start codon (AUG) and three stop codons (UAA, UAG, 

UGA) (Mardia et al., 1979; Perrière and Thioulouse, 2002). A COA based on 

RSCU undergoes two main steps. The first step is using the squared Euclidean 

distance between all genes to measure the similarities in codon usage, and the 

distance table produced as a result is used to calculate the genes’ coordinates 

in multidimensional space. The second step is to visualize the Euclidean 

distances through gene positioning with continuous orthogonal projections of 

the cloud of points (Suzuki et al., 2008). The advantage of COA is that it 

makes it easy to understand the relationships of codon usage bias in genomes, 

as the results are expressed in a map. Fundamentally, the COA process is 

conducted to find linear transformations of the original variables and similar 

codon usages located closer to the projection’s components (Mardia et al., 

1979). 

 

1.4.2 Phylogenetic Analysis 

Phylogenetic analysis proposes evolutionary relationships, such as 

living organisms’ species and DNA, RNA or protein sequences (Podsiadło 

and Polz-Dacewicz, 2013). From the topology information of the tree created 

through phylogenetic analysis, the evolutionary distance can be estimated, and 

it is possible to know of the occurrence of new evolutionary lineages and 

sequence divergences (Felsenstein, 1985; Baldauf, 2003). In order to conduct 

a phylogenetic analysis, nucleic acids or protein sequences need to be 

collected depending on the purpose of the research. Sequence data are 

available from well-known public databases such as NCBI GenBank 

(http://www.ncbi.nlm.nih.gov/genbank), EMBL (http://www.ebi.ac.uk/embl), 
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DDBJ (http://www.ddbj.nig.ac.jp), Swiss-Prot (http://expasy.org/sprot) and 

UniProt (http://www.uniprot.org). When all the sequences required for the 

analysis are collected, a multiple sequence alignment process is carried out to 

distinguish regions of similarity. The most well-known program, ClustalW 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/) or the newly developed HMM 

profile-to-profile tech-based Cluster Omega (http://www.ebi.ac.uk/Tools/ 

msa/clustalo/) can be used as multiple sequence alignment programs. Other 

than these, programs such as MUSCLE (http://www.ebi.ac.uk/Tools/ 

msa/muscle/), T-COFFEE (http://www.ebi.ac.uk/Tools/msa/tcoffee/) and 

MAFFT (http://www.ebi.ac.uk/Tools/msa/mafft/) can conduct multiple 

sequence alignments. Once the alignment is completed, an appropriate 

substitution model must be selected in order to measure the evolutionary 

distance between the analyzed sequences (Bos and Posada, 2005). 

Substitution is an important process of the evolution of a living organism. 

This includes transition, which is a point mutation that occurs in the same 

groups (purines or pyrimidines) of nucleotides, and transversion, in which 

purines convert into pyrimidines or vice versa. Among the popular 

substitution models, the JC69 (Jukes-Cantor) model assumes that the 

possibility (α) of substitution occurring in each equal sequential position is the 

same, and that four nucleotides hold an equal frequency (Jukes and Cantor, 

1969). The evolutionary distance in the JC69 model is defined by substitution 

number that is measured for every position within the sequence (Higgs and 

Attwood, 2004). The K80 (Kimura 2-parameter) model is a model proposed 

by Kimura based on the fact that transition is more likely to be observed than 

transversion. It defines the possibility of transition being observed as α, and 

that of transversion being observed as β (Kimura, 1980). The F81 (Felsenstein) 

model is a model proposed by Felsenstein that expands the JC69 model, in 

which base frequencies are diverse, but all the substitution frequencies are 

equal and calculated (Felsenstein, 1981). The HKY85 (Hasegawa-Kishino-
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Yano) model, which was designed by merging the K80 model and the F81 

model, has various base frequencies, and it uses the κ parameter to calculate 

the ratio difference between transitions and transversions (Hasegawa et al., 

1985). The T92 (Tamura) model is a method considering GC-content bias that 

is based on K80, and TN93 (Tamura-Nei) model assumes an equal frequency 

for transversions and varying frequencies for transitions (Tamura and Nei, 

1993). Other than these, GTR (general time reversible) and G (gamma 

distribution) are developed as substitution models, and appropriate models can 

be used to estimate the evolutionary distance (Rodríguez et al., 1990). Then, 

the process of analyzing important information from the evolutionary flow 

through the phylogenetic tree reconstruction is conducted, and the tree's 

topology information gained from the phylogenetic tree reconstruction 

provides important data that appear in evolutionary relation, such as 

evolutionary history, speciation and gene duplication (Krane and Raymer, 

2002). For the phylogenetic tree reconstruction, distance-based methods and 

character-based methods are used. The distance-based method shows gaps 

between the data used in the analysis in pairwise distance matrix form and 

constructs the phylogenetic tree according to the algorithm. The UPGMA (un-

weighted pair group method with arithmetic mean) and the NJ (neighbor-

joining) method belong to this method. The UPGMA is a simple hierarchical 

clustering method that binds two closes nodes together (Sokal and Michener, 

1958), and the NJ method group neighbors with minimum branch lengths 

while focusing on the relations between neighbors (Saitou and Nei, 1987). 

The UPGMA and the NJ method are computationally faster, so can be used 

appropriately in the phylogeny of large datasets (Podsiadło and Polz-

Dacewicz, 2013). Examples of the character-based method include ML 

(Maximum likelihood) and MP (Maximum parsimony) method. The ML 

method is a statistical method that considers all kinds of base substitution 

probabilities observed in the aligned sequence and selects the tree with the 
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highest likelihood value (Felsenstein, 1981). The MP method is a method that 

considers substitutions appearing in a meaningful sequence and forms the 

phylogenetic tree by minimizing the evolutionary step number (Williams and 

Fitch, 1990). PHYLIN (http://evolutiongenetics.washington.edu/phylip.html), 

PAUP (http://paup.csit.fsu.edu/), MEGA6 (http://www.megasoftware.net), 

MrBayes (http://mrbayes.csit.fsu.edu/) and TREE-PUZZLE (http://www.tree-

puzzle.de/) are packages that can be used on web for phylogeny inference. 
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1.5 Biological Databases 

1.5.1 Database Construction for Biological Data 

With the rapid development of molecular biology techniques, related 

data have increased exponentially, and various databases have been 

constructed in attempts to promote the efficient usage and prevention of 

overlapping research through systematic information sharing (Table 1.5). 

Initially, GenBank was chiefly constructed as a database to collect DNA base 

sequences through support from the NIH; as management transferred to the 

NCBI (National Center for Biotechnology Information) in 1982, GenBank 

provided a search service as well as database construction by collecting and 

processing base sequences. GenBank has formed international nucleotide 

sequence collaborations with EMBL (European Molecular Biology 

Laboratory) and DDBJ (DNA DataBank of Japan) to exchange and share base 

sequences data. As databases like metadatabases, genome databases, protein 

sequence databases, proteomics databases, protein structure databases, 

protein-protein interactions, microarray databases, metabolic pathway 

databases and taxonomic databases, containing a variety of biological 

information are arising, the process of analysis to deduce meaningful data is 

becoming important. To establish biological mechanisms, not only do the 

required base sequence data need to be collected from the constructed 

database, but the data need to be processed and used appropriately according 

to research purposes. Databases can normally be divided into primary, 

secondary, and composite databases. In biological databases, databases 

formed entirely of nucleic acid or protein sequence data are referred to as 

primary databases (such as GenBank and SWISS-PROT), secondary 

databases (such as PRSITE and Pfam) contain the data used for analysis from 

the primary database, and composite databases are comprehensive databases 
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that integrate various primary databases to improve the efficiency of searches 

for research (Nishant et al., 2011). Efforts to use dramatically increasing 

amounts of biological data will continue to be required. For this, preparing a 

basis of active applications of constructed data is possible through studies on 

database structure. Databases can analyze and manage massive amounts of 

information depending on biological data characteristics. 

 

1.5.2 Biological Database Design 

With the drastic increase of biological data, the design and 

construction of an efficient database that can systematically store, manage and 

analyze such data is required. A well-designed database can enable linking 

with other resources and research usage through annotations saved in the 

entered information (Li et al., 2010). For annotations to work well, data 

format designs configured in the early biological database need to be 

implemented systematically, but there have been cases where input data has 

been stored in general text formats. However, the tagged "flat-file" format of 

the input file is designed for each database system in the field where the data 

is saved (Bry and Kröger, 2003). Therefore, when entering data according to 

the flat-file or taking information from other databases, systematic 

management is possible, as data is formed according to the file format. In 

addition, in order to use the biological information from various databases 

usefully, factors for "database interoperability" must be considered in the 

database design. Typically, SRS (sequence retrieval system) is an information 

indexing tool that enables comprehensive research through the flat-file 

indexing of biological information databases operated separately on the web 

(Etzold et al., 1996). Other than research, depending on the purpose of the 

system being designed, consideration of an index that can combine the 

necessary data from other databases can be important to the database design. 
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Advances in science technology are expected to create more biological data, 

and the construction of a database that can systematically store and manage 

these data will become even more important. A database design process that 

reflects the characteristics of the biological data is the start of mass biological 

data usage, and the construction of a systematic database can be of practical 

use in related fields, such as bioinformatics and system biology. 
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Table 1.5 Examples of biological databases  

Databases Category Website 

NCBI GenBank 
(National Center for 
Biotechnology 
Information) 

Nucleotide sequence http://www.ncbi.nlm.nih.gov 
/genbank 

EMBL 
(European Molecular 
Biology Laboratory) 

Nucleotide sequence http://www.ebi.ac.uk/databases 

DDBJ 
(DNA Data bank of 
Japan) 

Nucleotide sequence http://www.ddbj.nig.ac.jp 

SWISS-PROT Protein sequence http://www.ebi.ac.uk/uniprot 

PIR Protein sequence http://pir.georgetown.edu/ 

MEROPS Peptidase  http://merops.sanger.ac.uk/ 

PeptideMass Peptide sequence http://web.expasy.org/peptide_mass/ 

BRENDA Enzymes http://www.brenda-enzymes. org/ 

Ensembl Enzymes http://www.ensembl.org/ 

PDB 
(Protein Data Bank) 

Protein structure http://www.rcsb.org/ 

PROSITE Protein domains, families 
and functional sites 

http://prosite.expasy.org/ 

Pfam Protein families http://pfam.xfam.org/ 

Reactome Biological pathways http://www.reactome.org/ 

KEGG PATHWAY  Metabolic networks http://www.genome.jp/kegg 
/pathway.html 
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Figure 1.3 Example of biological database design. This figure is an example of 
database design based on biological data. MySQL Workbench has been used in the 
design (Nelson et al., 2003). 
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1.6 Research Objectives 

Despite many research and public health-wise efforts, infectious 

diseases remain important problems that threaten public health. New 

infections caused by the emergence of mutated influenza viruses and 

unexpected infectious diseases, like SARS, are arising continuously, and 

increase in population movements and international exchanges, and climate 

and environment changes are broadening the extent of infectious disease 

propagation. The occurrence of infectious diseases with high pathogenicity, 

such as increasing incidences of the Ebola virus, causing recent chaos in 

public health, society and economy, can lead to international pressure. 

Therefore, various related studies must be conducted to monitor this.  

In case of viruses, which are a major cause of infectious diseases, they 

can infect hosts or vectors by adapting to new environments using fast 

mutation rates. The high mutational rates of viruses present challenges in 

analyzing and diagnosing the origin of viruses and drug development, and it is 

necessary to understand viral mutation, because it can cause unexpected viral 

infections. Viral variations can be caused by mutation, recombination and 

reassortment, and they cause quasi-species, changes in tropism and host 

specificity and immune evasion, and they evolve to enhance viral fitness. 

Therefore, studies should be conducted to forecast viral infection 

characteristics with the bioinformatics method, which uses accumulated data 

from past breakouts. In order to analyze the evolution patterns, RSCU (for 

analyzing codon usage preference for one amino acid), ENC (to evaluate 

codon usage bias), base composition analysis (to compare nucleotide 

compositions of DNA sequences), COA (to analyze codon usage variation 

tendencies) and phylogenetic analysis (to calculate evolution relationships) 

are possible methods that can be used. The construction of a biological 
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database has to be designed according to data characteristics and the purpose 

of usage, and methods that can analyze the massive amount of biological data 

information need to be researched. For infectious diseases, biological data are 

necessary to determine useful results for predictions, evolution pattern 

analyses and infection mechanism research, and application of the 

bioinformatics technique can have an important use in research.  

Therefore, this research was conducted with a series of bioinformatics 

approaches, from the biological data collection process to the application of 

software simulations with viruses that generate new subtypes through 

continuous mutations and gradually expand infection regions. In Chapter 2, a 

comparison study is conducted on OBI (occult HBV infection), which is 

caused by HBV (hepatitis B virus) and is difficult to diagnose. Research is 

carried out with a collection of sequence data from NCBI. This study suggests 

maintaining workflows for large-scale biological data, such as data mining, 

integrating, managing, and constructing analyzing systems with specialized 

databases, is important. In Chapter 3, evolutionary pattern analyses for viruses 

causing diseases to humans within the phlebovirus genus and RVFV (Rift 

Valley fever virus) are conducted, and this study is designed to produce useful 

results that are applicable to prediction studies. In Chapter 4, validating tests 

for influenza virus sequences predicted by a simulation program are 

conducted, so that they can be applied to other viruses causing infectious 

diseases. Through this research, the genetic characteristics and evolutionary 

patterns of viruses that cause infectious diseases are analyzed using large-

scale biological data; based on the results, factors related to infection 

mechanisms are understood and suggested for future research directions. In 

addition, this research attempts to seek and suggest, a way to respond to viral 

diseases caused by viruses with frequent mutation by analyzing the predicted 

sequences from the results of the simulation studies.  
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CHAPTER II. 
 
SEQUENCE ANALYSIS OF “OCCULT HBV 
INFECTION” 

 
2.1 Introduction 

HBV (hepatitis B virus) is the first virus known to cause cancer; it has 

been found as a major cause of not only HCC (hepatocellular carcinoma), but 

liver cirrhosis and acute and chronic infections (Lok, 2002). It is reported that 

about 600,000 people die every year due to HBV infection, and more than 2 

billion, about one third of the world’s population, have been infected by HBV, 

and it is estimated that approximately 240 million people are chronic HBV-

infected patients (Ott et al., 2012; WHO, 2013). Advanced techniques in 

molecular biology have revealed many aspects of HBV, such as its structure, 

replication mechanism and gene expression pattern; however, despite the 

development of vaccines and drugs, HBV is a major public health care 

problem that causes disease to many people in the world. Biological data 

related to infectious agents with a long recorded history, such as HBV, has 

been accumulated on a large-scale by various studies. It is important to link 

the annotations and utilize the accumulated biological data in the field of 

bioinformatics research. For this, efficient database design and construction 

method are required. Thus, the purpose of this study is to find useful results 

from large-scale biological data through information that is collected, 
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processed and analyzed by the targeted research.  

HBV is a DNA virus belonging to Hepadnaviridae family and is 

formed from partially double-stranded DNA of approximately 3,200 bp in 

size (Figure 2.1, Ganem and Varmus, 1987). The HBV genome has four genes 

referred to as C, S, P and X, and they have partially overlapping ORFs (open 

reading frames) that synthesize seven proteins (P gene; polymerase protein, C 

gene; HBcAg and HBeAg, S gene; large, medium and small HBsAg, X gene; 

X protein) (Seeger and Mason, 2000). Although some functions of the 

proteins have been determined, there are some, like the X protein, that are 

known to be related to HCC, but require more research into their specific 

mechanism (Table 2.1). 

HBV infiltrates the cytoplasm by attaching to the host’s liver cell 

surface. After it undergoes uncoating in which the capsid is removed at the 

nuclear membrane, HBV moves inside the nucleus of the liver cell (Rabe et 

al., 2003). The pre-S protein is reported to mediate the entry process of HBV 

into the liver cell, and the receptor region of HBV against the liver cell has not 

yet been found (Neurath et al., 1986). When the virus genome in the capsid 

enters the nucleus, the partially double-stranded HBV DNA transforms from 

cccDNA (covalently closed circular DNA) to rcDNA (relaxed-circle DNA) 

form, and this acts as a template for viral gene expression (Tuttleman et al., 

1986). The pgRNA (pre-genomic RNA) transcribed from cccDNA within the 

infected cell is reverse transcripted into rcDNA at the viral capsids (Sells et al., 

1988). With pgRNA as a center that can change back to its original viral DNA 

in the cytoplasm, encapsidation then takes place, and the HBV in the nucleus 

is changed to cccDNA form from the unstable double-stranded form of rc 

DNA (Bock et al., 1994). Because the reverse transcriptase, which plays an 

important role in replication in HBV’s reproductive stage, does not have a 
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mechanism to proof-read errors during transcription, it can result in frequent 

mistakes during replication (Coleman, 2006). While the replication of HBV is 

taking place, the polymerase’s error rate is reported to be approximately 1 in 

107 bases (Coleman, 2006; Günther, 2006). In addition, there are areas where 

the same ORF regions overlap, such as single coding regions and double (or 

overlapping) coding regions, due to the unstable double-stranded structure of 

the HBV genome (Ganem and Varmus, 1987; Schaller and Fischer, 1991). 

Overlaps at the ORF region restrict the fixing of many mutations; therefore, 

the HBV genome enables the rise of quasispecies, and silent mutations can 

occur through certain selections (Torresi, 2002; Kidd-Ljunggren et al., 2002; 

Günther et al., 1999). Base sequence forming HBV is reported to vary 

depending on area and race, and the genotype is expressed differently 

according to the base mutation. If more than 8% of the total base sequence 

differs, HBV is classified into each genotype, and it is categorized into 

subgenotypes with 4% as the threshold (Norder et al., 2004; Pujol et al., 2009; 

Kao, 2011). It can also be divided into 9 serotypes (ayw1, ayw2, ayw3, ayw4, 

ayr, adw2, adw4, adrq+, adrq-) according to antigenic determinants of the 

surface antigen (Le Bouvier et al., 1972; Couroucé-Pauty et al., 1978). As 

seen in <Table 2.2>, HBV shows spatial distribution that is distinguished by 

genotype. Not only this, but the HBV genotype shows differences in 

biological characteristics and clinical symptoms of the virus, so studies that 

consider comprehensive factors of HBV infections are required (Kao et al., 

2002; Miyakawa and Mizokami, 2003).   

In order to diagnose HBV infection, a method of checking the 

existence of HBsAg (surface antigen of the HBV) in the serum is usually used. 

Once HBV is confirmed in a serological test on HBsAg, HBV can be further 

confirmed in a HBV DNA test, too (Samal et al., 2012). However, there is a 

form of infection in which the infection is unconfirmed in a HBsAg 
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serological test, but HBV DNA is confirmed when a PCR test is carried out 

on a patient’s tissue or blood; this is called OBI (occult HBV infection) 

(Raimondo et al., 2008). OBI was first found in a case of HBV infection 

through blood transfusion in 1979. Before the diagnostic method was 

developed, a negative result in HBsAg test after a blood transfusion was seen 

as an uncertain stage, or "window period (WP)" before HBV infection 

diagnosis where infection could not be confirmed. Nevertheless, after 

introduction of the PCR test, there have been reports that HBV DNA had been 

confirmed even when HBsAg was diagnosed as negative (Tabor et al., 1979). 

It may be hard to diagnose OBI early, as infection confirmation cannot be 

made in a serological test against HBsAg. However, when the high-risk group 

for OBI is examined, the disease occurs at a high rate in liver disease and 

HCC-related patients in the group (64%) that had liver transplants and in the 

liver cancer patient group (62%), so understanding of its occurrence 

mechanism is an important requirement (Table 2.3). Factors reported to be 

related to outbreaks of OBI include; genomic integration, APOBEC 

(apolipoprotein B mRNA-editing enzyme-catalytic polypeptide), coinfection, 

epigenetic changes, sequence variation, host immune responses and HBV 

immune complexes (Table 2.4). Mutations (Q563S of polymerase and S207R 

of surface gene) that occur in the YMDD (Y; tyrosine, M; methionine, D; 

aspartate, D; aspartate) motif due to the lamivudine treatment can cause 

substitution at the "a" determinant within HBsAg, where the HBsAg’s "a" 

determinant is the region of amino acids (124-127) that have a two-loop 

structure with rich cysteine residues, and are related to the formation of 

disulfide and the maintenance of regional conformation (Wakil et al., 2002; 

Raimondo et al., 2008; Samal et al., 2012). If mutation occurs in this region, it 

can cause conformational changes in the protein and result in the disruption of 

HBsAg diagnosis. In addition, G-to-A mutations at the surface gene position 

458 affect the HBV’s gene expression; as a result, HBsAg secretion is 
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reduced, which may make the diagnosis difficult, and mutations in the pre-S 

region also cause a reduction of HBsAg secretion (Hass et al., 2005).  

Developments in molecular biology have made OBI diagnosis 

possible, and research into OBI can help create strategies to diagnose OBI 

infections from blood transfusions. However, it is not only through the HBV 

diagnosis method that it is difficult to sort all OBI patients; there are many 

parts that have yet to be discovered in relation to occurrence, so studies on 

this aspect are necessary. Therefore, in order to reveal OBI group 

characteristics among HBV infectees, OBI and non-OBI group comparison 

experiments according to HBV genotype were conducted by using the 

bioinformatics method. 
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Table 2.1 Role of HBV proteins  

ORF Protein Roles 

P 
(polymerase) polymerase 

replication process including facilitation of 
DNA synthesis, reverse transcription, and 
degradation of pre-genomic RNA 

S  
(surface 
envelope) 

large, middle, 
and small 
HBsAg 

large HBsAg protein appears to play a key role 
in binding of HBV to surface receptors on 
hepatocytes  

C 
(pre-core 
/core) 

core protein the major constituent of the nucleocapsid, 
which is essential for viral replication 

HBeAg 
plays immunoregulatory role, important role in 
the chronicity and carcinogenesis of HBV 
infection and promotes viral persistence 

X X protein 
involved in cell cycle regulation, signal 
transduction, transcriptional activation, and 
DNA repair  

(Klingmüller and Schaller, 1993; Milich and Liang, 2003; Yang et al., 2006; 
Benhenda et al., 2009) 
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Figure 2.1 Genome structure of HBV. The HBV genome is approximately 3.2 kb in 
length, it is partially double stranded circular DNA with four overlapping reading 
frames (polymerase, core, surface and X protein) (Rehermann and Nascimbeni, 2005). 
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Table 2.2 Geographic distribution of HBV genotypes and subtypes  

Genotype Subtype Geographic location (mainly) 

A 
A1 East and South Africa, India 

A2 Northern Europe, USA, Canada 

A3-A5 Western Africa 

B 

B1 Japan 
B2 China, Vietnam 
B3 Indonesia 
B4 Vietnam 
B5 Philippines 
B6 Alaska, Canada, Greenland 
B7, B8 Indonesia 

C 

C1 Southern Asia 
C2 Japan, Korea, China 
C3 Polynesia, Micronesia 
C4 Australia 
C5 Philippines, Vietnam 
C6 Indonesia 
C7 Philippines 
C8-C10 Indonesia 

D 

D1 Mediterranean area, Middle East 
D2 Russia 
D3 Serbia, South Africa, Alaska 
D4 Oceania, Somalia 
D5 Eastern India 
D6 Indonesia 
D7 Tunisia 
D8 Niger 

E - West Africa 

F 

F1 South and Central America 
F2 South America, Polynesia 
F3 Venezuela, Colombia 
F4 Argentina, Bolivia 

G - USA, France 
H - South and Central America 
I - Laos, Vietnam 
J - Japan 

(Bowyer et al., 1997; Stuyver et al., 2000; Sugauchi et al., 2001; Arauz-Ruiz et al., 2002; 
Sugauchi et al., 2002; Huy et al., 2004; Norder et al. 2004; Sugauchi et al., 2004a; Sugauchi et 
al., 2004b; Chan et al., 2005; Hannoun et al., 2005; Kurbanov et al., 2005; Banerjee et al., 2006; 
Nagasaki et al., 2006; Olinger et al., 2006; Sakamoto et al., 2006; Sakamoto et al., 2007; Lusida 
et al., 2008; Nurainy et al., 2008; Cavinta et al., 2009; Meldal et al., 2009; Mulyanto et al., 
2009; Utsumi et al., 2009; Abdou Chekaraou et al., 2010) 
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Table 2.3 High-risk groups for occult HBV infection 

Patient group Reported 
prevalence (%) References 

Chronic HCV infection 15-33 (Kao et al., 2002;  
Bloquel et al., 2010) 

HIV infection 10-45 (Lo et al., 2007;  
Gupta and Singh, 2010) 

Injection drug users 45 (Torbenson et al., 2004) 

Hemodialysis 27 (Di Stefano et al., 2009) 

Hepatocellular carcinoma 62 (Hassan et al., 2011) 

Cryptogenic liver cirrhosis 32 (Chan et al., 2002) 

Liver transplant 64 (Ghisetti et al., 2004) 
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Table 2.4 Mechanisms leading to occult HBV infection 

Risk factor Overview 

Genomic integration Disruption and rearrangement,  
Reduced HBV proteins and replication 

APOBEC 
(apolipoprotein B mRNA -
editing enzyme-catalytic 
polypeptide) 

Deamination dependent,  
Deamination independent 

Co-infection HIV, HCV, Schistosoma mansoni 

Epigenetic changes Methylation, Acetylation 

Sequence variation 
Vaccine induced, HBIG (Hepatitis B immune 
globulin) treatment, Splicing, Treatment associated, 
Pre-S region mutant 

Host immune responses T cell, VDR (vitamin D receptor) gene,  
Immuno-suppression, Apoptosis 

HBV immune complexes Lack of detectable HBsAg 

(Samal et al., 2012) 
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2.2 Methods 

2.2.1 Database Construction for HBV Sequences 

A significant amount of sequence data is available to the public within 

GenBank regarding to HBV. GenBank entries are assigned with distinct 

identifiers for distinguishing them within a sea of information, and each entry 

is divided into taxonomic divisions and functional divisions for data 

management and supply. Taxonomic divisions are divided into 12 divisions 

such as BCT (Bacteria), PRI (Primates) and VRL (Virus), and functional 

divisions are divided into 8 divisions such as EST (Expressed sequence tags) 

and STS (Sequence tagged sites), making 20 divisions altogether at present. 

These entries distribute files with great amounts of data included according to 

divisions from the NCBI GenBank FTP site (ftp://ftp.ncbi.nih.gov/genbank/). 

This study will download the division file (gbvrl1.seq.gz-gbvrl25.seq.gz) that 

corresponds to VRL, then extracted the HBV base sequence information and 

process and analyze it.  

Data downloaded from GenBank is in "flat file" format and is largely 

divided into annotation sections and sequence sections. The annotation section 

is composed of "LOCUS", "DEFINITION", "ACCESSION", "VERSION", 

"KEYWORDS", "SOURCE", "REFERENCE" and "FEATURES", so data 

about the relevant sequence can be acquired. "LOCUS" includes the locus 

name, sequence length, molecule type, GenBank division and modification 

date. "ACCESSION" records the identifier of the relevant sequence data. 

There is a registration number version and a "GI (GenInfo Identifier)" in the 

"VERSION" to supplement the accession number, and "FEATURE" has 

biological information on the sequence data. The sequence section is 

composed of the "ORIGIN" field, where the sequence data of the object is 

included. For the HBV sequence data analysis, this study used the source data 
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within "FEATURES," and conducted JAVA programming to extract the HBV 

data from "/organism." Through this process, 16,627 of HBV data were 

extracted, and the parsing process was carried out, which extracts the relevant 

information about the corresponding sequence position, gene name within the 

gene field and collection information within the "FEATURES" source field. 

In addition, the database was constructed by using JSP and MySQL together 

with sequence data reprocessed in the form needed for analysis (Figure 2.2). 

The database enabled the extraction of the HBV sequence information gained 

from OBI patients to facilitate the research on the OBI group, as well as the 

search for relevant information and result confirmations, including NCBI 

accession numbers, HBV genotypes, countries, sequence lengths, and full 

sequences. The database was constructed a total of 16,627 HBV sequences 

containing genotype A (2,567), B (2,609), C (4,398), D (4,260), E (1,339), F 

(510), G (245), H (82), and others (617) that included 517 OBI sequences. By 

using the data stored in the database, a comparison analysis on the OBI and 

non-OBI groups was conducted. 

 

2.2.2 Comparative Analysis for HBV Infections 

Two hypotheses are widely accepted to explain why the OBI group 

appeared. One of the HBV proteins, the S protein, which is used for diagnosis, 

had a mutation, so HBsAg was not diagnosed. The other hypothesis is that the 

replication mechanism of virus had a problem that resulted in the suppression 

of HBV DNA, making the detection difficult (Raimondo et al., 2008). In 

many studies, the focus was on HBsAg coding region to analyze the mutation 

in this region (Bruni et al., 2011). However, there has been no confirmation of 

a common mutation that seems to have direct relationship with OBI 

occurrence (Raimondo et al., 2008). After the discovery that there is a form of 

disease known as OBI, it was first thought that the mutation in the "a" 



49 

 

determinant at the surface antigen could induce a conformation change of 

protein, and this was therefore suspected as the cause of OBI (Carman et al., 

1990). The first mutation reported in the HBsAg "a" determinant was G145R, 

and it was reported that the binding affinity of the monoclonal antibody in 

HBsAg was measured as low when this mutation was observed. Although 

reports on mutations occurring in HBV genomes continue, it is hard to find a 

specific mutation aspect unique to OBI group, as mutations occur frequently 

from various factors due to HBV properties. In OBI patients, HBV replication 

is suppressed, so HBV DNA levels are measured as low, which is reported to 

be because reproduction does not occur, as gene expression is suppressed 

even though the HBV gene exists in cccDNA form within the liver tissue of 

OBI group (Vivekanandan et al., 2008; Samal et al., 2012). The host's 

immune response is reported to play an important role in suppressing HBV 

gene expression and other pathogen co-infections, and epigenetic factors are 

reported to participate in suppressing HBV reproduction (Samal et al., 2012). 

In order to understand mechanism of occurrence of OBI group exactly, more 

analysis needs to be done through more large-scale research with non-OBI 

group.  

This study conducted a comparison analysis to find significant 

differences between OBI group and non-OBI group with the sequence data of 

large data as its basis. The analysis was conducted to determine if known 

mutations in the OBI’s surface antigen region in existing research are 

applicable to all OBI groups. Then, with all the sequence data in the 

constructed database as the subject, a phylogenetic analysis was carried out to 

find characteristics of the OBI group. The sequence alignment was performed 

by using Clustal W program and the phylogenetic analysis was performed by 

using MEGA6 program (http://www.megasoftware.net) (Thomas et al., 2013). 
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(a) The research process 

 
(b) The database of HBV genotypes 

 
 
Figure 2.2 The database construction for HBV genotypes. Building a database 
based on OBI-related sequence information obtained from NCBI GenBank 
(http://www.ncbi.nlm.nih.gov/genbank/). 
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2.3 Results 

2.3.1 Sequence Patterns of OBI and non-OBI group  

The sequence data stored in my table within the database after being 

parsed by each field was found by connecting with JAVA and MySQL. 

JDBC-MySQL driver was downloaded and installed for this. JAVA 

programming was conducted for connecting with the database, and a sequence 

analysis was conducted of the OBI group and the non-OBI group by 

extracting the necessary sequences for the analysis (Table 2.5). It was found 

that there are differences in biological properties of viruses and clinic features 

depending on the HBV genotype. To see if there are differences in the results 

according to genotypes, attempts were made to reflect the genotype 

information as well. However, because the sequence numbers relevant to the 

OBI group were too few in genotypes other than A, C and D, this was ruled 

out from the analysis. Therefore, a sequence analysis was conducted of the 

OBI group and the non-OBI group with HBV sequences relevant to genotype 

A, C and D. According to previous research, genotype C is reported to be 

most related to the occurrence of HCC and symptoms of diseases in genotype 

A are reported to have a lower severity than genotype D (Guirgis et al., 2010). 

In this research, surface antigen regions of HBV sequences in the OBI 

group (genotype A, C and D) were analyzed to compare them with those of 

the non-OBI group. A diagnosis test detected the surface antigen region that 

weakens the antigen-antibody reaction by affecting the antigenicity of HBV, 

and it can cause a false-negative result of surface antigen in diagnostic tests. 

Therefore, the analysis was conducted to find unusual mutations different to 

those of the non-OBI group in the surface antigen region of the OBI group. 

Firstly, when multiple alignments and phylogenetic analyses were conducted 

against the total sequences that were relevant to the surface antigen region, 



52 

 

there was no unusual mutation occurrence point that could distinguish the 

OBI group from the non-OBI group. Therefore, by referencing the mutation 

result within the OBI’s surface antigen region from previous research in 2011, 

this study attempted to determine if it was possible to apply the result to all 

the OBI groups gathered in this research (Table 2.6). This study assumed that 

OBI occurred from the point mutation in the HBV genome and specified the 

location where mutation occurred by comparing the molecular biological data 

of OBI and non-OBI group (Bruni et al., 2011). This research conducted the 

analysis with larger amounts OBI sequences than that conducted by their 

research. “Bruni et al.” conducted an analysis by using 162 sequences of non-

OBI group and 41 sequence data of OBI group corresponding to the HBV 

genotypes A, C, D and E. “Bruni et al.” reported significant mutations in a 

total of seven nucleotide positions (73, 233, 418, 2240, 2241, 2435, 2485), 

and this research analyzed mutations on the surface antigen regions 78, 233 

and 418. Differences in variation patterns for groups are not observed in most 

cases. "G" in position 78 of the OBI group (genotype C) was observed 100%, 

and "A" in position 78 of the non-OBI group (genotype C) was observed 8.3%, 

but these observed results were not significant in the statistical analysis. In 

addition, "A" in position 233 of the OBI group was observed 100%, and "G" 

in position 233 of the non-OBI group was observed 10.3%, but these observed 

results were not considered to be significant in the statistical analysis either. 

However, "G" in position 418 of OBI group (genotype C) was observed 100%, 

and "T" in position 418 of non-OBI group (genotype C) was observed 72.26%, 

as a result, these observed results were considered significant in the statistical 

analysis (Table 2.6). “Bruni et al.” commented that the HBV sequence dataset 

for the OBI group was not large enough, so the observed mutations may not 

be sufficient to show the characteristics of OBI. Therefore, in the case of a 

relatively complex form of an infectious disease like OBI, it should be noted 
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that limitation of data in quantity and quality could cause difficulties in 

supporting the purposes of this study. The fact that unusual mutations were 

not found in the surface antigen region within the OBI group does not concur 

with the theory that the OBI form occurred from the mutation of the surface 

antigen region. In the future, when conducting research on why forms of 

infections, such as OBI, occur, it is possible that if more varied genetic 

information on the OBI group is collected, it will help achieve more accurate 

analysis results. 

 

2.3.2 Phylogenetic Analysis of OBI and non-OBI group   

The phylogenetic analysis was conducted with the total sequence 

information in the constructed database to find the overall features shown by 

the OBI group. First, when the phylogenetic analysis was conducted against 

the non-OBI group, the sequence classification was performed properly 

according to genotype, as expected (Figure 2.3). However, in the case of the 

OBI group, the classification by genotype was not performed properly (Figure 

2.4). Although the sequence corresponding to the genotype D, which has a 

relatively higher number of sequences in the database, holds the top and 

bottom of the phylogenetic tree, other than this, it is possible to see that the 

classification by genotype was not performed well when the middle and end 

parts are examined. Although HBV is a virus with high genetic diversity, the 

fact that the phylogenetic tree shows differences when compared with that of 

the non-OBI group suggests that the genotype classification performed in 

existing HBV may not be applicable to the OBI group, and this indicates there 

is a possibility that it has different genetic traits to the non-OBI group. 
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Table 2.5 Summary of sequence for analysis of surface antigen region 

Genotype 
OBI group non-OBI group 
Total S Total S 

A 11 3 34 21 
C 29 19 451 312 
D 210 55 90 45 

 

Table 2.6 Statistical analysis for sequence variation in OBI vs. non-OBI group 

nt 
changes 
(OBI vs. 
non-OBI) 

Position 
(Acc. No. 

AM282986) 

Geno 
type OBI group non-OBI 

group P-value 

G→A 78 

A Not observed Not observed - 

C 100% 8.3% 
0.3834 

(not 
significant) 

D Not observed Not observed - 

A→G 233 

A 100% Not observed - 

C 100% 10.3% 
0.3398 

(not 
significant) 

D Not observed Not observed - 

G→T 418 

A 0%(all A) 0%(all G) 
- 

(not 
significant) 

C 100% 72.26% 0.0006 

D Not observed 0.04%(G), 
95.56%(T) - 
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Figure 2.3 Phylogenetic tree in the non-OBI group. The result of phylogenetic 
analysis for non-OBI group shows clades based on HBV genotype in the middle part 
of phylogenetic tree. And clustering of two genes (S protein gene, Polymerase gene) 
in the middle part of phylogenetic tree may be referable to overlapping region of two 
genes in HBV genome sequences. 
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Figure 2.4 Phylogenetic tree in the OBI group. Overall, the result of phylogenetic 
analysis for OBI group shows that sequences in OBI group cannot create clusters 
based on HBV genotypes. 
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2.4 Discussion 
An acute HBV infection that does not show clinical symptoms can 

either be recovered or maintain persistent infection. The forms of HBV 

infection that continue are ruled as, clinically chronic hepatitis B, silent or 

healthy carriers, and occult hepatitis B, and these are mainly checked for 

infection based on the serological diagnosis. In typical HBV patients, results 

for both HBV DNA (< 200 IU/ml) and HBsAg are positive, but OBI patients 

are negative in HBsAg test and positive in HBV DNA test. In addition, 

approximately half of OBI patients are positive in anti-HBc test, but the others 

are negative in anti-HBc test. The mechanism for OBI infection has not been 

revealed clearly. There are reports that it occurs as HBsAg concentration 

gradually decreases during recovery from acute hepatitis or chronic infection, 

and there are also reports that a weak level of proliferation due to a wild-type 

viral infection is a cause, because cccDNA, HBV RNA transcript, and pgRNA 

are detected within liver tissue (Raimondo et al., 2013). Not only this, 

possibilities including gene mutation in HBV and HBsAg bound to the 

immunoglobulin thus undetected, proliferation suppression due to double 

infection with another virus, and no HBsAg shedding from the liver cell, have 

been proposed as mechanisms of OBI occurrence. When OBI is not detected 

in the widely used serological diagnosis for HBV infection, a HBV infection 

can persist for years. Such a state causes constant damage to the liver and can 

progress to hepatocirrhosis and liver cell cancer (Squadrito et al., 2014). 

Furthermore, if an organ transplant, blood transfusion or dialysis is carried out 

in the OBI state while the HBV infection is unknown, HBV can infect the 

donor as well (Gerlich et al., 2007). This is reported to cause serious 

consequences due to the reactivation of the virus in connection with 

chemotherapy and immune-suppressant drugs usage, and there are also reports 

that this can cause increased HBV DNA levels in cases of co-infection as well 
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(Petzold et al., 1999; Jeantet et al., 2004; Garfein et al., 2004). HBV has a 

higher mutation rate than other DNA viruses. It is known to have a 100 times 

higher mutation rate than that of chronic hepatitis B when it comes to liver 

transplantation. When a liver transplant is performed, viral proliferation can 

increase, and it seems that mutation occurs at a much higher rate when 

pressurized by a highly concentrated antibody like HBIG (human hepatitis B 

immunoglobulin) (Weber, 2005). This means that if a patient receives a liver 

transplant from an OBI patient, the patient may experience a serious condition 

from the HBV infection. Therefore, a new OBI diagnostic method needs to be 

developed that can support the existing serological diagnosis through research 

on OBI groups.  

Large-scale biological data related to infectious diseases is 

accumulated continuously. For the study of the features, functions, structures 

or evolution of pathogens, sequence analyses based on large-scale biological 

data can be conducted in most of the research areas. In this study, a large-scale 

dataset was constructed to target the OBI group, and the data required for the 

analysis were pre-processed in the research. It is important to use the 

accumulated biological data efficiently to produce useful results in 

researching infectious diseases. The computational workflows for large-scale 

biological data, such as data mining, integration, management and 

construction of the analyzing system, can suggest useful results through 

bioinformatics research. However, there aren't enough data to analyze OBI 

groups. Because the existing research on OBI groups to find the mutation 

locations of the HBV genome were gained from a particular small group of 

patients, this study attempted to analyze more data, but the fact that various 

genotype data could not be gained from the gathered OBI group's HBV 

sequences limited the analysis. However, collecting and using large biological 

data necessary for the analysis became another proof that unknown HBV 
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sequences within the OBI group suggest that there are genetic differences 

between the HBV sequences within the non-OBI group. Therefore, thorough 

studies are required in order to understand the genetic features of the OBI 

group that can be used in the development of a new diagnosis method. In 

addition, most of the genotypes of the OBI group that can be collected at 

present are A, C and D. Genotype D constitutes a large proportion of these. 

Research is also necessary to determine if HBV causing OBI has any 

differences depending on genotype. HBV has a different distribution of 

genotypes depending on region as well, so if such research is conducted, it 

would be possible to make an effort to respond to OBI by region. And more 

data should be generated so that large-scale datasets for OBI groups can be 

formed. Thus, it is possible that important problem in public health can be 

solved through useful results based on bioinformatics research using public 

data. 
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CHAPTER  III.  
 
EVOLUTIONARY ANALYSIS OF VECTOR 
BORNE VIRAL INFECTIONS WITH 
PHLEBOVIRUS GENUS 

 
3.1 Introduction 

New variants of Phlebovirus genus such as SFTSV (severe fever with 

thrombocytopenia syndrome virus), HRTV (Heartland virus) and others have 

increased in recent years. According to ICTV (International Committee on 

Taxonomy of Viruses), Phlebovirus genus currently includes 70 viruses, some 

of which are known to cause serious diseases in humans (Plyusnin et al., 

2012). Especially, Alequer virus, Candiru virus, Chagres virus, Naples virus, 

Punta Toro virus, Rift Valley fever virus, Sicilian virus and Toscana virus are 

known to cause disease in humans, and SFTSV and HRTV were also found to 

cause severe symptoms in humans (Table 3.1, Shope, 1996; Yu et al., 2011; 

Savage et al., 2013). Symptoms of diseases caused by Phlebovirus genus are 

brief, self-limiting, febrile illnesses to retinitis, encephalitis, meningo-

encephalitis and fatal hemorrhagic fever (Liu et al., 2003).  

Phlebovirus genus is divided into the Sandfly fever (or phlebotomous 

fever) group and Uukuniemi group according to antigenic, genomic and 

vector relationships. They were assigned to each genome before 1991, but 

they were classified again as Phlebovirus genus due to shared serological 

reactivity and similar molecular biological characteristics, among other 
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characteristics (Elliott and Brennan, 2014). The biggest difference between 

these two groups is that the Uukuniemi-like viruses do not encode 

nonstructural protein from the N-terminus of the glycoprotein precursor 

coding region. In addition, Uukuniemi-like viruses are transmitted by ticks, 

but Sandfly fever viruses are transmitted by dipterans (phlebotomines and 

mosquitoes) (Elliott et al., 2000; Elliott and Brennan, 2014). Phlebovirus 

genus is divided into two big groups according to serological characteristics, 

though Phlebovirus genus are further sub-divided, which means there is a 

high possibility of confusion with respect to antigenic classification and 

identification due to re-assortment among them (Liu et al., 2003). Therefore, 

it is necessary to have different methods of classification of Phlebovirus 

genus as well as understanding about its characteristics.  

The genome of Phlebovirus genus is composed of negative-sense 

single-stranded RNA divided into large (L), medium (M) and small (S) 

segments. The L segment encodes polypeptide at the viral complementary 

sense, which is putative RNA-dependent RNA polymerase (Elliott, 1990). 

The M segment encodes the precursor of viral glycoproteins and non-

structural components, and the S segment encodes nonstructural protein and 

nucleoprotein from mRNAs through the ambisense coding strategy of 

opposite polarities (Giorgi et al., 1991).  

The best known virus of Phlebovirus genus is RVFV (Rift Valley 

fever virus), which first identified in 1930 in the Rift Valley of Kenya from 

spread of infection among sheep (Daubney et al., 1931; Daubney and Hudson, 

1932). Since then, it has spread to 30 countries (western-Africa, Egypt, 

Madagascar and the Comoros areas) out of traditional endemic region for 50 

years and it has recently been reported to be broken out in Asia, Europe and 

the United States (Gerdes, 2004; Moutailler et al., 2008; Turell et al., 2008). 
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Transmission and spreading of RVFV are identical to those of West Nile virus, 

Crimean-Congo hemorrhagic fever and Japanese encephalitis in that global 

transport networks facilitate vector-borne disease and enhance their constant 

spread over large geographic areas with relative ease (Rolin et al., 2013). 

According to existing research, the extensive spread of West Nile virus was 

found to be aided by vulnerable western countries due to the introduction of 

arboviruses (Gubler, 2002; Mandell and Flick, 2008; Rolin et al., 2013). 

Similarly, RVFV can also be spread by expand of mosquito (vector) species 

related to viral transmission. RVFV causes zoonotic infections and results in 

death and severe symptoms such as retinitis, hepatitis, renal failure, 

meningoencephalitis, severe hemorrhagic disease and etc (Madani et al., 2003; 

Alrajhi et al., 2004). Recently, the international trade of animals, climate 

change and many other reasons has made the introduction of RVFV possible 

in many different areas. This may bring serious public health problems, as 

effective vaccines and treatment methods are absent. To deal with RVFV 

infection, many research studies were conducted in epidemiology, molecular 

biology and virulence mechanisms. Analysis regarding the infection pattern of 

RVFV based on these studies is ongoing (Bouloy and Weber, 2010).  

RVFV is a single-stranded RNA with a diameter of 90-110nm and is 

surrounded in an envelope (Ellis et al., 1977; Pepin et al., 2010). Similar to 

other Phlebovirus genus, RVFV also has a circular form with three segments, 

and this panhandle secondary structure is the result of cRNA sequences at the 

end of each segment (Figure 3.1, Hewlett et al., 1977; Boshra et al., 2011). 

Among the three L, M and S segments of RVFV, the L and M segments have 

negative polarity and the S segment has ambisense properties. Each segment 

encodes different proteins (Giorgi et al., 1991). The L segment encodes RNA 

polymerase used for replication and mRNA transcription. The M segment 

encodes two glycoproteins and nonstructural protein that controls apoptosis of 
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a cell needed for viral entry and assembly (Gerrard and Nichol, 2007). The S 

segment, which has ambisense properties, encodes nucleoprotein (antisense 

orientation) that stimulates the immune system of the host and nonstructural 

protein (complementary orientation), which acts as an interferon antagonist 

and is also responsible for causing damage to the host genome (Table 3.2, 

Boshra et al., 2011).    

RVFV is transmitted to ruminant animals and humans by mosquitos 

(especially, Aedes, Culex and Anopheles genus) (Figure 3.2, Easterday et al., 

1962; Laughlin et al., 1979; Seufi and Galal, 2010). Aedes genus is known for 

being the major host and transmitter of RVFV (Chevalier et al., 2010). Culex 

genus is known to be important amplification of viral activity during 

outbreaks (Crabtree et al., 2012). RVFV is also found in phlebotomine 

sandflies like Culicoides mideges and Amblyomma ticks. These insects do not 

appear to play important roles in the viral lifecycle or disease outbreak (Sang 

et al., 2010; Crabtree et al., 2012). And outbreak of RVFV can potentially 

occur in Korea, because mosquito species to transmit RVFV (such as Culex 

tritaeniorhynchus, Mansonia uniformis and others) are known for live in 

Korea (Kim et al., 2012). Therefore, monitoring RVFV infections and 

adequate preventive measures are necessary.  

This study aimed to analyze the infection pattern of Phlebovirus 

genus causing human diseases, including SFTSV, which has been recently 

been linked to multiple deaths due to transmission by tick. In addition to 

identifying changes in the evolution pattern through analysis of RVFV, the 

study also aimed to determine whether infected areas are increasing. Analysis 

and comparison were done mainly on codon usage patterns in the CDS region 

(coding sequence region) of the target group being studied. The usage pattern 

of the codon may be different for each species and within the genome 
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according to different genes. The process of analyzing and understanding the 

differences in base composition and codon usage bias patterns is necessary to 

understand virus-host interactions, viral evolution and immune response. Thus, 

based on the results from codon usage pattern analysis by geographical 

location, collected periods and isolated vectors, comparative analyses were 

conducted for each group and a useful approach was proposed to predict 

infection patterns using research findings. 
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Table 3.1 Species in the Phlebovirus genus related to human diseases 

Virus Disease Vector 

Alenquer virus (ALEV) Fever Sandfly 

Candiru virus (CDUV) Fever Sandfly 

Chagres virus Fever Sandfly 

Naples virus Fever Sandfly 

Punta Toro virus Fever Sandfly 

Rift Valley Fever virus (RVFV) Fever, Encephalitis, 
Hemorrhagic fever, 
Blindness 

Mosquito 

Sicilian virus Fever Sandfly 

Toscana virus (TOSV) Aseptic meningitis Sandfly 

severe fever with 
thrombocytopenia syndrome virus 
(SFTSV) 

Fever Tick 

Heartland virus (HRTV) Fever Tick 
(Liu et al., 2003) 
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(a) RVFV’s genome 

 
 

(b) RVFV’s genome segments 

 
Figure 3.1 Genome structure of RVFV. (a) RVFV’s envelope is composed of a lipid 
bilayer containing the Gn and Gc glycoproteins. The viral ribonucleoprotiens (RNPs) 
composed of the three genomic segments. (b) The genome segments of RVFV encode 
four structural proteins (the viral polymerase on the L segment, two glycoproteins on 
the M segments and the viral nucleocapsid protein on the S segment) and three 
nonstructural proteins (NSm1 and NS m2 on the M segment and NSs on the S 
segment) (Hewlett et al., 1977; Boshra et al., 2011). 
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Table 3.2 Role of RVFV proteins in pathogenesis 

Protein Genome 
segment 

Role in pathogenesis 

RNA polymerase L RNA replication and viral RNA transcription 

Glycoprotein 
(Gn/Gc) 

M mediates virus entry into cells through 
receptors, contributes to the assembly process 
and likely interacts with N protein 

Nonstructural protein 
(NSm1/NSm2) 

M suppresses virus-induced apoptosis in infected 
cells 

Nucleoprotein 
(N) 

S induces humoral and T-cell immunity response 

Nonstructural protein 
(NS) 

S interferon antagonist: limits IFN-mediated host 
antiviral responses, inhibiting cellular 
transcription and degrading protein kinase R,  
interacts with specific DNA regions of the host 
genome, inducing chromosome cohesion and 
segregation defects 

(Boshra et al., 2011) 
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Figure 3. 2 Transmission cycle of RVFV. This figure is the transmission pathways 
of RVFV’s. Black solid lines reflect known pathways of the transmission (Chevalier 
et al., 2010; Rolin et al., 2013). 
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3.2 Methods 

3.2.1 Data Collection  

Among ten viruses (Alequer virus, Candiru virus, Chagres virus, 

Naples virus, Punta Toro virus, Rift Valley fever virus, Sicilian virus, Toscana 

virus, Sever fever with thrombocytopenia syndrome virus and Heartland virus) 

of Phlebovirus genus linked to human diseases, we targeted eight viruses 

(excluding Chagres virus and Punta Toro virus) with sequence information 

that was detected in humans. Sequence data (in FASTA format) for each virus 

of the four CDS regions of the S, M and L segments were downloaded from 

NCBI GenBank. Downloaded virus information (isolation year, geographical 

location and vector) is displayed in Table 3.3. Also, sequence data (in FASTA 

format) about the four CDS regions of the S, M and L segments of RVFV, 

whose infection area is increasing, were collected to perform analysis of 

sequence information with respect to isolated hosts and isolated regions. Virus 

sequence according to host and geological location is shown in Table 3.4. 

 

3.2.2 Codon Usage Analysis for Phlebovirus genus 

The genetic code is structured with 64 codons, and these are divided 

into 20 amino acid groups, which are allocated 1-6 codons. Alternative 

codons within the same group encoding the same amino acid are also called 

synonymous codons. Redundancy of genetic code like this can facilitate 

translation of most amino acids into more than one codon. This is related to 

efficiency control and accuracy in protein production by maintaining the same 

amino acid sequence of a protein. Synonymous codon is not selected 

randomly and shows the codon usage bias state. Codon usage research of a 

virus can improve understanding of not only molecular evolution, but also 

viral gene expression control and vaccine design. Therefore, codon usage 
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analysis was conducted to analyze differences between the infection 

characteristics of phlebovirus genus with infectious disease data. We 

evaluated the change in codon usage pattern according to different properties 

shown during virus infection in the four CDS regions. The relationship of 

collected virus sequence was identified through phylogenetic analysis. We 

sought to analyze differences according to different codon usage bias of virus 

through base composition, RSCU (relative synonymous codon usage), ENC 

(effective codon number), GC and COA (correspondence analysis) contents. 

MEGA6 program (http://www.megasoftware.net) was used for phylogenetic 

analysis and CodonW program (ver. 1.4.2, http://codonw.sourceforge.net) was 

used for codon usage pattern analysis.  

3.2.3 Comparative Analysis for Rift Valley Fever Virus  

Comparative analysis was done for RVFV to evaluate whether its 

infection area was increasing over time. This analysis is carried out by 

collecting the complete CDS sequence of RVFV in the NCBI to find out if 

infection differs from an isolated host or region. RVFV was found mainly in 

eastern and southern Africa, sub-Saharan Africa, and Madagascar, but for the 

first time in 2000, it was found Saudi Arabia and Yemen which are not 

African nations. After that, infection spread to Europe, the USA and even 

Asia. We wanted to check if there was any evolution pattern that was 

increasing the RVFV infection area. Analysis was done by dividing CDS 

sequence information into infection in a particular area and into the host of 

three segments of RVFV. Phylogenetic analysis confirmed that the 

evolutionary pattern was different according to the cause of infection. 

Comparative analysis of codon usage for each sequence was carried out to 

evaluate the differences in the evolutionary pattern and effects causing 

infection patterns found through phylogenetic analysis. Sequence alignment 
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and phylogenetic analysis were done using MEGA6 program 

(http://www.megasoftware.net) and CodonW program (ver. 1.4.2, http:// 

codonw.sourceforge.net) was used to compare codon usage of sequences and 

statistical analysis was done by using the R software package (Thomas et al., 

2013; R Development Core Team, 2010). 
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Table 3.3 Summary descriptions of datasets ‒ Phlebovirus genus* 

Virus Strain Accession 
NO. 

Year 
(isolation) 

Geographical 
location 

Vector 

Alenquer 
virus  

BeH301101 HM119401 
HM119402 
HM119403 

1976 Alenquer, Para, 
Brazil 

Sandfly 
 

Candiru 
virus  

 NC_015373 
NC_015374 
NC_015375 

1967 Brazil Sandfly 
 

Naples 
virus 

Sabin JF939843 
JF939844 
JF939845 

1944 Italy Sandfly 
 

RVFV 
(Rift 
Valley 
Fever 
virus) 

ZH-548 NC_014395 
NC_014396 
NC_014397 

1977 Egypt: Sharqiya Mosquito 
 

200803166 JF311372 
JF311381 
JF311390 

1991 Madagascar: 
Antananarivo 

Mosquito 
 

2007000323 JF326189 
JF326194 
JF326203 

2007 Tanzania Mosquito 
 

Sudan 2V-
2007 

JQ820472 
JQ820483 
JQ820490 

2007 Sudan: White 
Nile State 

Mosquito 
 

2007000234 JF326186 
JF326191 
JF326198 

2007 Kenya Mosquito 
 

200803162 JF311368 
JF311377 
JF311386 

2008 Madagascar: 
Taolagnaro 

Mosquito 
 

Sudan 85-
2010 

JQ820476 
JQ820485 
JQ820488 

2010 Sudan: Gezira 
State 

Mosquito 
 

Sandfly 
Sicilian 
Turkey 
virus 

Izmir 19 NC_015411 
NC_015412 
NC_015413 

2008 Turkey Sandfly 
 

Toscana 
virus  

MRS2010-
4319501 

KC776214 
KC776215 
KC776216 

2010 France Sandfly 
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Table 3.3 (continued) Summary descriptions of datasets ‒ Phlebovirus genus* 

Virus Strain Accession 
NO. 

Year 
(isolation) 

Geographical 
location 

Vector 

SFTSV 
(severe fever 
with 
thrombo-
cytopenia 
syndrome 
virus) 

Zhejiang/01/
2011 

KJ597823 
KJ597824 
KJ597825 

2011 China Tick 

Gangwon/Ko
rea/2012 

KF358691 
KF358692 
KF358693 

2012 South Korea Tick 
 

LN2012-14 KF887431 
KF887436 
KF887441 

2012 China Tick 
 

Zhao KF374682 
KF374683 
KF374684 

2013 China Tick 
 

HRTV 
(Heartland 
virus) 

 NC_024494 
NC_024495 
NC_024496 

2009 USA: Missouri Tick 
 

TN KJ740146 
KJ740147 
KJ740148 

2013 USA Tick 
 

*Datasets descriptions of Phlebovirus genus, downloaded from public databases 
(NCBI GenBank, http://www.ncbi.nlm.nih.gov/genbank/). 
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Table 3.4 Summary descriptions of datasets ‒ RVFV 

Isolation L segment M segment S (NP) 
segment 

S (NS) 
segment  

Host Homo sapiens 37 27 64 65 
 Mosquito 5 8 13 13 
 Bovine 37 37 51 51 
 Sheep 1 1 1 2 
 Caprine 2 2 2 2 
 Bat 2 1 3 3 
 Buffalo 1 1 2 2 

Region Kenya 38 38 60 60 
 Madagascar 10 9 12 13 
 Egypt 6 6 8 8 
 Central  

African  
Republic 

6 6 7 7 

 Zimbabwe 6 4 13 13 
 Sudan 4 3 12 12 
 South Africa 2 2 9 9 
 Tanzania 4 1 3 4 
 Mauritania 4 4 5 5 
 Mayotte 2 2 2 2 
 Guinea 2 1 3 3 
 Saudi Arabia 1 1 2 2 
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3.3 Results 

3.3.1 Codon Usage Patterns of Phlebovirus genus 

Phylogenetic analysis was done for the segment of each virus to 

confirm evolutionary relationships of Phlebovirus genus. As a result, all three 

showed a pattern of classification according to the vector (Figure 3.3). 

“RVFV (using mosquitoes as a vector)”, “SFTSV and HRTV (using ticks as a 

vector)” and “Alenquer virus, Candiru virus, Naples virus, Sandfly Sicilian 

Turkey virus and Toscana virus (using sandflies as a vector)” showed 

differences in the phylogenetic tree. Thus, there are genetic differences across 

each vector and each virus of the same Phlebovirus genus. Thus, base 

composition and the codon usage pattern of virus according to each vector 

(mosquito, sandfly and tick) were compared to identify the property 

responsible for this difference. Table 3.5 shows the base composition of L, M 

and S (NP and NS) segments for each virus, and the values in the table are the 

percentages of A, C, G or T in the total nucleotide number of each CDS 

region. Compared to the base contents of L, M and S (NP and NS) segments 

for each virus, adenine content (%) is high and cytosine content (%) is low in 

most of the L segments. Adenine percentage of Alenquer virus was the 

highest with 33.17% in L segment and cytosine of Candiru virus percentage 

was the lowest with 17.12%. For SFTSV, it had low percentage of adenine 

(27.79%) compared to other viruses and cytosine percentage was 21.9% 

which was relatively high compared to other viruses. The M segment showed 

a similar pattern with the L segment, but for SFTSV and HRTV, the 

percentage of guanine was higher than of adenine. There were differences in 

base composition for each virus in the nucleocapsid protein area of the S 

segment. The adenine composition percentage was high for Alenquer virus, 

Candiru virus, Naples virus, and the Sandfly Sicilian Turkey virus, but the 
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cytosine composition percentage was high for RVFV, Toscana virus, SFTSV 

and HRTV, all of which showed a similar composition percentage of adenine 

and cytosine. Differences in the nonstructural protein area of the S segment 

were also present in each virus. Most of them had a high adenine composition 

percentage, but RVFV had a higher uracil percentage, which was 29.23%, 

than adenine compared to other viruses. The different composition of RVFV 

in terms of base composition of nonstructural protein is related to the property 

of nonstructural protein known for its important role in pathogenesis and 

replication of RVFV. RSCU analysis was carried out for the segment of each 

virus to identify the properties of each virus through codon usage patterns 

(Table 3.6-3.9, Figure 3.4). RSCU is calculated by dividing the observed 

frequency of a codon in a target sequence by the frequency expected if all the 

synonymous codons were used equally frequently. If the synonymous codon 

with RSCU values is >1.0, codon usage bias is positive and can be called 

'abundant codons'. If the synonymous codon with RSCU value is 1.0, codon 

usage bias is zero and can be selected equally or randomly amino acid and 

codons. If the synonymous codon with RSCU values is <1.0, codon usage 

bias is negative and can be called ‘less-abundant codons’. And, if the 

synonymous codon with RSCU values is >1.6 and <0.6, codon usage bias can 

be accepted over-represented and under-represented codons. The results of 

RSCU analysis of Phlebovirus genus indicate that the S segment has a 

different pattern of RSCU values compared to the L and M segments. This is 

related to the similarity of Phlebovirus genus to viral entry or replication of 

encoding protein by the L and M segments, so there is no such difference in 

codon usage. On the other hand, protein encoded by the S segment is mainly 

related to pathogenesis causing viral infection, and it is known to affect the 

immune response of the host and virulence of the virus. Thus, it is thought 

that viral infection continued or evolved to adapt to the environment little by 

little.  
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We evaluated the distribution of viruses based on vector through COA 

(correspondence analysis) and RSCU analysis results, which are shown in 

Figure 3.5. COA is a multivariate analysis method that examines relationships 

in large-scale complex datasets represented by points in lower-dimensional 

space. COA uses the chi-square (χ2) distance and weighted Euclidean space 

with n rows and p columns and provides a simple visualization using the 

dimension reduction method. COA based on codon usage can analyze the 

relations between data. The COA results are shown in Figure 3.5 and are more 

clearly classified by vector in the S segment, compared to the M and L 

segments. This may infer that the S segment is related to the property 

responsible for the difference between vectors of each virus or shared 

properties among viruses that are separated by vectors present in the S 

segment. Especially, RVFV which uses mosquitoes as vectors, shows a 

different location in all segments compared with other groups. This shows that 

the codon usage pattern of RVFV is different from viruses of Phlebovirus 

genus. After 1930, when RVFV was first reported, it became widespread. It is 

necessary to study if this prevalence is related to the ability to adapt to 

environmental change while infecting many animals and humans. 

 

3.3.2 Trends of Codon Usage Variation in Phlebovirus genus 

The results of RSCU analysis showed differences according to vectors 

among the variants of Phlebovirus. Differences in codon usage were 

compared through ENC analysis, GC3 and GC content. GC3s (GC content of 

silent 3rd codon position) represent the proportion of G or C at the third 

nucleotide position of a codon, and most codons share the same nucleotide 

type at the first and second codon. The preferred codon differs in the third 

nucleotide, so it can be used to compare codon usage patterns. Figure 4.6 is a 

graph of the average values of ENC, GC and GC3 content of segment of each 



78 

 

virus. The ENC value range is 20-61. If the value is 20, it means one codon is 

used for each amino acid. If the value is 61, it can be seen that the 

synonymous codon for target amino acids is used equally. If you look at the L 

segment, most viruses except SFTVS show a GC3 value below 0.5, and the 

distribution of ENC values is between 48.43 (in Alenquer virus) and 51.34 (in 

RVFV), which was not significantly different for each virus. In the M segment, 

GC3 and GC values below 0.5 were computed for the analyzed virus, and the 

ENC values also ranged from 47.47 (in Alenquer virus) to 51.65 (in HRTV) 

together with no great difference in L segment results. But, the S segment (NP) 

showed GC3 values above 0.5 in Naples virus (0.516), Sandfly Sicilian 

Turkey virus (0.504), SFTSV (0.575), and HRTV (0.508), which showed a 

preference for the GC-ending of codons compared to other analyzed viruses. 

ENC values ranged from 47.64 (in Naples virus) to 60.23 (in Sandfly Sicilian 

Turkey virus), which differed for every virus, and the S segment ranged from 

48.15 (in SFTSV) to 55.33 (in Sandfly Sicilian Turkey virus). The Naples 

virus (0.513) and SFTSV (0.529) showed values more than 0.5 at GC3. 

Overall, ENC, GC and GC3 values at the S segment showed wide ranges and 

there were no difference in values according to each vector.  

According to the result of phylogenetic analysis done previously, 

classification was thought to be possible according to vector type of each 

virus in order to identify the property responsible for the difference of each 

vector through analysis of codon usage patterns, but no such pattern was 

discernible across vectors. But, values of the S segment showed a variety of 

values compared to other segments. This supports the idea made by results of 

previous base composition and RSCU analysis, where encoded protein at a 

specific site functions differently in each virus. 
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3.3.3 Classification of Rift Valley Fever Virus 

Since the RVFV infection was first reported in 1930, infection with 

RVFV has steadily increasing and which was to accumulate a lot of 

information related to RVFV. Mosquitoes are the vector of RVFV in Korea, 

and infection is also possible by direct contact with blood (aerosols) or tissues 

(placenta, stillborn), or with infected animals. Despite the spread of infection 

over a wide geographical area, RVFV has a large conserved region compared 

to other viruses. We sought to determine if there is any genetic property 

present according to infection in a specific region and infected host of RVFV.  

First, we checked if evolution patterns were different for each area or 

infected host of RVFV by conducting phylogenetic analysis of each segment 

(Figure 3.7). As a result, all segments showed no division according to 

infection prevalence area and infected host of RVFV, but patterns differed 

according to the year in which a particular virus was isolated. RVFV did not 

evolve to infect hosts or areas in particular, but rather these patterns 

developed over time. Then, we checked if there were changes in codon usage 

patterns according to infected host or infection area using correspondence 

analysis of codon usage patterns. As shown in Figure 3.8, there was no 

significant distribution found by correspondence analysis of codon usage of 

RVFV by region. No significant distribution was found by correspondence 

analysis about codon usage of RVFV based on the host shown in Figure 3.9, 

but there was significant distribution found by looking at the results based on 

isolated year shown in Figure 3.9. For the L segment, the distribution of 

RVFV before 2001 differed from RVFV collected after 2001 and the S 

segment showed a different distribution of RVFV collected after 2001 

compared to other RVFV collections. Specifically, correspondence analysis 

shows that the distribution of the M segment changed according to the year of 
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RVFV collection. This result suggests that the M segment can be used for 

evolution pattern analysis and forecast studies among RVFV segments. Also, 

confirmation of the sequence change of each segment of RVFV over time to 

determine if there was any relationship in the ENC values and GC content, 

GC3 content by isolation year. As a result of analysis, the L segment showed 

a negative correlation (-0.632, <0.05) of GC content by isolation year and the 

M segment showed a negative correlation (-0.819, <0.01) of ENC values. 

Also, the coding region of nucleocapsid protein within the S segment showed 

a positive correlation (GC; 0.278, <0.01, GC3; 0.246, <0.01) of GC content 

and GC3 content and negative correlation (GC; -0.275, <0.01, GC3; -0.327, 

<0.01) for GC content and GC3 content for the coding region of nonstructural 

protein. Research on forecasting evolutionary patterns is necessary, as this can 

expand RVFV infection area or lead to its greater virulence in the future. 
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(a) L segment 

 
(b) M segment 

 
 

Figure 3.3 Phylogenetic analysis of Phlebovirus genus. All phylogenetic trees were 
classified by vectors of viruses (AV; Alenquer virus, CV; Candiru virus, NV; Naples 
virus, RVFV; Rift valle fever virus, SV; Sandfly Sicilian Turkey virus, TV; Toscana 
virus, SFTSV; Severe fever with thrombocytopenia syndrome virus, HRTV; 
Heartland virus). 
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(c) S segment (nucleocapsid protein) 

 
(d) S segment (nonstructural protein) 

 
 

Figure 3.3 (continued) Phylogenetic analysis of Phlebovirus genus. (AV; Alenquer 
virus, CV; Candiru virus, NV; Naples virus, RVFV; Rift valle fever virus, SV; 
Sandfly Sicilian Turkey virus, TV; Toscana virus, SFTSV; Severe fever with 
thrombocytopenia syndrome virus, HRTV; Heartland virus). 
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Table 3.5 Base composition of Phlebovirus geneus 

Virus Segment G(%) A(%) U(%) C(%) 
Alenquer 
virus 

L 
M 
S(NP) 
S(NS) 

21.99 
22.45 
24.08 
20.73 

33.17 
32.04 
29.12 
31.15 

27.30 
28.21 
26.80 
28.73 

17.54 
17.30 
20.00 
19.39 

CDUV L 
M 
S(NP) 
S(NS) 

22.12 
22.46 
25.17 
21.00 

32.90 
31.39 
27.62 
31.44 

27.86 
29.12 
25.58 
27.88 

17.12 
17.03 
21.63 
19.69 

Naples virus L 
M 
S(NP) 
S(NS) 

23.57 
23.21 
26.38 
23.12 

32.01 
31.00 
27.56 
28.71 

26.67 
27.13 
24.41 
28.71 

17.75 
18.66 
21.65 
19.46 

RVFV L 
M 
S(NP) 
S(NS) 

23.78 
25.57 
27.82 
24.67 

29.65 
26.91 
26.09 
24.10 

26.85 
26.81 
23.35 
29.23 

19.73 
20.71 
22.74 
22.00 

Sandfly 
Sicilian 
Turkey virus 

L 
M 
S(NP) 
S(NS) 

24.31 
24.54 
26.86 
23.01 

30.99 
29.93 
29.96 
27.74 

26.10 
26.03 
22.67 
28.98 

18.36 
19.50 
20.51 
20.27 

TOSV L 
M 
S(NP) 
S(NS) 

24.24 
24.90 
28.48 
21.77 

30.71 
29.80 
26.64 
29.97 

24.89 
25.07 
24.28 
26.71 

20.17 
20.22 
20.60 
21.56 

SFTSV L 
M 
S(NP) 
S(NS) 

26.55 
28.55 
28.93 
24.69 

27.79 
25.91 
25.27 
26.30 

23.76 
25.01 
22.70 
25.42 

21.90 
20.54 
23.10 
23.58 

HRTV L 
M 
S(NP) 
S(NS) 

25.35 
28.44 
27.44 
24.89 

30.40 
26.79 
27.44 
26.59 

24.47 
25.20 
22.83 
25.23 

19.79 
19.58 
22.29 
23.30 
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Table 3.6 RSCU analysis of Phlebovirus genus – L segment 
AA Codon Alenquer 

virus 
Candiru 
virus 

Naples 
virus 

RVFV Sandfly 
Sicilian 
Turkey 
virus 

Toscana 
virus 

SFTSV HRTV 

Phe UUU 1.06 0.93 1.10 1.10 0.75 1.18 0.79 1.04 
 UUC 0.94 1.07 0.90 0.90 1.25 0.82 1.21 0.96 
Leu UUA 1.49 0.81 0.98 0.93 0.37 1.37 0.42 0.97 
 UUG 1.29 1.08 1.05 1.08 0.83 1.05 0.85 1.18 
 CUU 0.99 1.08 0.90 0.92 1.07 0.79 1.03 1.10 
 CUC 0.43 1.12 0.78 0.79 1.36 0.54 1.21 0.93 
 CUA 0.93 0.74 1.29 1.29 1.03 1.08 1.15 0.82 
 CUG 0.86 1.18 0.99 1.00 1.35 1.17 1.35 1.02 
Ile AUU 1.18 1.14 1.01 1.04 0.97 0.92 1.00 1.27 
 AUC 0.65 0.93 0.83 0.81 1.21 0.55 1.12 0.82 
 AUA 1.16 0.94 1.16 1.15 0.82 1.52 0.88 0.92 
Val GUU 1.20 1.07 1.55 1.51 0.90 1.30 0.91 1.10 
 GUC 0.89 1.06 0.92 0.93 1.12 0.70 1.06 0.89 
 GUA 1.48 0.68 0.33 0.35 0.39 0.67 0.44 0.65 
 GUG 1.44 1.20 1.20 1.21 1.59 1.33 1.59 1.37 
Ser UCU 1.90 1.14 1.74 1.71 1.25 1.46 1.23 1.33 
 UCC 0.56 0.54 0.89 0.85 0.79 0.92 0.76 0.48 
 UCA 1.72 2.13 1.64 1.65 1.90 1.69 1.87 2.08 
 UCG 0.15 0.13 0.13 0.14 0.20 0.20 0.21 0.13 
 AGU 0.92 0.77 0.60 0.65 0.64 0.89 0.71 0.84 
 AGC 0.74 1.27 1.00 0.99 1.21 0.83 1.22 1.15 
Pro CCU 1.42 1.62 1.10 1.21 1.58 1.58 1.49 1.45 
 CCC 0.53 0.67 0.87 0.90 0.67 0.58 0.70 0.71 
 CCA 1.84 1.51 1.90 1.76 1.49 1.68 1.51 1.55 
 CCG 0.21 0.20 0.14 0.14 0.26 0.16 0.30 0.29 
Thr ACU 1.45 0.85 1.44 1.43 1.06 1.36 1.20 1.04 
 ACC 0.88 0.78 1.04 0.98 1.18 0.70 1.18 0.82 
 ACA 1.58 2.14 1.43 1.49 1.66 1.80 1.50 1.91 
 ACG 0.09 0.23 0.09 0.10 0.10 0.13 0.13 0.24 
Ala GCU 1.71 1.34 1.32 1.31 1.31 1.57 1.31 1.28 
 GCC 0.50 0.62 1.11 1.08 1.19 0.67 1.19 0.64 
 GCA 1.71 1.83 1.47 1.51 1.37 1.67 1.39 1.86 
 GCG 0.08 0.21 0.10 0.10 0.13 0.10 0.12 0.23 
Tyr UAU 1.31 1.12 1.14 1.14 0.78 1.41 0.81 1.22 
 UAC 0.69 0.88 0.86 0.86 1.22 0.59 1.19 0.79 
His CAU 1.13 1.42 1.27 1.23 1.23 1.08 1.26 1.40 
 CAC 0.88 0.58 0.73 0.77 0.77 0.92 0.74 0.60 
Gln CAA 1.21 1.08 0.77 0.81 0.70 1.10 0.74 1.02 
 CAG 0.79 0.92 1.23 1.19 1.30 0.90 1.26 0.99 
Asn AAU 1.26 0.97 1.13 1.12 0.86 1.18 0.89 1.04 
 AAC 0.74 1.03 0.87 0.88 1.14 0.82 1.11 0.97 
Lys AAA 1.28 0.70 0.70 1.72 0.55 1.07 0.58 0.82 
 AAG 0.72 1.30 1.30 1.28 1.45 0.93 1.42 1.19 
Asp GAU 1.31 1.05 1.26 1.24 0.96 1.29 0.97 1.14 
 GAC 0.69 0.95 0.74 0.76 1.04 0.71 1.04 0.86 
Glu GAA 1.10 0.90 0.78 0.80 0.62 1.13 0.69 0.91 
 GAG 0.90 1.10 1.22 1.20 1.38 0.87 1.32 1.09 
Cys UGU 1.24 0.58 1.01 1.03 0.82 1.02 0.80 0.82 
 UGC 0.76 1.42 0.99 0.97 1.18 0.98 1.20 1.18 
Arg CGU 0.23 0.19 0.35 0.32 0.22 0.12. 0.20 0.10 
 CGC 0.00 0.14 0.16 0.15 0.28 0.12 0.25 0.07 
 CGA 0.29 0.41 0.20 0.22 0.55 0.37 0.44 0.41 
 CGG 0.12 0.38 0.43 0.38 0.47 0.00 0.41 0.30 
 AGA 3.35 2.29 2.79 2.83 1.60 3.80 1.92 0.64 
 AGG 2.02 2.58 2.07 2.10 2.88 1.59 2.79 2.49 
Gly GGU 1.11 0.77 0.99 0.98 0.73 0.89 0.73 1.01 
 GGC 0.66 0.80 0.94 0.90 0.93 0.48 0.93 0.66 
 GGA 1.39 1.12 1.28 1.26 0.98 1.68 1.02 1.09 
 GGG 0.83 1.30 0.79 0.87 1.37 0.96 1.33 1.25 
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Table 3.7 RSCU analysis of Phlebovirus genus – M segment 
AA Codon Alenquer 

virus 
Candiru 
virus 

Naples 
virus 

RVFV Sandfly 
Sicilian 
Turkey 
virus 

Toscana 
virus 

SFTSV HRTV 

Phe UUU 1.33 0.86 1.37 1.30  1.11 1.14 1.09  0.80 
 UUC 0.67 1.14 0.63 0.70  0.89 0.86 0.92  1.20 
Leu UUA 1.49 0.60 0.77 0.78  0.29 1.29 0.39  0.96 
 UUG 1.13 0.88 0.87 0.95  0.74 1.64 0.86  0.90 
 CUU 0.77 0.88 0.94 0.94  1.00 0.50 0.92  0.99 
 CUC 0.31 1.16 1.43 1.28  1.03 0.50 1.06  1.12 
 CUA 1.49 0.95 0.76 0.82  1.12 0.99 1.05  0.96 
 CUG 0.82 1.54 1.22 1.23  1.83 1.09 1.74  1.09 
Ile AUU 1.24 1.15 1.28 1.25  0.67 1.19 0.86  1.33 
 AUC 0.56 0.85 0.71 0.71  1.23 0.55 1.08  0.74 
 AUA 1.21 1.00 1.01 1.03  1.10 1.26 1.07  0.94 
Val GUU 1.51 1.52 1.57 1.54  0.88 1.33 0.95  1.62 
 GUC 0.52 0.80 0.84 0.90  1.09 0.86 1.00  0.79 
 GUA 0.47 0.34 0.40 0.39  0.49 0.57 0.48  0.38 
 GUG 1.51 1.34 1.18 1.18  1.54 1.24 1.58  1.21 
Ser UCU 2.08 1.06 1.60 1.64  1.37 1.63 1.38  1.48  
 UCC 0.78 0.71 0.59 0.61  0.46 0.66 0.54  0.69  
 UCA 1.43 1.85 2.10 2.03  1.53 2.07 1.61  1.72  
 UCG 0.09 0.09 0.20 0.19  0.19 0.09 0.14  0.06  
 AGU 1.06 1.00 0.54 0.55  1.39 0.62 1.28  1.01  
 AGC 0.55 1.29 0.98 0.97  1.07 0.93 1.06  1.06  
Pro CCU 1.95 0.83 1.54 1.59  1.25 1.17 1.30  1.23  
 CCC 0.39 0.38 0.77 0.72  1.33 0.68 1.18  0.54  
 CCA 1.37 2.38 1.54 1.55  1.30 1.95 1.40  1.96  
 CCG 0.29 0.42 0.15 0.14  0.12 0.20 0.13  0.28  
Thr ACU 1.64 1.31 1.37 1.38  1.52 1.56 1.50  1.38  
 ACC 0.77 0.44 0.80 0.81  0.54 0.88 0.56  0.62  
 ACA 1.42 1.96 1.76 1.74  1.62 1.46 1.65  1.81  
 ACG 0.16 0.29 0.07 0.07  0.32 0.10 0.30  0.20  
Ala GCU 1.57 1.14 1.43 1.39  1.23 1.14 1.19  1.28  
 GCC 1.00 0.68 0.94 0.96  0.86 0.71 0.88  0.81  
 GCA 1.36 2.03 1.51 1.53  1.66 1.79 1.72  1.71  
 GCG 0.07 0.15 0.12 0.12  0.25 0.36 0.21  0.22  
Tyr UAU 1.33 1.24 1.44 1.36  0.72 1.20 0.86  1.17  
 UAC 0.67 0.76 0.56 0.64  1.28 0.80 1.14  0.83  
His CAU 1.00 0.67 1.37 1.34  1.23 0.93 1.12  0.99  
 CAC 1.00 1.33 0.63 0.66  0.77 1.07 0.88  1.01  
Gln CAA 1.00 1.06 0.56 0.60  0.85 0.97 0.84  0.89  
 CAG 1.00 0.94 1.44 1.40  1.15 1.03 1.16  1.11  
Asn AAU 1.48 1.10 1.22 1.20  1.03 1.49 1.03  1.21  
 AAC 0.52 0.90 0.78 0.80  0.97 0.51 0.97  0.79  
Lys AAA 1.20 0.82 0.81 0.84  0.85 1.07 0.79  0.85  
 AAG 0.80 1.18 1.19 1.16  1.15 0.93 1.21  1.16  
Asp GAU 1.17 1.32 1.00 1.01  1.35 1.29 1.24  1.26  
 GAC 0.83 0.68 1.00 0.99  0.65 0.71 0.76  0.75  
Glu GAA 1.14 0.72 0.60 0.64  0.60 1.26 0.71  0.92  
 GAG 0.86 1.28 1.40 1.36  1.40 0.74 1.29  1.08  
Cys UGU 1.21 1.05 1.00 0.99  0.81 1.37 0.84  1.10  
 UGC 0.79 0.95 1.00 1.01  1.19 0.63 1.16  0.91  
Arg CGU 0.19 0.45 0.36 0.32  0.45 0.11 0.37  0.38  
 CGC 0.10 0.11 0.00 0.01  0.20 0.11 0.22  0.06  
 CGA 0.19 0.34 0.38 0.34  0.50 0.23 0.51  0.22  
 CGG 0.00 0.00 0.58 0.51  0.37 0.00 0.40  0.00  
 AGA 3.48 2.49 2.97 3.07  1.67 4.30 1.78  2.57  
 AGG 2.03 2.60 1.72 1.76  2.81 1.25 2.73  2.78  
Gly GGU 1.36 0.82 0.52 0.58  0.68 0.78 0.70  0.82  
 GGC 0.70 0.59 0.58 0.62  0.90 0.45 0.84  0.61  
 GGA 1.10 1.07 1.01 1.01  0.90 1.73 1.04  1.20  
 GGG 0.84 1.52 1.90 1.80  1.53 1.03 1.43  1.38  
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Table 3.8 RSCU analysis of Phlebovirus genus – S segment (NP; nucleocapsid protein) 
AA Codon Alenquer 

virus 
Candiru 
virus 

Naples 
virus 

RVFV Sandfly 
Sicilian 
Turkey 
virus 

Toscana 
virus 

SFTSV HRTV 

Phe UUU 1.27 1.08 1.04 1.31  0.93 1.08 0.91  0.90  
 UUC 0.73 0.92 0.96 0.69  1.07 0.92 1.09  1.10  
Leu UUA 0.29 0.18 0.19 0.45  0.14 0.72 0.20  0.43  
 UUG 0.86 0.55 0.53 0.88  0.31 0.96 0.89  0.78  
 CUU 1.14 2.49 1.96 0.93  2.45 1.68 1.03  1.17  
 CUC 1.71 2.22 2.04 0.75  2.24 0.72 1.07  1.35  
 CUA 0.29 0.00 0.00 1.13  0.03 0.96 0.15  0.29  
 CUG 1.71 0.55 1.30 1.86  0.83 0.96 2.67  1.99  
Ile AUU 1.75 1.03 0.96 0.83  0.92 0.82 1.15  0.96  
 AUC 0.75 1.03 0.93 1.50  1.52 0.00 1.60  1.27  
 AUA 0.50 0.93 1.12 0.67  0.56 2.18 0.26  0.78  
Val GUU 1.41 1.45 1.58 1.00  1.79 1.43 0.93  1.12  
 GUC 0.71 1.45 1.62 0.89  0.69 0.86 1.10  1.00  
 GUA 0.24 0.85 0.54 1.67  1.24 0.29 0.42  0.57  
 GUG 1.65 0.24 0.27 0.17  0.28 1.43 1.55  1.33  
Ser UCU 1.89 1.47 1.40 1.27  0.86 2.64 1.43  2.51  
 UCC 0.95 0.11 0.00 1.29  1.08 0.72 1.10  1.57  
 UCA 1.58 0.00 0.00 1.36  0.22 1.44 2.03  1.13  
 UCG 0.00 0.23 0.66 0.96  0.27 0.24 0.28  0.00  
 AGU 0.32 0.34 0.88 0.39  1.03 0.72 0.09  0.23  
 AGC 1.26 3.85 4.03 0.39  2.54 0.24 1.08  0.57  
Pro CCU 1.00 1.38 1.11 1.58  1.29 1.09 1.22  1.38  
 CCC 2.33 1.08 1.33 1.24  1.33 1.45 1.20  0.17  
 CCA 0.33 1.54 0.89 0.75  1.14 1.09 1.58  2.12  
 CCG 0.33 0.00 0.67 1.53  0.24 0.36 0.00  0.34  
Thr ACU 1.60 0.00 0.74 0.47  0.83 0.86 1.37  0.97  
 ACC 0.80 1.60 1.79 1.35  1.66 0.86 1.36  1.24  
 ACA 1.60 1.60 0.00 0.41  1.24 2.00 1.07  1.80  
 ACG 0.00 0.80 1.47 1.61  0.28 0.29 0.21  0.00  
Ala GCU 2.00 0.40 1.25 0.63  1.57 1.45 1.58  1.95  
 GCC 1.27 2.80 1.91 2.10  1.44 1.45 1.14  0.98  
 GCA 0.73 0.80 0.42 0.60  0.66 1.09 1.01  1.01  
 GCG 0.00 0.00 0.42 1.16  0.33 0.00 0.27  0.07  
Tyr UAU 1.33 1.45 1.87 0.14  0.67 1.30 0.99  1.03  
 UAC 0.67 0.55 0.13 1.46  1.33 0.70 1.02  0.98  
His CAU 1.00 1.19 1.42 0.54  1.16 1.00 1.67  1.00  
 CAC 1.00 0.81 0.58 1.44  0.84 1.00 0.33  1.00  
Gln CAA 0.75 0.56 0.64 0.56  0.52 1.25 0.60  0.50  
 CAG 1.25 1.44 1.36 0.63  1.48 0.75 1.40  1.50  
Asn AAU 0.73 0.75 0.80 1.37  0.89 1.45 1.07  0.76  
 AAC 1.27 1.25 1.20 0.98  1.11 0.55 0.93  1.25  
Lys AAA 0.53 1.38 1.33 1.02  0.68 1.20 0.22  0.48  
 AAG 1.47 0.62 0.67 0.69  1.32 0.80 1.79  1.53  
Asp GAU 1.50 1.23 0.73 1.31  1.08 1.25 1.40  0.69  
 GAC 0.50 0.77 1.27 0.90  0.92 0.75 0.60  1.32  
Glu GAA 0.77 1.00 1.00 1.10  0.84 1.05 0.30  0.52  
 GAG 1.23 1.00 1.00 0.66  1.16 0.95 1.70  1.49  
Cys UGU 0.67 0.63 0.62 1.35  0.77 1.00 0.75  1.00  
 UGC 1.33 1.37 1.38 0.29  1.23 1.00 0.75  1.00  
Arg CGU 0.00 0.00 0.97 1.71  0.37 0.00 0.13  0.46  
 CGC 0.00 0.00 0.55 0.81  1.10 0.50 0.56  0.00  
 CGA 0.43 0.00 0.48 0.33  0.24 1.50 0.36  0.23  
 CGG 0.43 0.00 0.69 0.97  0.12 0.00 0.68  0.00  
 AGA 3.00 2.40 1.38 1.03  1.71 1.50 1.82  3.23  
 AGG 2.14 3.60 1.93 0.93  2.45 2.50 2.47  2.08  
Gly GGU 0.86 1.29 0.37 1.95  0.86 2.40 0.51  1.02  
 GGC 1.43 1.71 1.71 0.73  1.53 0.40 0.77  1.55  
 GGA 1.43 1.00 1.17 1.33  0.75 0.00 1.20  0.39  
 GGG 0.29 0.00 0.75 0.18  0.86 1.20 1.53  1.05  
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Table 3.9 RSCU analysis of Phlebovirus genus – S segment (NS; nonstructural protein) 
AA Codon Alenquer 

virus 
Candiru 
virus 

Naples 
virus 

RVFV Sandfly 
Sicilian 
Turkey 
virus 

Toscana 
virus 

SFTSV HRTV 

Phe UUU 1.00 0.43 1.19 1.23 0.96 1.08 0.86 0.83 
 UUC 1.00 1.57 0.81 0.77 1.04 0.92 1.15 1.17 
Leu UUA 1.03 0.36 0.33 0.33 0.41 0.72 0.54 0.48 
 UUG 0.41 1.01 0.66 0.65 0.87 0.96 0.95 1.17 
 CUU 1.45 1.30 1.42 1.43 1.57 1.68 1.37 1.16 
 CUC 0.83 1.59 1.12 1.14 1.34 0.72 1.15 1.19 
 CUA 1.03 0.65 1.12 1.08 0.67 0.96 0.75 0.54 
 CUG 1.24 1.08 1.35 1.37 1.14 0.96 1.26 1.48 
Ile AUU 1.20 0.86 1.50 1.42 0.86 0.82 0.93 1.52 
 AUC 0.40 1.00 0.56 0.61 1.19 0.00 0.89 0.45 
 AUA 1.40 1.14 0.94 0.97 0.95 2.18 1.18 1.03 
Val GUU 1.33 1.55 2.33 2.23 1.15 1.43 1.19 1.27 
 GUC 1.00 1.94 0.51 0.44 1.40 0.86 1.42 1.35 
 GUA 0.33 0.00 0.32 0.41 0.65 0.29 0.53 0.35 
 GUG 1.33 0.52 0.85 0.92 0.80 1.43 0.86 1.04 
Ser UCU 1.78 1.45 1.37 1.54 1.72 2.64 1.98 1.56 
 UCC 0.44 1.76 0.55 0.50 1.41 0.72 1.13 1.14 
 UCA 2.44 1.34 1.88 1.71 0.78 1.44 1.03 1.55 
 UCG 0.22 0.00 0.00 0.00 0.16 0.24 0.13 0.11 
 AGU 0.44 0.72 1.14 1.18 1.20 0.72 0.94 0.93 
 AGC 0.67 0.72 1.06 1.07 0.73 0.24 0.79 0.73 
Pro CCU 0.53 1.47 1.66 1.57 1.79 1.09 1.62 1.31 
 CCC 1.60 1.26 0.82 0.76 0.32 1.45 0.52 1.20 
 CCA 1.87 0.84 1.52 1.61 1.52 1.09 1.61 1.09 
 CCG 0.00 0.42 0.00 0.05 0.37 0.36 0.25 0.40 
Thr ACU 1.87 0.73 2.05 1.96 1.93 0.86 1.86 1.14 
 ACC 1.33 1.09 1.21 1.15 0.97 0.86 0.95 0.70 
 ACA 0.80 2.18 0.74 0.83 1.03 2.00 1.12 2.17 
 ACG 0.00 0.00 0.00 0.06 0.07 0.29 0.07 0.00 
Ala GCU 1.45 1.45 1.68 1.65 0.80 1.45 1.04 1.63 
 GCC 0.73 1.58 0.60 0.56 1.42 1.45 1.20 1.31 
 GCA 1.82 0.97 1.64 1.70 1.72 1.09 1.76 1.07 
 GCG 0.00 0.00 0.08 0.08 0.06 0.00 0.00 0.00 
Tyr UAU 1.71 1.36 0.68 0.71 0.68 1.30 0.66 1.45 
 UAC 0.29 0.64 1.32 1.29 1.32 0.70 1.34 0.55 
His CAU 0.80 1.38 0.57 0.69 0.36 1.00 0.42 1.43 
 CAC 1.20 0.63 1.43 1.31 1.37 1.00 1.58 0.58 
Gln CAA 1.00 0.63 0.06 0.25 0.62 1.25 0.58 0.97 
 CAG 1.00 1.37 1.94 1.75 1.38 0.75 1.42 1.04 
Asn AAU 1.17 1.23 1.17 1.17 0.57 1.45 0.83 1.37 
 AAC 0.83 0.77 0.83 0.83 1.43 0.55 1.17 0.64 
Lys AAA 1.18 1.17 1.06 0.93 0.62 1.20 0.64 1.07 
 AAG 0.82 0.83 0.94 1.07 1.38 0.80 1.36 0.93 
Asp GAU 1.11 1.14 1.33 1.28 0.99 1.25 0.94 1.18 
 GAC 0.89 0.86 0.67 0.72 1.01 0.75 1.07 0.83 
Glu GAA 1.24 0.19 0.69 0.68 0.67 1.05 0.65 0.56 
 GAG 0.76 1.81 1.31 1.32 1.33 0.95 1.35 1.45 
Cys UGU 1.50 0.33 1.11 1.15 0.56 1.00 0.72 0.42 
 UGC 0.50 1.67 0.89 0.85 1.44 1.00 1.28 1.59 
Arg CGU 0.40 0.83 0.93 0.79 0.06 0.00 0.07 0.53 
 CGC 0.00 0.41 0.62 0.57 0.35 0.50 0.28 0.20 
 CGA 0.00 0.41 0.62 0.53 0.41 1.50 0.50 0.20 
 CGG 0.00 0.00 0.31 0.26 0.35 0.00 0.35 0.65 
 AGA 4.40 1.86 1.68 2.03 1.94 1.50 2.11 2.05 
 AGG 1.20 2.48 1.85 1.81 2.88 2.50 2.71 2.38 
Gly GGU 1.60 1.03 0.77 0.78 0.77 2.40 0.70 1.05 
 GGC 0.27 0.77 0.81 0.82 1.25 0.40 1.11 0.38 
 GGA 1.33 0.52 1.35 1.32 1.16 0.00 1.55 1.53 
 GGG 0.80 1.68 1.08 1.09 0.82 1.20 0.65 1.06 

 
 



88 

 

(a) L segment 

 
(b) M segment 

 
(c) S segment (nucleocapsid protein) 

 
(d) S segment (nonstructural protein) 

 
Figure 3.4 Comparative analysis of RSCU patterns. Compared with RSCU 
patterns in each segment, S segments were more various in Phlebovirus genus (ALEV; 
Alenquer virus, CDUV; Candiru virus, RVFV; Rift valle fever virus, TOSV; Toscana 
virus, SFTSV; Severe fever with thrombocytopenia syndrome virus, HRTV; Heartland 
virus). 
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 (a) L segment (b) M segment 

  
 
(c) S segment (nucleocapsid protein) 

 
(d) S segment (nonstructural protein) 

  
 
Figure 3.5 Correspondence analysis of RSCU in Phlebovirus genus. Results of 
correspondence analysis were classified by vectors in Phlebovirus genus. Black solid 
line was used to clearly distinguish the vectors (ALEV; Alenquer virus, CDUV; 
Candiru virus, NV; Naples virus, SV; Sandfly Sicilian Turkey virus, TV; Toscana 
virus, RVFV; Rift valle fever virus, HRTV; Heartland virus, SFTSV; Severe fever 
with thrombocytopenia syndrome virus). 
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(a) L segment 

 
(b) M segment 

 
(c) S segment (nucleocapsid protein) 

 
(d) S segment (nonstructural protein) 

 
Figure 3.6 ENC, GC and GC3 in Phlebovirus genus. These figures were shown 
mean values of ENC, GC contents and GC3 contents in Phlebovirus genus CDS 
regions (ALEV; Alenquer virus, CDUV; Candiru virus, RVFV; Rift valle fever virus, TOSV; 
Toscana virus, SFTSV; Severe fever with thrombocytopenia syndrome virus, HRTV; Heartland virus). 
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(a) L segment  

 
Figure 3.7 Phylogenetic analysis of RVFV. 
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(b) M segment 
 

 
 
Figure 3.7 (continued) Phylogenetic analysis of RVFV. 
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(c) S segment (nucleocapsid protein) 

 
Figure 3.7 (continued) Phylogenetic analysis of RVFV. 
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(d) S segment (nonstructural protein) 

 
Figure 3.7 (continued) Phylogenetic analysis of RVFV. 
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 (a) L segment 

 
 
(b) M segment 

 
Figure 3.8 Correspondence analysis of codon usage patterns in RVFV based on 
region of isolation. 
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(c) S segment (nucleocapsid protein) 

 
 
(d) S segment (nonstructural protein)  

 
 
Figure 3.8 (contined) Correspondence analysis of codon usage patterns in RVFV 
based on region of isolation. 
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(a) L segment 

 
 
(b) M segment 

 
 
Figure 3.9 Correspondence analysis of codon usage patterns in RVFV based on 
host. 
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(c) S segment (nucleocapsid protein) 

 
(d) S segment (nonstructural protein) 

 
 

Figure 3.9 (continued) Correspondence analysis of codon usage patterns in 
RVFV based on host. 
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Table 3.10 Correlation analysis of ENC value, GC content, GC3 content and 
isolation years in each segment 

Segment value ENC GC GC3 

L  r 
p 

-0.024 
0.828 

-0.632 
<0.001 

-0.251 
0.0202 

M segment r 
p 

-0.819 
<0.001 

0.317 
0.005 

0.257 
0.024 

S segment  
(nucleocapsid protein) 

r 
p 

-0.0488 
0.576 

0.278 
0.001 

0.246 
0.004 

S segment  
(nonstructural protein) 

r 
p 

0.338 
<0.001 

-0.275 
0.001 

-0.327 
<0.001 
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3.4 Discussion 

Infectious diseases are not only caused by anthropogenic factors such 

as international trade, transportation development, and the like, but they are 

also affected by environmental factors like climate change. Rising 

temperature increase can lead to an increase in speed of infection medium and 

host reproduction, increase in spreading period, change in ecological balance, 

and movement. Change in rainfall can also effect infection medium 

population and its habitat, host population, contact rate with humans and 

spread of water-borne infections. Likewise, a variety of causes can enable 

viruses to expand their infection area, and their evolutionary pattern shows a 

noticeable ability to modify their shape for environmental adaptation. 

Recently, viral diseases through vectors have increased in prevalence due to 

climate change in Korea. SFTSV is well-known for causing infections using 

ticks as vectors. Also, RVFV which shares the same genus as SFTSV, is 

expanding its infection area, apart from Africa, where it originated and caused 

many casualties by spreading into Egypt (1997) and the Middle East (2000). 

RVFV caused significant casualties when it was first reported. If a disease 

spreads in an area with no immunity, many causalities may result. Therefore, 

infections are being reported in Korea in order to coordinate the preparation of 

public health policy initiatives in the future to prevent these outbreaks through 

analysis of variants of Phlebovirus genus, which can cause infection in 

humans. As a result of this analysis, although the target virus shared the same 

genus, there were differences in vector type. Results from phylogenetic 

analysis showed viral classification according to vectors to some extent, but a 

clear property differentiating viruses according to each vector was not found. 

However, it was confirmed that each virus had different codon usage patterns 

in the S segment and through correspondence analysis based on RSCU, it was 

confirmed that distribution of each virus according to vectors differed in the S 
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segment. Consequently, the property of Phlebovirus genus is related to the 

role of protein encoded in the S segment. That is, each virus adapts to the host 

and environment differently in each codon usage pattern, and this may affect 

immune response or increase virulence. Also, viruses that do not evolve may 

result in a decrease in infections in hosts, perhaps eventually rendering them 

unable to infect hosts. Therefore, it is necessary to conduct more studies on 

the S segment in Phlebovirus genus and the severity of clinical symptoms of 

each virus when humans are infected, so it is necessary to conduct constant 

research as to whether there is a direct effect on virulence of hosts.  

Also, we wanted to provide useful information using a biological 

informatics approach with RVFV as the target, as it has extensive data among 

Phlebovirus genus. Many infectious cases have been reported since RVFV 

was first reported in 1930, and its spread has increased significantly recently. 

RVFV is known for infecting humans via mosquitoes. It is necessary to 

conduct studies since these insects are indigenous to Korea and can be 

infected by direct contact with infected animals. Phylogenetic analysis was 

done to see if expansion of the infection area of RVFV is related to 

evolutionary mutation. The results indicate that mutations developed over 

time and not due to mutations in infected areas or hosts. Also, according to the 

results of correspondence analysis of codon usage for each segment of RVFV, 

the M segment shows noticeable distribution according to the isolated year. It 

showed a significant correlation in each segment of ENC, GC and GC3 

content for each segment. This kind of result suggests an evolutionary pattern 

over time in the codon usage pattern of RVFV. Furthermore, it can be used in 

simulations for predicting RVFV occurrence in the future. 

Due to accumulation of extensive biological data and the rapid 

development of computer technology, it is possible to conduct simulation-
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based research with bioinformatics methods in order to predict viral outbreak 

and the transmission of infectious diseases. In the future, more geographic 

areas are anticipated to be infected by unexpected pathogens, so it would be 

extremely helpful for public health planning if prediction research were 

conducted for viruses with particular pathogenicity. This study aimed to 

analyze the evolutionary patterns of Phlebovirus genus, which is known to be 

related to vector-borne viral diseases (especially RVFV with potential to 

spread). These results can be useful in viral simulation research for infectious 

diseases. Evolutionary pattern analysis for pathogens using bioinformatics 

methods can be critical in finding significant regions of variation in the 

prediction analysis, so research related data should be collected as broadly as 

possible and further studies should also be conducted accordingly. 
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CHAPTER  IV.  
 
SIMULATION STUDIES OF INFLUENZA A-
VIRUS SEQUENCES USING GENOMIC 
PATTERN INFORMATION 

 
4.1 Introduction  

Influenza is a cause of respiratory disease by antigen variation in 

many different parts of the world (Lee et al., 2009). Influenza is negative 

sense RNA virus with HA (Haemagglutinin), NA (Nuraminidase) and six 

internal genes (M1, M2, NP, PA, PB1, PB2) at the virus surface. Influenza 

can make a total of 144 subtypes using HA (H1-H16) and NA (N1-N9), and it 

is made up of segment genes that enable it to produce new virus subtypes 

through genetic re-assortment (Fouchier et al., 2005; Marshall et al., 2013). 

New virus types are precipitating factors in a pandemic, as these new variants 

change the convectional cross-species specificities to make spreading easy 

from birds to human or vice versa (Horimoto and Kawaoka, 2001). Also, 

change in the gene sequence within the same virus subtype can differ in 

pathogenicity and other attributes (Marshall et al., 2013). In the 20th century, 

the Spanish influenza (A/H1N1) pandemic in 1918, Asian influenza (A/H2N2) 

in 1957 and Hong Kong influenza (A/H3N2) in 1968 were reported, all of 

which resulted in a significant number of death (de Jong et al., 1997). In the 

1990s, a new threat avian influenza virus merged with death of six people 

(Hong Kong, 1997) and it was reported that avian influenza could also infect 
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humans (Table 4.1, Claas et al., 1998; Liu et al., 2013b). Since then, human 

infection of avian influenza has been reported steadily. The influenza 

pandemic spreads rapidly worldwide in the absence of immunity or protection 

of any sort, resulting in many casualties. Therefore, much research is needed 

to predict new avian influenza, as they potentially cause paralysis. Figure 4.1 

explains viral factors and host factors known to be effective in the 

pathogenesis of influenza. Protein sequence variation of viral replication and 

influenza may contribute to pathogenesis, and various host factors are able to 

increase the rapidity of disease progression (Medina and García-Sastre, 2011). 

Influenza shows many mutants due to gene recombination. These mutant 

viruses not only evade detection by the immune system, but infect different 

species (Nelson and Holmes, 2007; Ballesteros et al., 2009). After Spanish 

Flu occurred in 1918 with high mortality, more than 1,000 variants were 

reported, as influenza underwent significant mutation (Tumpey et al., 2005; 

Solovyov et al., 2009). Therefore, predictive studies using gene sequence 

variation information of virus are important. For instance, there is a research 

method using the bioinformatics method about HA used for fusion of 

influenza with receptors of host cells. Sequence information of HA was 

collected for a long time, though many mutants due to repeated emergence 

and incubation periods arose (Shen et al., 2009). Data for HA were extracted 

from the database of sequence information of influenza, and phylogenetic 

analysis was carried out. This made classification of virus variants with 

similar sequences and prediction for HA gene sequence represented over time 

available (Koelle et al., 2009). As a result of the research, HA was found to 

evolve in a direction where frequency of informative allelomorphic character 

is increased through positive selection and that HA plays an important role in 

making the virus adapt while crossing infected host species with its 

transfection of antigen that changes according to the variation of its sequence 

(Koelle et al., 2009). Furthermore, research was conducted on the mutations 
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of amino acid sequence and recombination of different strains using the neural 

network modeling method and NA mutation prediction research using 

sequence information that appears repeatedly and codon usage pattern 

producing specific amino acid (Ahn and Son, 2012; Suarez et al., 2004). 

Extensive gene information was accumulated due to influenza trends 

every year and from the Influenza Resource (http://www.ncibi.nlm.nih.gov/ 

genomes/FLU/FLU.html), a database produced by the NCBI. Also, simulation 

methods with application of gene information of influenza and related data are 

being developed (Table 4.2). FluTE (http://www.cs.unm.edu/~dlchao/flute/) is 

a stochastic model for influenza spread in the main cities of the USA, which 

uses data from 1957-1958 Asian influenza viruses (A/H2N2) and 2009 

pandemic influenza viruses (A/H1N1) to analyze effects according to 

simulation and biological intervention and social distancing (Chao et al., 

2010). Also, SEARUMS (http://www.searums.org/) is a simulation model that 

facilitates epidemiological analysis of avian flu using JAVA (Rao et al., 2007). 

It makes timelines, predicts epicenters and aids epidemiological analysis 

including the possible economic impact of the disease. These kinds of studies 

allow continuous monitoring of influenza and help to predict new virus trends 

in order to develop vaccines and drugs accordingly. Also, it can be useful for 

creating scenarios in order to prepare resources for an influenza pandemic, as 

infection is able to spread all over the world quickly via transportation 

networks. Thus, simulation research will continue for predicting influenza and 

these studies will be based on various bioinformatics methods.  

Recently, SimFlu (Simulation tool for influenza virus) program was 

developed for activating bio-computing through simulation prediction 

platform development research. This simulation program calculates mutation 

patterns by gathering genome information about the H1N1, H5N1 and H3N2 
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subtypes of influenza. Future mutant candidates can be generated based on 

mutation pattern calculation. This will make mutation prediction possible and 

information can be useful for preparing against a pandemic of influenza in the 

future. A validation test was performed in this research to determine if SimFlu 

program can be utilized practically in simulations. A simulation program that 

is used to predict pathogens with high pandemic potential and high variation 

such as influenza could have significant implications in medicine, pharmacy 

and public health. Simulation results with high accuracy have major positive 

effects on the academic and industrial fields. Thus, the validation results of 

SimFlu program about sequence prediction of influenza were analyzed so that 

it can be safely applied to other viruses causing infections.   
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Figure 4.1 Viral and host factors that influence the pathogenesis of influenza A 
virus. Viral replication, variation in proteins of influenza A virus and many host 
factors can contribute to pathogenesis of influenza A virus and disease progression 
(Fukuyama and Kawaoka, 2011; Medina and García-Sastre, 2011).  

 

 

 



108 

 

Table 4.1 Cases of human infection with avian influenza virus 

Subtype Location Cases Fatalities References 

H5N1 Azerbaijan, Bangladesh, 
Cambodia, China, Djibouti, 
Egypt, Hong Kong, 
Indonesia, Iraq, Laos, 
Myanmar, Nigeria, Pakistan, 
Thailand, Turkey, Vietnam 

622 371 (Shortridge  
et al., 1998;  
Liu et al., 2013b) 

H7N2 United Kingdom,  
United States 

3 0 (CDC, 2004;  
Liu et al., 2013b) 

H7N3 Italy, Canada,  
United Kingdom, Mexico 

12 0 (CDC, 2003;  
CDC, 2004; 
Hirst et al., 2004) 

H7N7 United Kingdom, Netherland 90 1 (Kurtz et al, 
1996; 
Koopmans et al., 
2004) 

H7N9 China 132 37 (Liu et al., 
2013b) 

H9N2 China, Hong Kong, 
Bangladesh 

12 0 (Peiris et al., 
1999; 
Butt et al, 2010; 
Gao et al, 2013) 
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Table 4.2 List of simulation tools using influenza virus-related data 

Tools Description URL 

FluSurge 
2.0 

for estimating the 
number of 
hospitalizations and 
deaths of an influenza 
pandemic  

http://www.cdc.gov/flu/pandemic-
resources/tools/flusurge.htm 

FluAid 2.0 for preparing for the 
next influenza 
pandemic by 
providing estimates of 
potential impact 
specific to their 
locality 

http://www.cdc.gov/flu/pandemic-
resources/tools/fluaid.htm 

Community 
Flu 2.0 

for simulating the 
spread of influenza 
through a model 
community using the 
impact of a variety of 
potential interventions 

http://www.cdc.gov/flu/pandemic-
resources/tools/communityflu.htm 

FluTE for simulating the 
spread of influenza 
across a large 
population 

https://www.epimodels.org/midas/flute.do 

AsiaFluCap 
simulator 

for assessing health 
system capacity for 
responding to various 
pandemic influenza 
scenarios 

http://www.cdprg.org/asiaflucap-
simulator.php 

SEARUMS for predicting the 
routes of avian 
influenza infection 
spreads 

http://www.searums.org 
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4.2 Methods 

4.2.1 Dataset Construction for Simulation 

Research based on bioinformatics studies about the influenza genome 

can use all information and data in order to predict the high evolutionary 

potential of influenza. Thus, prediction and program validation tests were 

performed for influenza sequence using a simulation program that utilized a 

large amount of information on the virus. SimFlu program performs 

simulations by extracting mutation patterns on a yearly basis from the 

influenza genome found in actual experiments. Mutation pattern information 

for performing simulation can be entered by users’ own genome mutation 

calculation of time-series or by selecting mutation library file within SimFlu 

program. The mutation library file within SimFlu program was used in this 

study, which is calculated based on information of 10 genes of influenza 

collected by NCBI GenBank. SimFlu program calculates a gene mutation 

library for three subtypes of H1N1, H3N2 and H5N1 occurred between 2000 

and 2011. Each year, subtypes and hosts from the Influenza virus resource of 

NCBI need to be downloaded for library calculation and make pairs for 

neighboring years from 2000 to 2011. Multiple-sequence alignment analysis 

can be performed using the ClustalW program after creating an input file for 

multiple-sequence alignment for each subtype and host species, resulting in a 

total of 10 genes based on time series. The produced file is classified and 

saved for each year, and the mutation pattern is calculated at the level of 

codon between “First year of isolation” and “Second year of isolation” with 

target of result files for each neighboring year. CVM (codon variation matrix) 

is written by measuring codon mutation at each codon location with each 

sequence (Sequence #1, #2, …, #n, but “n” is total number of sequences 

belonging to “First year of isolation”) belonging to “First year of isolation” 
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and each sequence (Sequence #1, #2, …, #p, but “p” is total number of 

sequences belonging to “Second year of isolation”) belonging to “Second year 

of isolation”. A CVM produced for neighboring years afterwards is converted 

to a CTM (codon transition matrix) calculated by a Markov model (Figure 

4.2). Produced CTMs are converted into encrypted file names and can then be 

used for mutation parameters for simulation within the “[lib]-[v_version 

number]” folder when SimFlu program is run. The HA [A/Bangkok 

/163/2000(H1N1)] and NA [A/Bangkok/163/2000(H1N1)] sequences among 

the H1N1 subtype of influenza A from NCBI were compared  based on 

mutation library files produced like this. HA and NA sequences were made 

into seed sequence and applied to SimFlu program to initiate simulation in 

“command file” mode. 

 

4.2.2 Simulation based on SimFlu Program 

The simulation process starts when target gene information is read in 

codon units from seed sequence file provided by the user after setting to start 

SimFlu program (Figure 4.3). When all codons of the seed sequence are 

entered, SimFlu program produces a random number from 0 to 1 at each 

codon position excluding the first start codon and last termination codon. 

Then, when this process completes, SimFlu program ends the simulation by 

converting each number into a target codon using user parameter information 

or mutation library based on numbers produced in each position. The process 

repeats according to the number of simulations entered by the user, and 

maximum simulations that can be run is 500. SimFlu program makes a 

temporary directory called […_tmp] for smooth simulation at working 

directory set by the user and produce, delete several temporal files related to 

simulation; then deletes these temporary files when simulation ends. When 

SimFlu program completes simulation work according to given conditions, 
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result folder within working directory set by the user is formed automatically 

and all other related result files of particular simulation are saved.  

This research made use of SimFlu program for running simulation 

through yearly mutation pattern of influenza to figure out how much can it 

predict the real influenza sequence. Therefore, simulation was done based on 

seed sequence of HA [A/Bangkok/163/2000(H1N1)] and NA [A/Bangkok 

/163/2000(H1N1)] which were downloaded from NCBI and achieved with a 

result file. Command file setting for simulation is explained in Table 4.4. 

SimFlu program supports various versions of Windows, Linux and Mac OS X, 

and SimFlu program is provided in SimFlu homepage (http://lcbb.snu. 

ac.kr/simflu/). Windows version of SimFlu program was used for this study. 
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Figure 4.2 The calculation process for codon variation of SimFlu library. The 
source nucleotide sequences of these library files were collected from the Influenza 
Virus Resource of NCBI. The downloaded files are performed multiple sequence 
alignments (MSAs) among all possible pairs of years-of-isolation between 2000 and 
2011. Each pair of target years should be aligned, and the output files are divided into 
two files according to their years-of-isolation. And all possible codon variations 
between 2 MSA result files are counted. Each codon in each sequence region along 
the aligned result of the first year of isolation is compared with that in the second year 
of isolation result; the counted variation is saved in the 61 ´ 61 matrix termed the 
codon variation matrix (CVM). In the final step, all CVMs are converted into the 
codon transition matrix (CTM) for use in the SimFlu library.  
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Figure 4.3 The SimFlu’s simulation process. The SimFlu’s simulation process 
begins with importing the seed sequence according to the units of codons. In the next 
step, SimFlu generates random numbers between 0 and 1, excluding the start and 
termination codons. SimFlu converts each random number into a new codon, which is 
assigned based on the probability of the variation parameters in the SimFlu library or 
from the input information of user. This process is repeated as many times as desired 
by the user (maximum, 500). 
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Table 4.3 The setting index in SimFlu’s command file  

Index Detail Index range 

-s File name of seed 
sequence  

- 

-l Use of SimFlu's library Yes or No 

-ha Type of hemagglutinin H1/H3/H5 

-na Type of neuraminidase N1/N2 

-iy Setting for initial year in 
SimFlu's library 

2000-2010 (fy>iy) 

-fy Setting for final year in 
SimFlu's library 

2001-2011 (fy>iy) 

-it Setting for interval year  A(2000-2001, 2001-2002, …, 2010-2011) 
or B (2000-2001, 2000-2002, …, 2000-
2011)  

-ho Type of host H1N1, H3N2; human or swine 
H5N1; human or avian 

-g Type of gene PB2, PB1, PA, HA, NA, NP, NA, M1, M2, 
NS1, NS2 

-num Number of simulation 
steps 

1-500 
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Table 4.4 Command file settings for SimFlu’s simulation 

Index Detail Setting Index  

-s File name of seed sequence  test_seed.seq (HA, NA) 

-l Use of SimFlu's library Yes 

-ha Type of hemagglutinin H1 

-na Type of neuraminidase N1 

-iy Setting for initial year in SimFlu's library 2000 

-fy Setting for final year in SimFlu's library 2009 

-it Setting for interval year  A  

-ho Type of host human  

-g Type of gene HA, NA 

-num Number of simulation steps 500 
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4.3 Results 

4.3.1 Results of Simulation based on SimFlu program 

Research based on bioinformatics studies about the influenza genome 

is able to use all information and all data for prediction of the high 

evolutionary nature of this pathogen. Therefore, simulation of influenza 

sequence was carried out using SimFlu program, which is a simulation 

program that can predict outbreaks based on extensive computational data 

about the virus. Results from SimFlu program can be generated in two types 

of files. One is a “sequence (.seq) file” for newly produced sequences during 

simulation (Figure 4.4). Another is a “information (.txt) file” for conditions 

used for making new sequences. The names of all result files start with 

‘created_’ and are saved in the selected working directory. The sequence file 

and information file are produced with the same names, but for the 

information file, it has ‘_info ’  written after the name so it can be 

differentiated from the sequence file. HA [A/Bangkok/163/2000(H1N1)] and 

NA [A/Bangkok/163/2000(H1N1)] were made into seed sequence and an 

interval type between target years of type A was selected for simulation. The 

results show that in two years, pairs were made starting from the year started 

to the end year (2000-2001, 2001-2002, …, 2008-2009) and library for 

mutations made during this period were used as parameter; nine sequence 

files and information files were produced. The number of simulation steps 

was set to 500, so each sequence file had 500 sequences in each of them. 

 

4.3.2 Validation of simulated Influenza A-virus Sequences 

A validation test of the simulation results was carried out to check if 

prediction made by SimFlu program for influenza information with future 
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potential infection is correct. Simulation was done with seed sequence of HA 

[A/Bangkok/163/2000(H1N1)] and NA [A/Bangkok/163/2000(H1N1)] data 

downloaded from NCBI using SimFlu program and its result file was used for 

validation test. Seed sequence information used before analyzing result file 

was matched with collection year obtained by searching using BLASTN 

program (Cummings et al., 2002). Collection year of sequence with high 

similarity through BLASTN search of seed sequence was within 2 years 

(2000±2) so result sequence was applied with target year±2 for validation test.  

2000 occurred sequence was set as seed sequence and made 

simulation until 2009. Nine sequence files were generated with yearly (2001-

2009) possibility of occurrence. Sequences used for validation test of each 

sequence file were extracted using random extract program. Each extracted 

sequences were searched for similarity in BLAST program and sequence 

information of 1,000 each in order of high similarity were collected. Target 

year was set including 2000 (seed sequence) until 2009 which makes total of 

10 years and classified into groups (G_seed, G_2001, G_2002, G_2003, 

G_2004, G_2005, G_2006, G_2007, G_2008, G_2009) for each ±2 

appropriate years. Figure 4.5 is a ratio made by counting each group 

according to identity of sequence after making data with sequence of target 

year±2 in BLASTN search result. It was to see how high the similarity of 

sequence is composed in each group and according to the analyzed result, 

groups near to “G_seed” in time were composed with sequences of high 

identity and as groups were far by target year from “G_seed” were composed 

with sequences of relatively low identity. As the result show decrease in 

similarity as simulation year is far from collection year compared to 

prediction of the near future, simulation of seed sequence in near future is 

believed to have higher accuracy. Analysis was carried out with same result 

files to check how high the similarity of sequence made in each group by 



119 

 

simulation is compared to real generated sequences.  Calculations of each 

group for identity distribution with target ±2 within sequences searched 

through BLASTN search result were made (Figure 4.6). As HA 

[A/Bangkok/163/2000(H1N1)] and NA [A/Bangkok/163/2000(H1N1)] were 

simulated with seed sequence, searched sequences were composed with 

identity higher than 90% as it was nearer in time to collection year (2000). For 

NA, it showed composition with sequences of 95% identity until “G_2008” 

which confirmed that simulation was carried out with sequences of high 

similarity and real occured influenza sequence. However, it seemed as 

simulation target year is further from seed sequence collection year, sequence 

with high similarity decreased; identity of “G_2009” decreased to 70-80%. 

Yet, results like this provides sequence information of mutated influenza 

sequences as new sequences not generated in simulation are formed by time 

for groups with near “G_seed” in time. Although low identity is shown 

compared to other groups in current analysis result, this information can be 

used for future potential influenza candidate. 

As a result, SimFlu program was useful not only for predicting 

evolution direction and searching mutation pattern of influenza virus but 

applying sequence information produced by simulation result when searching 

virus information of future potential is made possible. 
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Figure 4.4 Results of SimFlu’s simulation. (a) Sequence file (.seq) by results of 
SimFlu’s simlation. This file is provided with FASTA formats (default value) to users. 
Each sequence in file has been designated to ‘CreatedSeq_ + generation number of 
sequence’. (b) Information file (.txt) for results of SimFlu’s simulation. Simulation 
process-related information (simulation program, versions, date, file path of results, 
library, parameter file name, codon variation pattern matrix and so on) is included in 
this file. 
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Figure 4.5 BLASTN search result using SimFlu’s simulated sequence. After 
performing the simulation using HA [A/Bangkok/163/2000(H1N1)] as the seed 
sequence, each group was set to ‘G_seed(2000±2), G_2001(2001±2), G_2002 
(2002±2), G_2003(2003±2), G_2004(2004±2), G_2005(2005±2), G_2006 (2006±2), 
G_2007(2007±2), G_2008(2008±2) and G_2009(2009±2)’ based on target year and 
the ratio (%) of search rank according to the identity was shown. 
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Figure 4.6 The identity (%) distribution of BLASTN search results. These figures 
are distribution for average identity (%) of BLASTN search results using seed 
sequence (HA, NA) and simulated sequences. These figures indicate sequence 
variation in each group over time.  
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4.4 Discussion 
Influenza has precipitated significant destruction in terms of casualties 

on a global scale every year, and it is an ongoing and threatening public health 

hazard that must be closely monitored. Pandemic flu occurs when new 

influenza virus emerges by antigenic mutation, differentiating from seasonal 

flu and resulting in casualties, social and economic damage due to high death 

rate, etc. Influenza virus resulting in a pandemic causes mutations in genetic 

re-assortment and leads to genomic diversity (Marshall et al., 2013). This 

diversity makes rapid evolution of influenza virus possible and may be the 

cause of new pandemics and epidemic strains (Marshall et al., 2013). Once a 

subtype causes an epidemic, the immune responses are made by hosts, so 

most of them disappear and, thus, there is a high possibility of newly mutated 

influenza strain to manifest as another epidemic. In this way, influenza virus 

is difficult to predict accurately as it mutates frequently, but vaccines can be 

used to prevent disease and predictions about surveillance of potential 

hazardous viral strain and genome sequence change which can be the reason 

for new pandemics in human population as damage caused is huge for big 

epidemic trend of disease occurring (Bush et al., 1999). Simulation is 

noteworthy in technology research because fields related to rapid infectious 

disease need to predict in a short time. Infectious disease is a problem which 

can impact present and future as it can be seen in influenza pandemic 

occurred in the 21st century. Prediction of evolution pattern of 

microorganisms are noted by many researchers and if systematic analysis can 

be done for information about high-risk pathogens like SARS virus, influenza 

virus and others, it is expected to be able to play a major role in prevention of 

disease. 

SimFlu’s simulation carried out in this research provides useful 

information where prediction for influenza virus with pandemic possibility 
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and is possible when vaccines and drugs need to be developed quickly. 

Influenza virus is difficult to predict, because it generates many variants at a 

high speed. But, development of SimFlu program made it possible to simulate 

influenza virus, and obtain the results of which candidate sequence groups of 

predicted variants. From the validation results performed in this study, it was 

shown that SimFlu program mostly generated significant sequence data. 

Therefore, simulation method such as SimFlu program can be applied to 

researches for infection and transmission of infectious diseases. Yet, it is still 

program version of 1.0 which provides results with library of 3 subtypes 

(H1N1, H3N2 and H5N1) virus occurred between 2000 and 2011 virus. If 

library with more data collected is formed for mutation pattern calculation, 

result with sequences of higher accuracy would be generated.  

The rapid development of computer technology and of data-

accumulation functionality has made simulation through statistical analysis 

possible and, as a result, it is supporting public health policy and strategy 

development aimed at the prevention of and increasing preparedness for 

pathogens like influenza virus by predicting infection and viral transmission 

across the globe. Recently, the Ebola virus in Africa has created a storm of 

sensationalist concerns, and this outbreak is expected to play an important role 

in medicine, pharmacy and public health by further developing how current 

viruses evolve and mutate continuously, particularly influenza virus and even 

high-risk pathogens like Ebola. Therefore, the coordinate use of this 

technology and proper social policy strategy are expected to be useful for 

establishing countermeasures against future pathogens by gathering a lot of 

information about infectious diseases through monitoring spreading and 

identifying mutation patterns for not only influenza virus but pathogens 

capable of infection. 
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CHAPTER V.   

 

CONCLUSION & SUMMARY 

 
The incidence of infectious diseases was thought to be abated in 

accordance with the development of modern society and the corresponding 

efforts made in science and technology to improve public health (Parks et al., 

2012). However, infectious diseases still constitute an important problem 

threatening human health. There are many causes for infectious diseases 

(Weiss et al., 2004). Diseases in a country are no longer confined to the 

borders of that country. The development of faster means of transportation 

and complex population movements have contributed significantly to the 

spread of infectious diseases. Also, climate and environmental change 

throughout the world is resulting in an increased threat of new infectious 

diseases, as well as allowing the re-emergence of infectious diseases that once 

posed major health problems. Improved methods of analysis, along with 

forecasting studies, are needed to monitor the increased variety of infectious 

diseases, which can appear in new virulent forms in response to our constantly 

changing environment. In fact, disease diversity is always changing and 

increasing, as infectious agents continuously undergo evolutionary 

modifications. In the case of viral infectious diseases, the viruses can evolve 

rapidly in new environments, developing the ability to infect primary or 

intermediary hosts (Pybus et al., 2009). Viruses are able to evolve quickly, 

possessing high variation rates, which results in unexpected infections, 
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making not only diagnoses difficult, but also the development of anti-viral 

therapeutics. The variation of a virus can be caused by mutations, 

recombinations, and re-assortments, resulting in the formation of Quasi-

species, changes in tropism and host specificity, immune evasion and 

increased viral fitness. Therefore, counter-measures for combating new 

infections caused by mutated viruses are needed through studies that analyze 

and predict the derived variation in these viruses.  

HBV (Hepatitis B virus), the first virus known for causing cancer, 

results in the death of 600,000 people every year. Many mutations in the HBV 

have been found to arise from the high error rate due to polymerase enzymes 

and the partially double-stranded structure of the virus. Countless varieties of 

HBV exist, which can be subdivided by genotype, sero-genotype, serotype 

and others, with new genotypes still being reported. When HBV diagnosis is 

delayed, serious liver damage occurs due to chronic infection, which 

continuously damages the liver, causing problems in liver transplantation; 

therefore, an accurate and quick diagnosis is required. However, OBI (occult 

HBV infection), a type of HBV infection which may be the cause of chronic 

infection, cannot be diagnosed using the conventional serological test for 

HBV infections. Therefore, massive amounts of sequencing data that 

identified the characteristics of OBI were collected to provide information in 

an attempt to properly diagnose OBI. The gathering of large amounts of data 

for biological studies is made possible with the development of molecular 

biological technology, which allows the construction of a biological database 

to save, manage and analyze these data systematically. In this study, a 

database was constructed based on parsed data from the NCBI GenBank to 

analyze the role of OBI in HBV infection, allowing a comparative analysis to 

be conducted between sequences. Following a sequence analysis at the 

surface antigen region between the OBI and non-OBI groups, no occurrence 
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of a specific mutation location was found. This result was not consistent with 

the hypothesis that OBI occurred due to a mutation in the surface antigen 

region. Also, the result of phylogenetic analysis in the non-OBI and OBI 

groups showed that a classification system based on genotype was well 

organized in the non-OBI group, but not in the OBI group. This may be 

because genotype classification was not applied to the OBI group that was 

present in HBV, suggesting that it may have different genetic characteristics 

than the non-OBI group. There are not enough data for a comprehensive 

analysis of the OBI group. The study conducted on existing OBI groups was 

mainly confined to finding areas of mutations in HBV genomes from a small 

group of specific patients. Therefore, we attempted a more comprehensive 

analysis in this study but were limited because genotype information of HBV 

sequences from the collected OBI group was unavailable. However, the 

collection of additional genetic information from OBI will allow a more 

accurate analysis in the future.  

Biological data obtained from infection mechanism and evolutionary 

pattern analyses of pathogens, forecast studies and others related to infectious 

diseases can provide useful information. Information for simulation needs to 

be provided by evolutionary pattern analysis based on accumulated data in 

order to predict the presence of future viruses. Analysis about evolutionary 

patterns includes RSCU (relative synonymous codon usage), codon usage bias 

evaluating ENC (effective number of codons) for analyzing codon usage 

pattern for one amino acid, base composition analysis to compare nucleotide 

composition of DNA sequences, COA (correspondence analysis) for 

analyzing codon usage variation trends, and phylogenetic analysis to estimate 

evolutionary relationships. An analysis of RVFV (Rift Valley fever virus) 

based on a large volume of data concerning viruses causing diseases to 

humans within the phlebovirus genus related to vector-borne viral infection 
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was performed. Viruses within the phlebovirus genus can infect humans 

through a vector. The result of a phylogenetic analysis showed a classification 

pattern related to the vector (mosquito, sandfly, tick). From this result, an 

inference was made that even viruses within the Phlebovirus genus can have 

genetic variation that makes a difference in vector. The codon usage pattern of 

the virus was therefore compared to find this difference. Analysis of base 

composition, ENC values, GC content and GC3 content did not show a 

significant characteristic of each vector, but results of a correlation analysis 

based on RSCU showed that the virus distributed differently for each vector at 

the S segment. We can consider that the S segment is related to each 

characteristic of the virus, which differentiates each vector or S segment-

containing characteristic shared by viruses for each vector. Especially for 

RVFV, which uses the mosquito as a vector, it is seen that every segment is 

distinct from the other groups. This finding shows that the codon usage 

pattern of RVFV is different from other viruses of Phlebovirus genus. RVFV 

is a virus that is expanding its infectious region. Large amounts of data are 

accumulating for RVFV compared to other viruses, as many infectious cases 

were reported since 1930 when it was first reported. Thus, an analysis was 

conducted on RVFV-infected areas to determine if genetic characteristics are 

present depending on the host. From a phylogenetic analysis, RVFV could not 

be divided into infected regions or hosts but, showed a pattern where it 

differed for each isolated year, depending on each virus. Also, an analysis 

examining codon usage pattern was performed, but no significant distribution 

was found relating to region of isolation or host. However, when we examined 

each year isolated, a correlation was found that showed the distribution 

changed according to the year of collection at the M segment. Also, an 

analysis was carried with the ENC value, GC content and GC3 content 

according to isolation year, with each segment showing a significant 

correlation. As a result of the study, RVFV does not make evolutionary 
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patterns according to infection site or host, but rather according to the time of 

infection. This characteristic may cause an expansion of the RVFV-infected 

area or a change in viral virulence in the future, so it is necessary to predict 

evolutionary patterns.  

As forecast accuracy increases for simulation programs about 

possible pandemic influenza viruses and contagious pathogens, major impacts 

on academia and industry in the fields of medicine, pharmacology, and health 

science can be expected. A SimFlu program was developed through a 

simulation forecasting platform for a recent bio-computing activation and 

validation test. This SimFlu program was able to predict the sequence of the 

influenza virus so that it could be applied to other viruses causing infectious 

diseases. The SimFlu program performs simulations using genomic 

information from actual experiments, which includes an analysis of the 

variation pattern for each year. The current program holds 3 subtypes (H1N1, 

H3N2 and H5N1) of genetic mutations, which are calculated in the library. 

Simulation is performed based on seed sequence information downloaded 

from the NCBI. A validation of the BLASTN search result demonstrated that 

the accuracy of the simulation decreased slightly, as the seed sequence is 

further away in time from the isolated year, but the point where it provides 

sequence information of the influenza virus, which changes with time along 

with mutation, is able to be used in candidate sequences of future influenza 

viruses. Other simulation programs, like SimFlu, are capable of searching the 

mutation patterns of viruses and are not only useful in predicting evolutionary 

direction, but also play an important role in searching for future viral 

information, which requires constant monitoring. 

Recently, the outbreak of Ebola virus in Africa is bringing confusion 

to society and is expected to play an important role in the medical, 
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pharmaceutical, and public health sectors by predicting how current viruses 

will evolve, such as continuously mutating influenza viruses, or even high risk 

pathogens like the Ebola virus. As a result, large amounts of data need to be 

collected to construct a useful data set. An increased number of infections 

resulting from unexpected pathogens are expected to occur in more areas, so 

epidemiological research needs to be initiated based on genomic information 

to make various analyses possible. Analyses and forecasts about the 

evolutionary patterns of pathogens is currently an area of intense research. 

Contagious infectious diseases, without proper monitoring, can lead to many 

infections and deaths due to complications within a very short period of time. 

Therefore, a series of bioinformatic approaches involving various types of 

biological data should be applied in order to perform phylogenetic and pattern 

analyses at the codon level to provide possible information (marker, variable 

region, conserved region and etc.) that would be useful for identifying and 

monitoring the variations in propagation pathway patterns for pathogens. 

 

 

 

 

 

 

 

 

 

 

 

 



131 

 

 

BIBLIOGRAPHY 
 

Abdou Chekaraou M, Brichler S, Mansour W, Le Gal F, Garba A, Dény P, Gordien E. 
A novel hepatitis B virus (HBV) subgenotype D (D8) strain, resulting from 
recombination between genotypes D and E, is circulating in Niger along with HBV/E 
strains. The Journal of general virology. 91(Pt 6):1609-1620 (2010).  

Abe K, Inchauspe G, Fujisawa K. Genomic characterization and mutation rate of 
hepatitis C virus isolated from a patient who contracted hepatitis during an epidemic 
of non-A, non-B hepatitis in Japan. The Journal of general virology. 73(Pt 10):2725-
2729 (1992). 

Adler SP. Molecular epidemiology of cytomegalovirus: viral transmission among 
children attending a day care center, their parents, and caretakers. The Journal of 
pediatrics. 112(3):366-372 (1988). 

Adler SP. Herpes simplex virus. (Marshall G, ed.) Lippincott Williams & Wilkins, 
Philadelphia, PA, USA. (2004).  

Ahn I, Son HS. Computational model for analyzing the evolutionary patterns of the 
neuraminidase gene of influenza A/H1N1. Computational biology and chemistry. 
36:23-30 (2012). 

Airaksinen A, Pariente N, Menéndez-Arias L, Domingo E. Curing of foot-and-mouth 
disease virus from persistently infected cells by ribavirin involves enhanced 
mutagenesis. Virology. 311(2):339-349 (2003). 

Al Hajjar S, McIntosh K. The first influenza pandemic of the 21st century. Annals of 
Saudi medicine. 30(1):1-10 (2010). 

Albert MJ. Vibrio cholerae O139 Bengal. Journal of clinical microbiology. 
32(1):2345-2349 (1994).  

Alrajhi AA, Al-Semari A, Al-Watban J. Rift Valley Fever Encephalitis. Emerging 
infectious diseases. 10(3):554-555 (2004).  

Agudelo-Romero P, Carbonell P, Perez-Amador MA, Elena SF. Virus adaptation by 
manipulation of host's gene expression. PLoS One. 3(6):e2397 (2008). 



132 

 

Appannanavar SB, Mishra B. An update on crimean congo hemorrhagic Fever. 
Journal of global infectious diseases. 3(3):285-292 (2011). 

Arauz-Ruiz P, Norder H, Robertson BH, Magnius LO. Genotype H: a new 
Amerindian genotype of hepatitis B virus revealed in Central America. The Journal of 
general virology. 83(Pt 8):2059-2073 (2002). 

Archetti M. Codon usage bias and mutation constraints reduce the level of error 
minimization of the genetic code. Journal of molecular evolution. 59(2):258-266 
(2004).   

Arvin AM. Varicella-zoster virus. Clinical microbiology reviews. 9(3):361-381 
(1996).  

Baldauf SL. Phylogeny for the faint of heart: a tutorial. Trends in genetics. 19(6):345-
351 (2003). 

Ballesteros S, Vergu E, Cazelles B. Influenza A gradual and epochal evolution: 
insights from simple models. PLoS One. 4(10):e7426 (2009). 

Banerjee A, Kurbanov F, Datta S, Chandra PK, Tanaka Y, Mizokami M, Chakravarty 
R. Phylogenetic relatedness and genetic diversity of hepatitis B virus isolates in 
Eastern India. Journal of medical virology. 78(9):1164-1174 (2006). 

Barker J, Stevens D, Bloomfield SF. Spread and prevention of some common viral 
infections in community facilities and domestic homes. Journal of applied 
microbiology. 91(1):7-21 (2001).  

Barré-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S, Gruest J, Dauguet 
C, Axler-Blin C, Vézinet-Brun F, Rouzioux C, Rozenbaum W, Montagnier L. 
Isolation of a T-lymphotropic retrovirus from a patient at risk for acquired immune 
deficiency syndrome (AIDS). Science. 220(4599):868-871 (1983). 

Benhenda S, Cougot D, Buendia MA, Neuveut C. Hepatitis B virus X protein 
molecular functions and its role in virus life cycle and pathogenesis. Advances in 
cancer research. 103:75-109 (2009). 

Bishop RF, Davidson GP, Holmes IH, Ruck BJ. Virus particles in epithelial cells of 
duodenal mucosa from children with acute non-bacterial gastroenteritis. Lancet. 
2(7841):1281-1283 (1973).  

Bell JA, Rowe WP, Engler JI, Parrott RH, Huebner RJ. Pharyngoconjunctival fever: 



133 

 

epidemiological studies of a recently recognized disease entity. JAMA. 157(13): 
1083-1092 (1955). 

Bernardi G. Isochores and the evolutionary genomics of vertebrates. Gene. 241(1):3-
17 (2000). 

Bloquel B, Jeulin H, Burty C, Letranchant L, Rabaud C, Venard V. Occult hepatitis B 
infection in patients infected with HIV: report of two cases of hepatitis B reactivation 
and prevalence in a hospital cohort. Journal of medical virology. 82(2):206-212 
(2010).  

Bock CT, Schranz P, Schröder CH, Zentgraf H. Hepatitis B virus genome is 
organized into nucleosomes in the nucleus of the infected cell. Virus genes. 8(3):215-
229 (1994). 

Bos DH, Posada D. Using models of nucleotide evolution to build phylogenetic trees. 
Developmental and comparative immunology. 29(3):211-227 (2005). 

Bosch FX, de Sanjosé S. The epidemiology of human papillomavirus infection and 
cervical cancer. Disease markers. 23(4):213-227 (2007). 

Boshra H, Lorenzo G, Busquets N, Brun A. Rift valley fever: recent insights into 
pathogenesis and prevention. Journal of virology. 85(13):6098-6105 (2011). 

Bouloy M, Weber F. Molecular biology of rift valley Fever virus. The open virology 
journal. 4:8-14 (2010).  

Bowen ET, Lloyd G, Harris WJ, Platt GS, Baskerville A, Vella EE. Viral 
haemorrhagic fever in southern Sudan and northern Zaire. Preliminary studies on the 
aetiological agent. Lancet. 1(8011):571-573 (1977). 

Bowyer SM, van Staden L, Kew MC, Sim JG. A unique segment of the hepatitis B 
virus group A genotype identified in isolates from South Africa. The Journal of 
general virology. 78(Pt 7):1719-1729 (1997).  

Bridges CB, Kuehnert MJ, Hall CB. Transmission of influenza: implications for 
control in health care settings. Clinical infectious diseases. 37(8):1094-1101 (2003).  

Brown P, Will RG, Bradley R, Asher DM, Detwiler L. Bovine spongiform 
encephalopathy and variant Creutzfeldt-Jakob disease: background, evolution, and 
current concerns. Emerging infectious diseases. 7(1):6-16 (2001). 



134 

 

Bruni R, Prosperi M, Marcantonio C, Amadori A, Villano U, Tritarelli E, Lo Presti A, 
Ciccozzi M, Ciccaglione AR. A computational approach to identify point mutations 
associated with occult hepatitis B: significant mutations affect coding regions but not 
regulative elements of HBV. Virology journal. 8, 394 (2011).  

Bry F, Kröger PA. Computational Biology Database Digest: Data, Data Analysis, and 
Data Management. Distributed and Parallel Databases. 13, 7-42 (2003). 

Burgdorfer W, Barbour AG, Hayes SF, Benach JL, Grunwaldt E, Davis JP. Lyme 
disease-a tick-borne spirochetosis? Science. 216(4552):1317-1319 (1982). 

Bush RM, Bender CA, Subbarao K, Cox NJ, Fitch WM. Predicting the evolution of 
human influenza A. Science. 286(5446):1921-1925 (1999). 

Butt AM, Siddique S, Idrees M, Tong Y. Avian influenza A (H9N2): computational 
molecular analysis and phylogenetic characterization of viral surface proteins isolated 
between 1997 and 2009 from the human population. Virology journal. 7:319 (2010). 

Butt AM, Nasrullah I, Tong Y. Genome-wide analysis of codon usage and influencing 
factors in chikungunya viruses. PLoS One. 9(3):e90905 (2014). 

Carman WF, Zanetti AR, Karayiannis P, Waters J, Manzillo G, Tanzi E, Zuckerman 
AJ, Thomas HC. Vaccine-induced escape mutant of hepatitis B virus. Lancet. 
336(8711):325-329 (1990). 

Cavinta L, Sun J, May A, Yin J, von Meltzer M, Radtke M, Barzaga NG, Cao G, 
Schaefer S. A new isolate of hepatitis B virus from the Philippines possibly 
representing a new subgenotype C6. Journal of medical virology. 81(6):983-987 
(2009). 

Centers for Disease Control (CDC). Kaposi's sarcoma and Pneumocystis pneumonia 
among homosexual men--New York City and California. Morbidity and mortality 
weekly report (MMWR). 30(25):305-308 (1981). 

Centers for Disease Control and Prevention (CDC). Isolation of avian influenza 
A(H5N1) viruses from humans--Hong Kong, May-December 1997. Morbidity and 
mortality weekly report (MMWR). 46(50):1204-1207 (1997).  

Centers for Disease Control and Prevention (CDC). Update: influenza activity--
United States and worldwide, 2002-03 season, and composition of the 2003-04 
influenza vaccine. Morbidity and mortality weekly report (MMWR). 52(22):516-521 
(2003). 



135 

 

Centers for Disease Control and Prevention (CDC). Update: influenza activity--
United States and worldwide, 2003-04 season, and composition of the 2004-05 
influenza vaccine. Morbidity and mortality weekly report (MMWR). 53(25):547-552 
(2004). 

Chabot-Couture G, Nigmatulina K, Eckhoff P. An environmental data set for vector-
borne disease modeling and epidemiology. PLoS One. 9(4):e94741 (2014). 

Chan HL, Tsang SW, Leung NW, Tse CH, Hui Y, Tam JS, Chan FK, Sung JJ. Occult 
HBV infection in cryptogenic liver cirrhosis in an area with high prevalence of HBV 
infection. The American journal of gastroenterology. 97(5):1211-1215 (2002). 

Chan HL, Tsui SK, Tse CH, Ng EY, Au TC, Yuen L, Bartholomeusz A, Leung KS, 
Lee KH, Locarnini S, Sung JJ. Epidemiological and virological characteristics of 2 
subgroups of hepatitis B virus genotype C. The Journal of infectious diseases. 
191(12):2022-2032 (2005). 

Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, Knowles DM, Moore PS. 
Identification of herpesvirus-like DNA sequences in AIDS-associated Kaposi's 
sarcoma. Science. 266(5192):1865–1869 (1994). 

Chao DL, Halloran ME, Obenchain VJ, Longini IM Jr. FluTE, a publicly available 
stochastic influenza epidemic simulation model. PLoS computational biology. 
6(1):e1000656 (2010). 

Chen J, Powell D, Hu WS. High frequency of genetic recombination is a common 
feature of primate lentivirus replication. Journal of virology. 80(19):9651-9658 (2006). 

Chen Y. A comparison of synonymous codon usage bias patterns in DNA and RNA 
virus genomes: quantifying the relative importance of mutational pressure and natural 
selection. BioMed research international. 2013:406342 (2013). 

Chevalier V, Pépin M, Plée L, Lancelot R. Rift Valley fever--a threat for Europe? 
Euro surveillance. 15(10):19506 (2010). 

Choo QL, Kuo G, Weiner AJ, Overby LR, Bradley DW, Houghton M. Isolation of a 
cDNA clone derived from a blood-borne non-A, non-B viral hepatitis genome. 
Science. 244(4902):359-362 (1989). 

Chua KB, Bellini WJ, Rota PA, Harcourt BH, Tamin A, Lam SK, Ksiazek TG, Rollin 
PE, Zaki SR, Shieh W, Goldsmith CS, Gubler DJ, Roehrig JT, Eaton B, Gould AR, 
Olson J, Field H, Daniels P, Ling AE, Peters CJ, Anderson LJ, Mahy BW. Nipah 



136 

 

virus: a recently emergent deadly paramyxovirus. Science. 288(5470):1432-1435 
(2000). 

Claas EC, Osterhaus AD, van Beek R, De Jong JC, Rimmelzwaan GF, Senne DA, 
Krauss S, Shortridge KF, Webster RG. Human influenza A H5N1 virus related to a 
highly pathogenic avian influenza virus. Lancet. 351(9101):472-477(1998). 

Cohen JI, Corey GR. Cytomegalovirus infection in the normal host. Medicine 
(Baltimore). 64(2):100-114 (1985). 

Coleman PF. Detecting hepatitis B surface antigen mutants. Emerging infectious 
diseases. 12(2):198-203 (2006). 

Comeron JM, Aguadé M. An evaluation of measures of synonymous codon usage 
bias. Journal of molecular evolution. 47(3):268-274 (1998). 

Corey L, Adams HG, Brown ZA, Holmes KK. Genital herpes simplex virus 
infections: clinical manifestations, course, and complications. Annals of internal 
medicine. 98(6):958-972 (1983). 

Couroucé-Pauty AM, Lemaire JM, Roux JF. New hepatitis B surface antigen 
subtypes inside the ad category. Vox sanguinis. 35(5):304-308 (1978). 

Crabtree MB, Kent Crockett RJ, Bird BH, Nichol ST, Erickson BR, Biggerstaff BJ, 
Horiuchi K, Miller BR. Infection and transmission of Rift Valley fever viruses 
lacking the NSs and/or NSm genes in mosquitoes: potential role for NSm in mosquito 
infection. PLoS neglected tropical diseases. 6(5):e1639 (2012). 

Cummings L, Riley L, Black L, Souvorov A, Resenchuk S, Dondoshansky I, 
Tatusova T. Genomic BLAST: custom-defined virtual databases for complete and 
unfinished genomes. FEMS microbiology letters. 216(2):133-138 (2002). 

Cuthbert JA. Hepatitis A: old and new. Clinical microbiology reviews. 14(1):38-58 
(2001). 

Damm EM, Pelkmans L. Systems biology of virus entry in mammalian cells. Cellular 
microbiology. 8(8):1219-1227 (2006). 

Daubney R, Hudson JR, Garnham PC. Enzootic hepatitis or Rift Valley fever. An 
undescribed virus disease of sheep, cattle and man from East Africa. The Journal of 
Pathology and Bacteriology. 34(4):545–579 (1931). 



137 

 

Daubney R, Hudson JR. Rift Valley fever. Lancet. 219(5664):611–612 (1932). 

De Cock KM, Jaffe HW, Curran JW. Reflections on 30 years of AIDS. Emerging 
infectious diseases. 17(6):1044-1048 (2011). 

de Jong JC, Claas EC, Osterhaus AD, Webster RG, Lim WL. A pandemic warning? 
Nature. 389(6651):554 (1997). 

de Jong MD, Hien TT. Avian influenza A (H5N1). Journal of clinical virology. 
35(1):2-13 (2006).  

de Quadros CA, Andrus JK, Olive JM, Guerra de Macedo C, Henderson DA. Polio 
eradication from the Western Hemisphere. Annual review of public health. 13:239-
252 (1992). 

Deen JL, Harris E, Wills B, Balmaseda A, Hammond SN, Rocha C, Dung NM, Hung 
NT, Hien TT, Farrar JJ. The WHO dengue classification and case definitions: time for 
a reassessment. Lancet. 368(9530):170-173 (2006). 

Dennehy PH. Transmission of rotavirus and other enteric pathogens in the home. The 
Pediatric infectious disease journal. 19(10 Suppl):S103-105 (2000). 

Di Stefano M, Volpe A, Stallone G, Tartaglia L, Prato R, Martinelli D, Pastore G, 
Gesualdo L, Fiore JR.. Occult HBV infection in hemodialysis setting is marked by 
presence of isolated antibodies to HBcAg and HCV. Journal of nephrology. 
22(3):381-386 (2009). 

Donovan CA, Stratton, E. Changing epidemiology of AIDS. Canadian family 
physician Médecin de famille canadien. 40:1414-1420 (1994).  

Domingo E. Mechanisms of viral emergence. Veterinary research. 41(6):38 (2010). 

Domingo E, Holland JJ. RNA virus mutations and fitness for survival. Annual review 
of microbiology. 51:151-178 (1997). 

Domingo E, Sheldon J, Perales C. Viral quasispecies evolution. Microbiology and 
molecular biology reviews. 76(2):159-216 (2012). 

Dudding BA, Top FH Jr, Winter PE, Buescher EL, Lamson TH, Leibovitz A. Acute 
respiratory disease in military trainees. The adenovirus surveillance program 1966–
1971. American journal of epidemiology. 97(3):187–198 (1973). 



138 

 

Duret L, Mouchiroud D, Gautier C. Statistical analysis of vertebrate sequences 
reveals that long genes are scarce in GC-rich isochores. Journal of molecular 
evolution. 40(3):308-317 (1995). 

Easterday BC, Mcgavran MH, Rooney JR, Murphy LC. The pathogenesis of Rift 
Valley fever in lambs. American journal of veterinary research. 23:470-479 (1962). 

Edlich RF, Winters KL, Long WB 3rd, Gubler KD. Rubella and congenital rubella 
(German measles). Journal of long-term effects of medical implants. 15(3):319-328 
(2005). 

Elliott RM. Molecular biology of the Bunyaviridae. The Journal of general virology. 
71(Pt 3):501-522 (1990).  

Elliott RM, Bouloy M, Calisher CH, Goldbach R, Moyer JT, Nichol ST, Pettersson R, 
Plyusnin A, Schmaljohn CS. Classification and Nomenclature of Viruses, In: Virus 
Taxonomy, Genus Phlebovirus Seventh Report of the International Committee on 
Taxonomy of Viruses. pp.614–616. Academic Press, San Diego, CA, USA. (2000).  

Elliott RM, Brennan B. Emerging phleboviruses. Current opinion in virology. 5:50-57 
(2014).  

Ellis BR, Wilcox BA. The ecological dimensions of vector-borne disease research and 
control. Cadernos de saúde pública. 25 Suppl 1:S155-167 (2009). 

Ellis DS, Simpson DI, Stamford S, Abdel Wahab KS. Rift Valley fever virus: some 
ultrastructural observations on material from the outbreak in Egypt 1977. The Journal 
of general virology. 42(2):329-337 (1979). 

Engering A, Hogerwerf L, Slingenbergh J. Pathogen–host–environment interplay and 
disease emergence. Emerging microbes & infections. 2:e5 (2013).  

Ermolaeva MD. Synonymous codon usage in bacteria. Current issues in molecular 
biology. 3(4):91-97 (2001). 

Etzold T, Ulyanov A, Argos P. SRS: information retrieval system for molecular 
biology data banks. Methods in enzymology. 266:114-128 (1996). 

Fauci AS, Morens DM. The perpetual challenge of infectious diseases. The New 
England journal of medicine. 366(5):454-461 (2012). 

Felsenstein J. Evolutionary trees from DNA sequences: a maximum likelihood 



139 

 

approach. Journal of molecular evolution. 17(6):368-376 (1981). 

Felsenstein J. Phylogenies and the comparative method. The American Naturalist. 
125(1):1-12 (1985). 

Fenner F. A successful eradication campaign. Global eradication of smallpox. 
Reviews of infectious diseases. Reviews of infectious diseases. 4(5):916-930 (1982). 

Fouchier RA, Munster V, Wallensten A, Bestebroer TM, Herfst S, Smith D, 
Rimmelzwaan GF, Olsen B, Osterhaus AD. Characterization of a novel influenza A 
virus hemagglutinin subtype (H16) obtained from black-headed gulls. Journal of 
virology. 79(5):2814-2822 (2005). 

Fukuyama S, Kawaoka Y. The pathogenesis of influenza virus infections: the 
contributions of virus and host factors. Current opinion in immunology. 23(4):481-
486 (2011). 

Gandhi MK, Khanna R. Human cytomegalovirus: clinical aspects, immune regulation, 
and emerging treatments. The Lancet Infectious diseases. 4(12):725-738 (2004). 

Ganem D, Varmus HE. The molecular biology of the hepatitis B viruses. Annual 
review of biochemistry. 56:651-693 (1987). 

Gao R, Cao B, Hu Y, Feng Z, Wang D, Hu W, Chen J, Jie Z, Qiu H, Xu K, Xu X, Lu 
H, Zhu W, Gao Z, Xiang N, Shen Y, He Z, Gu Y, Zhang Z, Yang Y, Zhao X, Zhou L, 
Li X, Zou S, Zhang Y, Li X, Yang L, Guo J, Dong J, Li Q, Dong L, Zhu Y, Bai T, 
Wang S, Hao P, Yang W, Zhang Y, Han J, Yu H, Li D, Gao GF, Wu G, Wang Y, 
Yuan Z, Shu Y. Human infection with a novel avian-origin influenza A (H7N9) virus. 
The New England journal of medicine. 368(20):1888-1897 (2013). 

Garfein RS, Bower WA, Loney CM, Hutin YJ, Xia GL, Jawanda J, Groom AV, 
Nainan OV, Murphy JS, Bell BP. Factors associated with fulminant liver failure 
during an outbreak among injection drug users with acute hepatitis B. Hepatology. 
40(4):865-873 (2004). 

Gerdes GH. Rift Valley fever. Revue scientifique et technique. 23(2):613-623 (2004). 

Gerrard SR, Nichol ST. Synthesis, proteolytic processing and complex formation of 
N-terminally nested precursor proteins of the Rift Valley fever virus glycoproteins. 
Virology. 357(2):124-133 (2007). 

Gerlich WH, Wagner FF, Chudy M, Harrishoj LH, Lattermenn A, Wienzek S, Glebe 



140 

 

D, Saniewski M, Schüttler CG, Wend UC, Willems WR, Bauerfeind U, Jork C, Bein 
G, Platz P, Ullum H, Dickmeiss E. HBsAg Non-Reactive HBV Infection in Blood 
Donors: Transmission and Pathogenicity. Journal of medical virology. 79(Suppl 
1):S32-S36 (2007). 

Ghisetti V, Marzano A, Zamboni F, Barbui A, Franchello A, Gaia S, Marchiaro G, 
Salizzoni M, Rizzetto M. Occult hepatitis B virus infection in HBsAg negative 
patients undergoing liver transplantation: clinical significance. Liver transplantation. 
10(3):356-362 (2004). 

Giorgi C, Accardi L, Nicoletti L, Gro MC, Takehara K, Hilditch C, Morikawa S, 
Bishop DH. Sequences and coding strategies of the S RNAs of Toscana and Rift 
Valley fever viruses compared to those of Punta Toro, Sicilian Sandfly fever, and 
Uukuniemi viruses. Virology. 180(2):738-753 (1991). 

Glaser CA, Gilliam S, Schnurr D, Forghani B, Honarmand S, Khetsuriani N, Fischer 
M, Cossen CK, Anderson LJ; California Encephalitis Project, 1998-2000. In search of 
encephalitis etiologies: diagnostic challenges in the California Encephalitis Project, 
1998-2000. Clinical infectious diseases. 36(6):731-742 (2003). 

Greber UF. Signalling in viral entry. Cellular and molecular life sciences. 59(4):608-
626 (2002). 

Greenacre MJ. Theory and Applications of Correspondence Analysis. pp.364. 
Academic Press, London, UK. (1984).  

Grenfell BT, Pybus OG, Gog JR, Wood JL, Daly JM, Mumford JA, Holmes EC. 
Unifying the epidemiological and evolutionary dynamics of pathogens. Science. 
303(5656):327-332 (2004). 

Gubler DJ. Resurgent vector-borne diseases as a global health problem. Emerging 
infectious diseases. 4(3):442-450 (1998). 

Gubler DJ. The global emergence/resurgence of arboviral diseases as public health 
problems. Archives of medical research. 33(4):330-342 (2002). 

Günther S, Fischer L, Pult I, Sterneck M, Will H. Naturally occurring variants of 
hepatitis B virus. Advances in virus research. 52:25-137 (1999). 

Günther S. Genetic variation in HBV infection: genotypes and mutants. Journal of 
clinical virology. 36 Suppl 1:S3-S11 (2006). 



141 

 

Gupta S, Singh S. Occult hepatitis B virus infection in ART-naive HIV-infected 
patients seen at a tertiary care centre in north India. BMC infectious diseases. 10:53 
(2010). 

Guzman MG, Halstead SB, Artsob H, Buchy P, Farrar J, Gubler DJ, Hunsperger E, 
Kroeger A, Margolis HS, Martínez E, Nathan MB, Pelegrino JL, Simmons C, Yoksan 
S, Peeling RW. Dangue: a continuing global threat. Nature reviews Microbiology. 
8(12 Suppl):S7-16 (2010). 

Halstead SB, Thomas SJ. Japanese encephalitis: new options for active immunization. 
Clinical infectious diseases. 50(8):1155-1164 (2010). 

Hannoun C, Söderström A, Norkrans G, Lindh M. Phylogeny of African complete 
genomes reveals a West African genotype A subtype of hepatitis B virus and 
relatedness between Somali and Asian A1 sequences. The Journal of general virology. 
86(Pt 8):2163-2167 (2005). 

Harrison TJ. Hepatitis B virus: molecular virology and common mutants. Seminars in 
liver disease. 26(2):87-96 (2006). 

Hasegawa M, Kishino H, Yano T. Dating of the human-ape splitting by a molecular 
clock of mitochondrial DNA. Journal of molecular evolution. 22(2):160-174 (1985). 

Hass M, Hannoun C, Kalinina T, Sommer G, Manegold C, Günther S. Functional 
analysis of hepatitis B virus reactivating in hepatitis B surface antigen-negative 
individuals. Hepatology. 42(1):93-103 (2005). 

Hassan ZK, Hafez MM, Mansor TM, Zekri AR. Occult HBV infection among 
Egyptian hepatocellular carcinoma patients. Virology journal. 8:90 (2011).  

Hewlett MJ, Pettersson RF, Baltimore D. Circular forms of Uukuniemi virion RNA: 
an electron microscopic study. Journal of virology. 21(3):1085-1093 (1977).   

Higgs PG, Attwood TK. Bioinformatics and Molecular Evolution, Introduction: The 
Revolution in Biological Information. Blackwell Publishing Ltd., Malden, MA, USA. 
(2004).  

Hirst M, Astell CR, Griffith M, Coughlin SM, Moksa M, Zeng T, Smailus DE, Holt 
RA, Jones S, Marra MA, Petric M, Krajden M, Lawrence D, Mak A, Chow R, 
Skowronski DM, Tweed SA, Goh S, Brunham RC, Robinson J, Bowes V, Sojonky K, 
Byrne SK, Li Y, Kobasa D, Booth T, Paetzel M. Novel avian influenza H7N3 strain 
outbreak, British Columbia. Emerging infectious diseases. 10(12):2192-2195 (2004). 



142 

 

Horimoto T, Kawaoka Y. Pandemic threat posed by avian influenza A viruses. 
Clinical microbiology reviews. 14(1):129-149 (2001). 

Horvat RT. Diagnostic and Clinical Relevance of HBV Mutations. LabMedicine. 
42:488-496 (2011). 

Hu WS, Temin HM. Retroviral recombination and reverse transcription. Science. 
250(4985):1227-1233 (1990). 

Huang YQ, Li JJ, Kaplan MH, Poiesz B, Katabira E, Zhang WC, Feiner D, Friedman-
Kien AE. Human herpesvirus-like nucleic acid in various forms of Kaposi's sarcoma. 
Lancet. 345(8952):759-761 (1995).   

Huy TT, Ushijima H, Quang VX, Win KM, Luengrojanakul P, Kikuchi K, Sata T, 
Abe K. Genotype C of hepatitis B virus can be classified into at least two subgroups. 
The Journal of general virology. 85(Pt 2):283-292 (2004).  

Hviid A, Rubin S, Mühlemann K. Mumps. Lancet. 371(9616):932-944 (2008). 

Ikegami T, Makino S. The pathogenesis of Rift Valley fever. Viruses. 3(5):493-519 
(2011). 

Jabbari K, Bernardi G. CpG doublets, CpG islands and Alu repeats in long human 
DNA sequences from different isochore families. Gene. 224(1-2):123-127 (1998).  

Jackson AC. Rabies: new insights into pathogenesis and treatment. Current opinion in 
neurology. 19(3):267-270 (2006). 

Jackson MM, Lynch P. Guideline for isolation precautions in hospitals, 1996. 
American journal of infection control. 24(3):203-206 (1996). 

Jawetz E. The story of shipyard eye. British medical journal. 1(5126):873–876 (1959). 

Jeantet D, Chemin I, Mandrand B, Tran A, Zoulim F, Merle P, Trepo C, Kay A. 
Cloning and expression of surface antigens from occult chronic hepatitis B virus 
infections and their recognition by commercial detection assays. Journal of medical 
virology. 73(4):508-515 (2004). 

Jones KE, Patel NG, Levy MA, Storeygard A, Balk D, Gittleman JL, Daszak P. 
Global trends in emerging infectious diseases. Nature. 451(7181):990-993 (2008). 

Johnson NP, Mueller J. Updating the accounts: global mortality of the 1918-1920 



143 

 

"Spanish" influenza pandemic. Bulletin of the history of medicine. 76(1):105-115 
(2002).  

Jukes TH, Cantor CR. Evolution of Protein Molecules. pp.21-132. Academic Press, 
New York, NY, USA. (1969).  

Kao JH, Chen PJ, Lai MY, Chen DS. Occult hepatitis B virus infection and clinical 
outcomes of patients with chronic hepatitis C. Journal of clinical microbiology. 
40(11):4068-4071 (2002). 

Kao JH. Molecular epidemiology of hepatitis B virus. The Korean journal of internal 
medicine. 26(3):255-261 (2011). 

Kidd-Ljunggren K, Miyakawa Y, Kidd AH. Genetic variability in hepatitis B viruses. 
The Journal of general virology. 83(Pt 6):1267-1280 (2002). 

Kim YK, Lee CM, Lee JB, Bae YS. Seasonal prevalence of mosquitoes and 
ecological characteristics of anopheline larval occurrence in Gimpo, Gyeonggi 
province, Republic of Korea. Korean journal of applied entomology. 51(4):305-312 
(2012). 

Kimura M. A simple method for estimating evolutionary rates of base substitutions 
through comparative studies of nucleotide sequences. Journal of molecular evolution. 
16(2):111-120 (1980). 

Kilbourne ED. Influenza pandemics of the 20th century. Emerging infectious diseases. 
12(1):9-14 (2006). 

Kilpatrick AM, Randolph SE. Drivers, dynamics, and control of emerging vector-
borne zoonotic diseases. Lancet. 380(9857):1946-1955 (2012). 

Klingmüller U, Schaller H. Hepadnavirus infection requires interaction between the 
viral pre-S domain and a specific hepatocellular receptor. Journal of virology. 
67(12):7414-7422 (1993). 

Knight RD, Freeland SJ, Landweber LF. A simple model based on mutation and 
selection explains trends in codon and amino-acid usage and GC composition within 
and across genomes. Genome biology. 2(4):RESEARCH0010 (2001). 

Koelle K, Cobey S, Grenfell B, Pascual M. Epochal evolution shapes the 
phylodynamics of interpandemic influenza A (H3N2) in humans. Science. 
314(5807):1898-1903 (2006). 



144 

 

Koopmans M, Wilbrink B, Conyn M, Natrop G, van der Nat H, Vennema H, Meijer 
A, van Steenbergen J, Fouchier R, Osterhaus A, Bosman A. Transmission of H7N7 
avian influenza A virus to human beings during a large outbreak in commercial 
poultry farms in the Netherlands. Lancet. 363(9409):587-593 (2004). 

Krane DE, Raymer ML. Fundamental Concepts of Bioinformatics. Benjamin 
Cummings, San Francisco, CA, USA. (2002).  

Kuno G, Chang GJ, Tsuchiya KR, Karabatsos N, Cropp CB. Phylogeny of the genus 
Flavivirus. Journal of virology. 72(1):73-83 (1998). 

Kurbanov F, Tanaka Y, Fujiwara K, Sugauchi F, Mbanya D, Zekeng L, Ndembi N, 
Ngansop C, Kaptue L, Miura T, Ido E, Hayami M, Ichimura H, Mizokami M. A new 
subtype (subgenotype) Ac (A3) of hepatitis B virus and recombination between 
genotypes A and E in Cameroon. The Journal of general virology. 86(Pt 7):2047-2056 
(2005). 

Kurtz J, Manvell RJ, Banks J. Avian influenza virus isolated from a woman with 
conjunctivitis. Lancet. 348(9031):901-902 (1996). 

Kwon SY, Lee CH. Epidemiology and prevention of hepatitis B virus infection. The 
Korean journal of hepatology. 17(2):87-95 (2011). 

Lau EH, Hsiung CA, Cowling BJ, Chen CH, Ho LM, Tsang T, Chang CW, Donnelly 
CA, Leung GM. A comparative epidemiologic analysis of SARS in Hong Kong, 
Beijing and Taiwan. BMC infectious diseases. 10:50 (2010). 

Laughlin LW, Meegan JM, Strausbaugh LJ, Morens DM, Watten RH. Epidemic Rift 
Valley fever in Egypt: observations of the spectrum of human illness. Transactions of 
the Royal Society of Tropical Medicine and Hygiene. 73(6):630-633 (1979). 

Lauring AS, Andino R. Quasispecies theory and the behavior of RNA viruses. PLoS 
pathogens. 6(7):e1001005 (2010). 

Lavanchy D. Hepatitis B virus epidemiology, disease burden, treatment, and current 
and emerging prevention and control measures. Journal of viral hepatitis. 11(2):97-
107 (2004). 

Le Bouvier GL, McCollum RW, Hierholzer WJ Jr, Irwin GR, Krugman S, Giles JP. 
Subtypes of Australia antigen and hepatitis-B virus. JAMA. 222(8):928-930 (1972). 

Lee DH, Shin SS, Jun BY, Lee JK. National level response to pandemic (H1N1) 2009. 



145 

 

Journal of preventive medicine and public health. 43(2):99-104 (2010). 

Lee N, Hui D, Wu A, Chan P, Cameron P, Joynt GM, Ahuja A, Yung MY, Leung CB, 
To KF, Lui SF, Szeto CC, Chung S, Sung JJ. A major outbreak of severe acute 
respiratory syndrome in Hong Kong. The New England journal of medicine. 
348(20):1986-1994 (2003). 

Li C, Donizelli M, Rodriguez N, Dharuri H, Endler L, Chelliah V, Li L, He E, Henry 
A, Stefan MI, Snoep JL, Hucka M, Le Novère N, Laibe C. BioModels Database: An 
enhanced, curated and annotated resource for published quantitative kinetic models. 
BMC systems biology. 4, 92 (2010). 

Li Q, Zhou L, Zhou M, Chen Z, Li F, Wu H, Xiang N, Chen E, Tang F, Wang D, 
Meng L, Hong Z, Tu W, Cao Y, Li L, Ding F, Liu B, Wang M, Xie R, Gao R, Li X, 
Bai T, Zou S, He J, Hu J, Xu Y, Chai C, Wang S, Gao Y, Jin L, Zhang Y, Luo H, Yu 
H, He J, Li Q, Wang X, Gao L, Pang X, Liu G, Yan Y, Yuan H, Shu Y, Yang W, 
Wang Y, Wu F, Uyeki TM, Feng Z. Epidemiology of human infections with avian 
influenza A(H7N9) virus in China. The New England journal of medicine. 
370(6):520-532 (2014). 

Liu DY, Tesh RB, Travassos Da Rosa AP, Peters CJ, Yang Z, Guzman H, Xiao SY. 
Phylogenetic relationships among members of the genus Phlebovirus (Bunyaviridae) 
based on partial M segment sequence analyses. The Journal of general virology. 84(Pt 
2):465-473 (2003).  

Liu Q, Lu L, Sun Z, Chen GW, Wen Y, Jiang S. Genomic signature and protein 
sequence analysis of a novel influenza A (H7N9) virus that causes an outbreak in 
humans in China. Microbes and infection. 15(6-7):432-439 (2013a).  

Liu Q, Liu DY, Yang ZQ. Characteristics of human infection with avian influenza 
viruses and development of new antiviral agents. Acta pharmacologica Sinica. 
34(10):1257-1269 (2013b).  

Lo Re V 3rd, Frank I, Gross R, Dockter J, Linnen JM, Giachetti C, Tebas P, Stern J, 
Synnestvedt M, Localio AR, Kostman JR, Strom BL. Prevalence, risk factors, and 
outcomes for occult hepatitis B virus infection among HIV-infected patients. Journal 
of acquired immune deficiency syndromes. 44(3):315-320 (2007).  

Lok AS. Chronic hepatitis B. The New England journal of medicine. 346(22):1682-
1683 (2002). 

Lusida MI, Nugrahaputra VE, Soetjipto, Handajani R, Nagano-Fujii M, Sasayama M, 



146 

 

Utsumi T, Hotta H.. Novel subgenotypes of hepatitis B virus genotypes C and D in 
Papua, Indonesia. Journal of clinical microbiology. 46(7):2160-2166 (2008). 

Madani TA, Al-Mazrou YY, Al-Jeffri MH, Mishkhas AA, Al-Rabeah AM, Turkistani 
AM, Al-Sayed MO, Abodahish AA, Khan AS, Ksiazek TG, Shobokshi O. Rift Valley 
fever epidemic in Saudi Arabia: epidemiological, clinical, and laboratory 
characteristics. Clinical infectious diseases. 37(8):1084-1092 (2003). 

Mandell RB, Flick R. Rift Valley fever virus: an unrecognized emerging threat? 
Human vaccines. 6(7):597-601 (2010). 

Mansky LM, Temin HM. Lower in vivo mutation rate of human immunodeficiency 
virus type 1 than that predicted from the fidelity of purified reverse transcriptase. 
Journal of virology. 69(8):5087-5094 (1995). 

Mardia KV, Kent JT, Bibby JM. Multivariate analysis. Academic Press, NewYork, 
NY, USA. (1979).  

Marshall N, Priyamvada L, Ende Z, Steel J, Lowen AC. Influenza virus reassortment 
occurs with high frequency in the absence of segment mismatch. PLoS pathogens. 
9(6):e1003421 (2013). 

McDade JE, Shepard CC, Fraser DW, Tsai TR, Redus MA, Dowdle WR. 
Legionnaires' disease: isolation of a bacterium and demonstration of its role in other 
respiratory disease. The New England journal of medicine. 297(22):1197-1203 (1977). 

Medina RA. García-Sastre A. Influenza A viruses: new research developments. 
Nature reviews Microbiology. 9(8):590-603 (2011). 

Meldal BH, Moula NM, Barnes IH, Boukef K, Allain JP. A novel hepatitis B virus 
subgenotype, D7, in Tunisian blood donors. The Journal of general virology. 90(Pt 
7):1622-1628 (2009). 

Memon MI, Memon MA. Hepatitis C: an epidemiological review. Journal of viral 
hepatitis. 9(2):84-100 (2002).  

Milich D, Liang TJ. Exploring the biological basis of hepatitis B e antigen in hepatitis 
B virus infection. Hepatology. 38(5):1075-1086 (2003). 

Mims CA. Vertical transmission of viruses. Microbiological reviews. 45(2):267-286 
(1981). 



147 

 

Miyakawa Y, Mizokami M. Classifying hepatitis B virus genotypes. Intervirology. 
46(6):329-338 (2003). 

Monath TP, Cetron MS, Teuwen DE. Yellow fever vaccine. (Plotkin SA, Orenstein 
WA, Offit PA, eds.) pp.959-1055. Saunders, Philadelphia, PA, USA. (2008).  

Morens DM, Fauci AS. Emerging infectious diseases: threats to human health and 
global stability. PLoS pathogens. 9(7):e1003467 (2013). 

Moutailler S, Krida G, Schaffner F, Vazeille M, Failloux AB. Potential vectors of Rift 
Valley fever virus in the Mediterranean region. Vector borne and zoonotic diseases. 
8(6):749-753 (2008). 

Mulyanto, Depamede SN, Surayah K, Tsuda F, Ichiyama K, Takahashi M, Okamoto 
H. A nationwide molecular epidemiological study on hepatitis B virus in Indonesia: 
identification of two novel subgenotypes, B8 and C7. Archives of virology. 
154(7):1047-1059 (2009). 

Nagasaki F, Niitsuma H, Cervantes JG, Chiba M, Hong S, Ojima T, Ueno Y, Bondoc 
E, Kobayashi K, Ishii M, Shimosegawa T. Analysis of the entire nucleotide sequence 
of hepatitis B virus genotype B in the Philippines reveals a new subgenotype of 
genotype B. The Journal of general virology. 87(Pt 5):1175-1180 (2006). 

Nelson MI, Holmes EC. The evolution of epidemic influenza. Nature reviews 
Genetics. 8(3):196-205 (2007) 

Nelson MR, Reisinger SJ, Henry SG. Designing databases to store biological 
information. BIOSILICO. 1(4):134-142 (2003). 

Neurath AR, Kent SB, Strick N, Parker K. Identification and chemical synthesis of a 
host cell receptor binding site on hepatitis B virus. Cell. 46(3):429-436 (1986). 

Nichol ST, Spiropoulou CF, Morzunov S, Rollin PE, Ksiazek TG, Feldmann H, 
Sanchez A, Childs J, Zaki S, Peters CJ. Genetic identification of a hantavirus 
associated with an outbreak of acute respiratory illness. Science. 262(5135):914-917 
(1993). 

Nishant T, Arun Kumar, Sathish Kumar D, Vijaya Shanti B. Biological Databases-
Integration of Life Science Data. Journal of computer science and systems biology. 
4:87-92 (2011). 

Norder H, Couroucé AM, Coursaget P, Echevarria JM, Lee SD, Mushahwar IK, 



148 

 

Robertson BH, Locarnini S, Magnius LO. Genetic diversity of hepatitis B virus 
strains derived worldwide: genotypes, subgenotypes, and HBsAg subtypes. 
Intervirology. 47(6):289-309 (2004).  

Nurainy N, Muljono DH, Sudoyo H, Marzuki S. Genetic study of hepatitis B virus in 
Indonesia reveals a new subgenotype of genotype B in east Nusa Tenggara. Archives 
of virology. 153(6):1057-1065 (2008). 

Ogra PL. Respiratory syncytial virus: the virus, the disease and the immune response. 
Paediatric respiratory reviews. 5 Suppl A:S119-26 (2004). 

Olinger CM, Venard V, Njayou M, Oyefolu AO, Maïga I, Kemp AJ, Omilabu SA, le 
Faou A, Muller CP. Phylogenetic analysis of the precore/core gene of hepatitis B 
virus genotypes E and A in West Africa: new subtypes, mixed infections and 
recombinations. The Journal of general virology. 87(Pt 5):1163-1173 (2006). 

Ott JJ, Stevens GA, Groeger J, Wiersma ST. Global epidemiology of hepatitis B virus 
infection: new estimates of age-specific HBsAg seroprevalence and endemicity. 
Vaccine. 30(12):2212-2219 (2012).  

Palese P, Wang TT. Why do influenza virus subtypes die out? A hypothesis. mBio 
2(5):e00150-11 (2011). 

Parashar UD, Bresee JS, Gentsch JR, Glass RI. Rotavirus. Emerging infectious 
diseases. 4(4):561-570 (1998). 

Parks T, Hill AV, Chapman SJ. The perpetual challenge of infectious diseases. The 
New England journal of medicine. 367(1):90 (2012). 

Parrish CR, Holmes EC, Morens DM, Park EC, Burke DS, Calisher CH, Laughlin CA, 
Saif LJ, Daszak P. Cross-species virus transmission and the emergence of new 
epidemic diseases. Microbiology and molecular biology reviews. 72(3):457-470 
(2008). 

Parvin JD, Moscona A, Pan WT, Leider JM, Palese P. Measurement of the mutation 
rates of animal viruses: influenza A virus and poliovirus type 1. Journal of virology. 
59(2):377-383 (1986). 

Patel MM, Hall AJ, Vinjé J, Parashar UD. Noroviruses: a comprehensive review. 
Journal of clinical virology. 44(1):1-8 (2009). 

Paz S, Semenza JC. Environmental drivers of West Nile fever epidemiology in 



149 

 

Europe and Western Asia--a review. International journal of environmental research 
and public health. 10(8):3543-3562 (2013). 

Peiris M, Yam WC, Chan KH, Ghose P, Shortridge KF. Influenza A H9N2: aspects of 
laboratory diagnosis. Journal of clinical microbiology. 37(10):3426-3427 (1999). 

Peltola V, Waris M, Osterback R, Susi P, Hyypiä T, Ruuskanen O. Clinical effects of 
rhinovirus infections. Journal of clinical virology. 43(4):411-414 (2008). 

Pepin M, Bouloy M, Bird BH, Kemp A, Paweska J. Rift Valley fever 
virus(Bunyaviridae: Phlebovirus): an update on pathogenesis, molecular 
epidemiology, vectors, diagnostics and prevention. Veterinary research. 41(6):61 
(2010).  

Perrière G, Thioulouse J. Use and misuse of correspondence analysis in codon usage 
studies. Nucleic acids research. 30(20):4548-4555 (2002). 

Perry RT, Halsey NA. The clinical significance of measles: a review. The Journal of 
infectious diseases.189 Suppl 1:S4-16 (2004). 

Petzold DR, Tautz B, Wolf F, Drescher J. Infection chains and evolution rates of 
hepatitis B virus in cardiac transplant recipients infected nosocomially. Journal of 
medical virology. 58(1):1-10 (1999). 

Phung TB, Alestig E, Nguyen TL, Hannoun C, Lindh M. Genotype X/C recombinant 
(putative genotype I) of hepatitis B virus is rare in Hanoi, Vietnam--genotypes B4 and 
C1 predominate. Journal of medical virology. 82(8):1327-1333 (2010). 

Plotkin JB, Dushoff J, Levin SA. Hemagglutinin sequence clusters and the antigenic 
evolution of influenza A virus. Proceedings of the National Academy of Sciences of 
the United States of America (PNAS). 99(9):6263-6268 (2002). 

Plotkin JB, Dushoff J, Desai MM, Fraser HB. Codon usage and selection on proteins. 
Journal of molecular evolution. 63(5):635-653 (2006). 

Plyusnin A, Beaty BJ, Elliott RM, Goldbach R, Kormelink R, Lundkvist A, 
Schmaljohn CS,  Tesh RB. Virus taxonomy: Ninth Report of the International 
Committee on Taxonomy of Viruses Bunyaviridae. (King AMQ, Adams MJ, Carstens 
EB, Lefkowits EJ, eds.) Elsevier Academic Press, San Diego, CA, USA. (2011).  

Podsiadło Ł1, Polz-Dacewicz M. Molecular evolution and phylogenetic implications 
in clinical research. Annals of agricultural and environmental medicine. 20(3):455-



150 

 

459 (2013). 

Powers AM, Brault AC, Tesh RB, Weaver SC. Re-emergence of Chikungunya and 
O'nyong-nyong viruses: evidence for distinct geographical lineages and distant 
evolutionary relationships. The Journal of general virology. 81(Pt 2):471-479 (2000). 

Pujol FH, Navas MC, Hainaut P, Chemin I. Worldwide genetic diversity of HBV 
genotypes and risk of hepatocellular carcinoma. Cancer letters. 286(1):80-88 (2009). 

Pybus OG, Rambaut A. Evolutionary analysis of the dynamics of viral infectious 
disease. Nature reviews Genetics. 10(8):540-550 (2009). 

R Development Core Team. R: A Language and Environmentfor Statistical 
Computing. R Foundation for Statistical Computing. Vienna, Austria (2010) 

Raab-Traub N. Pathogenesis of Epstein-Barr virus and its associated malignancies. 
Seminars in virology. 7(5):315-323 (1996). 

Rabe B, Vlachou A, Panté N, Helenius A, Kann M. Nuclear import of hepatitis B 
virus capsids and release of the viral genome. Proceedings of the National Academy 
of Sciences of the United States of America (PNAS). 100(17):9849-9854 (2003). 

Raimondo G, Allain JP, Brunetto MR, Buendia MA, Chen DS, Colombo M, Craxì A, 
Donato F, Ferrari C, Gaeta GB, Gerlich WH, Levrero M, Locarnini S, Michalak T, 
Mondelli MU, Pawlotsky JM, Pollicino T, Prati D, Puoti M, Samuel D, Shouval D, 
Smedile A, Squadrito G, Trépo C, Villa E, Will H, Zanetti AR, Zoulim F. Statements 
from the Taormina expert meeting on occult hepatitis B virus infection. Journal of 
hepatology. 49(4):652-657 (2008). 

Raimondo G, Caccamo G, Filomia R, Pollicino T. Occult HBV infection. Seminars in 
immunopathology. 35(1):39-52 (2013). 

Rao DM, Chemyakhovsky A, Rao V. SEARUMS: Studying Epidemiology of Avian 
Influenza Rapidly Using Modeling and Simulation. In: Proceedings of ICMHA’07. 
pp.667-673. Berkeley, CA, USA (2007).  

Rehermann B, Nascimbeni M. Immunology of hepatitis B virus and hepatitis C virus 
infection. Nature reviews Immunology. 5(3):215-229 (2005). 

Rodríguez F, Oliver JL, Marín A, Medina JR. The general stochastic model of 
nucleotide substitution. Journal of theoretical biology. 142(4):485-501 (1990). 



151 

 

Rogers DJ, Randolph SE. Climate change and vector-borne diseases. Advances in 
parasitology. 62:345-381 (2006). 

Rolin AI, Berrang-Ford L, Kulkarni MA. The risk of Rift Valley fever virus 
introduction and establishment in the United States and European Union. Emerging 
microbes & infections. 2:e81 (2013). 

Sacks SL, Griffiths PD, Corey L, Cohen C, Cunningham A, Dusheiko GM, Self S, 
Spruance S, Stanberry LR, Wald A, Whitley RJ. HSV-2 transmission. Antiviral 
research. 63 Suppl 1:S27-35 (2004). 

Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing 
phylogenetic trees. Molecular biology and evolution. 4(4):406-425 (1987). 

Saito I, Miyamura T, Ohbayashi A, Harada H, Katayama T, Kikuchi S, Watanabe Y, 
Koi S, Onji M, Ohta Y. Hepatitis C virus infection is associated with the development 
of hepatocellular carcinoma. Proceedings of the National Academy of Sciences of the 
United States of America (PNAS). 87(17):6547- 6549 (1990). 

Sakamoto T, Tanaka Y, Orito E, Co J, Clavio J, Sugauchi F, Ito K, Ozasa A, Quino A, 
Ueda R, Sollano J, Mizokami M. Novel subtypes (subgenotypes) of hepatitis B virus 
genotypes B and C among chronic liver disease patients in the Philippines. The 
Journal of general virology. 87(Pt 7):1873-1882 (2006). 

Sakamoto T, Tanaka Y, Simonetti J, Osiowy C, Borresen ML, Koch A, Kurbanov F, 
Sugiyama M, Minuk GY, McMahon BJ, Joh T, Mizokami M. Classification of 
hepatitis B virus genotype B into 2 major types based on characterization of a novel 
subgenotype in Arctic indigenous populations. The Journal of infectious diseases. 
196(10):1487-1492 (2007). 

Sakaoka H, Kurita K, Iida Y, Takada S, Umene K, Kim YT, Ren CS, Nahmias AJ. 
Quantitative analysis of genomic polymorphism of herpes simplex virus type 1 strains 
from six countries: studies of molecular evolution and molecular epidemiology of the 
virus. The Journal of general virology. 75(Pt 3):513-527 (1994). 

Samal J, Kandpal M. Vivekanandan, P. Molecular mechanisms underlying occult 
hepatitis B virus infection. Clinical microbiology reviews. 25(1):142-163 (2012). 

Sang R, Kioko E, Lutomiah J, Warigia M, Ochieng C, O'Guinn M, Lee JS, Koka H, 
Godsey M, Hoel D, Hanafi H, Miller B, Schnabel D, Breiman RF, Richardson J. Rift 
Valley fever virus epidemic in Kenya, 2006/2007: the entomologic investigations. 
The American journal of tropical medicine and hygiene. 82(2 Suppl):28-37 (2010). 



152 

 

Savage HM, Godsey MS Jr, Lambert A, Panella NA, Burkhalter KL, Harmon JR, 
Lash RR, Ashley DC, Nicholson WL. First detection of heartland virus (Bunyaviridae: 
Phlebovirus) from field collected arthropods. The American journal of tropical 
medicine and hygiene. 89(3):445-452 (2013). 

Schaller H, Fischer M. Transcriptional control of hepadnavirus gene expression. 
Current topics in microbiology and immunology. 168:21-39 (1991). 

Schlipköter U, Flahault A. Communicable diseases: achievements and challenges for 
public health. Public Health Reviews. 32:90-119 (2010). 

Scott TW, Weaver SC. Eastern equine encephalomyelitis virus: epidemiology and 
evolution of mosquito transmission. Advances in virus research. 37:277-328 (1989). 

Seeger C, Mason WS. Hepatitis B virus biology. Microbiology and molecular biology 
reviews. 64(1):51-68 (2000). 

Sells MA, Zelent AZ, Shvartsman M, Acs G. Replicative intermediates of hepatitis B 
virus in HepG2 cells that produce infectious virions. Journal of virology. 62(8):2836-
2844 (1988). 

Seufi AM, Galal FH. Role of Culex and Anopheles mosquito species as potential 
vectors of rift valley fever virus in Sudan outbreak, 2007 BMC infectious diseases. 
10:65 (2010). 

Shackelton LA, Holmes EC. The evolution of large DNA viruses: combining genomic 
information of viruses and their hosts. Trends in microbiology. 12(10):458-465 
(2004). 

Shackelton LA, Parrish CR, Truyen U, Holmes EC. High rate of viral evolution 
associated with the emergence of carnivore parvovirus. Proceedings of the National 
Academy of Sciences of the United States of America (PNAS). 102(2):379-384 
(2005). 

Sharara AI, Hunt CM, Hamilton JD. Hepatitis C. Annals of internal medicine. 
125(8):658-668 (1996). 

Shen J, Ma J, Wang Q. Evolutionary trends of A(H1N1) influenza virus 
hemagglutinin since 1918. PLoS One. 4(11):e7789 (2009). 

Shope RE. Medical Microbiology Bunyaviruses, fourth edition. (Baron S, ed.) 
University of Texas Medical Branch at Galveston, Galveston, TX, USA. (1996).  



153 

 

Shortridge KF, Zhou NN, Guan Y, Gao P, Ito T, Kawaoka Y, Kodihalli S, Krauss S, 
Markwell D, Murti KG, Norwood M, Senne D, Sims L, Takada A, Webster RG. 
Characterization of avian H5N1 influenza viruses from poultry in Hong Kong. 
Virology. 252(2):331-342 (1998). 

Simon-Loriere E, Holmes EC. Why do RNA viruses recombine? Nature Reviews 
Microbiology. 9(8):617-626 (2011). 

Simonsen L, Clarke MJ, Schonberger LB, Arden NH, Cox NJ, Fukuda K. Pandemic 
versus epidemic influenza mortality: a pattern of changing age distribution. The 
Journal of infectious diseases. 178(1):53-60 (1998). 

Sitki-Green DL, Edwards RH, Covington MM, Raab-Traub N. Biology of Epstein-
Barr virus during infectious mononucleosis. The Journal of infectious diseases. 
189(3):483-492 (2004). 

Sjak-Shie NN, Vescio RA, Berenson JR. The role of human herpesvirus-8 in the 
pathogenesis of multiple myeloma. Hematology/oncology clinics of North America. 
13(6):1159-1167 (1999). 

Skehel JJ, Wiley DC. Receptor binding and membrane fusion in virus entry: the 
influenza hemagglutinin. Annual review of biochemistry. 69:531-569 (2000). 

Smith DR, Aguilar PV, Coffey LL, Gromowski GD, Wang E, Weaver SC. 
Venezuelan equine encephalitis virus transmission and effect on pathogenesis. 
Emerging infectious diseases. 12(8):1190-1196 (2006). 

Smith GJ, Vijaykrishna D, Bahl J, Lycett SJ, Worobey M, Pybus OG, Ma SK, 
Cheung CL, Raghwani J, Bhatt S, Peiris JS, Guan Y, Rambaut A. Origins and 
evolutionary genomics of the 2009 swine-origin H1N1 influenza A epidemic. Nature. 
459(7250):1122-1125 (2009). 

Sokal R, Michener C. A statistical method for evaluating systematic relationships. 
University of Kansas Science Bulletin. 38(Pt 2):1409-1438 (1958). 

Solovyov A, Palacios G, Briese T, Lipkin WI, Rabadan R. Cluster analysis of the 
origins of the new influenza A (H1N1) virus. Euro surveillance. 14(21):1-55 (2009). 

Squadrito G, Spinella R, Raimondo G. The clinical significance of occult HBV 
infection. Annals of gastroenterology. 27(1):15-19 (2014). 

Steinhauer DA, Holland JJ. Rapid evolution of RNA viruses. Annual review of 



154 

 

microbiology. 41:409-433 (1987). 

Stuyver L, De Gendt S, Van Geyt C, Zoulim F, Fried M, Schinazi RF, Rossau R. A 
new genotype of hepatitis B virus: complete genome and phylogenetic relatedness. 
The Journal of general virology. 81(Pt 1):67-74 (2000). 

Suarez DL, Senne DA, Banks J, Brown IH, Essen SC, Lee CW, Manvell RJ, Mathieu-
Benson C, Moreno V, Pedersen JC, Panigrahy B, Rojas H, Spackman E, Alexander 
DJ. Recombination resulting in virulence shift in avian influenza outbreak, Chile. 
Emerging infectious diseases. 10(4):693-699 (2004). 

Sugauchi F, Mizokami M, Orito E, Ohno T, Kato H, Suzuki S, Kimura Y, Ueda R, 
Butterworth LA, Cooksley WG. A novel variant genotype C of hepatitis B virus 
identified in isolates from Australian Aborigines: complete genome sequence and 
phylogenetic relatedness. The Journal of general virology. 82(Pt 4):883-892 (2001). 

Sugauchi F, Orito E, Ichida T, Kato H, Sakugawa H, Kakumu S, Ishida T, Chutaputti 
A, Lai CL, Ueda R, Miyakawa Y, Mizokami M. Hepatitis B virus of genotype B with 
or without recombination with genotype C over the precore region plus the core gene. 
Journal of virology. 76(12):5985-5992 (2002). 

Sugauchi F, Kumada H, Acharya SA, Shrestha SM, Gamutan MT, Khan M, Gish RG, 
Tanaka Y, Kato T, Orito E, Ueda R, Miyakawa Y, Mizokami M. Epidemiological and 
sequence differences between two subtypes (Ae and Aa) of hepatitis B virus genotype 
A. The Journal of general virology. 85(Pt 4):811-820 (2004a). 

Sugauchi F, Kumada H, Sakugawa H, Komatsu M, Niitsuma H, Watanabe H, 
Akahane Y, Tokita H, Kato T, Tanaka Y, Orito E, Ueda R, Miyakawa Y, Mizokami 
M. Two subtypes of genotype B (Ba and Bj) of hepatitis B virus in Japan. Clinical 
infectious diseases. 38(9):1222-1228 (2004b). 

Sutherst RW. Global change and human vulnerability to vector-borne diseases. 
Clinical microbiology reviews. 17(1):136-173 (2004). 

Suzuki Y. Sialobiology of influenza: molecular mechanism of host range variation of 
influenza viruses. Biological & pharmaceutical bulletin. 28(3):399-408 (2005). 

Suzuki H, Brown CJ, Forney LJ, Top EM. Comparison of correspondence analysis 
methods for synonymous codon usage in bacteria. DNA research. 15(6):357-365 
(2008). 

Tabor E, Hoofnagle JH, Smallwood LA, Drucker JA, Pineda-Tamondong GC, Ni LY, 



155 

 

Greenwalt TJ, Barker LF, Gerety RJ. Studies of donors who transmit posttransfusion 
hepatitis. Transfusion. 19(6):725-731 (1979). 

Tamura K. Estimation of the number of nucleotide substitutions when there are strong 
transition-transversion and G+C content biases. Molecular biology and evolution. 
9(4):678-687 (1992). 

Tamura K, Nei M. Estimation of the number of nucleotide substitutions in the control 
region of mitochondrial DNA in humans and chimpanzees. Molecular biology and 
evolution. 10(3):512-526 (1993). 

Tapper ML. Emerging viral diseases and infectious disease risks. Haemophilia. 12 
Suppl 1:3-7 (2006). 

Tatematsu K, Tanaka Y, Kurbanov F, Sugauchi F, Mano S, Maeshiro T, Nakayoshi T, 
Wakuta M, Miyakawa Y, Mizokami M. A genetic variant of hepatitis B virus 
divergent from known human and ape genotypes isolated from a Japanese patient and 
provisionally assigned to new genotype J. Journal of virology. 83(20):10538-10547 
(2009). 

Taylor LH, Latham SM, Woolhouse ME. Risk factors for human disease emergence. 
Philosophical transactions of the Royal Society of London Series B, Biological 
sciences. 356(1411):983-989 (2001). 

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular 
Evolutionary Genetics Analysis version 6.0. Molecular biology and evolution. 
30(12):2725-2729 (2013). 

Thomas MJ, Platas AA, Hawley DK. Transcriptional fidelity and proofreading by 
RNA polymerase II. Cell. 93(4):627-637 (1998).  

Torbenson M, Kannangai R, Astemborski J, Strathdee SA, Vlahov D, Thomas DL. 
High prevalence of occult hepatitis B in Baltimore injection drug users. Hepatology. 
39(1):51-57 (2004). 

Torresi J. The virological and clinical significance of mutations in the overlapping 
envelope and polymerase genes of hepatitis B virus. Journal of clinical virology. 
25(2):97-106 (2002). 

Tumpey TM, Basler CF, Aguilar PV, Zeng H, Solórzano A, Swayne DE, Cox NJ, 
Katz JM, Taubenberger JK, Palese P, García-Sastre A. Characterization of the 
reconstructed 1918 Spanish influenza pandemic virus. Science. 310(5745):77-80 



156 

 

(2005). 

Turell MJ, Dohm DJ, Mores CN, Terracina L, Wallette DL Jr, Hribar LJ, Pecor JE, 
Blow JA. Potential for North American mosquitoes to transmit Rift Valley fever virus. 
Journal of the American Mosquito Control Association. 24(4):502-507 (2008). 

Tuttleman JS, Pourcel C, Summers J. Formation of the pool of covalently closed 
circular viral DNA in hepadnavirus-infected cells. Cell. 47(3):451-460 (1986). 

Utsumi T, Lusida MI, Yano Y, Nugrahaputra VE, Amin M, Juniastuti, Soetjipto, 
Hayashi Y, Hotta H. Complete genome sequence and phylogenetic relatedness of 
hepatitis B virus isolates in Papua, Indonesia. Journal of clinical microbiology. 
47(6):1842-1847 (2009). 

Vivekanandan P, Kannangai R, Ray SC, Thomas DL, Torbenson M. Comprehensive 
genetic and epigenetic analysis of occult hepatitis B from liver tissue samples. 
Clinical infectious diseases. 46(8):1227-1236 (2008). 

Wakil SM, Kazim SN, Khan LA, Raisuddin S, Parvez MK, Guptan RC, Thakur V, 
Hasnain SE, Sarin SK. Prevalence and profile of mutations associated with 
lamivudine therapy in Indian patients with chronic hepatitis B in the surface and 
polymerase genes of hepatitis B virus. Journal of medical virology. 68(3):311-318 
(2002). 

Wan XF, Xu D, Kleinhofs A, Zhou J. Quantitative relationship between synonymous 
codon usage bias and GC composition across unicellular genomes. BMC evolutionary 
biology. 4:19 (2004). 

Ward RA. Third supplement to "A Catalog of the Mosquitoes of the World” (Diptera: 
Culicidae). Mosquito Systematics. 24:1777-1230 (1992). 

Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. Evolution and 
ecology of influenza A viruses. Microbiological reviews. 56(1):152-179 (1992). 

Weiss RA, McMichael AJ. Social and environmental risk factors in the emergence of 
infectious diseases. Nature medicine. 10(12 Suppl):S70-76 (2004). 

Whitley RJ, Roizman B. Herpes simplex virus infections. Lancet. 357(9267):1513-
1518 (2001). 

Wiley DC, Skehel JJ. The structure and function of the hemagglutinin membrane 
glycoprotein of influenza virus. Annual review of biochemistry. 56:365-394 (1987). 



157 

 

Williams PL, Fitch WM. Phylogeny determination using dynamically weighted 
parsimony method. Methods in enzymology. 183:615-626 (1990). 

Willis NJ. Edward Jenner and the eradication of smallpox. Scottish medical journal. 
42(4):118-121 (1997). 

Woolhouse ME, Haydon DT, Antia R. Emerging pathogens: the epidemiology and 
evolution of species jumps. Trends in ecology & evolution. 20(5):238-244 (2005). 

World Health organization (WHO). Pandemic(H1N1) 2009-update 87. Available at: 
http://www.who.int/csr/don/2010_02_26/en/index.html. 

World Health Organization (WHO). World Health Report 2004: Changing history. 
Geneva: WHO. Available at: http://www.who.int/whr/2004/en/. 

World Health organization (WHO). Hepatitis B. July 2013. Available at: 
http://www.who.int/mediacentr/factsheets/fs204/en/. 

Wright F. The 'effective number of codons' used in a gene. Gene. 87, 23-29 (1990). 

Wright PF, Webster RG. Orthomyxoviruses, In: Fields Virology fourth edition. 
(Knipe DM, Howley PM, eds.) Lippincott Williams & Wilkins, Philadelphia, PA, 
USA. (2001).  

Wright TL, Lau JY. Clinical aspects of hepatitis B virus infection. Lancet. 
342(8883):1340-1344 (1993). 

Yang CY, Kuo TH, Ting LP. Human hepatitis B viral e antigen interacts with cellular 
interleukin-1 receptor accessory protein and triggers interleukin-1 response. The 
Journal of biological chemistry. 281(45):34525-34536 (2006). 

Yin X, Lin Y, Cai W, Wei P, Wang X. Comprehensive analysis of the overall codon 
usage patterns in equine infectious anemia virus. Virology journal. 10:356 (2013). 

Yu XJ, Liang MF, Zhang SY, Liu Y, Li JD, Sun YL, Zhang L, Zhang QF, Popov VL, 
Li C, Qu J, Li Q, Zhang YP, Hai R, Wu W, Wang Q, Zhan FX, Wang XJ, Kan B, 
Wang SW, Wan KL, Jing HQ, Lu JX, Yin WW, Zhou H, Guan XH, Liu JF, Bi ZQ, 
Liu GH, Ren J, Wang H, Zhao Z, Song JD, He JR, Wan T, Zhang JS, Fu XP, Sun LN, 
Dong XP, Feng ZJ, Yang WZ, Hong T, Zhang Y, Walker DH, Wang Y, Li DX. Fever 
with thrombocytopenia associated with a novel bunyavirus in China. The New 
England journal of medicine. 364(16):1523-1532 (2011). 



158 

 

Zhao Z, Li H, Wu X, Zhong Y, Zhang K, Zhang YP, Boerwinkle E, Fu YX. Moderate 
mutation rate in the SARS coronavirus genome and its implications. BMC 
evolutionary biology. 4:21 (2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



159 

 

 

ABSTRACT (KOREAN) 

 

Research on the Genomic 
Patterns of Selected Infectious Viruses and  

Their Utilization Using Bioinformatics  
Techniques 

 
감염성 바이러스의 유전적 패턴 발견과 

활용을 위한 바이오인포매틱스 연구 
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The Graduated School 
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공중 보건을 향상시키기 위한 노력 및 학문과 기술의 발달에 따라 
현대 사회에서 감염성 질환은 점차 사라질 것으로 생각되었다. 그러

나 오늘날에도 여전히 감염성 질환은 인류의 건강을 위협하는 중요

한 문제로 자리 잡고 있는데, 이전에 알려져 있던 감염성 질환이 다

시 등장하여 유행 감염을 일으키거나, 신종 또는 저항성을 가진 변

이형의 감염 물질 생성을 통해 기대되지 않은 새로운 감염성 질환

을 야기하고 있다. 과거에 비해 빠른 교통수단의 등장 및 이용으로 
복잡해진 인구 이동과 전 세계적인 기후 변화, 전염병 관련 환경 변

화 등의 다양한 요인들은 감염성 질환 출현에 기여하고 있다. 이제 
한 나라의 전염병은 더 이상 그 나라에만 국한된 문제가 아니다. 우

리의 환경은 급속도로 변화함에 따라 미래에는 더욱 다양한 감염성 
질환이 새롭게 나타나거나 반복적으로 출현할 수 있으므로 이를 감

시하기 위한 많은 분석 및 예측 연구들이 이루어질 필요가 있다. 감
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염성 질환에 관한 많은 연구들로 인해 관련 생물학적 데이터는 지

속적으로 축적되고 있다. 따라서 본 연구에서는 이러한 대용량 데이

터를 기반으로 생물정보학적 연구 방법을 활용하여 유용한 정보를 
제시해 주고자 하였다. 이를 위해 데이터 수집 과정에서부터 시뮬레

이션 적용까지 일련의 생물정보학적 접근 방식으로 연구를 진행하

였고, 분석 대상 바이러스는 감염 발생 및 분포 지역 등에 따라 서

열 정보를 비교적 다양하게 얻을 수 있는 바이러스로 하였다. 첫 번

째 연구에서는 B형 간염 바이러스(HBV)의 감염 중 진단하기 어려

운 HBV 잠재 감염(OBI)에 대한 비교 분석을 진행하였는데, OBI는 
일반적으로 HBV에 대한 혈청학적 검사 방법에서 진단되지 않는 감

염 상태로 HBV의 감염을 지속시키는 원인이 된다. HBV의 감염 상

태가 지속되면, 간에 손상이 발생하는 것은 물론 수혈 및 간 이식 
등에서도 문제가 발생할 수 있다. 따라서 OBI를 진단할 수 있는 유

전적 특징을 찾아내기 위해 NCBI로부터 대용량의 서열 정보를 수집

하고, 연구 목적에 맞는 데이터베이스를 구축하였다. 구축된 데이터

베이스로부터 OBI와 non-OBI에 대해 표면 항원 부위(surface antigen 
region)의 서열 분석을 수행한 결과, 특이적인 변이 발생 부위를 찾

지 못하였으며, 각각의 그룹에 대해 계통분류학적 분석(phylogenetic 
analysis)을 수행한 결과, OBI와 non-OBI가 다른 양상으로 나타남에 
따라 각 그룹이 다른 유전적 특징을 가진다는 것을 확인할 수 있었

다. 향후 OBI에 대해 다양한 역학 정보 기반의 서열 정보들이 수집

될 수 있다면, 상세한 연구가 이루어질 수 있으리라 생각된다. 두 
번째로 감염성 질환을 발생시키는 바이러스에 관한 감염 특성 분석 
및 예측 연구 등에서 유용한 진화 패턴 분석을 수행하였다. 매개체

에 의한 바이러스 감염(vector-borne viral infection)과 관련 있는 
phlebovirus genus 중 인간에게 질환을 발생시키는 바이러스에 대한 
분석 및 대용량 데이터를 바탕으로 RVFV(Rift Valley fever virus)에 대

한 분석을 수행하였다. Phlebovirus genus의 계통분류학적 분석

(phylogenetic analysis) 결과, 매개체에 따라 분류(classification)되는 양

상으로 나타났으며, RSCU 기반의 대응분석(correspondence analysis)을 
수행한 결과, S segment에서 매개체별로 바이러스들이 분포하여 나타

난 것을 확인할 수 있었다. 이는 매개체의 차이를 발생시키는 바이

러스의 특징 또는 매개체별로 분리된 바이러스들이 공유하는 특징
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들이 S segment에 존재할 수 있다는 것을 제시한다. 그리고 감염 발

생 범위가 점점 확대되고 있는 RVFV에 대해서는 감염 발생 지역 
및 감염 숙주에 따라 진화 패턴이 다르게 나타나는지 확인해 보고

자 하였다. 계통분류학적 분석(phylogenetic analysis) 및 코돈 이용 패

턴(codon usage pattern)에 따른 대응분석(correspondence analysis) 결과, 
RVFV는 감염 발생 지역이나 감염 숙주별로 나뉘어 나타나지는 않

았지만, 바이러스들이 분리(isolation)된 연도에 따라 구별되는 양상으

로 나타난 것을 확인하였다. 또한, 분리 연도(isolation year)에 따른 
ENC value 및 GC content, GC3 content에서의 상관분석 결과에서도 각

각의 segment들은 유의한 상관관계를 가지는 것으로 나타났다. 이와 
같은 연구 결과는 향후, RVFV에 대한 예측 연구에서 유용하게 적용

될 수 있으리라 생각된다. 세 번째로 감염성 질환을 일으키는 다른 
바이러스들에 대해서도 적용을 기대할 수 있도록 SimFlu 프로그램

의 인플루엔자 바이러스 서열 예측에 관한 결과의 타당성 검증

(validation test)를 수행하였다. 그 결과, seed sequence가 분리된 연도와 
시간적으로 멀어질수록 시뮬레이션의 정확도는 다소 감소하지만, 가

까운 시간에 대한 예측은 정확도 높게 이루어졌다. 또한, 새로운 서

열이 시간의 흐름에 따라 발생함으로써 점차적으로 변이하고 있는 
인플루엔자 바이러스의 서열 정보를 제시해준다는 점은 향후 발생 
가능한 인플루엔자 바이러스의 후보군으로 이용될 수 있을 것이다. 
감염성 질환과 관련하여 병원체의 감염 메커니즘 및 진화 패턴 분

석, 예측 연구 등에서 유용한 결과를 도출해 내기 위해 축적된 생물

학적 데이터의 활용은 중요하다. 미래에는 예상하지 못한 병원체들

의 감염이 더 많은 지역에서 발생 가능할 것으로 기대되며, 대용량

의 생물학적 정보들을 목적에 맞게 수집 및 가공하고 활용하는 체

계를 구축하는 것은 생물학적 연구를 통한 의미 있는 연구 결과 제

시를 가능하게 한다. 본 연구에서 이용된 일련의 생물정보학적 접근 
방식으로 병원체들의 특정적인 부위들을 탐색하고, 예측 연구에 활

용 가능한 정보 제공 및 미래에 발생 가능한 병원체 후보 서열 정

보 제시 등은 향후, 병원체들의 변이 양상 파악 및 전파 경로 감시

에 중요하게 이용될 수 있을 것이다.  
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