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Abstract 

 

 It is known that many kinds of diseases are caused by viruses having RNA as 

their genetic materials.  In general, RNA viruses evolve by evolutionary factors 

including mutation and selection.  Selection against RNA viruses is mainly caused by 

the interaction with the host species, because RNA viruses can survive only as parasites 

of the host species.  Therefore, it is of particular importance to investigate the 

interactions between RNA viruses and the host for studying the evolution of RNA 

viruses.  In this thesis, I focused on the following three interacting features with the 

host; 1) modes of viral infection to the host, 2) viral adaptation to a single host and 3) 

exchanging genomic regions between RNA viruses and the host.   

 In chapter 1, first, I defined the virus as an organism that could survive and 

grow only in the living cell, and that contained a protein coat surrounding a nucleic acid 

core but having no semipermeable membrane.  In addition to the definitions, I outlined 

the taxonomy and evolutionary mechanisms of RNA viruses. 

 In chapter 2, I estimated the rates of synonymous substitution for 49 species of 

RNA viruses and found a large amount of variation in the rates (the difference in the 3rd 

orders of magnitude).  On the other hand, through constancy in the rate of replication 

error among RNA viruses examined, I concluded that the main factor for the variation 

of the substitution rates was the differences in the replication frequency.  This is 

because we can assume that the rate of synonymous substitution is determined by the 

rate of replication error and the replication frequency.  Moreover, I examined 

relationships between the rates of synonymous substitution and several modes of viral 

infections to the host including the transmission modes.  The results obtained indicate 
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that the rate of synonymous substitution was strongly related to the difference in the 

modes of viral infection to the host.  The reason was speculated as that the modes of 

viral infection to the host altered the replication frequency. 

 In chapter 3, using porcine reproductive and respiratory syndrome virus 

(PRRSV) whose synonymous substitution rate was the highest among the 49 species of 

RNA viruses, I conducted evolutionary analyses in order to understand the evolutionary 

process of PRRSV.  The virus is a recently emerged pathogen in domesticated swines.  

Epidemiological data suggest that the divergence time of PRRSV is about 15 years ago.  

For confirming the rapidness of the synonymous substitution rate in PRRSV, I first 

estimated the divergence time of PRRSV by molecular evolutionary analysis, and 

compared it with that inferred from the epidemiological data.  As a result, the 

divergence time estimated by the evolutionary analysis well corresponded to that 

estimated by the epidemiological data.  This correspondence ensured the rapidness of 

the rate in PRRSV.  Second, I studied the envelope regions as an important element for 

viral adaptation to the host.  In particular, positively selected sites were detected in the 

envelope gene by my computer analysis.  Interestingly, the sites were located not only 

in the regions attacked by the host immune system but also in the transmembrane 

regions including a signal peptide.  The positively selected sites in the transmembrane 

regions were considered to be irrelevant for escaping the immune system, because no 

amino acid substitutions were observed in the transmembrane regions of the sequences 

isolated from piglets that were experimentally infected by PRRSV.  In other words, the 

transmembrane regions and the signal peptide are thought to be specific to a given 

membrane.  Therefore, I think that the positively selected sites of the membrane 

regions are important not for the viral adaptation to the host immune system but for the 
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viral attachment to the membrane of the new host cell, because PRRSV emerged 

recently as mentioned above.  

 In chapter 4, I searched for eukaryotic genomic regions homologous to RNA 

viruses to find how often the exchange of a genomic sequence has occurred between 

RNA viruses including retro and non-retro viruses and 6 eukaryotic genomes such as 

Homo sapiens, Mus musculus, Drosophila melanogaster, Caenorhabditis elegans, 

Arabidopsis thaliana, and Saccharomyces cerevisiae.  The evolutionary origin of the 

homologous regions was studied by phylogenetic analysis.   

For the non-retrovirus RNA viruses, I obtained two major results:  First, a part 

of the Borna virus genome (nucleocapsid protein gene) was shown for the first time to 

be derived from mammalian genomes.  Second, the 6 eukaryotic genomes did not have 

any part of the virus genome.   

In the case of the retroviruses and the two mammalian species, Homo sapiens 

and Mus musculus, I obtained four results.  First, retrovirus-like regions occupied 

about 0.1 % of each of the whole genomes of the two species.  Second, physical maps 

indicating the locations of the retrovirus-like regions were constructed for both genomes.  

Third, the retrovirus-like regions were not randomly distributed in both complete 

genomes at a significant level (P<0.01).  Forth, there exists a positive correlation 

between the GC content of retrovirus-like regions and that of the flanking regions for 

both species.  From these results, I have concluded that retroviruses have been 

integrated into the host genome where the GC content was similar to each other.   

The present study will give a insight not only into the evolutionary origin and 

process of RNA viruses but also the interacting features between RNA viruses and their 

hosts. 
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Chapter 1 

Introduction 

 

1.1  Classification of viruses 

 

 All the living organisms are evolutionarily derived from the common ancestor, 

and in general they are classified into three taxonomical domains; eubacteria, 

archaebacteria and eukaryote (Woese CR et al, 1977, Fox GE et al, 1980).  However, 

the evolutionary origin of viruses is totally unknown although a virus has some similar 

morphological characters with the unicellular organisms belonging to eubacteria (Ellen 

G.S et al, 1996).  To clearly distinguish between the viruses and the unicellular 

organisms, the differences between them are shown in Table 1-1 (Tully JG and Razin S, 

1995).  When a virus is simply defined from Table 1-1, we could identify a virus as an 

organism that contains a protein coat surrounding a nucleic acid core as generic material 

but having no semipermeable membrane, and also be capable of growth and 

multiplication only in living cells.   

 The virus genome is composed of DNA or RNA that are double stranded (ds) 

or single stranded (ss).  The genome can also be either negative-stranded or 

positive-stranded.  Moreover, the diverse fashions of replication exist in viruses for the 

various types of virus genomes.  According to both the types of nucleic acid and the 

replication fashions, viruses can be classified into six major groups; (1) dsDNA viruses, 

(2) ssDNA viruses, (3) DNA and RNA reverse transcribing viruses, (4) dsRNA viruses, 

(5) negative stranded ssRNA viruses and (6) positive stranded ss RNA viruses (Murphy 
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FA et al 1995).  Moreover, each of these six groups has five hierarchical levels of 

taxonomical classification; order, family, subfamily, genus and species, according to the 

organizations of viral genomes, morphology of virion, host infectivity, mode of 

transmission, and so on. 

 

 

1.2 Taxonomy of RNA viruses 

 

I call the viruses whose genomes are composed of RNA as RNA viruses.  

Under this definition, the sequence data for many kinds of RNA viruses were collected, 

and the evolutionary analyses were conducted.  Here, I would like to introduce the 

taxonomical classification of RNA viruses and in particular the variety of the replication 

strategies among RNA viruses, because the replication strategy clearly shows the 

difference among RNA virus groups.   

In fact, RNA viruses can be classified into four groups; dsRNA viruses, negative 

stranded ssRNA viruses, positive stranded ssRNA viruses, and ssRNA reverse 

transcribing viruses.  Figure 1-1 shows all the RNA virus families that can infect 

vertebrates.   

 

1.2.1 dsRNA viruses 

dsRNA viruses contain 7 families and 24 genera.  For the viral replication of 

this group, an antisense strand of dsRNA is translated into sense stranded RNA by a 

virion enzyme.  The sense stranded RNAs have two functions.  First, they are 

translated as a messenger RNA to yield the viral proteins.  Second, they assemble 



Figure 1-1 Families of RNA viruses infecting vertebrates
 dsRNA, ssRNA(-), ssRNA(+) and ssRNA(RT) indicated double stranded RNA viruses, 
single stranded minus RNA viruses, single stranded plus RNA viruses and single 
stranded RNA reversetranscribing viruses, respectively (Murphy FA et al. 1995).

4
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inside a precursor virion in which they serve as a template for synthesis of the antisence 

strand, yielding the double-stranded genome segments.   

 

1.2.2 Negative-stranded ssRNA viruses 

Negative-stranded ss RNA viruses consist of one order, 7 families, 2 subfamilies 

and 30 genera.  The first step of the replication is the transcription of the genome for 

making a sense stranded RNA by a virion enzyme.  The sense RNA genome produces 

the viral proteins.  By their newly produced proteins, the sense RNA genome is made 

and serves as a template for the synthesis of antisense RNA genome.   

 

1.2.3 Positive-stranded ssRNA viruses 

 A wide variety of virus species are included in this virus group.  The number 

of orders, families, subfamilies, genera are 1, 22 and 81, respectively.  For the virus 

replication, their genomic RNAs bind to the ribosomes in host cell after entry into the 

cell.  Their coding regions are translated, the viral protein was produced, and the 

full-length antisenc RNA of the genome was constructed by the viral protein.  The 

genomic sense RNAs serve as templates for the synthesis of complementary antisence 

RNA.  These are repeated, and many virions are produced in a cell. 

 

1.2.4 RNA reverse transcribing viruses  

 This virus group whose genome is composed by RNA is only family 

retroviridae.  In this family, the number of subfamilies and genera are 2 and 7, 

respectively.  These viruses, with an obligate DNA intermediate in their replication, 

have the common features with retrotransposons.  Similar to the retrotransposons, the 
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retrovirus encodes the reverse transcriptase that transcribes RNA to DNA.  By the 

activity of the reverse trancriptase, retrovirus could be integrated into the host genome.  

Therefore, we can identify a lot of retrovirus-like regions in the host genome.   

 

 

1.3  Evolutionary mechanisms of RNA viruses 

 

The viruses having RNA as their genetic material cause a lot of types of diseases.  

The RNA viruses causing such diseases have generally quickly adapted to the varying 

conditions of the environment by evolutionary mechanisms, explained in the following.  

The evolutionary mechanisms were not only various types of mutation (substitution 

mutation, insertion, deletion, recombination and reassortment, etc.), but also 

environmental factors such as natural selection including an influence of the host.  

Thus, it is of particular importance to study the evolutionary process of RNA viruses for 

solving the etiological agent presenting such the diseases caused by RNA viruses.   

Before starting the evolutionary analysis, I would briefly summarize the 

evolutionary mechanisms in the following.  

 

1.3.1 Substitution mutation 

One of the most important mechanisms for producing a new variant of RNA 

viruses is substitution mutation.  A mutation rate of nucleotide substitution is defined 

as the number of nucleotide substitutions per site per an unit of time when natural 

selection lacks.  Generally speaking, the mutation rate is composed of two factors; the 

number of replications per unit time (replication frequency) and the error rate of the 
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polymerase per replication (the rate of replication error).  Thus, when a mutation rate is 

denoted as M, M may be given by 

M = R×E, 

where R is a replication frequency and E is an rate of replication error.  Since the 

experiments are required to obtain E, however, it is difficult to estimate the substitution 

mutation rate from only nucleotide sequence data.  We have to note that the nucleotide 

substitution mutation is conceptually different from the nucleotide substitution during 

evolution:  the former is one type of mutation whereas the latter is the outcome of the 

fixtation process of a mutant under the influence of natural selection.  Thus, the rate of 

substitution was strongly influenced by natural selection.  Therefore, the rate of 

nucleotide substitutions is given by 

 S = M×f, 

where M is a mutation rate and f is the fixation probability.  The rate of nucleotide 

substitution, as well as the rate of amino acid substitution, are often called as the 

evolutionary rate.  

 

1.3.2 Natural selection 

 Natural selection is one of the evolutionary mechanisms, in which their relative 

frequencies of mutants change according to their relative fitness in a population.  The 

natural selection can be divided into positive and negative selection.  Positive selection 

is the evolutionary mechanism in which mutants newly produced have higher fitness 

than the average in the population, and thereby the frequencies of the mutants should 

increase generally in the following generations.  Natural selection operating at an 
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amino acid replacement can be detected by comparing the number of nonsynonymous 

substitutions with that of synonymous substitutions.  Here, nonsynonymous 

substitutions are the nucleotide substitutions that change the amino acid whereas 

synonymous substitutions are the nucleotide substitutions that do not change an amino 

acid.  The excess number of synonymous substitutions is considered to be the result of 

negative selection because it implies that amino acid changes are selected out.  On the 

other hand, the excess number of nonsynonymous substitutions is attributed to positive 

selection because it suggests that amino acid changes are selected for.   

 

1.3.3 Horizontal gene transfer between RNA viruses and the host species  

At another point of the view, RNA viruses have had the dynamic insertion of the 

genomes of RNA viruses into the genomes of other organisms in the evolutionary 

process (Nerome R et al 1998).  In fact, many retroviruses are well known to have 

exchanged each genomic region with the host (Kulkosky J & Skalka AM. 1994, 

Pelisson A et al. 2002, Griffiths DJ et al. 2002, Sinkovics JG. 1984 and Gojobori T & 

Yokoyama S. 1985).  Moreover, it is also known that the other RNA viruses except 

retroviruses contain atypical sequences in the genomes, which are apparently derived 

from the host genome (Nettleton PF & Entrican G. 1995 and Dolja VV et al. 1997).  

However, it has not been reported that the other RNA viruses except retroviruses 

integrated their own genome into the host genome.   
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Chapter 2 

Variation in the synonymous substitution rate of RNA viruses 

 

2.1 Introduction 
 

The mutation rate of nucleotide substitution is one of the most important 

evolutionary mechanisms for RNA viruses, because it is strongly related to the rate of 

production of new variants in RNA viruses.  Therefore, it is of importance to study the 

mutation rates among RNA viruses.  For studying the mutation rate, it is convenient to 

estimate the rate of synonymous substitution (Miyata et al. 1980).  Because the 

fixation probability of synonymous substitution is not strongly influenced by natural 

selection, at least, at the protein level, the rate of synonymous substitution is almost 

equal to the mutation rate. 

The purpose in this chapter is to examine the variability of synonymous 

substitution rate among RNA viruses, and to identify the main source of the variability.  

Here, the source of the variability was assumed to be determined by two factors: 

“replication frequency” and “the rate of replication error”, because the mutation rate 

was considered to be composed of both the replication frequency and the rate of 

replication error, as stated in chapter 1.  For this purpose, I estimated the synonymous 

substitution rates and the variability for 49 different RNA virus species belonging to 39 

genera in 15 families.  Moreover, for identifying the main force of the variability, the 

synonymous substitution rates were compared with the error rates of replication 

experimentally estimated in 8 RNA viruses.   

Next, I focused on the modes of RNA viral infection to the host.  This kind of 
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characteristics of virus is thought to affect the replication frequency, because the 

infection mode is strongly related to the infectivity, and the strength of the infectivity 

affects the increasing of the chance for the replication.  Therefore, for another purpose 

of examining what kind of the characteristics of RNA virus affect the rates of 

synonymous substitution in this chapter, I compared the modes of RNA viral infection 

to host with the rates of synonymous substitution, in this chapter.   

 

 

2.2 Materials & Methods 

 

2.2.1 Sequence data 

To evaluate the variability of the synonymous substitution rates among RNA 

viruses, I focused only on RNA viruses that infect mammals and then selected at least 

one representative RNA virus species from each genus.  Consequently, the nucleotide 

sequences for 49 different species of RNA viruses were collected from NCBI Virus 

Taxonomy.  The years of isolation for all strains were obtained from the database and 

the available publications.  The rate of synonymous substitution was then estimated for 

the genes encoding the outer-structural protein.  However, for hepatitis D virus only, I 

used the whole genome sequence because this virus did not have a structural protein.  

The RNA virus species used in this paper are summarized in Tables 2-1, 2-2, 2-3 and 

2-4. 

 

 

2.2.2 Data analyses 



Astroviridae
Astrovirus

1.03×10-3

(1.03-1.04)×10-3

Caliciviridae
Lagovirus

8.28×10-3

(8.20-8.35)×10-3

Norovirus
3.82×10-3

(3.81-3.82)×10-3

Vesivirus
4.64×10-3

(4.63-4.65)×10-3

Unclassified virus
5.23×10-3

(4.66-5.96)×10-3

Flaviviridae
Flavivirus

2.42×10-3

(2.40-2.44)×10-3

1.19×10-3

(1.14-1.25)×10-3

6.31×10-4

(6.24-6.38)×10-4

4.91×10-4

(2.93-15.31)×10-4

Pestivirus
2.34×10-3

(2.33-2.34)×10-3

Hepacivirus
7.51×10-4

(7.37-7.66)×10-4

unclassified Flaviviridae
1.35×10-7

(1.20-1.70)×10-7

Picornaviridae
Apthovirus

8.29×10-3

(8.19-8.39)×10-3

Enterovirus
1.0×10-2

(0.99-2.01)×10-2

3.65×10-3

(3.60-7.82)×10-3

2.56×10-2

(2.56-2.57)×10-2

2.95×10-3

(2.85-8.65)×10-3

Hepatovirus
1.30×10-3

(1.27-1.33)×10-3Human hepatitis A virus 151 Human
fecal-oral route

Swine vesicular disease virus 98 Pig
fecal-oral route ◎

Human poliovirus 47 Human
fecal-oral route ◎

Human enterovirus B 314 Human
fecal-oral route ◎

Human enterovirus A 116 Human
fecal-oral route ◎

Foot-and-mouth
disease virus 131 Ruminant

aerosol infection ◎

GB virus C/
Hepatitis G virus 32 Human

via blood ◎

Hepatitis C virus 234 Human
via blood ◎

Bovine viral
diarrhea virus 77 Cattle

aerosol infection ◎

Japanese
encephalitis virus 83 Human.Pig

via vector(mosquito)
Tick-borne

encephalitis virus 29 Human,Rodents
via vector(tick)

Dengue virus 177 Human
via vector(mosquito)

Yellow fever virus 29 Human
via vector(mosquito)

◎

Hepatitis E virus 33 Human
fecal-oral route

Human calicivirus 35 Human
fecal-oral route

Feline calicivirus 23 Cat
fecal-oral route

Rabbit hemorrhagic
disease virus 82 Rabbit

fecal-oral route ◎

Positive stranded ss RNA viruses

Human astro virus 28 Human
fecal-oral route ◎

Table 2-1 Synonymous substitution rates among RNA viruses 

Virus species Synonymous
substitution rate

The number of
sequences

Natural host
Transmission mode

Persistent
infection

Asymptomati
c infection
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Togaviridae
Alphavirus

3.25×10-4

(3.03-3.51)×10-4

Rubivirus
2.64×10-3

(2.63-2.65)×10-3

Coronaviridae
Coronavirus

1.20×10-3

(1.13-1.43)×10-3

Arteriviridae
Arterivirus

6.21×10-2

(6.01-7.81)×10-2

5.20×10-3

(4.80-7.20)×10-3

Arenaviridae
Arenavirus 

5.06×10-3

(5.02-5.10)×10-3

Bunyaviridae 
Hantavirus 

5.21×10-5

(5.19-7.30)×10-5

Nairovirus
1.23×10-3

(1.23-1.24)×10-3

Orthobunyavirus
8.45×10-4

(8.42-8.48)×10-4

Phlebovirus 
5.9×10-4

(3.89-12.22)×10-4

Paramyxoviridae
Pneumovirus

2.17×10-3

(2.12-2.22)×10-3

Metapneumovirus
2.43×10-3

(2.24-2.65)×10-3

Morbillivirus 
2.12×10-3

(2.08-2.16)×10-3

2.12×10-3

(2.11-2.13)×10-3Measles virus 27 Human
aerosol infection

* Junin virus induce asymptomatic infection in the rodents. However, the virus does not induce such the
infection in human.  In fact, the data used here almost were the data of the virus strains isolated from
human. Threfore, we did not define the infectious mode of this virus asymptomatic infection.

Human metapneumovirus 25 Human
aerosol infection

Canine distemper virus 20 Dog
aerosol infection

Rift Valley fever virus 18 Cattle
via vector(mosquito)

Bovine respiratory
syncytial virus 77 Cattle

aerosol infection

Crimean-Congo hemorrhagic
fever virus 19 Human

via vector(tick)

Cache Valley virus 23 Deer
via vector(mosquito)

Puumala virus 5 Rodents
fecal-oral route ◎

Negative stranded ss RNA viruses

Junin virus 61 Rodents
fecal-oral route *

Equine arteritis virus 63 Horse
aerosol infection ◎

Porcine reproductive and
respiratory syndrome virus 20 Pig

aerosol infection ◎

Bovine coronavirus 27 Cattle
aerosol infection

Rubella virus 77 Human
aerosol infection ◎

Persistent
infection

Asymptomati
c infection

Eastern equine
encephalitis virus 73 Human, Horse

via vector(tick)

Virus species Synonymous
substitution rate

The number of
sequences

Natural host
Transmission mode

Table 2-2 Synonymous substitution rates among RNA viruses
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Respirovirus 
1.6×10-3

(1.44-1.79)×10-3

Rubulavirus 
2.11×10-3

(2.11-2.12)×10-3

2.54×10-3

(2.37-2.73)×10-3

Rhabdoviridae
Ephemerovirus

2.23×10-3

(2.22-2.23)×10-3

Lyssavirus
1.28×10-3

(1.27-1.28)×10-3

Vesiculovirus
7.20×10-5

(7.10-7.30)×10-5

Unclassified virus
Deltavirus

5.8×10-5

(3.92-11.51)×10-5

Filoviridae
Filovirus

1.54×10-4

(1.50-1.58)×10-4

Orthomyxoviridae
Influenza A virus

6.84×10-3

(6.83-6.84)×10-3

Influenza B virus
2.30×10-3

(2.29-2.31)×10-3

Influenza C virus
1.27×10-3

(1.27-1.28)×10-3

Reoviridae
Reovirus

1.93×10-3

(1.92-1.94)×10-3

Orthoreo
8.42×10-4

(5.36-19.61)×10-4

Orbivirus
4.22×10-4

(3.74-4.96)×10-4

Mamalian orthoreo virus 9 Human
fecal-oral route

Bluetongue virus 72 Ruminant
via vector(mosquito)

ds RNA viruses

Human rota virus 73 Human
fecal-oral route

Human Influenza virus B 151 Human
aerosol infection

Human Influenza virus C 73 Human
aerosol infection

Ebola-like viruses 19 Human, Monkey
via blood

Human Influenza virus A 181 Human
aerosol infection

Hepatitis D virus 15 Human
via blood ◎

Rabies virus 71 Mammal
via bitting

Vesicular stomatitis virus 55 Ruminant, Human
via vector (fly)

Newcastle disease virus 54 Bird, Human
aerosol infection

Bovine ephemeral
fever virus 9 Cattle

via vector(mosquito)

Human parainfluenza virus 27 Human
aerosol infection

Mumps virus 45 Human
aerosol infection

Table 2-3 Synonymous substitution rates among RNA viruses

Virus species Synonymous
substitution rate

The number of
sequences

Natural host
Transmission mode

Persistent
infection

Asymptomati
c infection
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Retroviridae
Spumavirus

2.9×10-5

(2.71-3.21)×10-5

Lentivirus
2.38×10-3

(2.38-2.38)×10-3

Deltaretrovirus
5.2×10-6

(4.60-5.90)×10-6

Table 2-4 Synonymous substitution rates among RNA viruses

Virus species Synonymous
substitution rate

The number of
sequences

Natural host
Transmission mode

Persistent
infection

Asymptomati
c infection

Reverse Transcribing viruses 

Simian foamy virus 35 Monkey
via blood ◎

Human immunodeficiency
virus 1 317 Human

via blood ◎

Human T-lymphotropic virus
1 12 Human

via blood ◎
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I took two approaches to estimate the rate of synonymous substitution.  In the 

first approach, I estimated the rates of synonymous substitution for 46 different species 

of RNA viruses, using the time-serial sample data.  Multiple alignment was made to 

match the coding region with the maximum by the computer program clustalw 

(Thompson JD et al. 1994).  For each nucleotide sequence alignment, the phylogenetic 

tree was constructed by the maximum likelihood method assuming the molecular clock 

(Rambaut A 2000).  Taking into account the difference in isolation years among 

sequences, this method could simultaneously estimate the divergence time of all nodes 

on the tree well as the phylogenetic tree (Figure 2-1).  I then inferred ancestral 

nucleotide sequences at all nodes of the phylogenetic tree for sequence comparisons by 

the maximum likelihood method (Yang ZS et al. 1995).  These analyses were 

conducted by the program PAML.  The number of synonymous substitutions was 

estimated for all branches using the computer program MEGA verision2.1 (Nei and 

Gojobori 1986).  The rate of synonymous substitution for each branch was then 

estimated by dividing the number of synonymous substitutions for that branch by the 

difference in years of the divergence or isolation between both ends of branch.  The 

error range of the rates was also estimated, taking into account the standard error of the 

estimated divergence time at each node.  In the second approach, I estimated the rates 

of synonymous substitution for 3 RNA viruses: Puumala virus, Human T-lymphotropic 

virus 1 (HTLV-1) and GB virus C/Hepatitis G virus (HGV), using the divergence times 

that have already been reported.  These viruses were reported to co-evolve with the 

host species (Asikainen, K. et al 2000, Robertson, B. H. 2001, Horai, S. 1995, 

Yanagihara, R et al.1995) (Figure 2-2).  Therefore, the divergence time of a virus was 

considered to correspond to the divergence time of the host.  I first constructed each 



A_1976

B_1998

C_1988

200019901980197019601950

node1

Construction of a maximum likelihood tree using 
nucleotide sequences assuming the molecular clock

Ancestral sequences and divergence times were also 
estimated at all nodes.

Estimation of synonymous substitution rates in all 
branches (synonymous substitution rate = synonymous 
distance / year)

node2
1956

1973

1.

2.

Figure 2-1　Estimation of synonymous substitution rate

Error range of synonymous substitution rates 
(the range of the rate = the sum of synonymous distances/ 
the sum of years between nodes ± the sum of the error 
range of all divergence times )

3.

Average of the synonymous substitution rates in all brances
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Figure 2-2a　Estimation of the divergence time between Scandinavian 
strains and Danish strains in Puuma virus
The divergence time between Danish strains and Scandinavian strains were estimated as 9000 years 
ago because natural hosts of Puuma virus were thought to immigrate from Denmark to Scandinavian 
Peninsula 9000 years ago.

GBV-Alab

GBV-Acal

GBV-Atri

GBV-Ctro

GBV-Chum

Saguinus midas

Calithrix jacchus

Aotus azarai

Pan troglodytes

Homo sapiens

Figure 2-2b　Estimation of the divergence time among GBV
Two phylogenetic trees were constructed from GBV sequences (left) and the host sequences (right).  
From this phylogenetic trees, the divergence time between GBV-Ctro and GBV-Chum was estimated 
as 6Mya, because the divergence time Homo sapience and Pan troglodytes were thought to be 6Mya.

STLV

HTLV(Melanesia)

HTLV(Australia)

Figure 2-2c　Estimation of the divergence time among HTLV
The divergence time between HTLV(Australia) and HTLV(Melanesia) was estimated as 50000years 
ago. 
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Figure 2-2 Three RNA viruses coevolving with the host species
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multiple alignment of three RNA viruses to match the coding region by the computer 

program clustalw.  From the multiple alignment, the phylogenetic tree was constructed 

by the maximum likelihood method including the HKY model.  The ancestral 

sequence of the divergence node was estimated by the maximum likelihood approach.  

The rate of synonymous substitution was estimated by dividing the average number of 

synonymous substitutions from the ancestral sequence to all tips of the phylogenetic 

tree by the time period from the known divergence time of the host to the present. 

 

 

2.3 Results & Discussions 

  

The rates of synonymous substitution for 49 different species of RNA viruses 

are given in Tables 2-1, 2-2, 2-3 and 2-4.  As a result, the synonymous substitution rate 

(6.2 ×10-2) of porcine reproductive and respiratory syndrome virus (PRRSV) was the 

highest, and that (1.3 ×10-７) of GB virus C/Hepatitis G virus (HGV) was the lowest.  

These results indicated that the synonymous substitution rates varied among RNA 

viruses by the 5th orders of magnitude.  Jenkins. et al (2002) also estimated the 

evolutionary rates of the large amount of RNA viruses, and concluded that the variation 

of the substitution rates among RNA viruses was narrow (10-3-10-4).  However, their 

data did not include any slowly and highly evolving RNA viruses estimated here.   

Figure 2-3 summarized the synonymous substitution rates for RNA viruses 

estimated in the present study.  It was found that the synonymous substitution rates of 

RNA viruses belonging to the same family were variable.  These results implied that 

the rate of replication error affected the synonymous substitution rates because the rate 
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Figure 2-3 Comparison of synonymous substitution rates among RNA viruses

  Virus species belonging to the same family were represented by the same 
color.  The end "viridae" of all family names was omitted.  For example, 
Astro indicates Astroviridae.  As exceptions, both Hepatitis D virus and 
Hepatitis E virus are represented by the same color (gray), since they are 
not classified into any virus family.  The axis of ordinate indicates log10 
(rate of synonymous substitution).  Each virus species is ranked by each 
virus family along the axis of abscissas. 
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of replication error among the viruses belonging to the same family was thought to be 

almost the same.  Moreover, I compared the rate of replication error with the 

synonymous substitution rate among 8 RNA viruses in Table 2-5 (Escarmis C et al. 

2002, Drake JW et al. 1999, Stech J 1999, Mansky LM. 2000. Mansky LM. et al. 1995, 

Holland JJ 1999).  In Table 2-5, the replication error rate of PRRSV was estimated 

from the number of the passage, the number of the nucleotide substitution during the 

passage and the time requiring the viral budding (Dea S et al. 1995, Allende R et al. 

2000).  As a result, the replication error rate (the order is 10-5) was found to be almost 

constant among different RNA viruses in spite of the variation in the synonymous 

substitution rates.  Therefore, the replication frequency should be the main source of 

the variation in the synonymous substitution rates under the assumption that the 

mutation rate inferred from a rate of synonymous substitution.  

Moreover, I focused on the modes of RNA viral infection to the host.  These 

characteristics are considered to affect the replication frequency, because the infection 

mode is strongly related to the infectivity, and the strength of infectivity is related to an 

increase in the chance for replication.  This indicates that the infection mode may be 

related to the replication frequency among RNA viruses.  If the relationship between 

the infection mode and the replication frequency is certain, then the infection modes 

should be related to the rates of synonymous substitution among RNA viruses, because 

the main source of the rate variation for RNA viruses was considered to be the 

replication frequency, as mentioned earlier.   

Therefore, I compared the modes of RNA viral infection with the rates of 

synonymous substitution (Figure 2-4).  The modes examined in the present study were 

classified into two major categories.  The first category was whether there was 



Error rate
(/site/replication)

Synonymous substitution rate
(/site/year)

3.7×10-5 6.2×10-2

3.7×10-5 8.3×10-3

Human poliovirus 3.1×10-5 2.6×10-2

(6.0-14)×10-5 2.1×10-3

(0.7-3.2)×10-5 6.8×10-3

10.0×10-5 7.2×10-5

3.4 ×10-5 2.4×10-3

0.7 ×10-5 5.2 ×10-6

Reverse Transcribing viruses
Human immunodeficiency virus 1

Human T cell lymphotropic virus 1

Negative stranded ss RNA viruses
Measles virus

Influenza A virus
Vesicular stomatitis virus

Table 2-5 The comparison between error rate of replication error and synonymous substitution rate

Positive stranded ss RNA viruses

Foot-and-mouth disease virus

Porcine reproductive and respiratory
syndrome virus
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-5
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-2

-1

Log10(Synonymous substitution rate)

Persistent infection

Asymptomatic infection

Via vector
Via blood
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Fecal-oral 
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The way of viral transmission Viral activity in the host

-6

Figure 2-4  Comparison between synonymous substitution rate and mode 
of viral infection.
  The synonymous substitution rates in descending order are ranked on the 
abscissa.  The modes of viral infection are classified into two major categories.  
The first category is whether there was persistent infection or asymptomatic 
infection of the viruses against the host, and the second category is the mode of 
viral transmission.  There are five modes of viral transmissions, namely aerosol 
infection, fecal-oral route infection, infection by blood (sexual relationship and 
artificial injection), infection via biting and infection via a vector.  The first 
category is represented by the color of each bar, and the second category is 
represented by the color in each circle above the bars.  The axis of ordinate 
indicates log10 (rate of synonymous substitution).  
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persistent infection or asymptomatic infection of the viruses against the host.  The 

second category was the mode of viral transmission.  The viral transmissions were 

composed of five modes, namely aerosol infection, fecal-oral route infection, infection 

by blood (sexual relationship and artificial injection), infection via biting and infection 

via a vector.  These infection modes were collected from available publications.   

First, the infection modes belonging to the first category were compared with 

the rates of synonymous substitution.  The results showed that the rates of synonymous 

substitution for viruses persistently infecting the host were higher than those for viruses 

inducing asymptomatic infection, and the difference was significant (P<0.05) by 

Wilcoxon test (Figure 2-4).  These results can be understood as follows.  For viruses 

causing asymptomatic infection, the replication frequency is considered to be reduced, 

to some extent, for the viruses do not repeatedly infect neighboring host cells because of 

the weak pathogenicity.  On the other hand, viruses causing persistent infection are 

expected to replicate frequently in the host cell, and repeatedly infect neighboring host 

cells, thus manifesting strong pathogenicity.  There was a good example in which 

either asymptomatic infection or persistent infection affected the replication frequency 

in RNA viruses (Plagemann PG et al 2001).  The wild type strains of lactate 

dehydrogenase-elevating viruses (LDV) coexisted in various populations of mice.  

These strains invariably established life-long viremic, but asymptomatic, infection in 

mice, because the replication was limited.  The reason why the replication of the 

strains was limited was that they were resistant to the immune responses.  The humoral 

immune response failed to control the neutralization of the virus strains since the 

neutralizing epitope of LDV was located in the ectodomain covered with N-glycans.  

Therefore, these viruses could exist for a long period of time in the mouse cells without 
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replication.  On the other hand, there were two laboratory mutants showing strong 

pathogenicities in LDV, in which the ectodomain had lost an N-glycosylation site.  

These viruses could not exist in mouse cells for long, and repeatedly infected another 

mouse cells.  Consequently, the replication frequencies of such viruses persistently 

infecting the host increased, and thereby they could induce strong pathogenicity against 

mice.  This report supported our hypothesis that differences between persistent and 

asymptomatic infections produced differences in the replication frequencies. 

Furthermore, I compared the transmission mode with the rate of synonymous 

substitution among RNA viruses.  As mentioned earlier, the transmission modes of 

RNA viruses were classified into five kinds, namely aerosol infection, fecal-oral route 

infection, infection by blood, infection by biting and infection via a vector.  In Figure 2, 

the synonymous substitution rates of viruses inducing aerosol infection or fecal-oral 

route infection were higher than those of the viruses inducing infection via blood or 

infection via a vector, and the differences were significant (P < 0.05) by Wilcoxon test.  

These results implied that differences in viral transmission modes were also correlated 

with the rate of synonymous substitution.  The correlation can be understood as 

follows.  Viruses that spread rapidly among hosts through aerosol or fecal-oral route 

infection would quickly replicate because the viruses can infect many individuals 

surrounding an infected host.  On the other hand, viruses that spread slowly among 

hosts by an infection via biting, blood or a vector would replicate slowly compared with 

viruses inducing infection via the aerosol or fecal-oral routes.  This indicated that the 

transmission mode affected the replication frequency, and that differences in the 

replication frequencies contributed to the variation of the rate of synonymous 

substitution for RNA viruses.  In fact, there was a good example in which a change of 
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transmission mode seriously affected the evolutionary rate (Salemi M et al 1999).  Two 

different transmission modes are known to exist for human T cell lymphotropic virus 

type Ⅱ (HTLV-Ⅱ).  They are either mother-to-child transmission or transmission via 

needle-sharing among intravenous drag users.  The evolutionary rate of the viruses 

inducing the former transmission was slower than that of the viruses inducing the latter 

transmission.  To explain these results, the authors stated that the mother-to-child 

transmission rate was lower than that via needle-sharing, and that the replication 

frequency for mother-to-child transmission was lower than that for transmission via 

needle-sharing.  This report is consistent with our results that differences in the 

transmission mode affect differences in the replication frequency, and differences in the 

replication frequencies produced the rates of synonymous substitution.   

As a summary, in this chapter, the synonymous substitution rates among RNA 

viruses varied in the 5th orders of magnitudes.  The main factor for the variation in the 

synonymous substitution rate among different RNA viruses is considered to be the 

replication frequency.  Moreover, the replication frequency of RNA viruses was 

strongly associated with the behavior of RNA viruses including the transmission mode.   
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Chapter 3 

Origin and evolution of porcine reproductive and respiratory 

syndrome viruses  

 

3.1 Introduction  

 

In chapter 2, I found that the rate of synonymous substitution for porcine 

reproductive and respiratory syndrome virus (PRRSV) was the highest among 49 

representative RNA viruses.  To confirm the rapidness of this rate in PRRSV, I 

compared the divergence time estimated by the epidemiological data with that estimated 

by evolutionary analyses.  If I could find any correspondence between the 

epidemiological data and evolutionary analysis, rapidness of the rate of synonymous 

substitution in PRRSV would be supported.  

Porcine reproductive and respiratory syndrome viruses (PRRSV), which belong 

to the family Arteriviridae in the order Nidovirales, are positive-sense single-stranded 

RNA viruses (Regenmortel MH et al. 2000). PRRSV recently emerged into 

domesticated swine, and are recognized as the most important infectious agents causing 

reproductive failure in sows and severe pneumonia in piglets (National Pork Producer 

Council, 1999/2000, Rossow KD 1999).  The symptoms possibly caused by PRRSV 

were first reported in North America in 1987 (Ellis JA 1999, Keffaber KK 1989) and 

then spread to other continents (Asia and Europe) by 1991 (Albina E. 1997, Ellis JA 

1999).  In 1991, for the first time, two strains of PRRSV as etiological agents were 

independently isolated in the US and the Netherlands (Wensvoort G et al. 1991, Collins 
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JE et al. 1991).  The US and Netherlands isolates are considered to be the reference 

strains of the North American type (PRRSV-A) and European type (PRRSV-E), 

respectively.  Currently, the world-wide distribution of these types is that PRRSV-A is 

prevalent in the US, Canada and Asian countries, whereas PRRSV-E is prevalent in 

Europe.  On the other hand, from the viewpoint of genetic differences, the actual 

amino-acid identity between these two types is only less than 60% (Murtaugh MP et al. 

1998, Wensvoort G 1992).  It follows that PRRSV diverged into the two types varying 

by 40% of the amino acids for less than four years.  In other words, PRRSV may have 

evolved with an extraordinarily rapid rate from the epidemiological view point.  Here, 

to confirm the evolutionary rapidness of PRRSV evolution in details, I compared the 

divergence time between PRRSV-A and PRRSV-E inferred by the epidemiological data 

with that estimated by the molecular evolutionary analyses.  To estimate the 

divergence time of PRRSV by the molecular evolutionary analyses, I constructed the 

phylogenetic tree of the order Nidovirales, and estimated the position of PRRSV in the 

order Nidovirales.  Then, using the most closest virus species to PRRSV as the 

outgroup, the divergence time of PRRSV was estimated.   

Next, to observe the adaptation of PRRSV to the host, I analyzed the important 

genes for viral adaptation to the host.  The important regions for the viral adaptation to 

the host are generally thought to be envelope genes, because there generally are the 

adaptation sites attacked by the host immune system in the envelope regions located 

outside the virion (Suzuki Y & Gojobori T. 2001, Yamaguchi-Kabata Y & Gojobori T. 

2001, Suzuki Y & Gojobori T. 1999).  To detect the adaptation sites (positively 

selected sites) in the envelope gene, I conducted both the computer analysis and the 

experimental analysis.   
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3.2 Materials & Methods 

 

3.2.1 Sequence data 

3.2.1.1 Amino acid sequence data for constructing a phylogenetic tree of the order 

Nidovirales 

 The order Nidovirales can be divided into two families, Arteriviridae and 

Coronaviridae.  PRRSV belongs to the Arteriviridae family (Figure 3-1) (Regenmortel 

MH et al. 2000).  Despite the difference in the genome size, the genome organizations 

of the order Nidovirales are remarkably similar to each other (de Vries AAF et al 1997).  

Here, to construct a phylogenetic tree of Nidovirales and to estimate the evolutionary 

position of PRRSV, I used the amino acid sequences of ORF1b (RNA dependent RNA 

polymerase) because the region coding for RNA dependent RNA polymerase was 

reported to be conserved among RNA viruses (Koonin EV et al. 1993).  ORF1b 

sequences for transmissible gastroenteritis virus (TGEV), human corona virus (HcoV), 

murine hepatitis virus (MHV), avian infectious bronchitis virus (AIBV), bovine 

coronavirus (BCV), berne virus (BEV), equine arteritis virus (EAV), lactate 

dehydrogenase-elavating virus (LDEV), simian hemorrhagic fever virus (SHFV), 

PRRSV-A and PRRSV-E were collected from the international nucleotide sequence 

DNA database (DDBJ/EMBL/Gene Bank).  

 

3.2.1.2 Divergence time between PRRSV-A and PRRSV-E 

The nucleotide sequences of the whole envelope genes (ORFs 3, 4 and 5) for 
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PRRSV-A were collected from the international nucleotide sequence database for 

estimating the divergence time between PRRSV-A and PRRSV-E.  PRRSV-A strains 

whose year of isolation known were used in the present study.  Wild strains isolated 

after 1995 were excluded from the analysis, because they included vaccine-derived 

strains. 

3.2.1.3 Nucleotide sequence data for inferring positively selected sites in the 

envelope genes 

 To detect positively selective sites in the envelope proteins of PRRSV-A by the 

computer analysis, the envelope genes (ORFs 3, 4 and 5) of PRRSV-A strains were 

collected from DDBJ (release 45).  Sequences including undetermined nucleotides and 

gaps were eliminated from the present analysis.  Consequently, the numbers of 

sequences used for ORF3, ORF 4 and ORF5 were 31, 30, and 141, respectively.   

 

3.2.2 Data analyses 

3.2.2.1 An method for phylogenetic tree construction 

 To construct the phylogenetic tree of Nidovirales, the conserved regions of 

ORF1b among Nidovirales were detected by the DotPlot program, Dotter (Erik LL et al. 

1995).  A multiple alignment of the conserved regions among the viruses of the order 

Nidovirales was made by clustalw (Thompson JD et al 1994).  From the amino acid 

alignment, the phylogenetic trees were constructed by both of the maximum likelihood 

and the neighbor-joining methods (Felsenstein J. 1981, Saitou & Nei, 1987).  To make 

two trees by those methods, I used the computer program Molphy version 2.3 and 

Phylip version 3.6, respectively.  The robustness of the topology for the two methods 

was examined by bootstrap values.  
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3.2.2.2 Estimation of divergence time between PRRSV-A and PRRSV-E 

The nucleotide sequences of PRRSV-A, PRRSV-E and LDEV were aligned 

with each other by the computer program, clustalw (Thompson JD et al 1994).  From 

the nucleotide sequence alignment, a phylogenetic tree was constructed by the 

maximum likelihood method using the HKY (gamma) model (PAUP version4.0b).  For 

estimating the most recent ancestral sequence for PRRSV-A and PRRSV-E, LDEV was 

used as an outgroup in the phylogenetic tree because LDEV was the closest virus to 

PRRSV among the known viruses of Arteriviridae.  The sequence of the most recent 

ancestral node was estimated by the likelihood approach (PAML version 3.13).  The 

number of synonymous substitutions between most recent common ancestral node and 

every PRRSV-A strains was estimated by the Nei-Gojobori model (MEGA verision2.1).  

The year of isolations and the synonymous distances were plotted for each viral 

sequence on the two dimensional space, and then the divergence time between 

PRRSV-A and PRRSV-E was estimated by the least squares method.  The standard 

errors (SEs) of the divergence time were estimated by the bootstrap method under the 

assumption that the topology of the phylogenetic trees was correct.  In this bootstrap 

method, I constructed the 500 sets of sequence alignments by randomly sampling each 

nucleotide site from the original alignment (Nei M et al 2000).   

3.2.2.3 Inference of positively selected sites 

A multiple alignment was made for each coding region by using clustalw. 

Positively selected amino acid sites were identified by using the method of Suzuki and 

Gojobori (1999).  In this method, a phylogenetic tree was reconstructed by the 

neighbor-joining method (Saitou & Nei, 1987) using the number of synonymous 

substitutions (Nei & Gojobori, 1986).  The ancestral sequence was inferred at each 
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node in the phylogenetic tree using the maximum parsimony method (Hartigan, 1973).  

Then, the average numbers of synonymous (sS) and nonsynonymous (sN) sites and the 

total numbers of synonymous (cS) and nonsynonymous (cN) substitutions throughout 

the phylogenetic tree were estimated for each codon site.  The probability (P) 

distribution including the observed or more biased numbers of synonymous and 

nonsynonymous substitutions was computed for each codon site, assuming a binomial 

distribution.  In the computation, sS/(sS + sN) and sN/(sS + sN) were used as the 

probabilities of the occurrence of synonymous and nonsynonymous substitutions, 

respectively.  The significance level was set at 5 %.  The number of synonymous 

substitution per synonymous site (ds) and that of nonsynonymous substitution per 

synonymous site (dn) were estimated by cS/sS and cN/sN, respectively.  Moreover, the 

transmembrane and signal peptides regions of the envelope genes (ORF 3, ORF 4 and 

ORF 5) were estimated by the program TMpred version 2.0.   

 

3.2.3 Experimental infection of PRRSV to a piglet 

 To observe the adaptation of PRRSV to the host within short period of time, a 

piglet experimentally infected by PRRSV was prepared.  In the piglet, the clones of 

PRRSV were isolated and then sequenced:  First, I aseptically isolated a piglet by 

caesarian section from the sows originated from PRRSV free farms.  The piglet was 

transferred to the sterilized space, and had been bred for 13 days.  I inoculated 

intranasally the 13 days piglet with a PRRSV strain (chiba strain) (Hirose O et al. 1995), 

and collected the serum samples at different time points after infection (7, 14, 21, 28 

days).  These works were conducted in collaboration with the Institute of Animal 

Health, Chiba Prefecture, Japan. 
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 Next, I sequenced the isolates existing in the serum.  Viral genomic RNA was 

extracted from each isolate with a commercial kit (ISOGEN; Nippon gene, Tokyo) 

according to manufacture’s instructions.  The ORF5 region was amplified by RT-PCR.  

First, the RT-PCR reaction was performed with a Takara RNA PCR Kit (Takara, Tokyo) 

with an anti-sense primer (5’AACTGCAGGCACCTTTTGTGGAGCC3’) and a sense 

primer (5’ GCGGCTGCTCCATTTTATGACACC3’).  The nested-PCR was also 

conducted with an anti-sense primer (5’TTGAATTCACCATGAGGTGGGCAAC3’) 

and a sense primer (5’AAGATCAAAAGGTGCAGGAGC3’).  The PCR products 

were cloned, and about 6 individual clones from each serum were sequenced.   

 

 

3.3 Results & Discussion 

 

3.3.1 The phylogenetic tree of Nidovirales 

 For constructing the phylogenetic tree of the order Nidovirales, three major 

conserved genomic regions (A, B and C) among the order Nidovirales including the 

families Arteriviridae and Coronaviridae were detected, and the amino acid alignments 

for the conserved regions were constructed (Figure. 3-2a, 2b).  From the alignment, the 

phylogenetic tree of the order Nidovirales was constructed by the neighbor-joining 

method (Figure 3-3).  The topology of the phylogenetic tree was the same as that 

constructed by the maximum likelihood method.  The root of the phylogenetic tree was 

estimated by adding several viruses of other viral family (Potyviridae) as the outgroup.  

The phylogenetic tree of the order Nidovirales was constructed for the first time.  The 

topology was inconsistent with the general taxonomy of the order Nidovirales because 
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the genus torovirus belonging to the family Coronaviridae had a cluster with the family 

Arteriviridae (Regenmortel MH et al. 2000, de Vries AAF et al 1999).  Furthermore, 

the divergence node between PRRSV-A and PRRSV-E was positioned in the order 

Nidovirales in the phylogenetic tree.  This tree indicated that the most closest virus 

species to PRRSV was LDEV.   

 

3.3.2 Divergence time between PRRSV-A and PRRSV-E 

Using LDEV as the outgrpup, the divergence node between PRRSV-A and 

PRRSV-E was estimated (Figure 3-4a).  The divergence time and its statistical 

confidence interval were calculated (Figure. 3-4b).  As a result, the divergence 

between PRRSV-A and PRRSV-E was estimated to have taken place at the year of 1986 

± 1.8 (the mean ±  S.D.).  The divergence time estimated in this method 

corresponded well to that from the epidemical data of PRRSV, which first emerged from 

North America in the 1987.  The correspondence strongly indicated that the origin of 

PRRSV was thought to emerge in U.S.A late 1980’s.  Moreover, this result indicated 

the rapidness of the evolutionary rates in PRRSV.   

In chapter 2, I have already implied that the synonymous substitution rate of 

RNA virus was strongly correlated to the replication frequency.  In the case of PRRSV, 

there existed some factors increasing the replication frequency in PRRSV.  PRRSV 

infected to swine via air, and have continued releasing the virus for half a year (Albina 

E. 1997).  Moreover, PRRSV can easily cause infection to the neighboring pigs 

because of the dense population in a pig house.  Thus, the replication frequency of 

PRRSV had increased tremendously.  Consequently, PRRSV was considered to have 

evolved at such a rapid rate. 
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3.3.3 Positively selected sites of the envelope genes 

 The outcomes for identifying positively and negatively selected amino acid 

sites in the envelope protein of PRRSV-A are summarized in Figure 3-5.  The figure 

showed that ds exceeded dn at more than half the amino acid sites (PRRSV 364/635 

57.3%), and negative selection was detected at more than 20 % of all amino acid sites 

(176/635 27.7%).  Nevertheless, I could detect several regions in which dn exceeded 

ds in PRRSV envelope genes, and also detected 16 sites as positively selected.  There 

was the tendency that dn exceeded ds in the regions experimentally recognized by B cell 

epitopes (Plagemann PG 2002, Ostrowski M 2001, Oleksiewicz MB 2001).  However, 

not only the regions recognized by B cell but also both regions of transmembrane and 

signal peptides possessed the positively selected sites and the regions where dn 

exceeded ds.  In particular, the ORF5 possessed 8 positively selected sites in both of 

the transmembrane regions and the signal peptides.   

Now, I focused on the ORF5.  For confirming whether the positive selection 

sites in ORF5 strongly affected the escaping capability from the host immune system.  

I examined the amino acid replacement of the ORF5 in the infected pig (Figure 3-6).  

As a result, there were amino acid replacements at 32, 58, 59 and 162 residues in the 

ORF5.  These replacements did not occur in the transmembrane regions and the signal 

peptides, but occurred in only the ectodomain including B cell epitopes.  Moreover, in 

the similar experiments by several researchers, the replacement sites detected in ORF5 

of PRRSV were also positioned in the ectodomain (Allende R. 2000, Rowland RR 

1999).  These results implied that the positively selected sites of the transmembrane 

regions including signal peptides were not strongly related to the escaping from the host 
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Figure 3-5 Distribution of the value of (1-P) in the whole envelope region of  PRRSV-A.
	 The regions (ORFs 3, 4 and 5) codes the envelope proteins of PRRRSV-A.  The figures indicates the 
distribution of the value (1-P) against natural selection.  When dn is larger than ds,  the value is indicated 
above the abscissa, whereas in the opposite situation,  the value is indicated below the abscissa.  Light blue 
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transmembrane regions.
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4_7 .......... .......... *
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Figure 3-6 Amino acid alignment of the sequences isolated from experimentally an infected piglet

  A piglet was experimentally infected with the chiba strain. Sequences 1_1, 1_2, 1_3, 1_4 and 1_5 are 
the sequences isolated from the piglet one week after inoculation; sequences 2_1, 2_2, 2_3, 2_4, 2_5, 
2_6 and 2_7 are the sequences isolated two weeks after inoculation; sequences 3_1, 3_2, 3_3, 3_4, 3_5 
and 3_6 are the sequences isolated three weeks after inoculation; and sequences 4_1, 4_2, 4_3, 4_4, 
4_5, 4_6 and 4_7 are the sequences isolated four weeks after inoculation.
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immune system.   

The transmembrane regions and the signal peptide are thought to be specific to 

a given membrane (Schatz G 1996).  Therefore, the positive selection of the signal 

peptides and transmembrane regions might be needed for the adaptation to the host 

because PRRSV emerged recently.  Williams et al (2000) reported that the numbers of 

nonsynonymous/synonymous substitutions were generally large for the signal peptides 

of the immunity related genes.  They concluded that the genes related to immunity 

need some specificity for identifying the extraneous substance with itself.  Viruses also 

would need to change the specificity of the signal peptides and the transmembrane for 

adaptation to the host cell.   

3.3.4 Summary 

As a summary, I studied the origin and evolution of PRRSV whose 

synonymous substitution rate was the highest in the RNA viruses estimated in Chapter2.  

The divergence time of PRRSV was estimated as the middle of 1980’s.  The results 

corresponded well to the epidemical data, and then the rapidness of the rate was ensured.  

Moreover, I identified the positively selected sites without affecting the host immune 

system in the transmembrane regions and the signal peptides.  These positively 

selected sites were thought to affect adaptation of the host.  Therefore, I speculated that 

PRRSV transferred from another host to swine in the middle of 1980’s, and the virus 

had explosively increased among pig farms.  Consequently, the synonymous 

substitution rate became extraordinarily fast. 
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Chapter 4 

Searching for eukaryotic genomic regions homologous to RNA 

virus segments 

 

4.1 Introduction 

 

In understanding the evolutionary process of RNA viruses, the viral interaction 

with the host genome is thought to be essential because the virus-host interaction is one 

of the major external factors for the evolution of RNA virus.  In fact, it is well known 

that RNA viruses such as retroviruses can be integrated into the genome of the host 

species (Kulkosky J & Skalka AM. 1994).  It is also well known that RNA viruses 

acquire a part of a genomic segment from the hosts and make it a part of an own viral 

genome in Figure 4-1.  For example, a viral oncogene of tumor retroviruses is famous 

for originating from the cellular proto-oncogenes of the host genome (Sinkovics JG. 

1984). 

In eukaryotic genomes, on the other hand, there are many kinds of 

retrovirus-like regions that were considered to be the remnants of retroviral integration 

into an ancient germ line of the host (Griffiths DJ et al. 2002).  Thus, many 

retroviruses must have had the exchanges of the genomic regions with the host.  

However, such an exchange of genomic regions between a RNA virus and its host may 

not to be specific to retroviruses but rather general possibly to the other RNA viruses.  

There is a report implying the possibility that non-retroviral RNA viruses are integrated 

into the host genome.  Klenerman et al (1997) reported that a non-retroviral RNA virus 



RNA virus

The host genome The host genome

Transferring from a RNA 
virus to an eukaryotic 

Transferring an eukaryotic 
genome to a RNA virus

RNA virus

   Figure 4-1 Transferring of a genomic regions between RNA virus and the 
eukaryotic genome
            
    In the homologous region between RNA virus and eukaryotic genome, two possible cases of 
the evolutionary origin were considered.  One is that a part of RNA virus genome is 
integrated into an eukaryotic genome of the host.  The other one is that a part of the 
eukayotic genome is tranfered to the RNA virus genome.  
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(LCMV) persists in the host cell as the DNA form.  Moreover, they mentioned that this 

reverse transcription from RNA form to DNA form in non-retrovirus RNA virus was 

conducted by an endogenous retrovirus existing in the host genome.  If such the event 

frequently happened in eukaryotic genomes, we would identify some remnants of 

non-retrovirus RNA virus in the eukaryotic genome. 

Thus, in this chapter, I examined the evolutionary process of the homologous 

regions between RNA viruses and the eukaryotic genomes in order to examine what 

extent such the exchanges of genomic regions happened during evolution.  In 

particular, I have studied the evolutionary origin of those regions by the phylogenetic 

analysis.  Moreover, using the regions derived from RNA virus in those homologous 

regions, I examined both the randomness and the skewness for the distribution of the 

regions over the complete genomes of human and mouse. 

 

 

4.2 Materials & Methods 

 

4.2.1 Sequence data 

The complete genome sequences of 6 eukaryotic species such as Homo sapiens, 

Mus musculus, Drosophila melanogaster, Caenorhabditis elegans, Arabidopsis thaliana, 

and Saccharomyces cerevisiae were downloaded from UCSC genome Bioinfomatics, 

Berkely Drosophila Genome Project (BCGP), National Center for Biotechnology 

Information (NCBI) and DNA Data Bank of Japan (DDBJ), respectively.  The 

complete genome sequences for a total of 803 RNA viruses were also collected from the 

refseq database of NCBI.  The number of the viral sequences collected in this way was 
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219 from dsRNA viruses, 92 from negative-stranded ssRNA viruses, 442 from positive 

stranded ssRNA viruses and 50 from RNA reverse transcribing viruses (retrovirus).  

More detailed information about the data source used in the present study was given in 

Table 4-1. 

 

4.2.2 Data analyses 

4.2.2.1 Identification of the homologous regions between eukaryotes and RNA 

viruses 

Fasta34 search was conducted against 6 eukaryotic genomes using the 803 RNA 

virus sequences as queries (Pearson WR 2000).  Here, the regions showing e-values of 

less than 5 were assigned as the possibly homologous regions.  Repeated and low 

complexity sequences were removed from the possible homologous regions using the 

RepeatMasker version “20020713” program (Bedell JA 2000). 

4.2.2.2 Phylogenetic analyses of the homologous regions 

Once I obtained the homologous regions between 6 eukaryotic complete 

genomes and 803 RNA viruses, I turned my efforts toward the search to see if those 

homologous regions exist in the species other than the 6 eukaryotes.  Those 

homologous nucleotide sequences obtained in this way were used for the phylogenetic 

analysis.  First, I made a nucleotide sequences alignment using the clustalw program 

(Thompson JD 1994).  From their alignments, the phylogenetic tree was constructed 

by the neighbor-joining method on the basis Kimura’s two parameters model (Saitou N 

& Nei M. 1987, Kimura M 1983) using the phylip program version 3.6.  From the 

phylogenetic tree obtained, I discussed the evolutionary origin of the homologous 

sequences that was estimated as explained on Figure 4-2.  
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root

human:h
bovine:bo
mouse:m
bird:bi

h mbo bi
mouse virus

root

h mbo bi

Figure 4-2a The left tree showed eucaryotic speciation tree 
tree. The right tree showed that a region of mouse virus 
derived from an euvaryotic genome.

root

virus A:A
virus B:B
virus C:C
virus D:D

A CB D
Eucayotic genome region

root

A
CB D

Figure 4-2b The left tree showed the speciation tree tree of a 
RNA viral lineage. The right tree showed that a region of 
RNA virus integreted into eucaryotic genome.
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4.2.2.3 Distribution of RNA virus-derived regions over the complete genomes of M. 

musculus and H. sapiens 

First, I compared the ratio of the total length of the RNA virus-derived 

sequences over the whole genome size for M. musculus and H. sapiens, respectively, 

and I examined both the randomness for the distribution of the regions in both genomes.  

Second, I constructed the maps indicating the location of RNA virus-derived sequences 

for both genomes of M. musculus and H. sapiens.  Third, to examine whether the 

randomness of the distribution existed or not in both genomes, as an observed data, I 

made the frequency distributions of the nucleotide length between the location of a 

RNA virus-derived sequence and the location of the nearest neighboring RNA 

virus-derived sequence were calculated in both the genomes.  Moreover, for obtaining 

the frequency distribution showing randomness, I conducted a computer simulation.  

In the computer simulation, a location set assuming a uniform distribution over each 

genome was made.  In the location set, the locations whose flanking nucleotide 

sequences were undetermined were removed for reducing the skewness by the existence 

undetermined sequence data in both complete genomes.  From the removed location 

data set, I randomly obtained the locations with the same number of the observed data 

(Figure 4-3).  The statistical difference between two distributions of the observed data 

and the simulation data showing randomness was examined by the chi-square test. 

4.2.2.4 Correlation between GC contents of RNA virus derived sequence and the 

flanking regions on the complete genomes of M. musculus and H. sapiens 

If an exogenous material is recently integrated into a genome, GC content of 

the integrated regions was reported to be quite different from that of the flanking 

regions (Juhala RJ 2000, Hinnebusch J & Barbour AG. 1991).  On the other hands, 
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Glukhova LA, et al (1999) also reported that HTLV-1 and HIV-1 preferred to be 

integrated into the host genomic regions possessing the GC content close to their GC 

content.  Here, to confirm whether the clear difference of GC content between RNA 

virus derived sequence and the flanking regions on two genomes, I calculated both GC 

contents of RNA virus derived sequence and the flanking regions and examined the 

correlation of GC content between RNA derived sequences and the flanking regions. 

 

 

4.3 Results & Discussion 

 

 There were three homologous regions between the genomes of eukaryotes and 

the RNA viruses other than retroviruses.  All regions were reported to be transcribed, 

and the function for each of the three regions was recognized as Heat shock protein 70, 

DnaJ domain and unknown (Table 4-2).  In the three regions, the two regions (Heat 

shock protein 70 and Dnaj domain) were already reported to have exited in RNA virus, 

and also have the functions conserved between eukaryote and RNA virus (Dolja VV et 

al 1997, Rinck G et al 2001).  However, the evolutionary origin of these regions was 

unknown.  Therefore, I conducted those evolutionary analyses of the homologous 

regions.  The phylogenetic trees were constructed to examine the evolutionary origin 

of their homologous regions (Figure 4-4).  From topologies of the phylogenetic trees, 

the three homologous regions were considered to have transferred from the eukaryotic 

genomes into RNA viruses, but not from RNA viruses to the eucaryotic genomes.  The 

heat shock 70-like regions in Citrus tristeza virus and Beet yellows virus had homology 

to those of S. cerevisiae and D. melanogaster, respectively.  The phylogenetic analysis 
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indicated that the ancestor virus of family Crosteroviridae, to which both Citrus tristeza 

virus and Beet yellows virus belongs, might have obtained the regions from a plant of 

the host, as shown in Figure 4-4a.  DnaJ domain-like regions in Pestivirus Giraffe-1 

and Bovine viral diarrhea virus had the homology to those of D. melanogaster, M. 

musculus and H. sapiens.  The phylogenetic tree also indicated that the regions 

transferred from the host to the two viruses, as shown in Figure 4-4b.  This thesis is the 

first to report that there exists the homologous region between an unknown gene of the 

mammalian genome and Borna virus (nucleocapsid).  The function of the gene in 

Bornavirus was already reported to be nucleocapsid protein, which is one of the 

structural protein building a virion (Kobayashi T 2001, Kohno T 1999, Pyper JM & 

Gartner AE. 1997).  On the other hand, in mammals, the homologous region was 

reported to be transcribed in only H. sapiens in the international nucleotide sequence 

database.  However, the function of the gene in H. sapiens has not been given.  

However, the function of the mammalian gene was thought to be quite different from 

that of Borna virus because nucleocapsid is considered to be specific to the virus.  

Moreover, to identify the direction (from Borna virus to mammal or from mammal to 

Borna virus), the phylogenetic tree of the homologous regions was constructed (Figure 

4-4c).  The phylogenetic tree indicated that the ancestor of Borna virus obtained the 

homologous region from the mammalian genome.   

 I found 11 homologous regions between retroviruses and eukaryotes.  The 11 

regions were 10 oncogenes and an ubiqutin in Table 4-3.  These genes were ensured to 

have been really derived from the host by the phylogenetic analysis, although 

oncogenes were known as the genes derived from their respective host.  Figure 4-5 

showed that both Avian sarcoma virus and Abelson murine leukemia virus must have 
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 59

independently obtained the oncogene regions from the host species.  In the case of the 

other retroviruses, the directions of all gene transferrings between retroviruses and 

eukaryotes were also from the latter to the former. 

 Surprisingly enough, I would not be able to detect any homologous regions that 

were derived from the RNA viruses except retroviruses that were integrated into 6 

eukaryotic genomes.  These results implied that a non-retroviral RNA virus persisting 

in the host cell as the DNA form seldom existed, or the host might have the special 

mechanisms excluding such the elements. 

On the other hand, I found, using phylogenetic analyses, that the regions 

derived from many Retroviruses were integrated into eukaryotic genomes (Table4-3, 

Figure 4-6).  In particular, the complete genome of both M. musculus and H. sapiens 

possessed obviously many regions compared with those of the other eukaryotes.  

Therefore, I focused on the retrovirus-like regions in both M. musculus and H. sapiens, 

and observed the distribution of the retrovirus-like regions over the whole genomes of 

M. musculus and H. sapiens.  First, the proportions of the retrovirus-like regions over 

the whole genome size were 0.097% and 0.12%, for M. musculus and H. sapiens, 

respectively.  The proportions for the two species were the same (about 0.1 %) to each 

other.  Second, the physical maps indicating the locations of retrovirus-like regions 

were constructed for both genomes of M. musculus and H. sapiens (Figure 4-7 and 

Figure 4-8).  I called them as the “retroviral integration maps”.  From the maps, it 

was difficult to identify the differences of the distribution between two genomes.  

Therefore, a frequency distribution of the distance in the nucleotide length between the 

location of a RNA virus-derived sequence and the location of the nearest neighboring 

one was constructed in two complete genomes.  The observed frequency distribution 
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Figure 4-6 The phylogenetic tree of bothe pol regions of retroviruses and the homologous 
eucaryotic genome regions
Red characters indicated retroviruses. This tree included the genomic regions of 4 Eucayote species 
(H.sapiens, M.musculus, D.melanogaster and A.thaliana).

 60



chromosome1

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb
120mb
130mb
140mb
150mb
160mb
170mb
180mb
190mb
200mb
210mb
220mb
230mb
240mb
250mb

chromosome2

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb
120mb
130mb
140mb
150mb
160mb
170mb
180mb
190mb
200mb
210mb
220mb
230mb
240mb

chromosome3

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb
120mb
130mb
140mb
150mb
160mb
170mb
180mb
190mb
200mb

chromosome4

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb
120mb
130mb
140mb
150mb
160mb
170mb
180mb
190mb

chromosome5

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb
120mb
130mb
140mb
150mb
160mb
170mb
180mb

chromosome6 chromosome 7

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb
120mb
130mb
140mb
150mb
160mb

chromosome8 chromosome9

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb
120mb
130mb

chromosome10

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb
120mb
130mb
140mb

chromosome11 chromosome12

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb
120mb
130mb

chromosome13

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb

chromosome14

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb

chromosome15

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

chromosome16

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

chromosome17

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb

chromosome18

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb

chromosome19

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb

chromosome20

0mb
10mb
20mb
30mb
40mb
50mb
60mb

chromosome21

0mb
10mb
20mb
30mb
40mb

chromosome22

0mb
10mb
20mb
30mb
40mb

chromosomeX

0mb
10mb
20mb
30mb
40mb
50mb
60mb
70mb
80mb
90mb

100mb
110mb
120mb
130mb
140mb
150mb

chromosomeY

0mb
10mb
20mb
30mb
40mb
50mb

1000 ～ base

500 ～1000 base

Figure 4-7 The retroviral integration map in H. sapiens genome
The bars indicated the location of the regions derived from retroviruses.  The longer bar meant the regions 
being more than 1000 base, and the shorter bar meant the regions being more than 500 and less than 1000 
base.
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Figure 4-8 The retroviral integration map in M. musculus genome
The bars indicated the location of the regions derived from retroviruses.  The longer bar meant the regions 
being more than 1000 base, and the shorter bar meant the regions being more than 500 and less than 1000 
base.  62



 63

was statistically compared with the simulated distribution indicating randomly locations 

by the chi-square test (Figure 4-9).  As a result, both distributions of observed data and 

simulated data were significantly different to each other in both species (P<<0.01).  

This result indicated that the distributions of retrovirus-like regions were not random in 

both genomes of M. musculus and H. sapiens.  Moreover, to explore the reason of the 

skewness, I compared GC content of retrovirus-like regions with that of the flanking 

regions in both genomes (Figure 4-10).  As a result, there was a significant correlation 

between GC content of retrovirus-like regions and that of the flanking regions in both 

species (P<<0.01).  Correctly, from this result, two hypotheses could be built.  First 

hypothesis is that retrovirus had been integrated into the host genome independently of 

GC content, and then the GC content of the retrovirus-like regions had gradually been 

similar to that of the flanking regions by the substitution of the host genome.  Second 

hypothesis is that retrovirus have been integrated into the host genomic regions similar 

to their own GC content.  However, I speculated that the second hypothesis is correct 

because the retrovirus-like regions detected here were thought to be recently integrated 

into the host genome for the rapidness of the evolutionary rate in retrovirus.  These 

results implied that whole retroviruses including HTLV-1 and HIV-1 prefer to be 

integrated into the host genomic regions possessing the GC content similar to their GC 

content.   

 As a summary, I have conducted an extensive search for eukaryotic genomic 

regions homologous to RNA viruses, and successfully obtained four major results.  

First, for the first time, I found that the genome of Borna virus had the homologous 

regions derived fro the mammalian genomes.  Second, there were no regions that were 

derived from RNA viruses except retroviruses into 6 eukaryotic genomes.  Third, the 
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proportions of the retroviral-like regions over the whole genome size were the same 

(about 0.1 %) to each other.  Forth, the integration of retroviruses was thought to prefer 

to the host genomic regions possessing the GC content similar to their GC content.  
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Chapter 5 

Summary 

 

 In the present study, I studied how the three kinds of the interactions between 

RNA virus and the hosts contributed to the evolution of RNA viruses.  The 

summarized results are indicated as the following; 

 

1) The viruses inducing the same viral infection mode to the host evolved at the similar 

synonymous substitution rate.  The reason was considered as that the differences of 

the viral infection mode affected the difference of the replication frequency.  

 

2) There were two types of adaptation in the virus whose synonymous substitution rate 

was the highest in the present study.  The first type of adaptation strategy is thought 

to be the escaping from the immune system of the host.  The second adaptation is 

thought to be the efficient transferring to the new host cell because the virus recently 

emerged. 

 

3) I could not detect that RNA viruses except retroviruses were integrated into 6 

eukaryotic genomes although RNA viruses often obtained the genomic regions from 

the host.  This result indicated that RNA viruses except for retroviruses completely 

might play a parasite in terms on genomic exchange between virus and the host. 
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