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ABSTRACT 

Evidence is presented to show that variola and monkeypox viruses evolved independently 

from a common ancestor. An open reading frame (ORF), potentially coding for a protein 

of 341 amino acid residues, was found to be conserved in two strains of variola virus (Harvey 

and Somalia) , but degenerate in the Denmark strain of monkeypox virus. Monkeypox 

virus had a deletion of 391 bp, two 24bp deletions and a single base pair deletion within the 

coding region of this single copy ORF. The ORF corresponds to the E5R ORF in the 

published sequence of the Copenhagen strain of vaccinia virus, and the DNA sequence 

was determined for an additional strain of vaccinia virus, Dairen. A number of other 

OrthofJoxviruses were found to contain this ORF, strengthening confidence in its presence 

in an ancestral OrthofJoxvirus. 

The equivalent DNA sequence was determined for a number of monkeypox virus strains 

from West and Central Africa. The Denmark strain was identical to one from Liberia, 

indicating that this virus probably originated from West Africa. A third virus from West 

Africa, Benin, was found to have >99% base similarity and the same pattern of deletions·as 

the other two monkeypox viruses. 

The Zaire strains were identical to one another and different from the West African 

strains. Like the West African strains, they contained the two 24bp deletions and single 

base pair deletion. In place of the large deletion they had three smaller deletions of 5-, 9-

and 127-bp as well as a single base pair insertion. They also had additional deletions of l­

and 2-bp and an insertion of 3bp. The West African strains have the potential to code for a 

truncated gene product of 107 amino acid residues, whereas the Zaire strains have no 

significant ORF. This clearly shows that monkeypox virus has diverged into two 

geographically isolated groups (Zaire and West Africa). There was >99% base similarity 

between the two groups, suggesting that the divergence occurred recently. 

Phylogenetic analysis, by the neighbour-joining method, was undertaken on the 

corresponding DNA sequences from variola (2 strains), monkeypox (6 strains), vaccinia ( 1 

strain + 2 published sequences), cowpox (2 strains), taterapox, camel pox and ectromelia 

viruses. For every species gerbilpox virus was the nearest neighbour, suggesting that 

taterapox virus may be the species most closely related to the common ancestral 

OrthofJoxvirus. Within the variola and cowpox virus species there was >99% DNA sequence 

conservation. Between species, camelpox virus was the most closely related species to 

gerbilpox virus, with variola virus, and, more distantly, vaccinia virus, falling into the same 

group. Cowpox virus was the most diverged species examined. Ectromelia virus shared a 

branch with cowpox virus. 

A comparison was made of the intergenic DNA sequence between this ORF and the 

adjacent downstream ORF. Variation was found, both within and between species, in the 

form of insertions and deletions. The interrelationships between the different OrthofJoxvirus 

species more or less parallels that of the E5R-equivalent comparison. Some of the viruses 

IX 



ha<l clusters of <lircct repeats. A pentameric repeated unit was found in 2, IO and 17 copies 

in camelpox, gerbilpox and ectromelia viruses respectively. Raccoon poxvirus had a 7bp 

unit in 13 adjacent copies. The two cowpox viruses had a more complex arrangement of 

repeate<l sequences. 

It was thought that the ESR ORF may prove to be nonessential for virus replication . This 

was testc<l hy in tcrruption of the E5R gene in vaccinia 'virus; this di<l not affect the ability of 

the 'virus to form plaques in cell culture, but appeared to reduce the pathogenicity of the 

'virus for rabbits. 

The <le<luced amino acid sequences were analysed for conserved and variable regions 

within the gene, to which no specific function has yet been assigned. 
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CHAPTER I 

GENERAL INTRODUCTION 

The stu<ly un<lcrtaken can be divided into four sections: 1) the possible derivation of variola 

virus from monkeypox virus; 2) the evolution of monkeypox virus; 3) the evolutionary 

relatc<lness of viruses within the OrthofJoxvirus genus; and 4) characterization of a vaccinia 

vtrus gene . 

The background information is from previous work which is relevant to this thesis. This 

will inclu<le the characterization of the OrthojJoxviruses; work leading up to the hypothesis 

that monkeypox virus is a progenitor of variola virus; and previous evolutionary analyses 

which have been reported on poxviruses (comparing their thymidine kinase genes). An 

in-depth review of vaccinia virus structure , gene expression, replication and morphogenesis 

will not be given, as the field is now vast and a number of good review articles are available 

(Westwood et al., 1964; Moss, 1990a; Condit and Niles, 1990; Moss, 1990b; Traktman, 1990; 

De Lange and McFa<lden, 1990; VanSlyke and Hruby. 1990). The pathogenesis of poxviruses 

has been reviewed by Turner and Moyer (1990) and Buller and Palumbo (1991). More 

recently, Gooding ( 1992) described some virally-encoded proteins which modulate the 

immune and inflammatory response. The virulence of poxviruses will not be reviewed 

here, but will be briefly discussed in chapter 6. 

CLASSIFICATION 

The initial classification of poxviruses was based on the disease that these infectious agents 

caused. This included the "great pox" (syphilis) and chickenpox which also produce vesicular 

skin lesions. Once the nature of the infectious agents was established, the poxviruses could 

be grouped more accurately according to the characteristics of the virus rather than the 

clinical manifestations caused (Fenner, 1976). By definition, the family consists of viruses 

with large cuboid or prolate virions 260-460 nm long containing a single double-stranded 

DNA molecule with a molecular weight of 130-375 X 106 Da (Porterfield, 1989). 

There are two subfamilies of Poxviridae. ChordofJoxvirinae (viruses of vertebrates) and the 

EntomojJoxvirinae (insect poxviruses). The Orthopoxviruses are one of eight genera of 

ChordofJoxvirinae. The other seven genera are Parapoxvirus, Capripoxvirus, Suipoxvirus, 

Leporipoxvirus, Avipoxvirus, Yatapoxvirus and Molluscipoxvirus (Fenner et aL, 1989). 
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THE ORTHOPOXVJRUSES 

There are ten recognized species of Ortlwpoxvirus which are morphologically identical, 

serologically cross-reactive and genetically similar (Fenner et al., 1989). 

Biological classification 

In the past the Ortlwpoxviruseswere differentiated by their biological characteristics. These 

have been summarized in table 1-1 . The morphology of the pock produced on the chick 

chorioallantoic membrane (C.AM) has been of particular importance. An additional 

differentiating feature is the cytopathic effect (CPE) produced by different viruses in 

infected cells. Variola virus is characterized by its typical round-cell CPE in Vero, He La an<l 

BSC-1 cells as compared to the "strand cell" type CPE produced by vaccinia virus. Variola 

virus-infected cells progress to the formation of syncytial cells and small plaques 4 <lays 

after infection. In contrast, vaccinia virus produces large cytolytic plaques after 3 days. 

Other cell lines, such as RK.13 and PEKcells, have also been used to aid the differentiation 

of certain Ortlwpoxviruses. 

Comparing biological characteristics, camelpox and gerbilpox \iruses resemble variola 

virus in most of the tests. The main feature which differentiates these two viruses from 

variola virus is the nature of their thymidine kinase enzymes. Variola virus thymidine kinase 

is subject to feedback inhibition by TIP, whereas the TK enzmes of camelpox and gerbilpox 

viruses are not sensitive to TIP (Bedson, 1982). The viruses may also be distinguished by 

the CPE which they produce in certain cell lines. Camelpox virus produces multinucleate 

giant cells in HeLa, BSC-1 and transformed human amnion cells (Bedson, 1972; Baxby, 

1975); and gerbil pox virus produces cytolytic, as opposed to hypertrophic, foci in RKl 3 

cells. Gerhilpox virus, unlike variola virus, is readily passaged in rabbit skin (Gispen, 1972). 

Protein classification 

Although the Orthopoxviruses show extensive serological cross-reactivity, three antigens have 

been recognised by Gispen and Brand-Saathof (1974) which allow classification of variola, 

monkeypox and vaccinia viruses into three groups: variola virus (vc·, va+, mo-), monkeypox 

virus (vc·, va·, mo· ) and vaccinia virus (vc+, va+, mo-). Rabbitpox, buffalopox and camclpox 

viruses resemble vaccinia virus. Extracts of cowpox virus-infected CAMs are negative for all 

antigens. However, Rondle and Dumble (1962) have shown that a soluble antigen present 

in vaccinia virus-infected cells, which cannot be detected in cowpox virus-infected cells 

(Gispen, 1955), is produced by cowpox virus, but only detected in extracts of infected 

CAM after trypsin treatment. Although the differences observed by Gispen and Brand­

Saathof (1974) may be due to the presence or absence of the entire protein, the same 

results would be observed if the protein were truncated or had some amino acid changes 

which prevented it from being secreted. 

3 
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Esposito et al. ( 1977a) differentiated variola, monkeypox and vaccinia viruses by 

immuno<liffusion of cross-absorbed sera. These three viruses have been serologically 

differentiated by four methods employing cross-absorption of the test sera with homologous 

an<l heterologous antigens: gel precipitation (Gispen and Brand-Saathof, 1974) , 

immunoOuorescence (Gispen et al., 1976), radioimmunoassay (Hutchinson et al, 1977) 

an<l ELISA (Marennikova et al, 1981). 

The three viruses (vaccinia, variola and monkeypox) have distinctive structural 

polypeptides in the 30-40kD range (Esposito et al, 1977b; Arita and Tagaya, 1977). Turner 

and Baxby ( 1979) showed that cowpox, ectromelia, camelpox, monkeypox and vaccinia 

viruses have distinctive surface and sub-surface polypeptides, but indistinguishable core 

proteins. The Moscow rat-carnivore virus (Marennikova et al., 1977), which resembles 

cowpox virus in restriction enzyme map (Fenner et al., 1989), had the same polypeptide 

pattern as ectromclia virus, and not cowpox virus. Harper et al. (1979) showed distinct 

patterns for the late intracellular proteins of variola, vaccinia, monkeypox and cowpox 

viruses. Two whitepox viruses were indistinguishable from those of variola virus; Lenny, 

MK-10 and Buffalopox viruses resembled vaccinia virus; and the Moscow rat carnivore 

virus resembled cowpox virus. Unfortunately ectromelia virus was not included in this 

comparison - it would be interesting to know whether ectromelia virus is similar to cowpox 

and Moscow rat-carnivore viruses. 

The polypeptide patterns correlate with the classification based on biological tests. 

DNA classification 

A simpler and more reliable method of allocating a virus to a specific Orthopoxvirus species 

is that of DNA analysis. Gangemi and Sharp (1976) showed that closely related strains of 

vaccinia virus could be differentiated by their restriction enzyme profiles. This analysis was 

extended to different strains and species of Orthopoxviruses by Esposito et aL ( 1978). Mackett 

and Arc hard ( 1979), Esposito and Knight ( 1985) and Knight et al. ( 1992) have mapped all 

the Orthopoxvirus species, except for Uasin Gishu poxvirus. Fig. 1.1 shows the Hindl/lmaps 

of each of the species mapped, except for volepox virus, which has more recently been 

mapped by Knight et al. (1992). Each virus has a distinctive pattern, but all have a similar 

central region. All the fragments show cross-hybridization between species. Although less 

than half the raccoon poxvirus fragments hybridize to vaccinia virus, they all hybridize to 

cowpox virus (Parsons and Pickup, 1987). 

The overall arrangement of the genetic information is conserved in all the viruses (as 

shown by cross-hybridization - Mackett and Archard (1979), Esposito and Knight (1985); 

Knight et al. (1992)). The central region codes for structural proteins, proteins required 

for gene expression and replication, and enzymes involved in nucleic acid metabolism ie. 

functions essential for basic survival of the virus (Goebel et al., 1990a). Proteins which are 

involved in host range and pathogenicity, are encoded by genes located nearer the termini 
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(Perkus et al., 1990; Turner and Moyer, 1990). Many of the terminally located genes are 

nonessential (Kotwal and Moss, 1988; Perk us et al., 1991). 

Raccoon poxvirus and volepox virus, the only Ortho,poxviruses naturally found in the 

Americas, show greater divergence from the others (Knight et al., 1992). They have do­

mains throughout their genomes which are more diverged; and the tandem repeat se­

quences, shared by all the other viruses, are distinct in both viruses (Knight et al., 1992). 

Although there is terminal variation, all the Ortho,poxviruses have DNA similarity within the 

noncoding end region (Esposito and Knight, 1985; Parsons and Pickup, 1987). These se­

quences may be important for replication of the genome. 

-80 -40 0 40 80 

Monkeypox (Zaire) 

Monkeypox(W. Africa) 

Taterapox 

Ectromelia 

Cowpox 

Camelpox 

Variola major 

Alascrim 

Vaccinia Lister 

Vaccinia Venetuela 

1 20 kbp 

Fig. 1.1 Hindi/I genomic maps of 8 of the IO recognized Orthopoxvirus species ( data from Esposito and Knight, 
1985). 

ORIGIN OF VARIOLA VIRUS 

Descriptions of smallpox have been found in ancient records. The distinctive clinical features 

ofvariola virus infection have made retrospective diagnosis possible. Smallpox is recognized 

as a severe, highly infectious disease with a typical rash, and which commonly results in 

residual facial pockmarks. The earliest records of smallpox date back to 1346 BC at the 

time of the "plagues" of the Hittites in Eastern Asia. The pock-marked mummified face of 

Ramses V who died in llOO BC suggests that smallpox was present in Egypt at that time. 

Since it is unlikely that the virus originated independently in two parts of the world, either 

it came from East Asia, or from Africa. There is no evidence of its presence in the Americas, 

Australia or Southern Africa in the pre-Christian era (Fenner et al., 1989). 

The most widely accepted hypothesis is that variola virus originated in Eastern Asia and 

was spread to other parts of the world by travellers and via commercial traders. In this way 
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the virus may have been spread to Egypt. However, historical records made by the Roman, 

Egyptian, Babylonian, Assyrian and Persian civilizations record no evidence of smallpox 

epidemics. This lack of evidence, at a time when historical events were well documented, 

has led to the postulate that variola virus originated in Africa. The virus may have spread 

along the Nile river which served as a major communication route from Central Africa to 

Egypt. It has been proposed that variola virus evolved from monkeypox virus, which is 

endemic to West and Central Africa (Marennikova and Shelukhina, 1978). 

Because variola virus is strictly limited in its host range to humans, it would require a 

large population to sustain transmission. Large enough settlements could have been formed 

about 5000 to 6000 years ago at the time of agricultural developr:nent. It is possible that 

variola virus originated as far back as this, probably from a virus endemic in the animal 

population , which infected man and evolved into variola virus. 

POSSIBLE ANIMAL RESERVOIR OF VARIOLA VIRUS 

A number of factors contributed towards the success of the smallpox eradication programme 

(Fenner et aL, 1988), one of which was the absence of a natural animal reservoir of variola 

virus. There have been seven reported cases of poxvirus infection in non-human primates 

between 1767 and 1949 (Arita and Henderson, 1969). None of these were confirmed variola 

virus infections. The first two episodes may have been caused by variola virus. In 1767 a 

monkey developed the disease after playing with children infected with smallpox; and, in 

1841 a smallpox outbreak in a monkey population in Panama followed a human smallpox 

outbreak. Smallpox was reported in monkeys in 1842 and 1858 by Rayer and Furlong 

respectively. The next three incidences were described in more detail. Bleyer described 

infection of a monkey population in the Brazilian forest with smallpox in 1922; Rahman 

observed a poxvirus outbreak in monkeys in India in 1936; and Gispen reported a poxvirus 

episode amongst orangutans in a Djakarta zoo in 1949. In each of these cases the animals 

were severely affected and covered in numerous pustules. The second two cases spe~ifically 

mention the presence of many pustules on the face, hands and soles of feet. The clinical 

description of these three episodes - particularly the latter two cases - do not correlate with 

_published reports on simian infections with variola virus (Hahon, 1961; Noble and Rich, 

1969). Simian smallpox differs from human smallpox clinically in that the rash is more 

sparse on the head, face, hands and feet; and the infection is milder. The disease described 

in these animals resembles more closely that described by Von Magnus in 1959, which was 

shown to result from a virus distinct from variola virus, monkeypox virus. Monkeypox virus 

produces a disease in monkeys which resembles smallpox in humans (Von Magnus et aL, 

1959). The pustules are particularly abundant on the palms of the hands and the soles of 

the feet. In only one ( 1949) of the seven episodes mentioned was virus isolated; and in this 

case variola virus was not confirmed as the causative agent. 
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Experiments have been performed to test the ability of variola virus to be maintained in 

monkeys (Noble and Rich, 1969; Noble, 1970). Transmission was demonstrated in Macaca 

Iris by both contact and aerosol routes. In contrast to human smallpox, the disease was 

more superficial and infectivity declined upon serial passages. In one case there was an 

increase in number of lesions, but this monkey suffered a fractured tibia and most of the 

lesions appeared under the leg splint where the skin was traumatised. This monkey was the 

fourth in a series of passages which only died out after six generations. Variola virus can, 

therefore, infect susceptible monkeys, but evidence suggests that the virus will not be 

indefinitely maintained in these animals. In similar experiments New World monkeys from 

Peru and Columbia were compared to Macacalrisfrom the Philippines for their susceptibility 

to variola virus infection (Noble, 1970). Although all monkeys seroconverted, the New 

World monkeys developed no lesions (for both variola major and variola minor). A number 

of sera from monkeys from South America, Africa and the Philippines were tested for 

poxvirus antibody, but were all negative (Noble, 1970). 

No outbreaks of variola virus infection in animals in nature have been recorded since 

1936. There has also. been no natural case of human infection since 1977. These facts, in 

addition to the intense surveillance for variola virus and related animal viruses by the 

WHO, argue strongly against an animal reservoir of variola virus. 

MONKEYPOXVIRUS IN CAPTIVE ANIMALS 

Monkeypox virus was first isolated from pox-like lesions in captive cynomolgous monkeys 

at the State Serum Institute, Copenhagen (Von Magnus et al., 1959). Two outbreaks oc­

curred in animals imported from Singapore by air; when 20 to 30% of the animals devel­

oped clinical illness. The disease, which was nonfatal, developed only 51 and 62 days after 

arrival of the monkeys. It was characterized by a vesiculopustular rash. The virus resembled 

pox viruses morphologically and was serologically related to vaccinia virus; but the pocks 

produced on CAMs, and the pathogenicity of the virus for laboratory animals, classified it 

as a separate species of Ortho-poxvirus. Like variola virus, the virus produced small white 

pocks on CAMs. But, unlike variola, and more like vaccinia virus (which can produce either 

haemorrhagic or nonhaemorrhagic lesions in rabbit skin), it produced large indurated 

haemorrhagic lesions in rabbit skin and was maintained in serial passages in rabbit skin as 

well as by intracerebral inoculation of adult mice. Vario la virus is non transmissible in these 

animals and does not produce a severe lesion in rabbit skin. 

Since 1959 there have been nine additional reports of monkeypox virus outbreaks in 

captive animals: 1 in Denmark, 1 in France, 2 in the Netherlands, and 6 in the USA (Arita 

et al., 1972). There have been no reported cases of outbreaks in captive animals since 1968. 

This may be due to increased caution with regard to the health of animals accepted by 

laboratories, and the breeding of monkeys in Europe and the USA. Nevertheless, considering 
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the frequent use of monkeys in Europe and the USA, the incidence of monkeypox virus 

infection is extremely low. 

BIOLOGICAL CHARACTERISTICS OF MONKEYPOX AND 

VARIOLA VIRUSES 

Evidence to suggest that monkeyµox and variola viruses are ancestrally related (Marennikova 

and Shelukhina, 1978; Marcnnikova et al., 1979) is based on biological characteristics. The 

most important features for differentiation of these two viruses are 1) host range and 

pathogenicity for laboratory animals, 2) effect on chick embryos and 3) behaviour in tissue 

culture. Nowadays, DNA restriction enzyme mapping provides a more conclusive result 

(Mackett and Archard, 1979; Esposito and Knight, 1985). 

Host range and pathogenicity for laboratory animals 

Monkeyµox virus has a wide host range. Susceptible primates include humans, great apes 

and many species of monkeys; and non-primates include the giant anteater, rabbits, mice, 

chick embryos, guinea pigs, hamsters and squirrels (Cho and Wenner, 1973; Marennikova 

and Seluhina, 1976; Khodakcvich andjezek, 1986). In contrast, variola virus is limited to 

humans. 

When injected intradermally into rabbit skin variola virus produces transient lesions 

and the virus is nontransmissible on subsequent passages. In contrast, monkeypox virus 

produces large indurated hemorrhagic lesions (Marennikova et aL, 1971; Rondle and Sayeed, 

1972) and can be indefinitely passaged in rabbit skin. Monkeypox virus is lethal for 3-week­

old mice when inoculated by the intracerebral route; variola virus is nonpathogenic. 

Chick embryos 

The pocks produced by variola and monkeypox viruses on chick chorioallantoic membranes 

may resemble one another if incubated at 37°C. They are nonhaemorrhagic, small and 

dome-shaped. Von Magnus et al. ( 1959) and Gispen et al. ( 1967) observed such pocks. 

Subsequently monkeypox virus has been characterised as producing a greyish pock with a 

haemorrhagic centre at an incubation temperature of 34.5°C (Marennikova et al., 1979; 

Rondle and Sayeed, 1972). These haemorrhagic pocks differ from those of cowpox virus 

in that the erythrocytes are on the surface; for cowpox virus pocks the erythrocytes are 

beneath the ectodermal cells and the pocks are fully haemorrhagic. 

The ceiling temperature of monkeypox virus, 39°C, lies in between those of vaccinia 

(41 °C) and variola (37.5-38.5°C) viruses (Bedson and Dumbell, 1961; Gispen et al., 1967; 

Marennikova et al., 1971). 
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Cell culture 

Monkeypox and variola viruses both replicate in a wide range of cells in culture. However, 

differences have been observed in some cell lines including HeLa, Vero and PEK cells 

(Marennikova et al., 1971, 1972b). 

HUMAN MONKEYPOX 

In 1970, at the time of intense smallpox surveillance , and more than a year after the last 

case of smallpox had been detected in the area, human monkeypox was identified in Zaire 

(Ladnxj et al., 1972). Virus was recovered from human skin lesions on the chorioallantoic 

membrane of chick embryos (Marennikova et al., 1972a). After three days at 35 °C 

haemorrhagic pocks were produced which resembled those of monkeypox virus. Like 

monkeypox virus, the isolate produced large necrotic lesions in rabbit skin. 

TABLE 1-2 
Human Monkeypax, Area, of Tropical Rain Forest and Annual Numbers of Cases lleported in Countries rn Weslern and Central Africa· 1970-1986' 

Came....on Centnl Cote Liberia Ni,eria Sierra Zaire Totals 
African d'Ivoire Leone 
Republic 

Population in thousands (1980), 8,554 2,290 8,247 1,871 80.555 3,296 28,532 124,791 

Rain forest (1980)° 17,920 3,590 4 ,458 2,000 5,950 740 105,650 140,300 

Percentage of rain forestc 9.5 1.9 2.4 I.I 3 .2 0.4 56.2 74.7 

Cases of monkeypox 

1970 4 6 

1971 2 3 

1972 5 5 

1973 3 3 

1974 

1975 3 3 

1976 5 5 

19n 6 6 

1978 12 13 

1979 8 10 

1980 4 4 

1981 7 8 

1982 40 40 

1983 84 84 

1984 6 86 92 

1985 62 62 

1986 59 59 

Total cases: 6 2 4 3 386 404 

'From Jezek and Fenner (:9E8:. 
'>Thousands of hectare! Source . Food anc! Agncult• .. m: 
Orgar,1~ucr:. :9eL 

·ir, wes~err. and cemral Afr1c;;, ; :s.;% '.)f t('tai occur! in Hr: 

coumnes m which human monkeypox has r.o~ beer. rtporteC. 
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Human monkeypox is rare and only occurs in isolated villages in the tropical rain forests 

of West and Central Africa. Cases have been reported in seven countries between 1970 and 

1986 (table 1-2 and fig. 4.1) (Jezek and Fenner, 1988) and in an eighth (Gabon) in 1991 

(Monkeypox 1991, 1992). 

Descriptions of human monkeypox incidents reported in the 1970s (Breman et al., 1980) 

an<l 1980s (Jezek ft al., 1987a) correlate with respect to monkeypox virus producing a 

clinical picture in humans which resembles that of discrete ordinary-type smallpox. 

Infection is believe<l to occur via the upper respiratory tract for person-to-person sprea<l, 

and possibly through abrasions of the skin or oral cavity, in addition to via the oropharynx 

or nasopharynx, for animal-to-human spread. One case of congenital human monkeypox 

has been reported (Jezek and Fenner, 1988). 

The incubation period is about 12 days. Like smallpox, there are two stages of illness, 

pre-eruptive and eruptive. The illness lasts for 2-4 weeks depending on its severity. The 

syµtoms and their severity are related to the vaccination status and health status of the 

patient, but not sex or age. 

Pre-eruptive stage: Illness usually starts with fever followed by a rash. The fever is 

accompanied by severe headache, backache, general malaise and prostration. Lymph node 

enlargement is often observed before onset of the rash. Lymphadenopathy, which is not 

characteristic of variola virus infection, is the major clinical difference between smallpox 

and human monkeypox. 

Eruptive stage:. Skin lesions develop simultaneously and evolve at the same rate. The number 

of lesions vary significantly between vaccinated and unvaccinated patients, ranging from a 

few to several thousand. Vaccinated patients also developed smaller lesions that the usual 

0.5-lcm lesions in unvaccinated subjects and often develop an indefinite distribution of 

lesions compared to the usual centrifugal distribution in unvaccinated patients. The degree 

of fever is proportional to the number of lesions, as are the severity of symptoms and 

<luration of illness. Like smallpox, the lesions pass through stages of macules, papules, 

vesicles and pustules. They then umbilicate, dry out and desquamate. A second stage of 

fever often occurs at the pustular stage in the second week of illness. 

The severity of infection from a wildlife source (primary) does not differ from that 

acquired from a human source (secondary). However, more mucous membrane lesions 

are associated with primary cases. There is also no difference in clinical features between 

human monkeypox cases from different geographical areas. Similar descriptions were given 

for cases in Liberia, Sierra Leone and Nigeria (Foster et aL, 1972), Cote d'Ivoire (Breman 

et al., 1977), Central African Republic (Khodakevich et al., 1985) and Zaire (Jezek et al., 

1987a). This indicates that genetic differences found in geographically distinct isolates 

(Esposito and Kni~ht, 1985; chapter 4 of this thesis) do not influence the pathogenicity of 

the virus for humans. 

The prognosis of human monkeypox differs from that of smallpox. It is associated with 
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a crude case-fatality rate of l l % among unvaccinated patients, in contrast to 25% for 

smallpox. All the deaths occurred in unvaccinated children less than 8 years old. No deaths 

have been detected among adults or patients with a visible vaccination scar. Like smallpox, 

the most common scquelae of human monkeypox have been facial pockmarks. 

INCIDENCE AND TRANSMISSION OF MONKEYPOX 

V IRUS IN HUMANS 

Although smallpox and human monkeypox present a similar clinical picture, the 

epirlemiology of the two rliseases differ considerably. Smallpox was easily transmissible (20-

40% seconrlary attack rate) and produced clinical illness in most unvaccinated persons. 

Sporadic cases were not seen. Human monkeypox, however, occurs sporadically in isolatcrl 

villages in or near the tropical rain forests of West and Central Africa, is not easily 

transmissible (3.3% secondary attack rate) and is less severe with a lower case-fatality rate 

than smallpox. The majority of human monkeypox cases have had close contact with animals, 

either in the agricultural area surrounding villages or in the forest where the animals are 

trapped or killerl. 

Occasional clustering of human monkeypox episodes suggests that person-to-person 

transmissions <lo occur. These incidences could result from infection from a common animal 

source . Since infectivi ty is associated with onset of rash, cases occurring within 7 days of the 

primary case can be considered co-primary arising from the same nonhuman source. Cases 

occurring 7-21 <lays after exposure to a known human source are regarded as secondary 

cases.Jezek el al. ( 1988) reported the distribution of 338 cases in Zaire from 1981-1986. Of 

these 203 were primary, 42 co-primary and 93 secondary cases. Of the secondary cases 69 

were first generation, 19 second generation and 5 third and fourth generation. There has 

been one isolated incidence of person-to-person spread for four generations Qezek et al., 

1986). This decrease in incidence may partly be due to subclinical infections occurring 

among close contacts of monkeypox cases. The low incidence of human monkeypox in 

areas where the "irus is endemic and contact between humans and animals is frequent, 

indicates that transmission from animals is infrequent. There were also no cases of human 

infection at the time of outbreaks in captive animals, possibly because all human contacts 

were vaccinated. 

The num her of human monkeypox cases in Zaire increased from 48 in 1970-1980 to 338 

in 1981-1986. Since the secondary attack rate was constant for both periods, this increase 

was probably due to increased surveillance and not an increase in the transmissibility of 

the virus. 

Of concern, is the relationship of attack rate to vaccination status. Jezek and Fenner 

(1988) have reported that the primary attack rate among unvaccinated individuals (1.7 

per 10000) is significantly higher than that for vaccinated individuals (0.04 per 10000). 
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The rate was 2.6 per 10000 among unvaccinated children 5-14 years of age. Secondary 

attack rates are also related to vaccination status. A subclinical attack rate of 28%, assessed 

hy serological tests, was determined for unvaccinated contacts of human monkeypox cases 

(Jezek and Fenner, 1988). Since vaccination has ceased there is a growing population of 

individuals susceptible to monkeypox virus infection. For this reason a stochastic model 

was designed to test the possible frequency of monkeypox virus transmission amongst a 

population decreasing in vaccination status; and to assess the possibility of monkeypox 

virus estahlishing itself in a human population by continuous person-to-person spread (Jezek 

et al. , 1987b). The model was based on the observed transmission frequency of monkeypox 

among indi";duals in Zaire. It produced possible chains of transmission using a randomly 

assigned numher of contacts for different distributions of vaccination status. Using 

conditions present in Zaire from 1980-1984, the predicted length of transmission was as 

seen in real life, with one simulation continuing until the seventh generation (compared 

to the maxim um of 5 generations observed in the field). The "worst case" scenario, assuming 

the entire population is unvaccinated and attack rates are high, predicted an outbreak 

which could last 14 generations. Even in this extreme case the incidence of monkeypox 

infection declined showing that monkeypox virus will not persist in the human population 

under present conditions of infectivity of the virus for man. 

The incidence of human monkeypox is probably limited by the frequency of human 

contact with infected animals. Therefore, an increase in infection in the animal population 

with which man has contact could cause an increase in human monkeypox. This situation 

is unlikely to arise, since the tropical rain forests have been gradually receding, and the 

animal populations diminishing. Unless monkeypox virus becomes adapted to a new host 

which has a high population density, and which regularly comes into contact with humans, 

the incidence of human monkeypox should not increase explosively. 

NATURAL RESERVOIR OF MONKEYPOXVIRUS 

In each of the monkeypox virus outbreaks in captive animals the index case originated 

from either Asia or West Africa. To locate the natural reservoir of monkeypox virus the 

WHO conducted extensive serological surveys in both these continents. Initially, a total of 

2242 monkey sera from South-East Asia and Africa (Chad, Upper Volta, Mali, Kenya, 

Senegal) were tested for poxvirus antibodies (Arita et al., 1972), but the results were negative 

for all sera. 

After the recognition of human monkeypox in 1970 (Ladn)'.j et al., 1972), attention was 

focussed on Africa as the source of monkeypox virus. Breman et al. ( 1977) examined 195 

sera collected from primates in West Africa. Orthopoxvirus antibodies were detected by 

haemagglutination inhibition (8%) and neutralization (21 % ) tests. These positive sera 

were collected from monkeys shot near two areas where human monkeypox infections had 
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occurred. Three of the HI-positive sera were shown to have monkeypox virus-specific 

antibodies hy immunofluorescence following cross-adsorption of the sera with vaccinia 

virus an tigcn (Cispen et al., 1976) . 

Si nce most hum an monkeypox case s have occurred in Zaire further serological 

investigations were done in this country on monkey sera (Marennikova et al., 1975) as well 

as sera from a \·aric ty of o ther animals Uezek and Fenner, 1988) . Of 133 1 sera from 45 

species of wild anim als, 227 (1 3.2%) gave positive HI results. The positive sera were from 

fo ur species o f squirrels and ten species of monkeys. 

There have been no cases reported on the isolation of monkeypox virus from wild 

monkeys. One report (Mutomho et al., 1983) describes the development of monkeypox in 

a child after being bitten by a chimpanzee in Zaire , but the animal could not be caught to 

test for virus. Due to the low incidence of monkeypox virus in wild monkeys, it is thought 

that the virus is maintained in a host other than monkeys, and, like man, monkeys are only 

incidental hosts which are not usually infected. 

In 1985 monkeypox virus was isolated from a diseased wild squirrel in Zaire (Khodakevich 

and J ezek, 1986). Of 18 squirrels of the same species (Funisciurus aneruthrus) captured, 

another one was found to have monkeypox-specific antibodies by radioimmunoassay 

adsorption. Serum from 172 terrestrial rodents were tested, but none others were positive 

for monkeypox-specific antibodies. Another survey in Zaire (Khodakevich et al., 1987b) 

revealed a prevalence of 24.7% monkeypox-specific antibodies in 320 squirrels of the 

Funisciurus anerythrus species, but none in 233 terrestrial rodents. A second species of 

squirrel , Heliosciurus rufobrachium, also had a high level of antibody prevalence. These two 

species of squirrds inhabit the agricultural area surrounding the settlement area, where 

they feed on oil palms and are often trapped. They could be the major source of infection 

for the human population (Khodakevich et aL, 1987a). Heliosciurusis also commonly found 

in the higher stratum of the forest, where it may be resposible for infecting monkeys. It is 

still uncertain whether squirrels are the major natural host of monkeypox virus. Although 

there is no evidence to support the maintainence of the virus in arthropods, the possibility 

of monkeypox virus having another natural host, probably an animal with a large population 

density, cannot be excluded. 

In total four species of squirrels and ten species of _monkeys have been found to be 

infected with monkeypox virus under natural conditions in the tropical rain forest regions 

of West and Central Africa. There is no evidence of monkeypox virus occurring naturally 

in any other part of the world. 

WHITEPOX VIRUSES 

During the search for natural reservoirs of monkeypox virus, four Ortho-poxviruses were 

recovered from the kidneys of outwardly healthy animals in Zaire: 2 rodents (Marennikova 
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et al., 1976), a chimpanzee (Marennikova et al., 1972b) and a monkey (Shelukhina et al., 
1975). These wild animals were shot in regions where human monkeypox cases had 
occurred. All the viruses were passaged on CAMs after an initial recovery of a few pocks. 
The small white pocks produced closely resembled these of variola virus. Characterization 
of ceiling temperature, reaction in rabbits, pathogenicity for mice and behaviour in PEK 
cell culture could not distinguish these "whitepox" viruses from variola virus. Similar 

whitepox viruses had previously been isolated from normal cynomolgous monkey kidney 
cells (Marennikova et al., 1972b). These findings led to the hypothesis that whitepox viruses 

are variants of monkeypox virus which may represent a potential animal reservoir of variola 

virus. 

This hypothesis was tested by passaging monkeypox virus both in hamsters (Marennikova 
and Shelukhina, 1978) and on CAMs (Marennikova et al., 1979). Virus was isolated on 

CAMs from the kidneys and lungs of hamsters inoculated with monkeypox virus. Two isolates 
which produced dense white pocks resembling those of variola and whitepox viruses were 
characterized further. These viruses were lethal for chick embryos; did not produce pocks 
at 39°C, the ceiling temperature for monkeypox virus; replicated in PEK cells; were 
pathogenic for white mice; and gave no significant reaction in rabbit skin. All these 

characteristics are typical of variola virus and not monkeypox virus. 

Marennikova et al. ( 1979) later reported their findings after passaging monkeypox virus 
on CAMs. They observed the emergence of white pock mutants of monkeypox virus at a 
level of 1-5%. Upon passage the viral population of h + (haemorrhagic) and h- (white) 

pocks changed regularly, and this change was accompanied by a change in phenotypic 
character. With high titres ofh+ virus the pathogenicity for chick embryos was marked, but 

at 90% h- virus the rabbit skin lesion still typified that of monkeypox virus. The authors 

interpreted this as a "chimeric" virus with characteristics both of monkeypox virus as well 

whitepox virus. However, these results could also be expected if there is a mixture of two 

"pure" viral populations. To show that a deletion must be occurring in the monkeypox 

virus genome the authors passaged "red" clones in the same manner. Upon future passages 

white pocks appeared and increased in number. 

Orthopoxviruses which characteristically produce haemorrhagic pocks have been reported 
to produce white pock variants at a low frequency (±1 %). Downie and Haddock (1952) 
first reported this for cowpox; Fenner (1958) for neurovaccinia; Gemmel and Fenner (1960) 

for rabbitpox; and Gispen and Brand-Saathof (1972) described a low level of white pocks 
produced by monkeypox virus at 35°C. This phenomenon is associated with terminal 

transposition events in which the left end of the genome is duplicated and replaces a portion 

of the right end (monkeypox: Dumbell and Archard, 1980; Esposito et al., 1981; cowpox: 

Archard and Mackett, 1979; Archard et al., 1984; Pickup et al. ( 1984); rabbitpox: Moyer and 
Rothe, 1980). Pickup et al. (1986) located a gene in cowpox virus which is in involved in 
the red pock phenotype. The product of this gene is a 38-kDa protein which is thought 
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to interact with the host inflammatory response (Palumbo et al., 1989). Evidence suggests 

that additional genes are involved in the red pock phenotype since recombination of the 

38K gene into a white pock mutant did not completely restore the red pock phenotype 

(Pickup et al, 1986). 

The white pocks described by Marennikova et al. ( 1979) arose at an unusually high 

frequency(:> %) as compared to those referred to above (1 % ). Also, unlike the pre\.ious 

reports, the frequency at which these white pocks were produced was not constant. This 

indicates that the "whitepox" isolates differ from spontaneous white pock variants of 

monkeypox virus. 

Three clones of whitepox virus passaged from monkeypox virus were characterized. One 

was from monkeypox virus, Copenhagen (isolated from a captive animal) and two were 

from Congo H (isolated from the first case of human monkeypox). All these viruses 

resembled variola and whitepox viruses in each of the differentiating biological tests 

described for the hamster isolates. 

These results suggest that monkeypox virus is the progenitor to a variola-like virus. Since 

variola virus does not readily replicate in non-human hosts, the whitepox virus derived 

from monkeypox virus would not be maintained in the wild. The chances of a person 

becoming infected with a virus which has recently become altered in a wild animal (probably 

rodent) are remote. Alternatively, whitepox virus may emerge in humans infected with 

monkeypox virus. The low transmission frequency of monkeypox virus in humans makes 

this event highly unlikely. However, the possibility does exist. For this reason the whitepox 

viruses have been further characterized. 

Dumbell and Kapsenberg (1982), by restriction enzyme analysis, showed the whitepox 

viruses isolated from cultured cynomolgous cells to be identical to variola virus strains 

which were in use in the laboratory at the time of isolation. It is likely that the whitepox 

viruses were, in fact, contaminating variola virus. Similarly, Esposito et al. (1985) provide 

e\.idence to suggest that all the other whitepox \.iruses were a result of laboratory 

contamination. 

GENOME COMPARISON OF VARIOLA AND MONKEYPOX 

VIRUSES 

Since DNA sequence is the blueprint that determines phenotypic character, a comparison 

of the \.iral genomes would be more informative with respect to the evolutionary pattern 

of the \.iruses. 

Esposito et al. ( 1985) assessed the possibility of whitepox (variola-like) \.iruses arising 

from monkeypox virus by genome mapping. The Sac/ and Hindlll maps provide similar 

information. The central region is highly conserved within all \.iruses mapped and the 

termini are variable. Differences in the termini were noted for \.iruses of the same species. 
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The whitepox viruses were identical to variola virus. 

The Sac! maps allow for differentiation of variola and monkeypox viruses. Vario la virus 

has a distinctive terminal pattern of sites. A cluster of differences are noted in the left end 

of the conserved region. Variola virus has one site not present in the corresponding position 

in monkcypox virus; and monkeypox virus has two additional sites not found in variola 

\1rUS. 

The data shows that there is enough difference between variola and monkeypox viruses 

to rule out a simple interconversion of the two species, but the possibility still remained 

that monkcypox virus is a more distant ancestor of variola virus. 

OTHER ORTHOPOXVIRUSES CLOSELY RELATED TO 

VARIOLA VIRUS 

There arc two \iruses which closely resemble variola virus in their phenotypic properties: 

camdpox (Baxhy, 1972; Bedson, 1972) and taterapox (Lourie et al., 1975) viruses. 

Came/pox virus. 

Camel pox \irus is naturally found in dromedary camels, probably throughout Africa, the 

Middle East and Asia. It has been isolated from camels suffering from camelpox in Iran 

(Ramyar and Hessami, 1972), Iraq (Al Falluji et al., 1979), Kenya (Davies et al., 1975), 

Somalia (Kriz, 1982) and the USSR (Marennikova et al., 1974). Humans are rarely, if ever, 

infected with the virus Uezek et al., 1983). 

Taterapox virus. 

Taterapox viruses arc presently limited to one isolate only, gerbilpox virus. This virus was 

isolated from a healthy wild gerbil caught in northern Dahomey (Benin) in 1968, one 

month after an outbreak of human smallpox in the area (Kemp et al., 1974). The similarity 

of this virus to variola virus again caused concern about the long-term survival of variola 

virus as an inapparen t infection of wild animals (Lourie et al., 1975). It is not known whether 

this virus is naturally present in the gerbil population of West Africa, or whether this was an 

isolated incidence of variola virus entering into and adapting to another animal species. 

The Hind/II restriction enzyme maps show camel pox, gerbil pox and variola viruses to be 

similar, but distinct, from one another (fig. 1.1). 

Ectromella virus. 

Ectromclia virus, like variola virus, produces small white pocks on chick CAMs (Bedson 

and Dumbell, 1961), has a narrow host range (Baxby, 1975) and has a similar distribution 

of Hind/I[ restriction enzyme sites (Mackett and Archard, 1979). However, it is easily 

differentiated from variola virus by the other biological tests, and appears more closely 

related to cowpox virus in that it forms A-type inclusion bodies in infected cells (Baxby, 

1975). 
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Ectromelia virus is the causative agent of mousepox in laboratory mice. It was first 

recognized by Marchal ( 1930) in Britain, and was subsequently isolated from laboratory 

mice in Japan (Ichihashi and Matsumoto, 1966), China, the USSR and many countries in 

Europe (Fenner et al. , 1989). Strains of virus from different parts of the world differ with 

re spect to mouse µathogenicity (Fenner, 1958) and plaque character (Ichihashi and 

Matsumoto, 14hh) . Changes may have taken place either in the hypothetical wild animal 

host, or in the domestic mouse . Although the virus has not been isolated from the wild, a 

serological study in Britain (Kaplan et al. , 1980) showed that an Ortlwpoxvirus, probably 

either ectromelia or cowpox virus, is present in field mice and voles. 

Cowpox virus. 

Cowpox virus is more distantly related to variola virus. It is easily identified by the intense 

haemorrhagic pocks it produces on the CAM (Downie , 1939; Dumbell, 1968), the presence 

of large A-type inclusion bodies in infected cells (Downie, 1939) and its Hindl//restriction 

enzyme maµ (Mackett and Arc hard, 1979), which differs from those of the other 

Orthopoxviruses. Like vaccinia and monkeypox viruses, cowpox virus has a broad host range. 

Many different animals (domestic cat, zoo and circus animals) in Europe and the USSR 

have been infected with the virus (Fenner et al., 1989). The isolation of cowpox virus from 

two wild gerbils and a suslik in Turkmenia in 1974 (Marennikova et al. , 1978) suggests that 

rodents may be the natural reservoir host for this virus. Although the virus acquired its 

name from the disease it caused in cattle, cattle are probably mere incidental hosts. 

Vaccinia virus. 

Vaccinia virus was used in the eradication of smallpox (Fenner et al., 1988) . Although it is 

the Orthopoxvirus most studied, its origin is still obscure (Bax by, 1977). 

THYMIDINE KINASE: SELECTION SYSTEM, ENZYME 

AND EVOLUTION 

Selection system 

The thymidine kinase (TK) gene interested poxvirologists primarily because of its potential 

use in the construction ofrecombinant (vaccinia) viruses (Mackettetal. , 1984). Conditions 

have been established for the selection of both TK+ (using methotrexate) and TK (using 5-

hromodeoxyuridine) phenotypes (Mackett et al., 1985). Furthermore, interruption of the 

TK gene reduces the virulence of vaccinia virus (Buller et al., 1985), a factor which would 

be favourable to a recombinant vaccine. Many foreign genes have been cloned into the TK 

gene of vaccinia \irus, both for research purposes as well as vaccine development. The list 

of foreign genes expressed in vaccinia virus as well as other poxviruses is long, and will not 

be discussed. The numbers of proteins which had been expressed in vaccinia virus three 
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years ago were at least 10 cellular, 45 viral, 5 bacterial, 3 protozoan, 1 yeast and 1 

bacteriophage (Hruby, 1990) . Since then many more, especially cellular, proteins have 

been expresse<l in this system. A number of review articles have been published on the 

suhject of vaccinia virus as an expression vector (Piccini and Paoletti , 1988; Hruby, 1990; 

Moss, 19~ l ); an<l Bax by ( 1993) has reviewed the use of recombinant poxviruses other than 

(and including\ · accinia virus as vaccines. 

Enzyme 

Thymidine kinase (officially named ATP:thymidine 5'-phosphotransferase, EC 2.7.1 .21) is 

associated with DNA synthesis and functions in the salvage pathway hy ATP-dependent 

phosphorylation of thymidine to thymidine 5'-monophosphate. Since TK activity is increased 

in tissue and cell cultures undergoing DNA synthesis (Bucher, 1963), viral TK enzymes 

may he requirc<l to maintain <lTIP levels in nondividing cells. 

There are two groups of thymidine kinases (TKs), the herpesvirus/ deoxycytidine kinases, 

an<l the poxvirus an<l eukaryotic TKs (Gentry, 1992) . The herpesvirus TKs have a broa<ler 

substrate specificity, with the ability to phosphorylate dT, dC Qamieson and Subak-Sharpe, 

1974; Jamieson et al., 1974) and dTMP (Chen and Prusoff, 1978). They may utilize both 

ATP an<l CTP as phosphate donors (Kit et al., 1974), and are not inhibited by dTIP (Cheng, 

1976). In contrast, the poxvirus/ eukaryotic enzymes specifically phosphorylate dT using 

ATP exclusively as the phosphate donor, and they may be subject to end product (dTIP) 

inhibition (Ives fl al., 1963). Although Bedson (1982) has shown variola (and whitepox) 

\.iruses to <liffer from the other Orthopoxvirus species in the sensitivity of their TK enzymes 

to dTIP inhibition (vaccinia virus is insensitive to dTTP inhibition), Kit and Dubbs ( 1965) 

have shown that purified vaccinia virus TK is sensitive to dTIP inhibition. This indicates 

that another component (removed during purification of the vaccinia virus enzyme) is 

involved in suprcssing the dTIP-sensitivity phenotype in vaccinia (and other Orthopox-) 

virus-infected cells ie . the difference between variola virus and the other Orthopoxviruses 

with respect to dTTP inhibition of their TK enzymes is not due to a difference in primary 

amino acid sequence - as Esposito and Knight (1984) suggest. 

The poxvirus/ eukaryotic TK enzyme is a homotetramer of about 80K (Black and Hruby, 

1990a). By comparison the herpesvirus TK, which has subunits twice as large as those of 

the poxviruses, is a homodimer of about 80K (Kit, 1985). Somewhat different, the human 

mitochondrial enzyme consists of a monomer of 29K Qansson et al., 1992). At present the 

gene sequence has not been determined for this enzyme. 

Vaccinia virus TK is the prototypic type II TK (Black and Hruby, 1990a). Its gene has 

hcen mapped to the Hindi// J fragment (Weir et al., 1982; Hruby and Ball, 1982) and 

sequenced (Weir and Moss, 1983; Hruby et al., 1983). Comparing the deduced TK amino 

acid sequence with a number of other TK sequences, Black and Hruby (1990b) identified 

seven domains in which there was complete identity. The TK sequences compared were 
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from variola and monkeypox viruses (Esposito and Knight, 1984) , mouse (Lin et al., 1985), 
chicken (Kwoh and Engler, 1984), and human (Flemington et al. , 1987) . The domains I 
and III have been identified as ATP-binding (Black and Hruby,.1990b) and Mg2+-binding 
(Black and Hruby, 1992a) respectively. An arginine residue , present in corresponding 
positions between domains II and III in the herpes and poxvirus TKs, is thought to be 
important for substrate (dT) binding (Robertson and Whalley, 1988). Domain IV has been 
shown to to contain a glutamine amino acid residue which is essential for feedback inhibition 

by dITP (Black and Hruby, 1992b). This glutamine residue is present in most type II TKs 
aligned by Gruidl et al. (1992) (including variola, vaccinia and monkeypox viruses). It is 
not conserved in fowlpox virus, swinepox virus, EntomojJoxvirus and African Swine Fever 
virus. Whether these viral TKs are inhibited by dTTP is not known. This same domain in 

the type I TKs has recently been shown to contain the active site of the enzyme (Fetzer et 
al., 1993). In the type I TK enzymes an aspartate residue is necessary for phosphorylation 
of the substrate. This aspartate is in the corresponding position to the glutamine residue 

required for dITP inhibition in the type II TKs. The combined results of Black and Hruby 
(1992b) and Fetzer et al (1993) suggest that dTTP inhibition occurs by direct binding of 

dTTP to the phosphorylating site of the enzyme. 

Evolution 

The thymidine kinase (TK) gene sequences have been determined for a number of 
poxviruses, herpesviruses, prokaryotes and eukaryotes. At present this is the most extensive 

sequence comparison made, both amongst the poxviruses, and between poxviruses and 

other organisms, to determine their evolutionary relatedness. However, the TK genes of a 

number of OrthojJoxvirus species (cowpox virus, ectromelia virus, taterapox virus, raccoon 

poxvirus and volepox virus) have not yet been reported. 

The first comparison made was one between vaccinia virus and three spontaneous TK 

mutants (Weir and Moss, 1983). All the mutants had a single-base reiteration which caused 
a frame shift in the coding sequence. This mutation was thought to have resulted from 

stuttering of the DNA polymerase enzyme during viral DNA replication. A similar effect 
was seen in an HA mutant of rabbitpox virus, except the mutant arose by deletion of a 

single A nucleotide (Brown et al., 1991). Reversion to HA+ was accompanied by reinsertion 
of the A. 

Esposito and Knight (1984) reported the first DNA comparison between different 
OrthojJoxviruses. They determined the DNA sequences of l 275bp in the TK region of variola 
and monkeypox viruses, and compared them to the vaccinia virus sequence (Weir and 

Moss, 1983; Hruby et al., 1983). There were 41 positions of change in nucleotide sequence, 
of which 8 result in a change of amino acid residue. Two of the amino acid changes were 
unique to variola virus. Comparing these differences to a more recent alignment (Gruidl et 
al. , 1992), they are unlikely to influence the kinetic properties of the enzyme, as they are 
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present outside the conserved domains of the enzyme. Of the 41 positions of change, 
vaccinia virus differed from variola and monkeypox viruses in 21 positions, and variola and 
monkeypox viruses each had 10 unique differences. In each case two viruses had a com­
mon nucleotide where one virus differed. This data implies that variola and monkeypox 
viruses are more closely related to one another than they are to vaccinia virus. 

A fourth Orthopoxvirus species, camelpox virus, has been sequenced in the TK gene re­

gion (Binns et al., 1992). The camel pox virus DNA shows greatest similarity to that of vaccinia 
virus (98.3% identity) , but also closely resembles variola (98.1 %) and monkeypox (97.5) 
virus DNA. 

The first phylogenetic analysis of poxviruses was made by Boyle .et al. (1987) . They had 
previously identified and cloned the fowlpox virus (FPV) TK gene (Boyle and Coupar, 
1986). The DNA sequence of this gene was determined and the deduced amino acid 
sequence compared to the TK sequences of vaccinia, variola and monkeypox viruses, as 
well as chicken (Kwoh and Engler, 1984) and man (Bradshaw and Deininger, 1984). About 

60% of the FPV amino acid sequence is homologous to those of the Orthopoxviruses. 'Il:e 
TKs from chicken and man both have extended amino and carboxy termini. Comparing 
the entire sequence, there is 72.5% identity between the chicken and human TK sequences. 

The FPV TK has only about 40% identity to both of them; and the Orthopoxvirus TKs have 
about 55% amino acid identity to the vertebrate sequences. 

The poxvirus TKs can be compared to the vertebrate TKs using different parameters to 

account for the insertions and deletions. Considering contiguous insertions or deletions 

as single event, and restricting the comparison to the core region, the vertebrate sequences 

are more closely related . to those of the Orthopoxviruses than to fowl pox virus (and the 

Orthopoxvirusescloser to vertebrates than fowlpox virus), implying that the ancestral protein 

was poxvirus-like. If one includes all residues, treating spaces as a 21st amino acid residue, 

all the poxviruses group together and the vertebrates have a separate branch. The second 
tree topology is more "intuitively acceptable" as it would accomodate the hypothesis that 

poxviruses cerevolved with their hosts. It is, however, evident that the poxviruses. have a 
higher rate of evolutionary change than the vertebrates. If one assumes that co-evolution 
has taken place, the poxvirus TK sequences have a four-fold increase in rate of evolutionary 

change (Boyle et al., 1987). It makes sense that mutations accumulate faster in organisms 

with shorter generation times, due to the increased number of replication cycles. Since 
poxviruses encode their own DNA polymerase enzyme and other proteins required for 
DNA replication, consideration must also be given to the relative fidelity of replication of 
the different organisms. 

Gentry et al. (1988) have extended the phylogenetic analysis of the TK sequences to 
include shope fibroma virus of rabbits (Upton and McFadden, 1986), Chinese hamster 
(Lewis, 1986) and mouse (Lin et al., 1985). They, too, had difficulty constructing a single 
meaningful tree which would correlate with co-evolution of the virus with its host. The 
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simplest tree implied that the fowl pox virus TK was a progenitor of the vertebrate TK. The 
authors showed that, by constructing two trees, one for vertebrates and one for poxviruses, 
and lengthening the branches of the vertebrate tree, the data fits in with an obligate virus/ 
host cell relationship. The positions from which fowl pox and rabbit fibroma viruses branch 
in the virus tree correspond to the branch points of the chicken and rodent branches 
respectively in the vertebrate tree. Interestingly, the three Orthopoxviruses, in particular, 
variola virus, diverged ·very much later than the corresponding human branch. This may 

represent a more recent introduction of the virus into humans. It is possible that an ances­
tor to variola virus co-evolved in a different host animal before entering into humans. 

The display of data in two trees is useful for comparing the evolution ~f genes within 
organisms which have different rates of change. However, caution must be taken correlating 
virus with host evolution, as we still do not know the natural host for many of the 
Orthopoxviruses. On the other hand, this kind of analysis may indicate in which host animal 
a particular virus has co-evolved. 

Later TK comparisons have included African swine fever (ASF) virus (Blasco et al., 1990), 

Capripoxvirus ( Gershon and Black, 1989), bacteriophage T 4 (Valerie et al., 1986), E. coli 
(Bockamp et al., 1990), swinepox virus (Feller et al., 1991; Schnitzlein and Tripathy, 1991), 

myxoma virus Uackson and Bults, 1992) and an Entomopoxvirus (Gruidl et al., 1992). 

Bockamp et al. (1990) derived a distance matrix tree which divided the sequences into four 

main groups: 1) the vertebrates, 2) the poxviruses (later shown to include swinepox and 

myxoma viruses), 3) ASF virus and 4) E. mli and bacteriophage T4. Gruidl et al (1992) 

showed the Entomopoxvirus Amsacta moorei (AmEPV) amino acid sequence to be more closely 
related to the poxvirus sequences (±45%) than the ASF virus sequence (31.4%). This is of 

interest because both ASF and AmEPV can replicate in arthropod hosts and ASF has many 
biological features in common with the poxviruses. 

All poxviruses studied have a TK gene. This indicates that the gene was acquired at or 

near their time of origin. The origin of poxviruses is open to speculation. They may have 
originated from an ancestral eukaryotic cell and later become reduced in size and function 

to a virus dependent on its host for further replication cycles. Alternatively, they may have 

originated as a small virus which gradually accumulated additional genes from its host cell. 

The first postulate is strengthened by viral genome comparisons. The genomes of insect 
(Hall and Hink, 1990) and bird (Coupar et al., 1990) poxviruses are larger than those of 

mammalian poxviruses. Assuming the viruses originated at the time of animal divergence, 
their genomes have diminished as they have entered higher animal forms. A comparison 
of the number and nature of genes encoded by different poxviruses infecting different 
animals may reveal a pattern of genetic flux. The most informative genes in this respect 
would be those directly involved in gene expression and DNA replication. Genes which 
encode products related to viral pathogenicity and host range probably evolved ( or were 
acquired) later on in the evolution of the viruses; and, being terminally located in the 

genome, have been subject to rearrangement. 
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VIRUSES 

CHAPTER 2 

MATERIALS, METHODS AND 
SEQUENCING STRATEGIES 

All viruses were from Prof.K. Dumbell's collection. Table 2.1 lists the year in which they 
were first isolated together with the relevant reference (s). 

Monkeypox virus origins are as follows: Human monkeypor. Liberia I and II from Liberia; 
Benin and MP-82 from Nigeria; MP-266 from Sierra Leone; 86-21 and 85-240 from Bumba, 
Zaire (Mongala region of Eq uateur province), 86-112 from Bongandanga, Zaire (Mongala 
region ofEquateur province) , Z1324 from Gemena, Zaire (Sud-Ubangi region ofEquateur 
province) and Z241 from Katako-Kombe, Zaire (Kasai-orientale). Squirrel isolate. 85-249 
from Bumba, Zaire (Mongala region of Equateur province). Isolates from captive animals: 
Denmark from Copenhagen, Denmark; Rotterdam from Antwerp, The Netherlands; and 

Paris from Paris, France. Prier and Espana are from the United States. 

Variola virus DNA was in the form of recombinant bacterial plasmids (Hamilton et al., 
1985). Harvey is a strain of variola major which was isolated in Middlesex, U .K. and Somalia 

is a strain of variola minor which was isolated from the last natural case of smallpox (from 
Somalia). 

Vaccinia virus strain Dairen originated from a Japanese soldier. Reference has been made 

to the Copenhagen and Western Reserve (WR) strains. These originated in Ecuador and 

Britain respectively (Wokatsch, 1972). 

Cowpox Larkin was obtained from a stock which had been passaged only three times on 
chick chorioallantoic membranes (CAMs), whereas cowpox Brighton has had numerous 
passes. Both viruses give characteristic haemorragic pocks on CAMs. They were both isolated 
in Britain. 

Tatera poxvirus (gerbil pox) originated in Dahomey (Benin), West Africa. 

Camelpox was isolated from a camel in Somalia. 

Ectromelia was isolated from an outbreak of mousepox in Britain. 

Raccoon poxvirus is the only Orthopoxvirus examined which was found naturally in the 
Americas (isolated in Maryland). All the others mentioned are thought to have originated 
in Europe, Asia or Africa. 
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Virus 

Monkeypox virus 

Denmark 
Paris 
Prier 
Espana 
Rotterdam 
Liberia! 
Liberiall 
MP-266 

MP-82 
Benin 
Z241 
Zl324 
86-21 
85-249 
85-240 
86-112 

Vario/a virus 

Harvey 
Somalia 

Vaccinia virus 

Dairen 

· Cowpox virus 

Larkin 
Brighton 

Tatera poxvirus 

Gerbil pox 

Camelpox virus 

Camelpox 903 

Ectromelia virus 

Mill Hill 

Raccoon poxvirus 

Raccoon 

TABLE 2-1 
Ortlwpoxviruses from which DNA was examined 

Year Isolated (Reference) 

1958 (von Magnus et aL, 1959) 
1968 (Milhaud et aL, 1969; Arita et al., 1972) 
1959 ( Prier and Sauer, 1960) 
1967 (Arita et al.,1972) 
1965 (Peters et al., 1966; Gispen et al., 1967) 
1970 (Lourie et al., 1972) 
1970 (Lourie et al., 1972) 
1970 (Lourie et al., 1972) 
1971 (Lourie et al., 1972) 
1978 (Breman et aL, 1980) 
1972 (Marennikova, not published) 
1979 (Marennikova, not published) 
1986 (Khodakevich et aL, 1987b) 
1985 (Khodakevich andjezek, 1986) 
1985 (Khodakevich et aL, 1987b) 
1986 (Khodakevich et aL, 1987b) 

1944 (Downie and Dumbell, 1947) 
1977 (Arita, 1979) 

before 1954 (Tagaya et aL, 1961) 

1959 (Dumbell, not published) 
1937 (Downie, 1939) 

1968 (Lourie et al., 1975) 

1978 (Kriz, 1982) 

1959 (Marchal, 1930) 

1964 (Herman, 1964) 
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VIRUS GROWTH AND DNA EXTRACTION 

Standard methods were used for the inoculation of fertile eggs (Westwood et al., 195 7) and 

cell cultures (Mackett et al., 1985). Virus was purified and DNA extracted as described by 

Dumbell and Richardson (1993). Virus prepared for future cell culture infections was 

resuspended in Mcllvain's buffer and stored at-70°C. 

Monkeypox virus Z24I DNA was PCR-amplified from a crude DNA extract from a glycerol 

stock of virus following a method described by Kellogg and Kwok ( 1990). 

DNA TECHNIQUES 

Unless otherwise indicated, standard molecular biology techniques described by Maniatis 

et al. ( 1982) or Sam brook et al. ( 1989) were used. 

Large-scale preparations of plasmid DNA were made according to the method described 

by Greenaway and Dale ( 1983). 

The Birnboim and Doly (1979) method of small scale plasmid DNA preparations was 

slightly modified by omitting the first precipitation step and precipitating with isopropanol 

instead of ethanol. 

DNA AMPLIFICATION BY PCR 

PCR amplification ofDNAwas performed according to standard methods (PCR Protocols: 

A guide to methods and applications, 1990) on either a Techne or a LEP thermocycling 

machine. Taql DNA polymerase was supplied by BRL (Boehringer). 

Amplification of Orthopoxvirus DNA equivalent to vaccinia virus ESR 

Oligonucleotide primers were designed to bind to DNA sequences flank­

ing the vaccinia virus E5R gene. Reading 5' to 3' the primer sequences are 

1 :GATGAI I I I I CCATGGCCCATI and 2: GAGCTAGTACATGATIGAGGGT. Primer 1 

(positions 52173 to 52194 of vaccinia virus Copenhagen) includes the Ncol site within the 

E4Lgene, and primer 2 binds to positions 53641 to 53620 of the vaccinia virus Copenhagen 

strain (Goebel et al., 1990b). Thirty or more cycles were performed using an annealing 

temperature of 50°C for 1 minute. Extension times were either 3 minutes or 1.5 minutes at 

72°C. 
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Amplification of the DNA flanking the major deletion in 

monkeypox virus 

Primer sequences used for differentiating the two monkeypox virus groups were l : 5'­

CCCAATTTGTTTGGAG-3' and 2: 5'-CGAACAGGCATACATG-3'. These correspond to 

positions ti'.Z0-636, and 1102-1087 respectively in fig. 3.3. Annealing was performed at 40°C 

and all cycling steps were of 30 seconds duration for 40 cycles. 

DNA CLONING 

Plasmids 

pUC 18 and pUC19 were provided by Dr Lafras Steyn, Medical Microbiology, UCT, Cape 

Town. Their restriction enzyme maps are shown in appendix A. Plasmid pGpt07 / 14 was 

kindly provided by Dr. David Boyle, Australian Animal Health Laboratory, Geelong, 

Australia. Its restriction enzyme map, together with the multiple cloning site for pMTL23 

(obtained from Chambers, Bartow and Minton, PHLS, Porton Down, Salisbury) is also 

shown in appendix A. Plasm id pAL-1 was kindly provided by Dr Mike Mackett, Manchester, 

U.K. 

The Hind/II D fragment of variola virus, Somalia was available as a pATl 53 rec om bi nan t 

plasmid (Hamilton et al. , 1985) . Cloned DNA fragments of variola virus , Harvey and 

monkeypox virus, Denmark, corresponding to the vaccinia virus E5R region, were available 

as EcoRI-BamH/fragments cloned into pUC19 (Pare, 1988). They are designated pHarE/ B 

and pDcnE/ B repectively. 

Standard methods were used for DNA cloning (Maniatis et aL, 1982; Sambrook et aL, 

1989) . E.coli cells (JM109, LIGII or OKI) were made competent and transformed as described 

by Chung and Miller (1988) or Sambrook et aL, (1989). 

Construction of plasmid pHarRsa. 

Fig. 2.1 diagrammatically shows the construction of a recombinant plasmid, pHarRsa, which 

contains 81 bp of variola virus DNA corresponding to part of the major deletion in 

monkeypox virus. The dashes represent DNA sequences deleted in monkeypox virus. A 

subclone of variola virus containing the E5R equivalent ORF was digested with Hindi, which 

cleaves within the ORF. The DNA was shortened bidirectionally by Exonuclease III digestion, 

and then cleaved with Kpnl. Within the 6bp Kpnl site is a 4bp Rsa/ site. After re ligation of 

the shortened plasmid, the DNA absent in monkeypox virus could be isolated on an Rsal 

fragment, due to the presence of an Rsal site within the stretch of DNA of interest. This 

Rsal fragment was ligated into the Smal site of pUCl 9. It was subsequently isolated as an 

EcoRI/ Hindlll fragment for probe labelling. 
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Fig. 2.1 Construction of 
plasmid pHarRsa 
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I 
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The ESR gene of vaccinia virus strain Dairen. 

Fig. 2.2 shows the location of E5R in the genome. The Hindll/E fragment was eluted from 

a 0.8% agarose gel (Seth , 1984) , digested with EcoRJ and "shotgun" cloned into EcoRJ­

<ligcste<l pUCl 9. A recombinant plasmid containing the E5R gene on a 3.2kbEcoRJfragment 

was <lesignated pDIE3.2Eco. This plasmid was digested with BamHI and re-ligated to produce 

the plasmi<l pDIEE/ B, which contains an insert of 2.9kb. 

M 
E A B 

Fig. 2.2 Hindi/I map 
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Construction of plasmid pGptC/B 

A plasmid was designed to recombine with vaccinia virus in vivo to produce a virus with 

438bp of the E5R ORF replaced with a marker gene, gpt. The cloning strategy is shown in 

fig . 2.3. An Eco!U fragment containing the gpt gene (from the plasmid pGpt07 / 14) was 

first suhcloned into the EcoR!site of pMTL23 (to producepGptMTL23) so that it could be 

cleaved again with more appropriate restriction enzmes, viz. C/,a/ and BamHI. The vector, 

initially comprising the vaccinia virus 3.2kb EcoR!fragment harbouring the E5R gene, was 

digested with BamHI + Hind/// and re ligated to produce pDIE2.9E/ B/ H. This resulted in 

the deletion of 0.3kb of vaccinia virus DNA as well as the multiple cloning site of pUC 19. 

This step was included so that unique restriction enzyme sites could be generated between 

Bgfil 

e p7 5 BQlnHI 

~}MCS 
EcolU pGpt07/14 EcoRI 

EcoRl 

JiE:"!·- =t EcolU 
&,,RI J + pMJUJ 

[Bamlll \ HlndIII J •'8•-m MCS ( ~ pGptM1U3 EcoRI 

a.~ / 
~ I C1al I .!anHl 

apt ftqmem purified 

Ii .. 

J 
apt .. 

p7.C 
(8-al \ Bg{ll] 

MCS ( EcoRI 
C1al 

pGptCIB 

EcolU 
[S-HI\HlndlD) 

Fig. 2.3 Construction of plasmid pGptC/B for interruption of vaccinia virus ESR. 
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the flanking sequences in the final construct. These sites could be useful if this plasmid 

were to be used for future cloning of genes into vaccinia virus. 

The final construct (pGptC/B) was made by ligation of the gpt gene isolated on a Clal­

BamHI fragment with the vector digested with Clal and Bglll. Three unique cloning sites -

Smaf, Sac! and Claf- were generated between the left arm and the gpt gene. 

Constructs made for DNA sequencing purposes 

Initially continous DNA sequences were obtained by treating the insert to be sequenced 

with Exonuclease III and mung bean nuclease. Subclones were sequenced using the 

commercially available forward and reverse primers. In addition, subclones were constructed 

from appropriate restriction enzyme fragments. The sequencing strategies are 

<liagrammatically represented in figures 2.4 to 2.7 for those sequences obtained from 

fragments which were subcloned. In most cases arrow labels refer to clones which were 

constructed. Numbers preceded by a "P" indicate that the sequence was obtained using a 

synthetic oligonucleotide as a primer. 

Variola virus, Harvey. Plasmid pHarE/N was subcloned from pHarE/B by double digestion 

with EcoRI an<l Ncol, filling in with the Klcnow fragment of DNA polymerase, and ligation. 

Plasmids pHarEl, pHarB6, pHarB3 and pHarA2 were obtained from the first cloning 

experiment described, using Exonuclease III and mung bean nuclease to trim the variola 

virus insert. Plasmid pHarHc is a subclone of pHarE/B digested with Hindi and religated. 

Variola virus, Somalia. pSom4.0Eco is the 4.0kb EcoRI fragment of the Hind!IID fragment 

of variola virus, Somalia cloned into pUC18. It was obtained by ligation of the agarose gel­

purified (Seth, 1984) 4.0kbEcoRlfragmentofSomaliaHindll/D with pUC18 digested with 

EcoRI. pSomE/B was subcloned from pSom3.2Eco by digestion with BamHI and re-ligation. 

pSomE/N is the product of EcoRI + Ncol digestion, Klenow blunt-ending and re-ligation of 

pSomE/ B. pSomE/C was produced by EcoRJ + ClaJ digestion of pSomE/B followed by 

Klcnow blunt-ending and rcligation. pSomBg/B was constructed from pSomE/B by 

digestion with Bglll + BamHI and re ligation. pSomHc is a subclone of pSomE/ B digested 

with Hindi and re ligated. 

Monkeypox virus, Denmark. Plasmids pDenE/N and pDenHc were constructed from 

pDenE/ B in the same was as pHarE/N and pHarHc were constructed from pHarE/B 

respectively. 

Vaccinia virus, Dairen. Plasmid pDIEE/B was shortened by Exonuclease III digestion from 

the BamHI site followed by SI nuclease digestion, the vector being protected by Pstl digestion 

(Yanish-Perron et al., 1985). Plasmids, pD1Eexl2, pD1Eexl6, pD1EexB3, pD1Eex24 and 

pD1Eex9 were generated in this experiment. Additional subclones were made: pDIEE/N -

EcoRJ + Ncol digestion of pDIEE/ B followed by Klenow blunt-ending and re-ligation; 

pD1E2.3Hc - Hindi digestion of pDIEE/B, elution of the 2.3kb fragment (Seth, 1984), and 

ligation into pUCl 9 digested with Hindi; and pDIEHc- pDIEE/B digested with Hindi and 
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religated. Plasmid pD1E2.4ex was constructed by Tonia Eeckhout (by Exonuclease III 

digestion from the EcoRI end of the fragment). 

The £5 R-equivalent regi.on of all African monkeypox viruses, cowpox viruses ( strains Brighton and 

Larkin), camelpox virus ( strain 90 3), ectromelia virus ( strain Mill Hill) and taterapox virus (gerllilpox 

virus). PCR-amplified DNA fragments (using primers 15 and 16, see table 2-3, page 35) 

were ligated into the Smalsite ofT-tailed pUC18 or pUC19 (Marchuk et al. , 1991). Clones 

have been given the following designations:pMPLIB-DNA from monkeypox virus LiberiaII; 

pMPBEN - monkeypox virus Benin; pMP86-21 - monkeypox virus Zaire 86-21; pMP86-112 

- monkeypox virus Zaire 86-21; pMP1324- monkeypox virus Zaire 1324; pCOWBRI - cow­

pox virus Brighton; pCOWI.AR - cowpox virus Larkin; pCAM903 - camelpox virus 903; 

pECTMH - ectromelia virus Mill Hill; and pGERBIL - taterapox virus gerbil pox virus. 

Three truncated clones were obtained from PCR cloning. pMP241 is a recombinant 

plasmid containing approximately 400bp of DNA from monkeypox virus Zaire 241 

corresponding to the latter half of the E5R-equivalent region and the beginning of the 

E6R-equivalent ORF of vaccinia virus (Goebel et al., 1990b). pECTtc is a clone of ectromelia 

virus DNA which contains sequences from the Ncol site to position 1118. pRACB4 is a 

truncated clone of raccoon poxvirus DNA, containing ±500 bp which includes DNA 

corresponding to the latter half of the E5R-equivalent region and the beginning of the 

E6R-equivalent ORF of vaccinia virus (Goebel et al., 1990b). 

DNA SEQUENCING 

Double-stranded DNA was sequenced by the Sanger dideoxy method (Sanger, 1977) using 
35S-dATP (Amersham) and sequenase kits (United States Biochemical). Template DNA 

· was prepared according to a modified method of Birnboim and Doly ( 1979). Forward and 

reverse m13 primers were used as well as other synthesized oligonucleotides. Table 2.2 

gives the DNA sequences of the primers used. 

Figures 2.4 to 2.7 diagrammatically show the DNA sequencing strategies employed for 

variola virus Harvey, variola virus Somalia, monkeypox virus Denmark and vaccinia virus 

Dairen respectively. Arrows which are not labelled (for parts of variola virus Harvey and 

monkeypox virus Denmark) refer to DNA sequences which were obtained prior to 

registration for this degree and were written up as part of a master's thesis. 

DNA sequences obtained from cloned PCR-amplified viral DNA were determined by 

primer walking. Table 2-2 gives the DNA sequence of all primers used and fig. 2.8 shows 

the corresponding position in vaccinia virus Dairen to which they bind. 

The primers used for DNA sequencing of the different viral fragments are listed in table 

2-3. Only part of the DNA sequence obtained from raccoon poxvirus was confirmed by 

sequencing in two directions. All the other sequences described in this thesis have been 

confirmed by sequence determination of both DNA strands. 
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DNA sequences were analysed using GENEPRO (Riverside Scientific, 1985, 1988) , an<l 

aligned using clustal V (Higgins et aL, 1991 ). FastA (Pearson and Lipman, 1988) and Blast 

(Altshul fl al., 1990) database searches were performed through GCG (Devereux et al, 

1984). 

BS .. 
Et 

EIN Pt .. 
EIS 83 

AZ 
~ 

E N He .. PIZ .. He 

Fig. 2.4 Strategy for detennining the DNA sequence of variola virus Harvey in the region corresponding to vaccinia 

virus ESR.The equivalent ORF is indicated by an open arrow. Filled arrows show stretches of DNA sequenced using 

forward or reverse primers. except for those labelled PS and Pl 2, which refer to primers listed in table 2-2. Labels 

refer to clones described in the text (omitting the pHar prefix). Unlabelled arrows refer to DNA sequences 

determined for a previous thesis. 

Pfl 

EiC ., 
PS Pt .. PIO 

EIN .. P3 
EIS .. Pt1 

P5 
., 

E N CHc Bg .. PIZ 
P4 .. .. 

PT He 
pa .. ,. 

tOObp 

Fig. 2.S Strategy for determining the DNA sequence of variola virus Somalia in the region corresponding to vaccinia 

virus ESR.The equivalent ORF is indicated by an open arrow. Filled arrows show stretches of DNA sequenced using 

forward or reverse primers, except for those labelled with numbers preceded by a "P", which refer to primers listed 

in table 2-2. Labels refer to clones described in the text (omitting the pSom prefix). 
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EIN 

EIB .. PS _______________ .,. 

E N He 

He P12 

P2 

Fig. 2.6 Strategy for determining the DNA sequence of monkeypox virus Denmark in the region corresponding to 

vaccinia virus ESR. The region equivalent to vaccinia virus ORF ESR is indicated by a broken arrow. Filled arrows 

show stretches of DNA sequenced using forward or reverse primers, except for those labelled with numbers 

preceded by a "P", which refer to primers listed in table 2-2. Labels refer to clones described in the text (omitting 

the pDen prefix). 

2.3He .. 
2., •• .. 

EIN Pl 

E/8 P3 
P5 

ESR 
i =================================~ 

E N He 
He 

eu, •• ,z 
P2 .. ,e 

H83 

Fig. 2. 7 Strategy for determining the DNA sequence of the vaccinia virus Dairen ESR region. Filled arrows show 

stretches of DNA sequenced using forward or reverse primers, except for those labelled with numbers preceded 

by a "P", which refer to primers listed in table 2-2. Labels refer to clones described in the text (omitting the pDIE 
prefix) . 
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TABLE 2-2 
Primers used duri11f!. tbe course of this study. 7be location of p rimer sequences ts diagrammatical~v shou·n 

in fig 2.8 usi11g cacci11 ia uintS (DairenJ as a ref erence. (Primer seque11ces a re not all identical to 
vaccinia l' intS DairenJ. 

Primer DNA sequence (5' to 3') Position in fig. 5.5 (*) 

fo rwar<l (for ) GTAAAACGACGGCCAGT (pUC) 

revc rsc (rev) CAGGAAAC...AGCTATGAC (pUC) 

1 CCCAATTTGTTTGGAG 63tH35 l 

2 CTCLAAACAAATTGGG 651-636 

3 CATCC :C:AGGAATTGG 946-960 

4 ATATCAACATAATAATG 200-184 

5 CTTTGTTAGTGAATAGGC 1215-(1232) 

6 GGATGAGTAACTACTA 107-122 

7 CGAACAGGCATACATG 1118-1103 

8 CCTGGGATGTCACAC 954-940 

q TGATTAGGACTACTACT 487-503 

10 GCAAGGTATCGCCTA 855-869 

11 TTGTTCATGATATAGTTG 1082-1099 

12 TATAAGATACTTTCTACG (in E6R) 

13 GTATCAAATCGATAGTG 329-345 

14 CACTATCGATTTGATAC 345-329 

15 GATGAI I I I ICCATGGCCCATT (-10)-12 (PCR primer) 

16 GAGCTAGTACATGATTGAGGGT (in E6R, PCR primer) 

17 TAGAATCTTTCTTCCAC 763-747 

18 TTACTCGGATICTGTG 604-589 

19 CAGAII II CCCTIGATIC 900-883 

20 CTTTGTCCTCTTCTTATC 383-366 

21 GTATI(;AGAAAGGAAAAG (1257-1240, cowpox) 

22 GAGGGTATCTTCTTCAG 914-898 

* Primer corresponds to DNA sequence not shown in fig 5.5 
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TABLE 2-3 
Primers used for DNA sequencing of the equivalent region in different Ortbopoxviruses . 

Primer sequences are listed in table 2-2. 

Virus 

monkeypox viruses 

Liberian 

Benin 

Zaire 86-21 

Zaire 86-112 

Zaire 1324 

Zaire 241 

cowpox viruses 

Larkin 

Brighton 

ectromelia virus 

Mill Hill 

taterapox virus 

gerbil pox 

camelpox virus 

camelpox 907 

raccoon poxvirus 

clone B4 

Primers used 

rev, 6, 13, 9, 1, 5, 

16, 12, 7, 18, 14, 4. 

rev, 6, 13, 9, 1, 5, 

for, 12, 7, 18, 14, 4. 

for, 6, 13, 9, 1, 11, 5, 

re~ 16, 12, 7, 17, 18, 14,4. 

for, 6, 13, 9, 1, 11, 5, 

rev, 12, 7, 17, 18, 14, 4. 

for, 6, 13, 9, 1, 11, 5, 

16, 12, 7, 17, 18, 14,4. 

for, 11, 5 

rev, 12, 7. 

for, 6, 9, 1, 10, 11, 

rev, 12, 21, 7, 19, 17, 18, 20, 4. 

for, 6, 9, 1, 10, 11, 5, 

rev, 12, 21, 7, 19, 17, 18, 20, 4. 

for, 6, 13, 9, 1, 10, 11, 

rev, 12, tc*rev, 22, 17, 18, 20, 4. 

for, 15, 6, 13, 9, 1, 10, 11, 5, 

re~ 12, 7, 19, 17, 18, 20,4. 

for, 6, 13, 9, 1, 10, 11, 5, 

rev, 7, 8, 17, 18, 14, 4. 

for, rev, 12. 

• tc refers to a clone which contains a truncated insert. 

35 



15 " 13 ~ ~ 10 11 ~ - - - - -,, . .,,,-;;; 
ESR 

!.,!"(for} 

~ lQ 111 17 19 2. l! 12 !! - - - -- To 22 14 

tOObp 

Fig. 2.8 Diagram showing the positions to which the primers bind using vaccinia virus Oairen ESR as a template. 

Primer sequences are listed in table 2-2. 

NORTHERN BLOT ANALYSIS OF RNA 

RNA was prepared as described by Howard and Smith ( 1989). Northern blotting was done 

according to Maniatis et al ( 1982). 32P-labelled DNA probes were prepared either by end­

labelling (BRL) or nick translation (Amersham) followed by column purification. Using 

the end-labelled primer (5'-CGAACAGGCATACATG-3') hybridization was at 42°C in a 

solution of 25% formamide, 5 X SSPE, 2 X Denhardt's and 0.1 % SOS. After overnight 

incubation the blot was washed in a solution of 0.1 % SDS and 2 X SSPE for 20 minutes. 

The gpt-specific probe was prepared by nick-translation of pGptMTL23. Hybridization was 

left overnight at 42°C in a solution of 50% formamide, 5 X SSPE, 2 X Denhardt's and 0.1 % 

SDS. The membrane was given three 15 minute washes at room temperature; one in 6 X 

SSPE, 1 % SOS, and two in 2 X SSPE, 1 % SDS. 

The blot was stripped of its probe by boiling in 0.1 % SDS for 45 minutes. 

CELL CULTURE TECHNIQUES 

Standard techniques were used. Cells were incubated at 37°C in a 5% CO
2 

incubator. CVI 

(monkey kidney), HF (human fibroblast) and RK.l 3 (rabbit kidney) cells were available in 

the department and were maintained on MEM (minimal medium) containing 4% fetal 

bovine serum (Highveld Biologicals). 

Virus infection and titrations were performed as described by Mackett et al., ( 1985). 

Marker rescue experiments 

CVI cells were infected with vaccinia virus, strain Dairen, at 0.005 pfu/ cell. After adsorption 

for 1 hour at 37°C, the virus was removed, cells washed 3 times with Opti-MEM (Gibco 

Laboratories) and plasmid introduced into the cells as described by Chang and Brenner 

(_1988) using lipofectin (BRL). After 6 hours the medium was replaced with gpt selection 
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medium (MEM + l µg / ml mycophenolic acid (Sigma) + 250µg / ml xanthine (Sigma) and 

cells left for 48 hours. Virus-infected cells were harvested by three freeze-thaw C)"l :es. The 

virus was passaged in CVl cells under selective and nonselective conditions. Virus which 

only forme<l plaques un<ler selection conditions was pock-purified. 

As a transfection control the plasmid pAL-1 was transfected into virus-infected cells in 

the same manner, except no selection was applied to the infected cells. The cells were 

staine<l after 24 hours to test for f3-galactosidase expression (Chakrabarti et al., 1985). 

As a control for the system, pGpt07 / 14 was used to generate a TK recombinant virus. 

At a later stage the selection conditions had to be modified. To reduce background false 

positive plaques the xanthine concentration was reduced to 25µg / ml and, to reduce cell 

toxicity the mycophenolic aci<l concentration was reduced to 0.5µg / ml. 

PATHOGENICITY EXPERIMENTS 

Young a<lult rabbits were injected intradermally with 0.1 ml of virus diluted in physiological 

saline. 2 or 4 rabbits were injected on three separate occasions using virus titres of 105, 106 

or I 07 pfu/ ml. The lesions produced were observed daily and photographed after 5 and 8 

<lays. 

37 



CHAPTER 3 

INDEPENDENT EVOLUTION OF VARIOLA 
AND MONKEYPOX VIRUSES 

Summary 39 

Introduction 39 

Results and discussion 42 

38 



CHAPTER 3 

INDEPENDENT EVOLUTION OF VARIO LA 
AND MONKEYPOX VIRUSES 

SUMMARY 

An open reading frame (ORF) present in the conserved region of variola and vaccinia 

viruses was shown to have a degenerate counterpart in monkeypox virus. Two strains of 

variola virus, Harvey and Somalia, were sequenced across l 260bp which included this ORF. 

The two sequences differed in only l position. The equivalent sequence in monkeypox 

\>irus could be aligned with 94% base similarity if four gaps were introduced; 24-, 1-, 391-

and 24-bp in length. One base substitution results in a termination codon near the beginning 

of the ORF. Together, all theses changes indicate that the ORF, once present in a common 

ancestor, became truncated in monkeypox virus. By hybridization and PCR it was shown 

that no equivalent full length ORF is present within the entire monkeypox virus genome. 

The presence of an ORF conserved in variola virus which is degenerate in monkeypox 

virus indicates that monkeypox virus cannot be a direct progenitor of variola virus. Evidence 

suggests that the two viruses evolved independently from a common ancestor. 

INTRODUCTION 

This project was started by com paring the Hind/II maps of variola and monkeypox viruses. 

Our aim was to locate a difference which occurred early in the evolutionary history of the 

two separate viral species. Such a change would most likely be found in the central conserved 

region of the genome, where it would be stably maintained. The termini, in constrast, are 

variable both within and between species, and would represent more recently acquired 

changes. 

Secondly, we wished to identify a gene unique to variola virus. This would be evidence to 

suggest that monkeypox virus is not a progenitor of variola \>irus, since DNA not present 

anywhere else in the genome cannot simply be acquired. We were therefore interested in 

finding surplus DNA in variola virus. 

The Hindlll maps of variola and monkeypox viruses are shown in fig. 3.1 (Mackett and 

Arc hard, 1979). Focussing on the central conserved region, there is an additional Hindlll 

site in variola virus between the Hind/II M and E fragments, which lies within the 

corresponding Hind/IID fragment of monkeypox virus. This difference was not investigated 

since the adjacent Hind/II sites are co-incident, implying that a single base substitution 

event may have introduced the additional cleavage site into variola virus. 
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The second noticeable difference is the staggering of the Hindi/I sites dividing variola 

Hind!IIC and D fragments, and the corresponding monkeypox Hindi/IC and E fragments. 

If the two Hindlll sites are, in fact, co-incident, then monkeypox Hindi/IC would be larger 

than variola Hindi/IC; and Variola Hind!IID would be larger than monkeypox Hindi/IE. 

In this case there may be surplus DNA in variola Hind/IID . 

Variola Harvey D NOC D PJ G LK H E M A B F 
Ill II I I I I 11 

II 111 II I I I I I I II I 

Monkeypox Denmark JN FOP C E QI G ML H D A B KNJ 

Fig. 3.1 Hindi/I maps of variola and monkeypox virus genomes (From Mackett and-Archard, 1979). 

Kinchington et al. (1984) have compared the Hindi/IC fragments by heteroduplex analy­

sis. Three loops were formed by the heteroduplexes, one large one and two smaller ones. 

These loops probably represent surplus DNA in monkeypox Hindi/IC , indicating that the 

ends of the Hind!IIC fragments are homologous; and the Hind!II sites separating monkeypox 

Hind!IIC and E; and variola Hindi/IC and Dare probably in equivalent positions. 

DNA sequence at the right hand end of variola virus Hindi/ID (15.3kb) matched that of 

the right hand of monkeypox virus Hindi/IE (14.4kb). This left a potential overlap of 

approximately 0.9kb between variola virus Hind!II D and monkeypox virus Hindi/IC. A 

2kb fragment of the left end of variola virus Hindi/ID was exonuclease III treated to leave 

the left most 0.5kb of variola virus sequence. This was used to probe a monkeypox virus 

Hind!II digest and hybridized to monkeypox virus HindIIIE and not at all to monkeypox 

· virus Hind/II C. 

Monkeypox Hind!!! E was mapped for EcoRI and BamHI sites and compared to variola 

Hind!IID (previously mapped by Hamilton , Greenaway and Dumbell , unpublished) (fig. 

3.2a). Similar sized fragments were found in corresponding positions at both left and right 

ends. However, in the centre, variola virus has an EcoRI-BamHI fragment of 2.9kb which 

corresponds to a monkeypox fragment of only 2.4kb. These two fragments were compared 

to locate the precise position of the surplus DNA in variola virus. The left end was similar 

with respect to restriction enzyme sites; and the right end was shown to be homologous by 

heteroduplex formation followed by SI nuclease treatment (fig. 3.2b). The central region 

was sequenced in one direction and found to contain the surplus DNA in variola virus. An 

extra stretch of 391 bp was found in variola virus, flanked by sequences homologous to 

monkeypox virus. This 391 bp of DNA is part of two open reading frames (ORFs) on oppo­

site strands. The one (complete) ORF is equivalent to vaccinia virus E ORF Band the other 

(partial) corresponds to part of the vaccinia virus E5R ORF (Goebel et al., 1990b). Prelimi­

nary hybridization experiments suggested that the DNA sequence absent in monkeypox 

virus Denmark is also absent in other monkeypox virus isolates, but is present in other 
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Ortho,poxvirus species. 

This work has been described previously in the form of a master's thesis (Pare, 1988). 

The study has been extended and is the subject of the current chapter. 

The full length of the vaccinia virus (Dairen) E5R ORF ( chapter 5) and the correspond­

ing DNA in both variola (Harvey) and monkeypox (Denmark) viruses has now been se­

quenced. In addition, DNA from a second strain of variola virus, Somalia, was sequenced. 

The DNA sequences were compared to investigate the likelihood of monkeypox virus be­

ing a remote, but direct, ancestor of variola virus. 

A probe was constructed (pHarRsa), specific for the sequence absent in monkeypox 

virus Denmark, to detect whether this difference is present in other Ortho,poxviruses. The 

results are shown in figure 3.6 on page 45. 

Cloning and sequencing strategies are described in chapter 2 together with the methods 

used. 

(a) 
H 

E E E E B EE E E 
H 

VarD I I 

2.9 1.3 2.85 1.9 

H B E E E E BE EE E E H 

MPE 
I 

i I I I I 

2.4 1.3 2.85 1.9 

(b) 

EK N He R 
8 

Var 2.9 E/8 I I I I I I 
EK N He B 

MP 2.4 E/8 I I I 

Fig. 3.2 (a) Restriction enzyme maps of variola virus Hind/II D (Hamilton, Greenaway and Dumbell, unpublished) 

and monkeypox virus Hind/II E (Douglass and Dumbell, 1992). Maps are aligned from the left to show corresponding 

EcoR/ sites; numbers denote fragment sizes (in kb) to show the presence of equivalent sites at the right end. (b) 

Further analysis of the 2.9 and 2.4kb EcoR/-BamHI fragments.The bold lines denote 1.4kb stretches of DNA which 

were not sensitive to SI nuclease digestion of heteroduplexed material. H, E, B, K, N, He and R refer to restriction 

enzyme sites Hind/II, EcoRI, BamH/, Kpnl, Nco/, Hine/I and Rsa/ respectively. 
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RESULTS AND DISCUSSION 

DNA was sequenced from the central, conserved region of the variola and monkeypox 

virus genomes. These sequences are located on the cross-hybridizing Hind!IID and E frag­

ments of variola and monkeypox viruses respectively (figure 3.1), and correspond to the 

E5R ORF of vaccinia virus Copenhagen (Goebel et al., 1990b). Figure 3.3 shows l 260bp of 

variola virus Harvey DNA compared to the equivalent monkeypox virus Denmark sequence 

starting from a common NcoI site. The E5R-equivalent ORF occupies positions 143 to 

1207. The DNA sequence shown includes the beginning of the E4L ORF (first ATG at 

position 136) and the shortE ORF B (positions 1062-745 reading leftwards) found in vaccinia 

virus (Goebel etal., 1990b). 

A second strain of variola virus (Somalia) was sequenced and found to contain an ORF 

identical to that of Harvey with the exception of a single nucleotide: the substitution of A 

for G at base 337 (Fig. 3.3). This change is in the wobble position and does not alter the 

amino acid sequence of the putative polypeptide. Harvey is a strain of variola major virus, 

whereas Somalia is a strain of African variola minor virus (Dumbell and Huq, 1986). Such 

a high degree of similarity between the two DNA sequences indicates a recent divergence 

of the two viruses. It also highlights the fidelity of DNA replication by the poxvirus DNA 

polymerase. 

Aligned parts of the variola and monkeypox virus sequences have 96% base similarity 

allowing for four deletions of 24-, 1-, 391-, and 24-bp in the monkeypox virus sequence. 

However, the coding potential is different for the two viruses (Fig. 3.4). Vario la virus codes 

for a presumptive translation product of 341 amino acids with the first ATG codon at posi­

tion 185 and the stop codon at position 1208. Monkeypox virus, has the same presumptive 

translational initiation codon at position 185; the product would omit 8 amino acids corre­

sponding to the 24bp deletion at position 201 to224 and a base substitution at position 263 

(G to T) introduces a stop codon, thus giving a potential product of only 18 amino acid 

residues. The monkeypox virus sequence contains an ORF running from postions 263-

1068 with an in-frame ATG at position 278, but this would presumably not be translated. A 

single bp deletion is at position 600 and the second 24bp deletion is at position 1155-1178. 

Interestingly, the variola sequences corresponding to the 24bp deletions are flanked by 

short, direct repeats, of which a single copy is present in the monkeypox virus sequence 

(fig. 3.5). Several examples of deletions within short direct repeats have been reported 

between both the Copenhagen and Western Reserve (WR) strains of vaccinia virus (Smith 

et al., 1991 a) and between vaccinia virus WR and variola virus Harvey (Aguado et al., 1992). 

These repeats may be significant in the general scheme of poxvirus evolution. They more 

than likely are responsible for the deletions by allowing for slippage during DNA replica­

tion as described by Albertini et al. (1982) and Levinson and Gutman (1987). 
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Var(Harvey)CCATGGCCCATTCTATTAAGTCTTCCAAGTTGGCATCATCCACATATTGTGATAGTAATT 
MP(Denrnark)*********************T************************************** 

61 CTCGGATATTAGTAGCGGCTACCGCCATTGATGTTTGTTCATTGGATGAGTAACTACTAA 
*********C*****T*A************~*A**********T**************** 

121 TGTATACATTTTCCATTTATAACACGTATGTATTAACTTTGTTCATTTATATTTTTTCAT 
*************************T*****************T**•************* 

40.5 -181 TATTATGTTGATATTAACAAAAGTGAATATATATATGTTAATAATTGTATTGTGGTTATA 
*****************T**------------------------*C************** 

241 TGGCTACAATTTCATAATGAGCGGAAGTCAGTGTCCGATGATTAATGACGATAGATTTAC 
*********************TI!!***********T*****C***********C***** 

A 
301 TCTGAAAAGAAAGTATCAAATCGATAGTGTAGAGTCGACAATGAAAATGGATAAGAAGAG 

*****************************C******A*******************C**T 

361 GACAAAGTTTCAAAATAGAGCCAAAATGGTAAAAGAAATAAATCAGACAATAAGAGCAGC 
************G*******T***************************G*********** 

421 ACAAACTCATTACGAGACATTGAAACTAGGATACATAAAATTTAAGAAAATGATTAGGAC 
*********************************T************GG************ 

481 TACTACTTTAGAAGATATAACAACATCTATTCCAAATATTCAGAAAATTTATAAACTATT 
*******C***********G**C***************A********C************ 

541 CTCGGACATTTCAGCCATTGGC.AAAGTATCACAGAATCCGAGTJV,AATGGCATATGCTTT 
****T*********T***********C******************G***AT*******C-

601 ACTGCTTTACATGTTCCCCAATTTGTTTGGAGATGACCATAGATTCATTCTTTATAGAAT 
G**************T*********************************TG********* 

661 GTTTCCAATGAGTAAAATC.AAACACAAGATCTTCTCTCCTTTCAAACTTAATCTTATTAG 
*CA*****----------------------------------------------------

721 AATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAAT 

781 TGGAACACAAGTTGATAAAATGTTGATAGTTGAATCTGATAAATATACAATAGATGCAAG 

841 GTATCGCCTAAGACCTATATATAGAATCAAGGGAAAATCTGAAGAAGATACCCTCTTCAT 

901 CAAACAGATGGTAGACCAATGTGTGACATCCCAGGAATTGGTGGAAAAAGTGTTGAAGAT 

961 ACTGTTTAGAGATTTGTTCAAGAGTGGAGAATACAAAGCGTACAGATACGATGATGACGT 

1021 

1081 

1141 

1201 

AGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAACATTGTTCATGATATAGTTGA 
---------------------------------------********************* 

ACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAA 
*T******************T***T*********************************** 

ATACTTTGAGAATCCGCTGCATATTATTGGTAAGAATCTTCAAGAGTGCATTGACTTTGT 
**************------------------------**T******************* 

TAGTGAAIA9.GCATTTCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGGA 
***************C******************************************** 

Fig. 3.3 DNA sequence comparison of variola virus, Harvey (I 260bp) and monkeypox virus, Denmark (820bp). 
The corresponding sequence for variola virus Somalia was identical to Harvey except for the A shown above the G 
at base 337.Asterisks denote identity of monkeypox virus with variola virus DNA and dashes indicate gaps inserted 
in the monkeypox virus sequence to preserve the alignment with variola virus.The first potential translational start 
site is indicated by an arrow and termination signal is boldly underlined.The 81-bp sequence used as a hybridization 
probe is underlined. 
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Variola Harvey 

MP Denmark 

-
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24 

I 
1 391 

II I I 

24 

Fig. 3.4 Schematic representation of the coding potential of variola virus, Harvey and monkeypox virus, Denmark 
DNA in the region sequenced. Methionine start codons are indicated by arrows and termination codons by vertical 
lines. Deletions are denoted by closed boxes beneath which numbers refer to their size in base pairs. 

VARIOI.A TGATATTAACAAAAGTGAATATATATATGTTAATAATTGTATTGTGGT 

MONKEYPOX TGATATTAATAA - - - - - - - - - - - - - - - - - - - - - - - -TCGTATTGTGGT 

VARIOI.A ACTTTGAGAATCCGCTGCATATTATTGGTAAGAATCTTCAAGAGTGCA 

MONKEYPOX ACTTTGAGAATC - - - - - - - - - - - - - - - - - - - - - - - -TTTAAGAGTGCA 

Fig. 3.5 DNA sequence in the region of the two 24bp deletions. Direct repeats are in bold face. 

To investigate whether this degenerate monkeypox virus ORF is present in a complete 

form elsewhere in the genome the entire genome was probed with a radiolabelled DNA 

fragment (from plasmid pHarRsa) homologous to a portion of the sequence deleted in 

monkeypox virus (8lbp underlined in Fig. 3.3). In addition, a number of other monkeypox 

virus isolates - 4 from captive animals, one from a case of human monkeypox in Liberia, 

and one from a wild squirrel in Zaire, as well as different strains of vaccinia virus (Lister, 

USSR, Buffalopox and rabbitpox) were probed. 

The results, using stringent hybridization conditions, are shown in figure 3.6. As a control 

the same membrane was stripped and probed with cross hybridizing monkeypox virus 

DNA (plasmid pDenE/B) to show that the DNA concentration on the membrane was 

comparable for all sam ples. Clearly, the ORF is not present in its entire form in any of the 

isolates from captive animals or from the Liberian isolate. However, there is some 

hybridization of the probe to the Zaire DNA. Although the signal is not as strong as that for 

the vaccinia viruses, the result does suggest that there is some homology. Subsequent 

sequencing of the corresponding DNA in four monkeypox isolates from Zaire (see next 

chapter) showed that only part of the probe sequence (14bp) is present, and most of the 

sequence (67bp) is deletetj in all of them. 
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Lister 

USSR .. -
Buffalo .. -
Rabbit -
Denmark -
Rotterdam -
Liberia -
Paris 

Espana 

Zaire ~ 

A B 

Fig. 3.6 Slot blot of monkeypox virus genomic DNA probed with A) a variola virus 81 bp fragment corresponding 
to part of the major deletion in monkeypox virus (Rsal fragment from pHarRsa) and B) plasmid pDenE/B, which 
contains monkeypox virus DNA (2.4kb EcoRI-BamHI fragment referred to in fig. 3.2). Lister, USSR, Buffalopox and 
rabbitpox are all strains of vaccinia virus. Monkeypox viruses Denmark, Rotterdam, Espana and Paris are all isolates 
from captive animals; Liberia is from a human monkeypox case in Liberia and Zaire is from a squirrel in Zaire. 

The DNA sequence spanning the major deletion was amplified from the Zaire isolate by 

PCR, using primers which bound to positions 617-632 (5'-CCCAATITGTITGGAG-3') and 

1098-1083 (5'-CGAACAGGCATACATG-3'). The resulting amplicon was larger than the 

monkeypox virus Denmark fragment, but significantly shorter than the control fragment 

from variola virus (see next chapter). The PCR experiment, done on genomic monkeypox 

virus DNA, also confirmed that there was no complete copy of this ORF anywhere in the 

monkeypox virus genome. 
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There is little doubt that monkeypox and variola viruses originated from a common 

ancestor. All the corresponding genomic restriction enzyme fragments cross-hybridize 

(Mackett and Archard, 1979; Dumbell and Archard, 1980; Esposito and Knight, 1985; 

Esposito et al., 1985) and our DNA sequence comparison, like other published reports 

(Esposito and Knight, 1984; Cowley and Greenaway, 1990) shows >94% base similarity 

between the two viruses. What is questionable is the mode of divergence of the two species 

from this common ancestor. Did variola virus evolve from monkeypox virus or did they 

evolve independently? The third alternative of monkeypox virus evolving from variola virus 

is highly improbable due to host range features of the viruses. The host range of variola 

virus is strictly limited to humans, implying that the virus had reached the end of its line in 

evolutionary terms. Since it is not easily maintained in another host there was little exposure 

of the virus to different selective pressures and therefore little likelihood of it changing to 

become better suite<l to infect different host animals. Also, historical evidence (which is 

not conclusive) suggests that variola virus originated in East Asia. Monkeypox virus, however, 

has a broad host range allowing for more variability under different selective pressures in 

<lifferent host systems. The virus therefore has more chance of adapting to a particular 

(different) host. Being confined to the tropical rain forests of West and Central Africa, 

monkeypox virus is unlikely to have originated anywhere other than in Africa. It is therefore 

more likely that monkeypox virus evolved into variola virus than vice versa. The third, and 

most likely alternative, is that the two viruses evolved independently. 

The sequencing data shows that monkeypox virus has a degenerate form of an ORF 

present in variola virus. There are four separate deletions and one base substitution which 

have resulted in a putative gene product less than one-third the length of that in variola 

virus. The clearest, and most likely, scenario, is that the ORF was present in its entirety in 

the common ancestor and gradually accumulated mutations and became truncated in 

monkeypox virus. This means that, from the common ancestor, variola and monkeypox 

viruses evolved independently (since it is unlikely that monkeypox virus evolved from variola 

virus). 

If variola virus were to have evolved from monkeypox virus, the ORF degenerate in 

monkeypox virus would have had to acquire, in addition to some base changes and three 

small insertions (1 X lbp and 2 X 24bp), a major insertion of DNA which is not present 

elsewhere in the genome. The base substitutions and insertion of 1 bp could easily be 

introduced through simple mutational events. The two 24bp insertions could not have 

arisen that simply. Although they have a repeat sequence at one end, the remaining 17-

and 18-bp respectively do not resemble sequences in the immediate vicinity. It is therefore 

difficult to explain from where these sequences came. It appears more likely that they were 

originally present and later became deleted (as described earlier). Similarly, the large 

insertion would be more difficult to explain. Genetic elements capable of inserting 

themselves into DNA have been described and characterized (Lewin, 1990), but this stretch 

of DNA has no features of transposable elements. 
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Our conclusions, that variola and monkeypox viruses evolved independently from a 

common ancestor, are based on analysis of a single gene/ pseudogene. The argument would 

be strengthened if similar trends were observed in other parts of the genome. Unfortu­

nately not much monkeypox virus DNA sequencing data is available for wider comparisons 

to be made. The thymidine kinase gene is conserved in both monkeypox and variola vi­

ruses (Esposito and Knight, 1984) and limited sequencing data suggests that one of the 

host range genes present in vaccinia virus has become degenerate in both monkeypox and 

variola viruses (Cowley and Greenaway, 1990). Nevertheless, the location of this ORF in 

the conserved part of the genome and its conservation in different Ortho-poxviruses ( chap­

ter 5) suggests that the changes present within probably represe.nt the evolutionary pat­

tern of the virus as a whole. 
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CHAPTER4 

MONKEYPOX VIRUS EVOLUTION 

SUMMARY 

Monkeypox viruses were differentiated into two distinct groups, West Africa and Zaire, by 

DNA sequence comparison and PCR amplification. A short stretch of DNA from the central 

conserved region of five African isolates of monkeypox virus was sequenced. This region 

corresponds to the vaccinia virus E5R ORF and is degenerate in monkeypox virus Denmark. 

Since this ORF is not conserved in monkeypox virus by functional selection it would be 

more variable. The monkeypox virus sequences were compared to those of variola virus. 

All the differences found between monkeypox virus Denmark and variola virus (previous 

chapter) are present in the monkeypox isolates from West Africa. The isolates from Zaire 

are identical to one another, but different from the West African viruses. They have three 

common deletions of 24-, 1- and 24-bp, but differ by having additional small deletions 

which abolish the ORF entirely. This indicates that monkeypox virus evolved into two groups, 

acquiring deletions in the genome both before and after splitting into two (West African 

and Zairean) lineages. The overall base similarity amongst the monkeypox virus sequences 

is >99%, suggesting that the divergence occurred recently. 

INTRODUCTION 

Monkeypox virus has been isolated from a number of different host animals and 

geographical locations. The isolates from outbreaks in captive animals in Europe and the 

USA are the only reported cases of infection outside of the tropical rain forests of West and 

Central Africa. In all cases, whether of human or animal origin, and irrespective of 

geographical origin, monkeypox virus could not be subdivided into smaller groups based 

on phenotypic properties. 

Twenty isolates of monkeypox virus have been mapped for Hindlll cleavage sites (Esposito 

and Knight, 1985). The only noticeable differences are in the terminal fragments. These 

differences allow monkeypox virus to be grouped according to geographical location, and 

not time of isolation or host animal from which the virus was isolated. The three groups 

formed are West Africa, Nigeria and Zaire. 

A more useful enzyme for differentiating monkeypox viruses is Pstl. The Pstl maps differ 

in the conserved region as well as the termini. Again, the viruses fall into one of three 

groups depending on geographical origin (Richardson and Dumbell in Fenner et. al, 1989). 
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No DNA sequence comparison has been made within the monkeypox virus species. The 

ORF described in chapter 3 is degenerate in monkeypox virus, and therefore would not be 

conserved by functional selection. For this reason it should show more variability in DNA 

sequence than other conserved genes, thus revealing evolutionary changes within the 

species. 

The equivalent region was sequenced in five African isolates of monkeypox virus, one 

from Liberia (Liberiall), one from Nigeria (Benin) and three from Zaire (86-21, 86-112 

an<l 1324) (see table 4.1 and figs. 4.1 and 4.2 for virus and geographical details). A fourth 

Zaircan strain (2241) was partially sequenced and found to be identical to other isolates 

from Zaire for the 441 bp sequenced. The DNA sequences have been compared to one 

another and to the variola and monkeypox virus sequences discussed in chapter 3. 

A major difference was the size of the large deletion described in chapter 3. PCR 

amplification of the DNA spanning this deletion from a number of other monkeypox virus 

isolates provided further evidence of the occurrence of two distinct groups. 

Designation 

Denmark 

Paris 

Prier 

Espana 

Liberia! 

Liberiall 

MP-266 

MP-82 

Benin 

2241 

Zl324 

86-21 

85-249 

85-240 

86-112 

TABLE 4-1 

Details of monkeypox vims isolates 

year isolated 

1958 

1968 

1959 

1967 

1970 

1970 

1970 

1971 

1978 

1972 

1979 

1986 

1985 

1985 

1986 

origin 

captive monkey from Singapore 

captive chimpanzee from Sierra Leone 

captive monkey from Malaysia 

captive monkeys from India, Malaysia 

human, Liberia 

human, Liberia 

human, Sierra Leone 

human, Nigeria 

human, Nigeria 

human, Katako-kombe, Kasai, Zaire 

human, Gemena, Equateur, Zaire 

human, Bumba, Equateur, Zaire 

squirrel, Bumba, Equateur, Zaire 

human, Bumba, Equateur, Zaire 

human, Bongadanga, Equateur, Zaire 
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([l) Human monkeypo1 cases 

:!~~ T rop1caj rain forest area 

Fig. 4.1 Map ofWestern and central Africa, showing the extent of tropical rain forest and locations where cases of 

human monkeypox have occurred. Numbers refer to cases reported between 1970 and 1986. (from Jezek and 

Fenner; 1988.) 

Principe 

SAO TOME 
IND PRINCIPE 

oTomt 

~ 

Fig. 4.2 Map of Africa showing the topology between West and Central Africa; and the places in Zaire from where 

monkeypox virus was isolated. 
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RESULTS AND DISCUSSION 

Figure 4.3 summarizes the results obtained as a DNA alignment. The equivalent DNA 

sequences of five African isolates of monkeypox virus are compared to the corresponding 

variola virus Harvey and monkeypox virus Denmark sequences. This stretch of DNA 

corresponds to the published vaccinia virus E5R open reading frame (ORF) (Goebel et al, 

1990b). 

The DNA sequences are aligned starting at a common Ncol site and ending at the variola 

virus termination codon. The potential E5R-equivalent coding sequence starts at position 

185 and ends at position 1214. All the monkeypox viruses have a degenerate form of this 

gene (see figure 4.4). 

Amongst the monkeypox viruses differences are found between isolates from West Africa 

(Liberian and Benin) and those from Zaire (86-21, 86-112 and Zl324). Within these two 

groups the sequences are identical (Zaire) or >99% similar (West Africa). An additional 

strain of monkeypox virus, Z241, was partially sequenced ( 441 bp) and found to be identical 

to the other Zaire isolates. The Denmark strain of monkeypox virus is identical to Liberian. 

At position 263 a transversion base substitution (G-T) generates a stop codon in all 

monkeypox virus sequences. The West African isolates have two open reading frames, the 

one running from positions 143 to 262 and the other from positions 266 to 1072. The 

Zaire isolates have the first ORF (positions 143 to 262), but the second ORF is reduced to 

75bp by a single base pair deletion at position 308; although they have >94% DNA homol­

ogy to variola virus and >99% similarity to the West African monkeypox virus isolates. 

Present in all monkeypox virus sequences are the two 24bp deletions (positions 201-224 

and 1155-1178) and one single base deletion (position 603). These deletions must have 

arisen before monkeypox virus diverged into separate groups. 

All the West African isolates have the large deletion of 391 bp which is present in the 

Denmark strain. In the corresponding position in the Zaire isolates there are three deletions 

of 5- (positions 697-701), 9- (positions 815-823) and 127-bp (positions 867-993) as well as 

an insertion of 1 bp at position 1003. 

Common to the Zaire isolates only are additional deletions of 1- and 2-bp and an insertion 

of3bp (positions 308, 432-433 and 512-514 respectively). These changes must have occurred 

after the divergence of monkeypox virus into two areas of endemicity. 

Fig. 4.3 (On page 53.) Alignment of DNA sequences from different monkeypox virus isolates with variola virus, 
Harvey. VARHAR = variola virus, Harvey; MPDEN = monkeypox virus, Denmark; MPLIB = monkeypox virus, 
Liberia; MPBEN = monkeypox virus, Benin; MP86-2 I = monkeypox virus, Zaire 86-21; MP86-1 12 = monkeypox 
virus, Zaire 86-1 12; MP 1324 = monkeypox virus, Zaire 1324. Asterisks above the alignment denote differences 
between variola and monkeypox viruses, where all the monkeypox viruses are the same. Asterisks below the 
alignment denote differences within the monkeypox virus sp·ecies. Dashes denote gaps inserted to maintain alignment 
of the sequences. Potential translational start sites are indicated with an arrow and in frame termination sites are 
blocked. DNA .sequences corresponding to primers used for PCR amplification are overlined in the variola sequence. 
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VAAHAR 
HPDEII 
HPLIB 
HPBEII 
HP86 -21 
HP86-112 
HP1324 

VAAHAR 
HPDEN 
HPLIB 
HPBEN 
HP86 -21 
HP86-112 
HP1321 

VAAHAR 
HPDEN 

CCATGGCCCATTCTATTAAGTCTTCCAAGTTGGCATCATCCACATATTGTGATAGTAATTCTCGGATATTAGTAGCvGCTACCGCCATTGATGTTTGTTCATTGGATGAGTAACTACTAA 

CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCATCATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGTGACTACCGCCATTGATATTTGTTCATTTGATGAGTAACTACTAA 

CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCATCATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGTGACTACCGCCATTGATATTTGTTCATTTGATGAGTAACTACTAA 

CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCATCATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGTGACTACAGCCATTGATATTTGTTCATTTGATGAGTAACTACTAA 

CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCATCATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGTGACTACCGCCATTGATATTTGTTCATTTGATGAGTAACTACTAA 

CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCATCATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGTGACTACCGCCATTGATATTTGTTCATTTGATGAGTAACTACTAA 

CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCATCATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGTGACTACCGCCATTGATATTTGTTCATTTGATGAGTAACTACTAA 

. . ......................... . 
TGTATACATTTTCCATTTATAACACGTATGTATTAACTTTGTTCATTTATATTTTTTCATTATT,ATTGATATTAACAAAAGTGAATATATATATGTTAATAATTGTATTGTGGTTATA 

TGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTA GTTGATATTAATAA-------------------- -- --TCGTATTGTGGTTATA 

TGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTA TTGATATTAATAA------------------------TCGTATTGTGGTTATA 

TGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTA GTTGATATTAATAA-- ---------- ------------TCGTATTGTGGTTATA 

TGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTA GTTGATATTAATAA-------------- ---- ---- --TCGTATTGTGGTTATA 

TGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTA GTTGATATTAATAA--- - ------------------- -TCGTATTGTGGTTATA 

TGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTA GTTGATATTAATAA- ---------------------- -TCGTATTGTGGTTATA 

TGGCTACAATTTCATAATGAGCGGAAGTCAGTGTCCGATGATTAATGACGATAGATTTACTCTGAAAAGAAAGTATCAAATCGATAGTGTAGAGTCGACAATGAAAATGGATAAGAAGAG 

TGGCTACAATTTCATAATGAG 
HPLIB TGGCTACAATTTCATAATGAG 

GTCAGTGTCCTATGATCAATGACGATAGCTTTACTCTGAAAAGAAAGTATCAAATCGATAGTGCAGAGTCAACAATGAAAATGGATAAGACGAT 

TCAGTGTCCTATGATCAATGACGATAGCTTTACTCTGAAAAGAAAGTATCAAATCGATAGTGCAGAGTCAACAATGAAAATGGATAAGACGAT 

GTCAGTGTCCTATGATCAATGACGATAGCTTTACTCTGAAAAGAAAGTATCAAAT CGATAGTGCAGAGTCAACAATGAAAATGGATAAGACGAT 

TCAGTGTCCTATGATCAATGACGATAGCTTTACTCTGAAA-GAAAGT ATCAAATCGATAGTGCAGAGTCAACAATGAAAATGGATAAGACGAT 

GTCAGTGTCCTATGATCAATGACGATAGCTTTACTCTGAAA-GAAAGTATCAAATt.:;ATAGTGCAGAGTCAACAATGAAAATGGATAAGACGAT 

TCAGTGTCCTATGATCAATGACGATAGCTTTACTCTGAAA-GAAAGTATCAAATCGATAGTGCAGAGTCAACAATGAAAATGGATAAGACGAT 

HPBEN TGGCTACAATTTCATAATGAG 
HP86- 21 TGGCTACAATTTCATAATGAG 
HP86 -112 TGGCTACAATTTCATAATGAG 
HP13 21 TGGCTACAATTTCATAATGAG 

120 

210 

360 

VAAHAR 
HPDEN 
HPLIB 
HPBEN 
HP86-21 
HP86- 112 
HP13 21 

GACAAAGTTTCAAAATAGAGCCAAAATGGTAAAAGAAATAAATCAGACAATAAGAGCAGCACAAACTCATTACGAGACATTGAAACTAGGATACATAAAATTTAAGAAAATGATTAGGAC 180 

GACAAAGTTTCAGAATAGAGTCAAAATGGTAAAAGAAATAAATCAGACGATAAGAGCAGCACAAACTCATTACGAGACATTGAAACTAGGATATATAAAATTTAAGGGAATGATTAGGAC 

GACAAAGTTTCAGAATAGAGTCAAAATGGTAAAAGAAATAAATCAGACGATAAGAGCAGCACAAACTCATTACGAGACATTGAAACTAGGATATATAAAATTTAAGGGAATGATTAGGAC 

GACAAAGTTTCAGAATAGAATCAAAATGGTAAAAGAAATAAATCAGACGATAAGAGCAGCACAAACTCATTACGAGACATTGAAACTAGGATATATAAAATTTAAGGGAATGATTAGGAC 

GACAAAGTTTCAGAATAGAGTCAAAATGGTAAAAGAAATAAATCAGACGATAAGAGCAGCACAAACTCATT --GAGACATTGAAACTAGGATATATAAAATTTAAGTGAATGATTAGGAC 

GACAAAGTTTCAGAATAGAGTCAAAA.TGGTAAAAGAAATAAATCAGACGATAAGAGCAGCACAAACTCATT--GAGACATTGAAACTAGGATATATAAAATTTAAGTGAATGATTAGGAC 

GACAAAGTTTCAGAATAGAGTCAAAATGGTAAAAGAAATAAATCAGACGATAAGAGCAGCACAAACTCATT--GAGACATTGAAACTAGGATATATAAAATTTAAGTGAATGATTAGGAC 

VAAHAR TACTACTTTAGAAGATATAACAACATCTATT---CCAAATATTCAGAAAATTTATAAACTATTCTCGGACATTTCAGCCATTGGCAAAGTATCACAGAATCCGAGTAAAATGGCATATGC 600 

HPDEN TACTACTCTAGAAGATATAGCACCATCTATT ---CCAAATAATCAGAAAACTTATAAACTATTCTCGTACATTTCAGTCATTGGCAAAGCATCACAGAATCCGAGTAAGATGATATATGC 

HPLIB TACTACTCTAGAAGATATAGCACCATCTATT ---CCAAATAATCAGAAAACTTATAAACTATTCTCGTACATTTCAGTCATTGGCAAAGCATCACAGAATCCGAGTAAGATGATATATGC 

HPBEII TACTACTCTAGAAGATATAGCACCATCTATT---CCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGTCATTGGCAAAGCATCACAGAATCCGAGTAAGATGATATATGC 

HP86 -21 TACTACTCTAGAAGATATAGCACCATCTATTATTCCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGTCATTGGCAAAGCATCACAGAATCCGAGTAAGATGATATATGC 

HP86 -112 TACTACTCTAGAAGATATAGCACCATCTATTATTCCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGTCATTGGCAAAGCATCACAGAATCCGAGTAAGATGATATATGC 

HP13 21 TACTACTCTAGAAGATATAGCACCATCTATTATTCCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGTCATTGGCAAAGCATCACAGAATCCGAGTAAGATGATATATGC 

VAAHAR TTTACTGCTTTACATGTTCCCCAATTTGTTTGGAGATGACCATAGATTCATTCTTTATAGAATGTTTCCAATGAGTAAAATCAAACACAAGATCTTCTCTCCTTTCAAACTTAATCTTAT 720 

HP DEN TC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTT AT AGAATGCATCCAA- - - - ----- ---- - - - - --- - - - - - - --- - - ---- -- - --------- - -

HPL I 8 TC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCAT AGATTCATTTGTTAT AGAATGCATCCAA- - - ---- -- - - - - - -- -- - - -- - -- - -- - -- -- - - --- - --- -- - - - --

HPB EN TC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTTATAGAATGCATCCAA- ------------------------------------------------

HP86 -21 TC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAAATCTT- ----CGTTCAAACTTAATCTTAT 

HP86 -11 2 TC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAAATCTT-----CGTTCAAACTTAATCTTAT 

HP13 21 TC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAAATCTT-----CGTTCAAACTTAATCTTAT 

VAAHAR 
HPDEII 
HPL IB 
HPBEN 
HP86-21 
HP86- 112 
HP13 21 

TAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGTTGAATCTGATAAATATACAATAGATGC 81 0 

TAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGAGATTATAAATGGAGAATAATTGGAACACAAGTTGATAAAATATTGATAGC--- ------TAAATATACAATAGATGC 

TAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGAGATTATAAATGGAGAATAATTGGAACACAAGTTGATAAAATATTGATAGC---------TAAATATACAATAGATGC 

TAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGAGATTATAAATGGAGAATAATTGGAACACAAGTTGATAAAATATTGATAGC---------TAAATATACAATAGATGC 

.............................................................................................. 
VAAHAR AAGGTATCGCCTAAGACCTATATATAGAATCAAGGGAAAATCTGAAGAAGATACCCTCTTCATCAAACAGATGGTAGACCAATGTGTGACATCCCAGGAATTGGTGGAAAAAGTGTTGAA 960 

HPDEII --------------------------------------------------- ------------------------------ ---------------------------------------

HPL IB ------------------------------------- -- -- ------------- ------------------------------------------------------------------

HPBEN -------------------------------------- --------------------- -------- ------ --------- --------------------------------------

HP8 6-21 AATGTATCGCAT AAGACCGATATATA-- --- - --- -- ---- - - - - - - - ------ - - - - - - - - -- -- - - - -- - - - -- ----- - - - - - - - - -- - --- - - - ---- --- - - --- - - - ----- -­

HP8 6- l l 2 AATGTATCGCATAAGACCGATATATA---- ---- - - - - - - - ----- - - - - - - - - - -- ------ -- - -- - - - - - --- - - - - - - - - - - - - -- - --- - - ---- ---- - - -- - - ----- - - --­

HP 1321 AATGTATCGCATAAGACCGATATATA--- - ---- ----- - ----- -- - - - - --- ----- - - -- ----- - - --- --- - - -- -- - - - - - - - ---- - - ------- - --------- - - - -- - --

VAAHAR GATACTGTTTAGAGATTTGTTCAAGAGTGGAGAATACAAAGC-GTACAGATACGATGATGACGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAACATTGTTCATGATATAG 1080 

HP DEN --------------------------- - -------- - - - - -- - - - - - - --- ------- ----- - - - ----- - - - ------ --- - - - - --------- - - --- --CATTGTTCATGATAT AG 

HPLI B -- - --- ---- - - ----------- - -- ---- ---- -- - - --- - - - - - - ----- - - --- - --- ---- ------ - - - - ------- - - - - - - - - ----- - - - ---- -CATTGTTCATGATATAG 

HP BEN - ------- ------- ------- - - - - ---- - - -- - - - -- -- - - -- - - - -- - -- - - ----------- --- -- -- --- -- - - -- - -- - - - - - - --- - - --- - ---CATTGTTCATGATATAG 

HP86- 21 -------------------------- - - -----ATACAAAGCAGTACAGATACAATGATGATGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAACATTGTTCATGATATAG 

HP86 -112 ---------------------------------ATACAAAGCAGTACAGATACAATGATGATGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAACATTGTTCATGATATAG 

HP13 21 ---------------- -----------------ATACAAAGCAGTACAGATACAATGATGATGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAACATTGTTCATGATATAG 

VARHAR TTGAACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCGCTGCATATTATTGGTAAGAATCTTCAAGAGTGCATTGACT 1200 

HPDEN TTGAATCATGTATGCCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC------------------------TTTAAGAGTGCATTGACT 

HPLIB TTGAATCATGTATGCCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC----------------------- -TTTAAGAGTGCATTGACT 

HPBEN TTGAATCATGTATGCCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC---- --------------------TTTAAGAGTGCATTGACT 

HP86-21 TTGAATCATGTATACCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC------------- -- -------- -TTTAAGAGTGTATTGACT 

HP86 -11 2 TTGAATCATGTATACCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC---- --------------------TTTAAGAGTGTATTGACT 

HP13 21 TTGAATCATGTATACCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC----------------------- -TTTAAGAGTGTATTGACT 

VARHAR TTGTTAGTGA@ 
HPDEN TTGTTAGTGAATAG 
HPLIB TTGTTAGTGAATAG 
HPBEII TTGTTAGTGAATAG 
HP86-21 TTGTTAGTGAATAT 
HP86-11 2 TTGTTAGTGAATAT 
HP13 21 TTGTTAGTGAATAT 53 
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· Fig. 4.4 Diagram to show the difference in corresponding DNA sequences of variola virus, monkeypox virus from 
West Africa a.nd monkeypox virus from Zaire. Potential ORFs are denoted by arrows; termination codons by 
vertical lines; and deletions by filled boxes below which numbers refer to their sizes (in bp). 

The large deletion was investigated by PCR in an additional 3 Zaire and 6 West African 

monkcypox virus isolates (see figure 4.5). Primers corresponding to positions 620-636 (5 '­

CCCAATTTGTTTGGAG-3') and 1102-1087 (5'-CGAACAGGCATACATG-3') were used to 

amplify DNA spanning the deletion. Fragments of either 342bp (Zaire isolates) or 91 bp 

(West African isolates) were produced. All viruses from Zaire gave a band of 342bp, whereas 

those from countries further west gave a fragment size of 91 bp. Each of the isolates from 

captive animals resembled the West African monkeypox viruses. This is additional evidence 

that the source of virus for the outbreaks in Europe and the United States was from West 

Africa. By comparison, other Orthopoxviruses - vaccinia viruses Dairen, rabbitpox and 

buffalopox, and camelpox viruses 79-241 and 2740 - gave a fragment size of 482bp (fig. 

4.5). 
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Figure 4.5 Agarose gel electrophoresis of PCR-generated DNA fragments corresponding to the region of the 

major deletion in monkeypox virus. WA refers to West Africa and Z refers to Zaire. PCR was performed -on 

genomic Orthopoxvirus DNA as described in chapter 2, using primers corresponding to the positions underlined in 

figure 4.3. Lanes 2-4 = vaccinia viruses Dairen, rabbitpox and buffalopox respectively; lanes 5-6 = camelpox viruses 

79-241 and 2740 respectively; lanes 8-12 = Zaire isolates of monkeypox virus, 85.249, 86.1 12, 85.240, I 024 and 

1324 respectively; lanes 14-16 =WestAfrican isolates of monkeypox virus, Liberia!, MP-82 and MP-266 respectively; 

lanes 17-19 = monkeypox virus isolates from captive animals, Prier, Espana and Paris respectively; lane 16 = negative 

control, no DNA; and lanes I, 7, 13 and 20 are DNA markers (Boehringer marker VI, see Appendix B). 

In evolutionary terms, one can speculate that the common ancestral Orthopoxvirus car­

ried the gene equivalent to E5R in vaccinia virus in a complete functional form. After 

branching this gene was of no advantage to monkeypox virus and mutations accumulated. 

The function of vaccinia virus E5R is unknown. Since the gene is degenerate in monkeypox 

virus it probably is nonessential for vaccinia virus (this hypothesis has been investigated 

and discussed in chapter 6). Possible functions for nonessential genes may include host 

range or pathogenicity functions. Host range genes have been found clustered near the 

left terminus of the Orthopoxvirus genome within the variable region (Moyer and Rothe, 

1980; Drillien et. al., 1981; Gillard et. al., 1986; Spehner et al., 1988; Perkus et. al., 1990; 

Chen et. al., 1992). The location of E5R near the centre suggests that it is not a host range 

gene. However, an association of the gene with the host animal infected could explain why 

monkeypox virus suddenly no longer required this gene - it may have entered a different 

animal species. A more probable role of the E5R gene product is one of virus-host interaction 

where the viral product interacts with a host-specific component. Interactions may be with 

the host cell itself, the biochemical pathways of the cell, or the immune system. The entry 

of monkeypox virus into a different host may have rendered the viral gene product obsolete. 

In the absence of positive selection mutations would accumulate. Here the mutations are 

mainly in the form of deletions. 
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Two stages can be recognised in the order of occurrence of the deletions. Firstly, before 

monkeypox virus diverged into separate groups, the two 24bp deletions, 1 bp deletion and 

base substitution causing termination near the beginning of the gene, were made. The 

order in which these occurred cannot be deduced. 

Secondly, after monkeypox virus diverged into two separate groups (Zaire and West 

Africa), two deletions of 1- and 2-bp, and an insertion of 3bp were formed in the Zaire 

group. 

The separate evolution of monkeypox virus was probably a result of deforestation. The 

tropical forests of West and Central Africa were at one stage continuous, containing abundant 

wild life. Gradually the forests have receded due to drought conditions and some parts 

have become isolated (see fig. 4.1). The animals inhabiting the forests (and hosting 

monkeypox virus) have diminished and become separated, so resulting in separation of 

the virus isolates. 

Another feature which may be relevant to the geographical separation of the viruses is 

the presence of a mountain range between Nigeria and Cameroon, possibly separating the 

animals of West Africa from those in Central Africa (see fig. 4.2). 

The large deletion may have arisen in one of two ways. Firstly, it may have been generated 

only after the divergence of monkeypox virus, in which case the West African group may 

have acquired the deletion in a single mutational event. The Zaire group, however, must 

have undergone at least four mutational events: three deletions of 5-, 9-, and 127-bp and 

one insertion of 1 bp. Alternatively, one or more of the mutations in the Zaire group may 

have taken place before divergence of the two groups. In this case more than one mutational 

event would have occurred in the West African isolates. 

In comparing the monkeypox and variola virus sequences, we assume that the variola 

sequence represents the ancestral gene. Besides the two 24-bp deletions, none of the other 

deletions are flanked by perfect direct repeats. The deletions in the Zaire isolates have 

pentameric repeats in which 4/5 bases are identical. The large deletion of the West African 

isolates has a direct repeat of 11/12 identical bases, with both repeats within the deleted 

sequence i.e. not perfectly positioned. In the true ancestor direct repeats may have been 

present, which were responsible for the deletions, but we cannot be sure of this, since base 

substitution events appear to occur infrequently. 

Com paring the number of base substitutions, the divergence of monkeypox virus appears 

to be relatively recent. The Zaire isolates all have identical DNA sequences. An alignment 

of the sequences shows only 7 /767 positions of nucleotide change amongst the six isolates 

(shown by asterisks below the alignment in fig. 4.3). In four positions the bases are identical 

within the two groups of viruses but differ between the Zairean and West African groups. 

In two of the other three positions the Zaire isolates differ from Benin and are identical to 

Liberian; and in the third position Zaire differs from Liberian, but is identical to Benin. 

Genomic maps show the West African group to be further divided into two groups- Nigeria 
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and West Africa. Our limited sequencing data does not separate the two groups, but the 

few base changes observed are consistent with the Zaire isolates being more closely related 

to one another (identical sequences), and the Liberia and Benin (Nigerian isolate) isolates 

being not as closely related to one another (3 base changes). 

In comparison to the small number of base substitutions the virus appears to accumulate 

insertions and deletions at a remarkably high frequency. However, deletions and insertions 

are likely to be more disruptive of function than single base alterations, and therefore 

more likely to produce nonviable genomes. For this reason they probably accumulate more 

frequently in nonessential genes. A number of OrthofJoxvirus genes have been disrupted by 

insertions or deletions (Weir and Moss, 1983 - thymidine kinase; Boursnell et. al, 1988 -

37k envelope antigen-related; Brown et. al, 1991 - haemagglutinin; Goebel et. al., l 990a-A­

type inclusion and serine protease inhibitor / haemorrage-inducing proteins of cowpox virus; 

Smith et. al., 1991a and Aguado et al., 1992 - several; and Chen et. al., 1992 - CHO host 

range). The deletions are often flanked by short (5- or 6--bp) direct repeats (Smith et. al, 

1991a; Chen et. al., 1992), but this is not always the case (Smith et. al., 1991a). Most of these 

genes have been shown to be nonessential. 

The occurrence of deletions and insertions has been the basis on which we have divided 

monkeypox virus into two groups, viz. West Africa and Zaire. The presence of small deletions 

and insertions in other OrthofJoxviruses may be useful in the differentiation of viral strains, 

especially as the DNA sequences are so highly conserved. 
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CHAPTER 5 

INTERRELATIONSHIPS WITHIN THE 
ORTHOPOXVIRUS GENUS 

SUMMARY 

The DNA sequence was determined for approximately l 200bp corresponding to the vaccinia 

virus E5R-equivalent region in six additional Orthopoxviruses: vaccinia virus (Dairen strain) , 

camel pox virus (strain 903), taterapox virus (gerbil pox), ectromelia virus and two strains 

of cowpox virus (Larkin and Brighton). DNA comparisons of these sequences with the two 

variola viruses and 6 monkeypox viruses described in the previous chapters indicated that 

viruses of the same species have >98% base similarity and, between species, the most diverged 

sequences have >91 % base similarity. Phylogenetic analysis of the DNA sequences showed 

that the 16 viruses could be divided into 7 groups: 1) three vaccinia viruses, 2) two variola 

viruses, 3) camelpox virus+ gerbilpox virus, 4) two cowpox viruses, 5) ectromelia virus, 

6) three monkeypox viruses from West Africa, and 7) three monkeypox viruses from Zaire. 

The camel pox and gerbilpox viruses were located on the same branch as the variola viruses. 

These are closely related to the vaccinia viruses. Each species had gerbilpox virus as its 

nearest neighbour. 

A comparison was made of the intergenic DNA sequence corresponding to the region 

between vaccinia virus E5R and E6R in all the above-mentioned viruses as well as raccoon 

poxvirus. ~his region should show little preferential conservation of sequence due to 

functional constraints. Specific deletion profiles allowed for differentiation of viruses both 

between and within species. The monkeypox viruses were more closely related to one 

another as well as variola and vaccinia viruses in this region as compared to the E5R­

equivalent region. The raccoon poxvirus sequence differs substantially from the others in 

terms of base substitutions as well as insertions and deletions. It also has a heptanucleotide 

sequence repeated 12 times. A repeated pentameric sequence was detected in camelpox, 

gerbil pox and ectromelia viruses in 2, 10 and 17 copies respectively. This sequence resembles 

the flanking region of PRl, an intermediate repetitive sequence found in mice. The two 

cowpox viruses have a more complex arrangement of repeated sequences differing between 

the two viral strains. These repeated sequences may represent selfish (or junk) DNA with 

no specific function. 
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INTRODUCTION 

In addition to monkeypox virus, a number of other Ortho-poxviruses closely related to variola 

virus are present in natural animal reservoirs. These include taterapox virus (isolated from 

a gerbil in Benin), camel pox virus (endemic in dromedary camels of Africa and Asia) and 

cowpox virus (isolated from a number of different animals, but believed to be naturally 

maintained in small rodents). Vaccinia virus has currently no known natural reservoir. 

Ectromelia virus has not been found in the wild, but commonly infects laboratory mice 

and resembles variola virus both in phenotype and genotype. Much has been reported on 

the phenotypic character of the different viruses as well as their genomic restriction enzyme 

maps, but their phylogenetic relationship is yet to be established. 

The DNA sequencing studies of chapters 1 and 2 have been extended to other 

Ortho-poxviruses. The E5R ORF of vaccinia virus, Dairen (see fig. 5.1 for position in genome) 

was cloned into pUC19 on an EcoRI-BamHI fragment (chapter 2) and sequenced. DNA 

and putative polypeptide sequence comparisons were made with the reported sequences 

of vaccinia virus Copenhagen (Goebel et al., 1990b) and WR (GenBank accession no. 

M35027). 

The equivalent regions of two strains of cowpox (Larkin and Brighton), ectromelia (Mill 

Hill), camel pox (903) and taterapox (gerbil) viruses were PCR amplified, cloned into pUC18 

or pUCl 9 and sequenced (chapter 2). The ORFs were compared to vaccinia virus ESR and 

the overall base similarity was compared amongst all the viruses. 

The DNA sequences of vaccinia (3 strains), variola (2 strains), monkeypox (6 strains), 

camel pox (1 strain), taterapox (1 strain), ectromelia (1 strain) and cowpox (2 strains) 

viruses were analysed phylogenetically by the neighbour joining method of Saitou and Nei 

( 1987) using both clustal V (Higgins and Sharp, 1988; Higgins et al., 1991) and TREECON 

(Van de Peer and Wachter, 1992) computer packages. 

A second DNA comparison was made of the sequence corresponding to the intergenic 

region between vaccinia virus ESR and E6R. E6R is probably expressed early in the virus 

life cycle since it does not have a typical late gene motif (TAAAT) (Hangii et al., 1986) or 

intermediate gene consensus sequence (Baldick et al., 1992). The functional constraints in 

the intergenic region, viz. to maintain an A-T-rich early promoter region, are less rigid 

than those found in coding regions. One would therefore expect more variability within 

this region with changes being of a more random distribution. The differences found will 

be discussed. 

Raccoon poxvirus, which originated in Maryland, America, was included in the intergenic 

comparison. This Ortho-poxvirus is more different from the group of viruses from Africa 

and Eurasia, both in restriction enzyme map (Esposito and Knight, 1985), cross-hybridization 

experiments, (Cavallaro and Esposito, 1992) and in DNA sequence similarity (69%) to 

vaccinia virus for the hemagglutinin gene (Cavallaro and Esposito, 1992). 
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RESULTS AND DISCUSSION 

DNA sequence of vaccinia virus Dairen ESR and comparison with the 

known Copenhagen and WR sequences 

The position of the ESR gene on the genome of vaccinia virus is shown in fig. 5.1. This 

gene was cloned into pUCl 9 hy eluting the HindIIIE fragment from an agarose gel, digesting 

it with EcoRl and shotgun cloning the mixture of fragments into pUC19 digested with 

EcoRI. A recombinant plasmid containing the 3.2kbEcoRifragment was digested with BamHI 

and re ligated to produce a 2.9kb EcoRJ-BamHI fragment containi~g the ESR gene cloned 

into pUCl 9. This plasmid was used for subsequent experiments on the E5R gene. 

The DNA sequence (Dairen strain) was determined for 1210bp (cloning and sequencing 

described in chapter 2) and is compared to the corresponding sequence in the Copenhagen 

(Goebel et al., 1990b) and WR (GenBank accession no. M35027) strains of vaccinia virus in 

fig . 5.2. The first methionine codon of the Dairen E5R ORF (denoted by an arrow) is in 

the same position as that of WR (positions 185-187). The Copenhagen E5R has a 2bp 

deletion at positions 213-214, resulting in a potential start site 30bp further downstream 

(position 215), in the position corresponding to the second putative methionine codon of 

Dairen. The remaining ORF is similar for all three viruses with all of them terminating at 

position 1210. 

The coding sequence of E5R was compared for the three vaccinia viruses. Differences 

are summarized in fig. 5.3. There are 17 positions in which changes are found. In each case 

one virus differs and the other two are identical. Dairen has 10 differences, Copenhagen 

has four and WR has three. (Dairen differs in 14 positions from Copenhagen and 13 positions 

from WR. Copenhagen and WR have 7 differences between them). Two of the changes are 

transversions and the other 15, transitions. This is not unusual as transitions are known to 

occur more frequently than transversions. Of the 17 mismatches nine are in the third 

posi tion, six in the second position and two in the first position. The increased fr~quency 

of changes in the third position relative to the first and second suggests that there has been 

conservation of amino acid sequence. Six of the third-base changes are silent, and all the 

others (11) are nonsynonymous missense mutations. Two of the base substitutions (positions 

845 and 846) occur in the same codon, resulting in only one amino acid change. Of the 10 

amino acid changes four are conservative (positions 343, 573, 852 and 859) and six are 

nonconservative. 
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Fig. S. I Hindi/I map of vaccinia virus, Dairen showing the location of the ESR ORF. 

VACDIE 
VACCOP 
VACWR 

VACDIE 
VACCOP 
VACWR 

CCATGGCCCATTCTATT AAGTCTTCCAAGTTGGC A TCATCCACATATTGTGATAGT AA TTCTCGGATATCAGTAGCGGTTACCGCCATTGATGTTTGTTCATTGGATGAGT AACT ACT AA 

CCATGGCCCA TTCTA TT AAGTCTTCC AAGTTGGCA TCATCC ACATATTGTGATAGT AA TTCTCGGATA TCAGTAGClf..CTACCGCCATTGATGTTTGTTCATTGGATGAGT AACTACT AA 

CCATGGCCCA TTCTATT AAGTCTTCCAAGTTGGCA TCATCCACATATTGTGATAGT AA TTCTCGGATATCAGT AGCGGTT ACCGCCATTGATGTTTGTTCATTGGATGAGT AACTACT AA 

TGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTAfflTTGATATTAACAAAAGTGAATATATATATGTTAATAATTGTATTGTGGTTATA 

TGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTA GTTGATATTAACAAAAGTGAATATAT--ATGTTAATAATTGTATTGTGGTTATA 

TGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTA GTTGATATTAACAAAAGTGAATATATATATGTTAATAATTGTATTGTGGTTATA 

120 

2 40 

VACD IE CGGCCACAA TTTTAT AA TGAGTGAAAGTCAGTGTCCGATGATCAA Tr.ACGATAGCTTTACTCTGAAAAGAAAGTATCAAA TCGATAGTGCGGAGTCAACAA T AAAAA TGGAT AAGAAGAG l 6 0 

VACCOP CGGCT ACM TTTCAT AA TGAGTGGAAGTCAGTGTCCGATGATCA@:GATAGCTTTACTCTGAAAAGAAAGTATC AAA TCGATAGTGCGGAGTCAACAA TGAAAA TGGAT AAGAAGAG 

VACWR CGGCTACAATTTTATAATTAGTGAAAGTCAGTGTCCGATGATCAATGACGATAGCTTTACTCTGAAAAGAAAGTATCAAATCGATAGTGCGGAGTCAACAATAAAAATGGATAAGAAGAG 

VACDI E 
VACCOP 
VACWR 

GATAAAGTTTCAGAATAGAGCCAAAATGGTAAAAGAAATAAATCAGACAATAAGAGTAGCACAAACTCATTACGAGACATTGAAACTAGGATACATAAAATTTAAGAGAATGATTAGGAC 

GACAAAGTTTCAGAA TAGAGCCAAAA TGGT AAAAGAAA T AAA TCAGACAAT AAGAGCAGCACAAACTCATTACGAGACATTGAAACTAGGATACAT AAAA TTT AAGAGAA TGATTAGGAC 

GACAAAGTTTCAGAA TAGAGCCAAAA TGGT AAAAGAAA T AAA TCAGACAA T AAGAGCAGCACAAACTCATTACGAGACATTGAAACTAGGATACATAAAA TTT AAGAGAA TGATTAGGAC 

48 0 

VACDI E TACTACTCTAGAAGATATAGCACCATCTATTCCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGCCATCGGCAAAGCATCACAGAATCCGAGTAAGATGGTATATGCTCT 600 

VACCO P TACTACTCTAGAAGATATAGCACCATCTATTCCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGCCATCGGCAAAGCATCACAGAATCCGAGTAAGATGGTATATGCTCT 

VACWR TACTACTCTAGAAGATATAGCACCATCTATTCCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGCCATCGGCAAAGCATCACGGAATCCAAGTAAGATGGTATATGCTCT 

VACD I E GCTGCTTTACATGTTTCCCAA TTTGTTTGGAGATGACCATAGATTC ATTCGTTATAGAA TGCATCC AA TGAGT AAAA TCAAAC ACAAGA TCTTCTCTCCTTTC AAACTT AA TCTTATTAG 7 2 0 

VACCOP GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGATCATAGATTCATTCGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAGATCTTCTCTCCTTTCAAACTTAATCTTATTAG 

VACWR GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGATCATAGATTCATTCGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAGATCTTCTCTCCTTTCAAACTTAATCTTATTAG 

VACDIE AATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGCTGAATCTGATAAATATACAATAGATGCAAG 840 

VACCOP AATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGCTGAATCTGATAAATATACAATAGATGCAAG 

VACWR AATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGCTGAATCTGATAAATATACAATAGATGCAAG 

VACD 1 E GT ATC= AAGACCTATATATAGAA TCAAGGGAAAA TCTGAAGAAGATACCCTCTTTA TCAAACAGATGGTAGAACAA TGTGTGACATCCCAGGAA TTGGTGGAAAAAGTGTTGAAGAT 9 60 

VACCOP GTATAACCTAAAACCCATGTATAGAATCAAGGGAAAATCTGAAGAAGATACCCTCTTCATCAAACAGATGGTAGAACAATGTGTGACATCCCAGGAATTGGTGGAAAAAGTGTTGAAGAT 

VACWR GTATAACCTAAAACCCATGTATAGAATCAAGGGAAAATCTGAAGAAGATACCCTCTTTATCAAACAGATGGTAGAACAATGTGTGACATCCCAGGAATTGGTGGAAAAAGTGTTGAAGAT 

VACD 1 E ACT GT TT AGAGATTTGTTCAAGAGTGGAGAA TACAAAGCGTACAGATACGATGATGATGTAGAAAA TGGATTTATTGGATTGGATACACT AAAA TT AAACATTGTTCATGATATAGTTGA l O 8 0 

VACCOP ACTGTTTAGAGATTTGTTCAAGAGTGGAGAA TACAAAGCGTAC AGATACGATGATGATGTAGAAAA TGGA TTTATTGGATTGGA TACACT AAAA TT AAACATTGTTCATGA TATAGTTGA 

VACWR ACTGTTTAGAGA TTTGTTCAAGAGTGGAGAA TACAAAGCGTACAGATACGATGATGATGTAGAAAA TGGATTTATTGGATTGGATACACT AAAA TT AAACATTGTTCATGATATAGTTGA 

VACDIE 
VACCOP 
VACWR 

VACDI E 
VACCOP 
VACWR 

ACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCGCTACATATTATTGGTAAGAATCTTCAAGAGTGCATTGACTTTGT 

ACCATGTATGCCTGTTCGTAGGCCAGTGGCT AAGATACTGTGT MAGMA TGGT AAA TAAA TACTTTGAGAA TCCGCT ACATATTA TTGGT AAAAA TCTTCAAGAGTGCATTGACTTTGT 

ACCATGT ATGCCTGTTCGTAGGCCAGTGGCT AAGATACTGTGT MAGMA TGGT AAA T AAA TACTTTGAGAA TCCGCTACATA TT ATTGGT AAAAA TCTTCAAGAGTGCATTGACTTTGT 

TAGTG~ 
TAGTGAATAG 
TAGTG~ 

Fig. S.2 DNA sequence alignment of the ESR gene region of vaccinia viruses Dairen (VACDIE), Copenhagen 

(VACCOP) and WR (VACWR).Asterisks indicate positions at which there are differences between the viruses. 

The first trans\ational start codons are indicated by arrows and termination codons are blocked. 
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Position in fig. 5.2 

1st cluster 

245 253 259 264 343 363 417 573 580 

Codon: DIE Cac ttT atG gAa atA aTa gTa cAg ccG 

COP Tac ttC atG gGa atG aCa gCa cAg ccG 

WR Tac ttT atT gAa atA aCa gCa cGa ccA 

AA: DIE his phe met glu ile ile val gln pro 

COP tyr phe met gly met thr ala gln pro 

WR tyr phe ile glu ile thr ala arg pro 

2nd cluster 

637 845/ 846 852 856 859 898 1175 

Codon: DIE gaC CGc aGa ccT atA ttT aaG 

COP gaT AAc aAa ccC atG ttC aaA 

WR gaT AAc aAa ccC atG ttT aaA 

AA: DIE asp arg arg pro ile phe lys 

COP asp asn lys pro met phe lys 

WR asp asn lys pro met phe lys 

Fig. S.3 Positions and sequences of DNA mismatches found amongst the vaccinia viruses Dairen (DIE). Copenhagen 

(COP) and Western Reserve (WR). The positions correspond to those in fig. 5.2. Upper case letters refer to the 

positions of change and lower case letters complete the triplet to show the position of change within the codon 

sequence.AA refers to the amino acid residues for which the triplets code. 

An interesting feature is the distribution of the base-mismatches. Most of the differences 

are found in one of two clusters. In the first group (positions 245 to 264) there are four 

positions within 20bp in which differences are found, resulting in three amino acid changes. 

These differences are fairly well distributed amongst the three viral strains with pairen 

differing in one position ( 245), Copenhagen in two ( 253 and 264) and WR in one position 

(259). The nett result is one amino acid change in each virus. 

The second cluster, however, shows a definite pattern. Within 15 base pairs (positions 

845 to 859, fig. 5.2 and 5.3) there are five positions in which the Dairen strain differs from 

the other two vaccinia viruses resulting in three amino acid changes. This 15bp sequence 

in variola, gerbil pox and camel pox viruses (positions 864-878 in fig. 5.5) is identical to that 

of Dairen. Cowpox and ectromelia viruses also have the same bases as Dairen at 4 of the 5 

positions. It would seem that vaccinia strains Copenhagen and WR are the ones that differ 

from the general consensus in this region and the results cannot be taken to confirm the 

reputed derivation of Dairen from a smallpox patient. 
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A potentially significant difference between Copenhagen and the other two vaccinia 

virus DNA sequences is the 2bp deletion which results in a shortening of the ORF from the 

5' end. This deletion occurs within a sequence ATATATAT and could have been formed by 

slippage during DNA replication; or by mismatch excision and repair in nonreplicating 

DNA (Levinson and Gutman, 1987) as shown in fig. 5.4. The shortened putative gene 

product lacks a hydrophobic signal sequence (see next chapter), which may prevent 

secretion of the protein . This may have a dramatic effect on the function of the protein in 

vivo, where its primary function may be located outside of the cell. An allernative scenario 

may he that the prototype protein was translated from a start codon further downstream 

and functioned intracellularly; and two base pairs were duplicated in the Daircn strain. 

However, the creation of a signal sequence from a random DNA sequence by insertion 

appears less likely to occur than the destruction of an already col)served sequence. 

(a) Normal pairing during 
DNA replication 

5'-AAAAGTGAA....l'Al'~ 3' .............. . . . . . . . . . . . . . . 
3'-TTTTCACTTATATATACAATTG-5' 

/ 
Slipped-atrand miapairing Slipped-atrand miapairing 

5'-AAAA 3' 

3'-TTTTCACTTATATATACAATTG-5' 

Replication continue• 
inaerting AT repeat unit 

5'-AAAA 
.... 

~~~ATGTTAAC-3' ............. . . . . . . . . . . . . . . . 
3'-TTTTCACTTATATATACAATTG-5' 

Fig. 5.4 (Legend on next page) 

5'-AAAAGT~~!! 3' 

: : : : ** 
3'-TTTT TATATACAATTG-5' 

C A 
A T 

CT 

Replication continue• after 
exciaion of unpaired AT 

repeat unit 

__,. 
5'-AAAAGTGAA_!!!ATGTTAAC-3' 

. .......... . . .......... . 
3 1 -TTTT TATATACAATTG-5' 

C A 
A T 

CT 
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(b) Normal pairing of viral DNA 

5 ' -AAAAGTGAA..!~~ATGTTAAC-3' 
. . . . . .. . ..... .. .. .. .. . . . . . . . . . . . . . . . . . . . . . . . 

3'-TTTTCACTTATATATACAATTG-5 ' 

Slipped-strand mispairing 

5'-AAAA ~~ATGTTAAC-3 ' 

3' -TTTTCACTTATA · ATTG-5' 
T A 

A C 

TA 

Excision/repair inserts AT repeat unit 

5 1 -AAAA 
_.. 

~~~ATGTTAAC-3 ' ..... . .. .... . . . . . . . . . . . . . . . . 
3'-TTTTCACTTATATATACAATTG-5 ' 

Fig. S.4 (Pages 64 and 65.) Generation of duplications 
or deletions by slipped-strand mispairing between 

contiguous repeats (underlined)Arrows indicate direction 
of DNA synthesis. Dots denote base pairing. (a) Slippage 

during replication. Slippage in the 3'to 5' direction would 

result in insertion of anAT unit and slippage in the opposite 

direction would result in the deletion of an AT unit. The 
deletion shown in the right panel results from excision of 
the unpaired repeat unit at the 3' end of the growing 
strand (by the 3' to 5' exonuclease activity of DNA 
polymerase. (b) Slippage in nonreplicating DNA. 
Mismatched regions form single-stranded loops which may 
be excised and repaired. Whether an insertion or a 
deletion is generated will depend on which strand is 
excised and repaired and which strand forms the template 
for DNA repair (strategy from Levinson and Gutman, 
1987). 

65 



Comparison of the equivalent region in different Orthopoxviruses 

DNA from the corresponding region in five other OrthojJoxviruses, two strains of cowpox 

virus (Larkin and Brighton), ectromelia virus Mill Hill, camel pox virus 903 and taterapox 

virus gerbilpox, was PCR amplified and cloned into T-tailed pUC18 or pUC19 (chapter 2). 

Primers were designed to bind to 1) a stretch of DNA including the Ncol site within the 

vaccinia virus E4L ORF (positions 52173 to 52194, Goebel et al., 1990b) and 2) a DNA 

sequence in the E6R ORF of vaccinia virus Copenhagen (positions 53641 to 53620, Goebel 

et al., 1990b). These primers bound to all the OrthojJoxvirus DNA sequences examined, 

indicating that vaccinia virus ORFs E4L and E6R are conserved amongst the OrthojJoxviruses. 

Although these two primers bound to raccoon poxvirus DNA, many of the other primers 

used for DNA sequencing of the E5R-equivalent region did not. This shows that the raccoon 

poxvirus DNA sequence corresponding to vaccinia virus ORF E5R is more diverged than 

that of the other OrthojJoxviruses. The intergenic DNA sequence comparison (E5R-E6R) 

shows that raccoon poxvirus is widely diverged. 

The DNA sequences were determined for approximately l 200bp which include the 

vaccinia virus E5R-equivalent ORF with its promoter region and part of the E4L-equivalent 

ORF. These are aligned in fig. 5.5 together with the previously described sequences of 

vaccinia, variola and monkeypox viruses. Gaps have been introduced (dashes) to maintain 

alignment of all the sequences with one another. For this reason most of the numerical 

positions of specific sequences differ from those of previous figures. 

The first part of the sequences aligned in fig. 5.5 corresponds to the vaccinia virus ORF 

E4L (Goebel et al., 1990b). From the portion sequenced, this gene appears well conserved 

in all the virus species. This is to be expected as it resembles a transcription factor (Goebel, 

et al., 1990a) which would be essential for viral gene expression. A noticeable difference is 

present in the two strains of cowpox virus. There are two triplets inserted at positions 37-39 

and 123-125. These may both have arisen by duplication of the adjacent sequences, which 

are identical to the insertions. 

Fig. S.S (On next three pages.) DNA alignment of the sequences corresponding to vaccinia virus ESR in other 
Orthopoxviruses.VACDIE,VACCOP andVACWR refer to vaccinia viruses Dairen, Copenhagen and Western Reserve 
respectively;VARHAR andVARSOM refer to variola viruses Harvey and Somalia respectively; CAM903 = camelpox 
virus, 903; GERBIL= taterapox virus, gerbilpox virus; ECTMH = ectromelia, Mill Hill; COWLAR and COWBRI 
refer to cowpox viruses Larkin and Brighton respectively; and MPDEN, MPLIB, MPBEN, MP86-2 I, MP86- I 12 and 
MP 1324 refer to monkeypox viruses Denmark, Liberia, Benin, and Zaire isolates 86-21, 86-112 and Z 1324 respec­
tively. The first potential start codons for E4L and ESR are indicated by arrows. In-frame termination codons are 
blocked. 
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VACOIE 
VACCOP 
VACWR 
VARHAR 
VARSOM 
CAM903 
GERBIL 
ECTMH 
C~R 
CCMBRI 
MPDEN 
MPLIB 
MPBEN 
MP86-21 
MP86-112 

- MP1324 

VACDIE 
VACCOP 
VACWR 
VARHAR 
VARSOM 
CAM903 
GERBIL 
ECTMH 
C~R 
CCMBRI 
MPDEN 
MPLIB 
MPBEH 
MP86-21 
MP86-112 
MP1324 

VACDIE 
VACCOP 
VACWR 
VARHAR 
VARSOM 
CAM903 
GERBIL 
ECTMH 
C~R 
CCMBRI 
MPDEN 
MPLIB 
MPBEN 
MP86-21 
MP86- 112 
MP! 324 

VACDIE 
VACCOP 
VACWR 
VARHAR 
VARSOM 
CAM903 
GERBIL 
ECTMH 
C~R 
CCMBRI 
MPOEH 
MPLIB 
MPBEN 
MP86-21 
MP86-112 
MP1324 

CCATGGCCCATTCTATTAAGTCTTCCAAGTTGGCAT---CATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGCGGTTACCGCCATTGATGTTTGTTCATTGGATGAGTAACTAC 
CCATGGCCCATTCTATTAAGTCTTCCAAGTTGGCAT---CATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGCGGCTACCGCCATTGATGTTTGTTCATTGGATGAGTAACTAC 
CCATGGCCCATTCTATTAAGTCTTCCAAGTTGGCAT---CATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGCGGTTACCGCCATTGATGTTTGTTCATTGGATGAGTAACTAC 
CCATGGCCCATTCTATTAAGTCTTCCAAGTTGGCAT---CATCCACATATTGTGATAGTAATTCTCGGATATTAGTAGCGGCTACCGCCATTGATGTTTGTTCATTGGATGAGTAACTAC 
CCATGGCCCATTCTATTAAGTCTTCCAAGTTGGCAT---CATCCACATATTGTGATAGTAATTCTCGGATATTAGTAGCGGCTACCGCCATTGATGTTTGTTCATTGGATGAGTAACTAC 

CCATGGCCCATTCTATTAAGTCTTCCACGTTGGCAC---CATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGCGGCTACCGCCATTGATGTTTGTTTATTGGATGAGTAACTAC 

CCATGGCCCATTCTATTAAGTCTTCCAAGTTGGCAT---CATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGCGGCTACCGCCATTAATGTTTGTTCATTGGATGAGTAACTAC 
CCATGGCCCATTCTATTAAGTCTTCCAAGTTGGCAT---CATCCACAT/\TTGTG/\TAATAATTCTCGG/\TATCAGTAGC•;GCTACCGCCATTGATGTTTGTTCATTGGATGAGTAACTAC 
CCATGGCCCATTCTATTAAGTCTTCCACACTGGT/\TTATCATCCACATATTGTGAT/\GTAACTCTCGGATATCAGTAGCGGCTACCGCCATTGATGTTTGTTCATTTGATGAGTAACTAC 
CCATGGCCCATTCTATTAAGTCTTCCACGCTGGTATTATCATCCAC/\TATTGTGATAGTAACTCTCGGATATCAGTAGCGGCTACCGCCATTGATGTTTGTTCATTTGATGAGTAACTAC 
CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCAT---CATCC/\CATATTGTGAT/\GTAATTCTCGGATATCAGTAGTGACTACCGCCATTGATATTTGTTCATTTGATG/\GTAACTAC 
CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCAT---CATCC/\CATATTGTGATAGTAATTCTCGGATATCAGTAGTGACTACCGCCATTGAT/\TTTGTTCATTTGATG/\GTAACT/\C 

CC/\TGGCCCATTCTATTAAGTTTTCCAAGTTGGCAT---CATCCAC/\TATTGTGAT/\GTAATTCTCGG/\TATCAGTAGTGACT/\CAGCCATTGAT/\TTTGTTCATTTGATGAGTAACT/\C 

CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCAT---CATCC/\CATATTGTGATAGTAATTCTCGG/\TATCAGTAGTGACTACCGCCATTG/\TATTTGTTCATTTG/\TGAGTAACT/\C 
CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCAT---CATCCACAT/\TTGTGATAGTAATTCTCGGAT/\TCAGTAGTGACTACCGCCATTGATATTTGTTCATTTGATGAGTAACTAC 

CCATGGCCCATTCTATTAAGTTTTCCAAGTTGGCAT---CATCCACATATTGTGATAGTAATTCTCGGATATCAGTAGTGACTACCGCCATTGATATTTGTTCATTTGATGAGTAACT/\C 

120 

~ ~ 
TA---ATGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTATGTTG/\TATTAACAAAAGTGAAT/\T/\TATATGTTAATAATTGTATTGTG 240 
TA---ATGTATACATTTTCCATTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATT/\TTATGTTG/\T/\TTAACAAAAGTGAAT/\T/\T--1\TGTTAATAATTGT/\TTGTG 
T/\---1\TGT/\T/\C/\TTTTCCATTT/\TAACACTT/\TGT/\TTAACTTTGTTC/\TTT/\T/\TTTTTTC/\TT/\TT/\TGTTG/\T/\TTAACAAAAGTGAATATAT/\TATGTTAATAATTGT/\TTGTG 

T/\---1\TGT/\T/\C/\TTTTCC/\TTT/\TAACACGT/\TGT/\TTAACTTTGTTC/\TTT/\T/\TTTTTTC/\TT/\TT/\TGTTG/\T/\TTAACAAAAGTGAAT/\TATAT/\TGTTAATAATTGTATTGTG 

T/\---ATGTAT/\C/\TTTTCC/\TTT/\TAAC/\CGT/\TGT/\TTAACTTTGTTC/\TTT/\T/\TTTTTTCATT/\TT/\TGTTGAT/\TTAACAAAAGTGAATATAT/\TATGTTAATAATTGT/\TTGTG 
TA---ATGT/\TACATTTTCCATTT/\TAACACTTATGT/\TTAACTTTGTTC/\TTTATATTTTTTC/\TT/\TT/\TGTTGATATTAACAAAAGTGAATATAT--ATGTTAATAATTGT/\TTGTG 

T/\---/\TGTAT/\C/\TTTTCCATTT/\TAACACTTATGTATTAACTTTGTTC/\TTTAT/\TTTTTTCATT/\TTATGTTG/\TA'l'TM•:AAAAGTGAAT/\TAT--ATGTTAATAATT/\TGTTGTG 
TA---ATGT/\T/\CATTTTCCATTTATAACACTTATGTATTAACTTTGTTC/\TTT/\T/\TTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATAT/\TATGTTAATAATTGTATTGTG 
TACTAATGAATACATTTTCCATTTIITAACIICTT/\TGTATTAACTTTGATCATTTATATTTTTTC/\TT/\TTIITGTTGATATTAA•:AAAAGTGAAT/\T/\T--1\TGTTAATAATTATGGTGTG 

TACTAATGAATACATTTTCCATTTATAACACTTATGTATTAACTTTGATCATTTATATTTTTTCATT/\TTATGTTGATATTAACAAAAGTGAATATAT--ATGTTAATAATTATGGTGTG 
TA---ATGTATAC/\TTTTCC/\TTTATAAC/\CTTATGT/\TTAACTTTGTTTATTTATATTTTTTCATTATT/\TGTTGATATTAATAA------------------------TCGT/\TTGTG 
TA---ATGT/\T/\C/\TTTTCC/\TTTATAAC/\CTTATGT/\TTAACTTTGTTT/\TTT/\T/\TTTTTTCATTATT/\TGTTG/\TATTAATAA------------------------TCGTATTGTG 
TA---ATGT/\T/\C/\TTTTCC/\TTTATAAC/\CTT/\TGTATTAACTTTGTTT/\TTT/\T/\TTTTTTC/\TTATTATGTTGATATTAATAA------------------------TCGTATTGTG 

TA---ATGTAT/\CATTTTCCATTT/\TAACACTTATGT/\TTAACTTTGTTTATTTAT/\TTTTTTC/\TT/\TT/\TGTTG/\TATTAATAA------------------------TCGTATTGTG 
TA---ATGT/\T/\C/\TTTTCC/\TTTATAAC/\CTT/\TGTATTAACTTTGTTTATTT/\TATTTTTTC/\TT/\TT/\TGTTG/\T/\TTAATAA------------------------TCGT/\TTGTG 

TA---ATGT/\T/\C/\TTTTCC/\TTT/\TAAC/\CTT/\TGT/\TTAACTTTGTTT/\TTT/\T/\TTTTTTC/\TTATTATGTTGATATTAATAA------------------------TCGT/\TTGTG 

GT-TATACGGCCACAATTTTATAATG/\GTGAAAG---TCAGTGTCCGATG/\TC/\/\TGACG/\T------1\GCTTT/\CTCTl;/\AAAGAAAGT/\TCAAATCGATAGTGCGGAGTCAACAATAA 
GT-T/\T/\CGGCT/\CAATTTC/\TAATG/\GTGGAAG---TC/\GTGTCCGATG/\TC~G/\T------1\GCTTT/\CTCTGAAAAGAAAGT/\TCAAATCGATAGTGCGGAGTCAACAATG/\ 
GT-T/\T/\CGGCT/\CAATTTT/\TAATTAGTGAAAG---TCAGTGTCCG/\TG/\TCAATG/\CGAT------AGCTTT/\CTCTGAAAAGAAAGT/\TCAAATCG/\T/\GTGCGG/\GTCAACAATAA 

GT-T/\T/\TGGCTACAATTTC/\TAATG/\GCGGAAG---TC/\GTGTCCGATG/\TTAATG/\CGAT------AGATTT/\CTCTGAAAAGAAAGT/\TCAAATCG/\TAGTGT/\G/\GTCG/\CAATGA 

GT-T/\T/\TGGCTACAATTTCATAATG/\GCGGAAG---TC/\GTGTCCG/\TG/\TTAATG/\CG/\T------AG/\TTT/\CTCTuAAAAGAAAGTATCAAATCG/\T/\GTGTAGAGTCAACAATGA 
GT-T/\T/\CGGCT/\CAATTTC/\TAATG/\GTGGAAG---TC/\GTGTCCG/\TG/\TC~ GAT------AGCTTT/\CTCTGAAAAGAAAGTATCAAATCG/\T/\GTGC/\G/\GTCAACAATGA 

GT-T/\T/\CGGCTACAATTTC/\TAATG/\GTGGAAGAAGTC/\GTGTCCG/\TG/\TC~GAT------AGCTTTACTCTGAAAAGAAAGT/\TCAAATCGAT/\GTGCAG/\GTCAACAATG/\ 
GT-T/\T/\CGGCT/\CAATTTC/\TAATG/\GTGGAAG---TC/\GTGTCGG/\TGATCAACG/\CG/\T------AGCTTT/\CTTTGAAAAGAAAGT/\TCAAATCAAT/\GTGTGG/\GTCAACAATGA 
GTGTGT/\CGGCCACAATTTC~G/\GTGGAAG---TC/\GTGTCCT/\TG/\TCAATG/\CG/\TCT/\TTTAG/\GTTACTTTG/\AAAGAATGC/\TCC/\CTCAAT/\GTG/\GG/\GTCG/\GTATGA 
GTGTGT/\CGGCC/\CAATTTC~G/\GTGGAAG---TC/\GTGTCCT/\TG/\TCAATG/\CGATCTATTT/\G/\GTT/\CTTTG/\AAAGAATGCATCCACTCAAT/\GTG/\GG/\GTCGAGT/\TGA 

GT-T/\TATGGCT/\CAATTTCATAATGAG G G---TC/\GTGTCCTATG/\TCAATG/\CGAT------AGCTTT/\CTCTGAAAAGAAAGT/\TCAAATCGATAGTGC/\G/\GTCAACAATG/\ 
GT-TATATGGCTACAATTTC/\TAATG/\G G---TC/\GTGTCCT/\TG/\TCAATG/\CGAT------AGCTTT/\CTCTGAAAAGAAAGTATCAAATCGATAGTGC/\G/\GTCAACAATG/\ 
GT-T/\T/\TGGCT/\CAATTTCATAATG/\ G---TCAGTGTCCT/\TG/\TCAATG/\CGAT------1\GCTTT/\CTCTGAAAAGAAAGTATCAAATCGAT/\GTGC/\G/\GTCAACAATG/\ 

GT-TAT/\TGGCT/\CAATTTCATAATG/\G G---TC/\GTGTCCT/\TG/\TCAATGACGAT------AGCTTT/\CTCTGAAA-GAAAGTATCAAATCG/\T/\GTGC/\G/\GTCAACAATGA 
GT-T/\T/\TGGCTACAATTTC/\TAATG/\G G---TC/\GTGTCCT/\TG/\TCAATG/\CG/\T------AGCTTTACTCTGAAA-GAAAGT/\TCAAATCG/\T/\GTGCAG/\GTCAACAATGA 

GT-T/\T/\TGGCTACAATTTC/\TAATG/\G G---TCAGTGTCCT/\TG/\TCAATGACG/\T------AGCTTT/\CTCTGAAA- GAAAGT/\TCAAATCG/\T/\GTGC/\GAGTCAACAATGA 

AAATGGATAAGAAG/\GG/\TAAAGTTTC/\GAAT/\G/\GCCAAAATGGTAAAAGAAATAAATC/\G/\CAATAAG/\GT/\GC/\CA,\ACTCATT/\CGAGACATTGAAACT/\GGATACATAAAATTTA 

AAATGG/\TAAGAAG/\GG/\CAAAGTTTC/\GAAT/\GAGCCAAAATGGTAAAAGAAATAA/\TC/\G/\CAATAAGAGC/\GC/\C/\AACTC/\TT/\CGAG/\C/\TTGAAACT/\GG/\T/\C/\TAAAATTTA 

AAATGG/\T/\/\GAAG/\GG/\CAAAGTTTCAGAATAG/\GCCAAAATGGTAAAAGAAATAAATC/\GACAATAAG/\GC/\GC/\C/\AACTC/\TT/\CGAG/\CATTGAAACTAGG/\TAC/\TAAAATTT/\ 

AAATGG/\T/\/\GI\/\G/\GG/\CAAAGTTTCAAAAT/\G/\GCCAAAATGGTAAAAGAAAT/\/\1\TC/\G/\CAATAAG/\GC/\GC/\C/\AACTC/\TT/\CG/\GAC/\TTGAAACTAGG/\T/\C/\TAAAATTT/\ 

AAATGG/\T/\/\GAAG/\GG/\CAAAGTTTCAAAAT/\G/\GCCAAAATGGTAAAAGAAATAAATC/\G/\CAATAAG/\GC/\GC/\C/\AACTC/\TT/\CG/\G/\CATTGAAACTAGG/\T/\C/\TAAAATTTA 
AAATGG/\TAAGA---GAACAAAGTTTC/\GAAT/\G/\GCCAAAATGGTAAAAGAAAT/\AATC/\G/\CAATAAG/\GC/\GC/\C/\f.ACTCATT/\CG/\G/\C/\TTGAAACT/\GG/\T/\C/\TAAAATTT/\ 

AAATGG/\T/\/\G/\AG/\GG/\CAAAGTTTCAG/\/\T/\G/\GCCAAAATGGTAAAAGAAATAAATC/\GACAATAAG/\GC/\GC/\C/\AACTC/\TT/\CG/\G/\C/\TTG/\/\/\CT/\GG/\T/\C/\TAAAATTT/\ 
AAATGGAT/\/\GAAG/\GG/\CAAAGTTTC/\GAAT/\GAGCCAAGATGGTAAAAGAAATAAATC/\GACAATAAG/\GC/\GCCC/\/\/\CT•:ATT/\CG/\G/\C/\TTGAAACT/\GG/\T/\C/\TAAAATTT/\ 
AAAT/\G/\T/\/\GAAG/\GG/\CAAAGTTTC/\GAATAG/\GCCAAAATGGTAAAAG/\/\/\T/\AATC/\G/\CAAT/\AGAGC/\GCACAA/\CT1:ATT/\CG/\G/\C/\TTGAAACAAGGAT/\CCTAAAATTT/\ 

AAAT/\GATAAGAAG/\GG/\CAAAGTTTC/\GAAT/\GAGCCAAAATGGTAAAAGAAAT/\AATC/\G/\CPiATAAGAGC/\GCAC/\AACTC/\TT/\CG/\GAC/\TTGAAACAAGGAT/\CCTAAAATTTA 
AAATGG/\T/\/\G/\CG/\TGAC/\AAGTTTC/\GAAT/\GAGTCAAAATGGTAAAAG/\AAT/\AATC/\G/\CGATAAGAGCAGC/\CAAACTCATT/\CG/\G/\C/\TTGAAACT/\GG/\T/\T/\TAAAATTTA 
/\AATGG/\TAAG/\CG/\TGAC/\AAGTTTCAGAATAGAGTCAAAATGGTAAAAGAAATAAATC/\G/\CG/\TAAGAGC/\GCAC/\AACTCATT/\CG/\GAC/\TTGAAACT/\GG/\T/\T/\TAAAATTT/\ 

/\AATGG/\TAAGACG/\TG/\CAAAGTTTC/\GAAT/\GAATCAAAATGGTAAAAG/\AATAAATC/\G/\CG/\TAAG/\GC/\GC/\C/\AACTCATT/\CG/\G/\C/\TTGAAACT/\GG/\T/\T/\TAAAATTTA 
/\AATGG/\TAAG/\CG/\TG/\CAAAGTTTC/\GAATAG/\GTCAAAATGGTAAAAG/\AATAAATC/\G/\CG/\TAAG/\GC/\GC/\CAAACTC/\TT--GAGAC/\TTG/\AACT/\GG/\T/\T/\TAAAATTT/\ 
AAATGG/\TAAG/\CG/\TG/\CAAAGTTTC/\GAATAGAGTCAAAATGGTAAAAGAAAT/\AATC/\G/\CGAT/\AGAGC/\GCAC/\AACTCATT--GAG/\C/\TTGAAACT/\GGAT/\T/\TAAAATTT/\ 
AAATGG/\TAAG/\CG/\TG/\CAAAGTTTC/\GAAT/\G/\GTCAAAATGGTAAAAG/\AAT/\AATCAGACGAT/\AGAGC/\GCAC/\AACTCATT--GAGAC/\TTGAAACTAGGAT/\T/\TAAAATTTA 

....••......•....•.....•.•...•...••.•.•......................•.....•.••..•....•. ········· 

Fig. S.S (Continued over page) 
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VACDIE 
VACCOP 
VACWR 
VARHAR 
VARSOH 
CAM903 
GERBIL 
ECTMII 
COWLAR 
COWBRI 
MPDEN 
MPLIB 
MPBEN 
MP86-21 
MP86-112 
MP1324 

VACDIE 
VACCOP 
VACWR 
VARHAR 
VARSOH 
CAM903 
GERBIL 
ECTMII 
COWLAR 
COWBR1 
MPDEN 
MPLIB 
MPBEN 
MP86- 21 
MP86-112 
MP1324 

AGAGAATGATTAGGACTACTACTCTAGAAGATATAGCACCATCTATT---CCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGCCATCGGCAAAGCATCACAGAATCCGA 
AGAGAATGATTAGGACTACTACTCTAGAAGATATAGCACCATCTATT---CCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGCCATCGGCAAAGCATCACAGAATCCGA 
AGAGAATGATTAGGACTACTACTCTAGAAGATATAGCACCATCTATT---CCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGCCATCGGCAAAGCATCACGGAATCCAA 

AGAAAATGATTAGGACTACTACTTTAGAAGATATAACAACATCTATT---CCAAATATTCAGAAAATTTATAAACTATTCTCGGACATTTCAGCCATTGGCAAAGTATCACAGAATCCGA 
AGAAAATGATTAGGACTACTACTTTAGAAGATATAACAACATCTATT---CCAAATATTCAGAAAATTTATAAACTATTCTCGGACATTTCAGCCATTGGCAAAGTATCACAGAATCCGA 
AGAAAATGATTATGACTACTACTCCAGAAGATATAGCAACATCTATT---CCAAATATTCAGAAAATTTATAAACTATTCTCGGACATTTCAGCCATTGGCAAAGCATCACAGAATCCGA 

AGAAAATGATTAGGACTACTACTCTAGAAGATATGGCAACATCTATT---CCAAATATTCAGAAAATTTATAAACTATTCTCGGACATTTCAGCCATTGGCAAAGCATCACAGAATCCGA 
AGAGAATGATTAGGACTACTACTCTAGAAGATATAGCAACATCTATT---CCAAATATTCAGAAAATTTATAAACTATTCTCAGACATTTCAGCCATTGGAAAAGCATCACAGAATCCGA 
AGAGAATGATTAGAACTGCTACTCTAAAAGATATAGCACCATCTATT---CCAAAAATTCAGAAATTTTATAAACTATTCTCGGACATTTCAGCCATCAGCAAAGCATCACAGAATCCGA 
AGAGAATGATTAGAACTGCTACTCTAAAAGATATAGCACCATCTATT---CCAAAAATTCAGAAATTTTATAAACTATTCTCGGACATTTCAGCCATCAGCAAAGCATCACAGAATCCGA 

AGGGAATGATTAGGACTACTACTCTAGAAGATATAGCACCATCTATT---CCAAATAATCAGAAAACTTATAAACTATTCTCGTACATTTCAGTCATTGGCAAAGCATCACAGAATCCGA 
AGGGAATGATTAGGACTACTACTCTAGAAGATATAC.CACCATCTATT---CCAAATAATCAGAAAACTTATAAACTATTCTCGTACATTTCAGTCATTGGCAAAGCATCACAGAATCCGA 
AGGGAATGATTAGGACTACTACTCTAGAAGATATAGCACCATCTATT---CCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGTCATTGGCAAAGCATCACAGAATCCGA 
AGTGAATGATTAGGACTACTACTCTAGAAGATATAGCACCATCTATTATTCCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGTCATTGGCAAAGCATCACAGAATCCGA 
AGTGAATGATTAGGACTACTACTCTAGAAGATATAGCACCATCTATTATTCCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGTCATTGGCAAAGCATCACAGAATCCGA 
AGTGAATGATTAGGACTACTACTCTAGAAGATATAGCACCATCTATTATTCCAAATAATCAGAAAACTTATAAACTATTCTCGGACATTTCAGTCATTGGCAAAGCATCACAGAATCCGA •.....................••...•........ 

GTAAGATGGTATATGCTCTGCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTCGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAGATCTTCTCTCCTT 

GTAAGATGGTATATGCTCTGCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGATCATAGATTCATTCGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAGATCTTCTCTCCTT 

GTAAGATGGTATATGCTCTGCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGATCATAGATTCATTCGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAGATCTTCTCTCCTT 
GTAAAATGGCATATGCTTTACTGCTTTACATGTTCCCCAATTTGTTTGGAGATGACCATAGATTCATTCTTTATAGAATGTTTCCAATGAGTAAAATCAAACACAAGATCTTCTCTCCTT 
GTAAAATGGCATATGCTTTACTGCTTTACATGTTCCCCAATTTGTTTGGAGATGACCATAGATTCATTCTTTATAGAATGTTTCCAATGAGTAAAATCAAACACAAGATCTTCTCTCCTT 
TTAAGATGGTATATGCTCTACTGCTTTTCATGTTCCCCAATCTGTTTGGAGATGACCATAGATTCATTCTTTATAGAATACATCCAATGAGTAAAATCAAACACAAGATCTTCTCTCCTT 
GTAAGATGGCATATGCTCTACTGCTTTACATGTTCCCCAATTTGTTTGGAGATGACCATAGATTCATTCTTTATAGAATGCATCCAATGAGTAAAATCAAACACAAGATCTTCTCTCCTT 
GTAAGATGGTATATGCTCTACTGCTTTATATGTTTCCCAATTTGTTTGGAGACGATCATAGATTCATTCTTTATAGAATGCATCCAATGAGCAAAATCAAACACAAGATCTTCTCACCGT 

GTAAGATGGTATATGCTCTACTGCTTTACATGTTACCCAATTTGTTTGGAGATGACCATAGATTCATTCGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAGATCTTCTCCCCGT 

GTAAGATGGTATATGCTCTACTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTCGTTATAGAATGCATCCAATGAGCAAAATCAAACACAAGATCTTCTCCCCGT 

GTAAGATGATATATGCTC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTTATAGAATGCATCCAA---------------------- - ---------­

GTAAGATGATATATGCTC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTTATAGAATGCATCCAA--------------------------------­
GTAAGATGATATATGCTC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTTATAGAATGCATCCAA---------------------- - ---------­
GTAAGATGATATATGCTC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAAATCTT-----CGT 
GTAAGATGATATATGCTC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAAATCTT-----CGT 
GTAAGATGATATATGCTC-GCTGCTTTACATGTTTCCCAATTTGTTTGGAGATGACCATAGATTCATTTGTTATAGAATGCATCCAATGAGTAAAATCAAACACAAAATCTT-----CGT •.....................•..•.•.•..................... 
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VACDIE TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGCTGAATCTGATA 840 

VACCOP TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGCTGAATCTGATA 

VACWR TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGCTGAATCTGATA 

VARHAR TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGTTGAATCTGATA 

VARSOH TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGTTGAATCTGATA 

CAM903 TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGCTGAATCTGATA 

GERBIL TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGATCTAATAAATGGAGAATAATTGGAACACAAGTTGATAAAATGTTGATAGCTGAATCTGATA 

ECTMII TCAAACTTAATCTTATTAGGATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAAAGATTATAGATGGAAAATAATTGGATCACAAGTTGATAAAATATTGATAGCTGAATCTGCTA 

COWLAR TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGAGATTATAAATGGAGAATAATTGGAACACAGGTTGATAAAATATTGATAGCTGAATCTGCTA 

COWBR1 TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGAGATTATAAATGGAGAATAATTGGAACACAAGTTGATAAAATATTGATAGCTGAATCTGCTA 
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TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGAGATTATAAATGGAGAATAATTGGAACACAAGTTGATAAAATATTGATAGC---------TA 
TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGAGATTATAAATGGAGAATAATTGGAACACAAGTTGATAAAATATTGATAGC---------TA 
TCAAACTTAATCTTATTAGAATATTAGTGGAAGAAAGATTCTATAATAATGAATGCAGAGATTATAAATGGAGAATAATTGGAACACAAGTTGATAAAATATTGATAGC---------TA 

AATATACAATAGATGCAAGGTATCGCCTAAGACCTATATATAGAATCAAGGGAAAATCTGAAGAAGATACCCTCTTTATCAAACAGATGGTAGAACAATGTGTGACATCCCAGGAATTGG 
AATATACAATAGATGCAAGGTATAACCTAAAACCCATGTATAGAATCAAGGGAAAATCTGAAGAAGATACCCTCTTCATCAAACAGATGGTAGAACAATGTGTGACATCCCAGGAATTGG 
AATATACAATAGATGCAAGGTATAACCTAAAACCCATGTATAGAATCAAGGGAAAATCTGAAGAAGATACCCTCTTTATCAAACAGATGGTAGAACAATGTGTGACATCCCAGGAATTGG 
AATATACAATAGATGCAAGGTATCGCCTAAGACCTATATATAGAATCAAGGGAAAATCTGAAGAAGATACCCTCTTCATCAAACAGATGGTAGACCAATGTGTGACATCCCAGGAATTGG 
AATATACAATAGATGCAAGGTATCGCCTAAGACCTATATATAGAATCAAGGGAAAATCTGAAGAAGATACCCTCTTCATCAAACAGATGGTAGACCAATGTGTGACATCCCAGGAATTGG 

AATATACAATAGATGCAAGGTATCGCCTAAGACCTATATATAGAATCAAGGGAGAATCTGAAGAAGATACCCTCTTCATCAAACAGATGGTAGAACAATGTGTGACATCCCAGGAATTGG 
AATATACAATAGATGCAAGGTATCGTCTAAGACCTATATATAGAATCAAGGGAGAATCTGAAGAAGATACCCTCTTCATCAAACAGATGGTAGAACAATGTGTGACATCCCAGGAATTGG 

AATATACAATGAATGCAATGTATCGCCTAAGACCGATACATAGAATCAAGGTAGAATCTGAAGAAGATACCCTCTTCATCAAACAGATGGTAGAAAAATGTGTAACATCCCAGGAATTGG 

AATATACAATAGATGCAAGGTATCGCCTAAGACCTATATATAGAATCAAGGGAGAATCTGAAGAAGATACTCTCTTCATCAAACAGATGGTAGAGAAATGTGTAACGTCTCAGGAATTGG 
AATATACAATAGATGCAAGGTATCGCCTAAGACCTATATATAGAATCAAGGGAGAATCTGAAGAAGATACCCTCTTCATCAAACAGATGGTAGAGAAATGTGTAACGTCTCAGGAATTGG 

AATATACAATAGATGCAATGTATCGCATAAGACCGATATATA------------------------------------------------------------------------------
AATATACAATAGATGCAATGTATCGCATAAGACCGATATATA------------------------------------------------------------------------------
AATATACAATAGATGCAATGTATCGCATAAGACCGATATATA------------------------------------------------------------------------------

Fig. S.S (Continued over page) 
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VACDIE TGGAI\AAAGTGTTGAAGATACTGTTTAGAGATTTGTTCAAGAGTGGAGAATACAAAGC-GTACAGATACGATGATGATGTAGAAAATGGATTTATTGGATTGGATACACTAAAATTAAAC 1080 

VACCOP TGGAAAAAGTGTTGAAGATACTGTTTAGAGATTTGTTCAAGAGTGGAGAATACAAAGC-GTACAGATACGATGATGATGTAGAAAATGGATTTATTGGATTGGATACACTAAAATTAAAC 

VACWR TGGAI\AAAGTGTTGAAGATACTGTTTAGAGATTTGTTCAAGAGTGGAGAATACAAAGC-GTACAGATACGATGATGATGTAGAAAATGGATTTATTGGATTGGATACACTAAAATTAAAC 

VARHAR TGGAI\AAAGTGTTGAAGATACTGTTTAGAGATTTGTTCAAGAGTGGAGAATACAAAGC-GTACAGATACGATGATGACGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAAC 
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TGGAI\AAAGTGTTGAAGATACTGTTTAGAGATTTGTTCAAGAGTGGAGAATACAAAGC-GTACAGATACGATGATGACGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAAC 

TGGAI\AAAGTGTTGAAGATACTGTTTAGAGATTTGTTCAAGAGTGGAGAATACAAAGC-GTACAGATACGATGATG---TAGAAAATGTATTCATTGGATTGGATAAACTAAAATTAAAC 

TGGAAAAAGTGTTGAAGATACTGTTTAGAGATTTGTTCAAGAGTGGAGAATACAAAGC-GTACAGATACGATGATGATGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAAC 

TGGAAAAA-TG~GATACTGTTTAGAGATTTGTTCAAGAGTGGAGAATACAAAGC-GTACAGGTACGATGATGATGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAAC 

TGGAAAAAGTGTTGAAGATACTGTTTAAAGATTTGTTCAAGAGTGGAGAATACAAAG-ATTACAGATACGATGATGATGTAGACAATGGATTCATTGGATTGGACAAACTAAAATTAAAC 

TGGAGAAAGTGTTGAAGATACTGTTTAAAGATTTGTTCAAGAGTGGAGAATACAAAG-ATTACAGATACGATGATGATGTAGACAATGGATTCATTGGATTGGACAAACTAAAATTAAAC 

-----------------------------------------------------------------------------------------------------------------------c 
-----------------------------------------------------------------------------------------------------------------------c 
-----------------------------------------------------------------------------------------------------------------------c 
---- --------------------------------------------A-TACAAAGCAGTACAGATACAATGATGATGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAAC 

------------------------------------------------A-TACAAAGCAGTACAGATACAATGATGATGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAAC 

--------------------------------------- - --------A-TACAAAGCAGTACAGATACAATGATGATGTAGAAAATGGATTCATTGGATTGGATAAACTAAAATTAAAC 

ATTGTTCATGATATAGTTGAACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCGCTACATATTATTGGTAAGAATCTT 

ATTGTTCATGATATAGTTGAACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCGCTACATATTATTGGTAI\AAATCTT 

ATTGTTCATGATATAGTTGAACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCGCTACATATTATTGGTAI\AAATCTT 

ATTGTTCATGATATAGTTGAACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCGCTGCATATTATTGGTAAGAATCTT 

ATTGTTCATGATATAGTTGAACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCGCTGCATATTATTGGTAAGAATCTT 

ATTCTTCATGATATAGTTGAACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCGCTACATATTATTGGTAAGAATCTT 

ATTGTTCATGATATAGTTGAACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCGCTACATATTATTGGTAAGAATCTT 

ATTGTTCATGATATAGTTGAACCATGTATGCCTGTCCGCAGGCCAGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCGCTACATATTATTGGTAAGAATCTT 

ATTGTTCACGATATAGTTGAACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGGTACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCTCTACATATCATTGGTAAGAATCTC 

ATTGTTCACGATATAGTTGAACCATGTATGCCTGTTCGTAGGCCAGTGGCTAAGGTACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATCCTCTACATATCATTGGTAAGAATCTC 

ATTGTTCATGATATAGTTGAATCATGTATGCCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC------------------------TT 

ATTGTTCATGATATAGTTGAATCATGTATGCCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC--------- ---------------TT 

ATTGTTCATGATATAGTTGAATCATGTATGCCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC------------------------TT 

ATTGTTCATGATATAGTTGAATCATGTATACCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC------------------------TT 

ATTGTTCATGATATAGTTGAATCATGTATACCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC------------ - -----------TT 

ATTGTTCATGATATAGTTGAATCATGTATACCTGTTCGTATGCCTGTGGCTAAGATACTGTGTAAAGAAATGGTAAATAAATACTTTGAGAATC------------------------TT 

CAAGAGTGCATTGACTTTGTTAGTG~ 
CAAGAGTGCATTGACTTTGTTAGTGAATAG 
CAAGAGTGCATTGACTTTGTTAGTG~ 
CAAGAGTGCATTGACTTTGTTAGTG A 
CAAGAGTGCATTGACTTTGTTAGTG A 
CAAGAGTGCATTGACTTTGTTAATGAATAG 
CAAGAGTGCATTGACTTTGTTAGTGAATAG 
CAAGAGTGCATTGACTTTGTTAGTGAGTAG 
CAAGAGTGCATTGACTTTGTTAGTGAGTAG 
CAAGAGTGCATTGACTTTGTTAGTGAGTAG 
TAAGAGTGCATTGACTTTGTTAGTGAATAG 
TAAGAGTGCATTGACTTTGTTAGTGAATAG 
TAAGAGTGCATTGACTTTGTTAGTGAATAG 
TAAGAGTGTATTGACTTTGTTAGTGAATAT 
TAAGAGTGTATTGACTTTGTTAGTGAATAT 
TAAGAGTGTATTGACTTTGTTAGTGAATAT 
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The E4L-ESR promoter region 

Fig. 5.6 shows the aligned sequences corresponding to the promoter region of vaccinia 

virus E4L and E5R. In all sequences the firstATG ofE4L occupies p~sitions 1 to 3. E4L has 

a typical late promoter consesus sequence at its start- TAAAT (Cochran et al., 1985; Bertholet 

et al., 1986; Weir and Moss, 1987; Davison and Moss, 1989b). Intermediate genes also have 

this consensus sequence, but, in addition, have a typical core and spacer region (Baldick et 

al. , 1992). The DNA sequence upstream of the E4L coding sequence does not resemble 

that of intermediate promoter sequences (Baldick et al., 1992). 

The monkeypox virus sequences have been included in fig. 5.6 to emphasize the DNA 

sequence conservation in this region. The DNA sequence has been well conserved, prob­

ably because changes acceptable for one promoter region are not acceptable for the other. 

The DNA sequence between the Dairen E4L and E5R (positions 4-51) is highly A/T-rich 

(85% over 48bp). Extending the promoter region to 76bp (for vaccinia virus Copenhagen, 

camel pox virus and gerbil pox virus), the A/T composition is 84%. This A/T-rich sequence 

is typical of early vaccinia virus promoters (Davison and Moss, 1989a). Experiments to 

determine the functional activity of these putative promoters have not been done. Prelimi­

nary RNA work suggests that the E5R gene is transcribed from DNA further upstream 

(next chapter) . This may be due to the absence of an early transcriptional termination 

sequence ( I ITITNT) closer to the E5R ORF. 

E4L ESR 
VACDIE c7rrTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATATATATG 
VACCOP CATTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATAT--ATG 
VACWR CATTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATATATATG 
VARHAR CATTTATAACACGTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATATATATG 
VARSOM CATTTATAACACGTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATATATATG 
CAM903 CATTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATAT--ATG 
GERBIL CATTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATAT--ATG 
ECTMH CATTTATAACACTTATGTATTAACTTTGTTCATTTATATTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATATATATG 
COWLAR CATTTATAACACTTATGTATTAACTTTGATCATTTATATTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATAT--ATG 
COWBRI CATTTATAACACTTATGTATTAACTTTGATCATTTATATTTTTTCATTATTATGTTGATATTAACAAAAGTGAATATAT--ATG 
MPDEN CATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTATGTTGATATTAATAA-----------------
MPLIB CATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTATGTTGATATTAATAA-----------------
MPBEN CATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTATGTTGATATTAATAA-----------------
MP86-21 CATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTATGTTGATATTAATAA----------------­
MP86-112 CATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTATGTTGATATTAATAA----------------­
MP1324 CATTTATAACACTTATGTATTAACTTTGTTTATTTATATTTTTTCATTATTATGTTGATATTAATAA-----------------

************ *************** * ********************************* ** 

Fig 5.6 DNA sequence of the E4L and E5R promoter region.This sequence alignment is taken from positions 
140 to 223 of fig. 5.5. It starts at the first translational start codon of ORF E4L (positions 1-3) and ends after the 
second potential start codon of the Dairen E5R ORF. 
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There are three positions in which differences are found between the different viruses -

positions 13, 29 and 31. The difference at position 31 is conserved in the monkeypox 

viruses only. The other positions show a difference in one species only-variola and cowpox 

viruses respectively. Since the DNA sequence between the two ORFs is so highly conserved, 

it would be of interest to test the strength of these two putative promoters. They may be 

useful as a bi-directional promoter in the expression of more than one foreign gene in 

poxviruses, as described by Kumar and Boyle ( 1990), for a fowl pox virus bi-directional 

promoter, and Tsao et al. ( 1988), for the bi-directional promoter found upstream of vaccinia 

virus ORFs Fl6L (p25) and Fl 7R (pll). Furthermore, it would be useful if these promot­

ers were functional in other poxviruses, such as Capripoxviruses and A vipoxviruses, which 

are good potential vaccine vectors (Baxby, 1993). Promoter sequences from vaccinia virus 

have been shown to function in raccoon poxvirus (Esposito et al., 1988), Capripoxviruses (A­

L Williamson, personal communication), Avipoxviruses (Boyle and Coupar, 1988b) and 

Entomo,poxviruses ( Gruidl et al. , 1992). 

Pairwise DNA Comparison 

The base similarity between different pairs of viral sequences was determined for the DNA 

sequences shown in fig. 5.5. These values are listed in 5. 7 in. the form of a matrix, showing 

% divergence (top right) and% similarity (bottom left). Overall, the DNA sequences are 

highly conserved. All comparisons show >91 % base similarity with the greatest difference 

being 8.7% between monkeypox virus, Benin and cowpox virus, Larkin. This high % of 

overall similarity may represent recent speciation, or strong conservation of function. It 

also indicates a high fidelity of replication of the poxvirus DNA polymerase. 

VIRUS % DIVERGENCE 

3 5 6 10 

1. VACDIE 1.24 1.07 3.3 1 3.22 4.42 4 .55 4. 72 5.97 5.80 
2. VACCOP 98 . 76 0.66 3.23 3.15 3.64 3.77 4.52 6.05 5.88 
3. VACWR 98 . 93 99 . 34 3.88 3.80 4.55 4. 68 5 . 21 6.71 6.55 
4 . VARHAR 96.69 96.77 96 . 12 0.08 6.10 6.23 6.00 6.71 6.63 
5. VARSOM 96.78 96.85 96 . 2 99 . 92 5.97 6. 10 5.90 6.79 6.71 
6. MPLIB 95.58 96.36 95 . 45 93.90 94.03 0.39 0.65 8.57 8.31 
7. MPBEN 95 . 45 96.23 95 . 32 93.77 93.90 99 . 61 0 . 78 8.70 8.44 
8. MPZAI 95.28 95.48 94 . 79 94.00 94.10 99.35 99 . 22 7.57 7.37 
9 . COWLAR 94.03 93.95 93 . 29 93.29 93.21 91.43 91.30 92.43 0.49 

10. COWBRI 94 . 2 94.12 93.45 93.37 93.29 91.69 91.56 92.63 99 . 5 

11 

2.15 
2 . 07 
2.73 
2.15 
2 .07 
4 . 81 
4. 94 
4.92 
5 . 55 
5. 47 

12 

2.75 
2.66 
3.33 
2.83 
2.75 
5 . 61 
5. 74 
5 . 54 
6.33 
6.24 

13 

4.71 
4.39 
5 . 05 
5.21 
5 . 13 
6 . 36 
6. 4 9 
6.29 
6.55 
6.22 

11. GERBIL 97.85 97.93 97.27 97.85 97.93 95.19 96.06 95.08 94.45 94.53 1.58 4 . 06 
12. CAMEL 97.25 97.34 96.67 97.17 97 . 25 94.39 94.26 94.66 93.67 93.76 98.42 4.66 
13. ECTMH 95.29 95.61 94.95 94.79 94.87 93.64 93.51 93.71 93.45 93.78 95.94 95.34 

% BASE SIMILARITY 

Fig. 5.7 Matrix showing the % Divergence (top right) and % similarity (bottom left) between pairs of DNA 
sequences. lntraspecies homology is indicated in bold.The nomenclature has been explained in the legend to fig. 5.5. 
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The base similarity within each of the monkeypox, variola, and cowpox virus species is 

greater than 99%. Vaccinia virus, also highly conserved (>98%), shows more intraspecies 

variation than the others. Although this may reflect an earlier divergence within the spe­

cies, it may also be the result of recombination during the evolution of the virus (Bedson 

a~d Dumbell , 1964) . More sequencing data from different strains of the same viral species, 

as well as sequences from different regions in the genome, is required for a valid compari­

son to be made. 

Between species, gerbil pox and camel pox viruses are most closely related to one another 

(98.42%), but also show a high degree of similarity to the vaccinia and variola viruses. They 

are more distantly related to monkeypox virus. Since gerbilpox virus was isolated from a 

rodent in Benin, one may have expected a closer relationship to monkeypox virus, which 

also infects rodents and is found in the same part of the world. Gibbs and Fenner (1984) 

group gerbilpox (taterapox) with monkeypox virus, and not variola or vaccinia viruses. 

This analysis, based on restriction enzyme cleavage sites, is not as accurate as DNA se­

quence analysis. The phenotypic characters of gerbil pox virus most closely resemble th~se 

of variola virus (Lourie et al. , 1975). 

Cowpox virus has the greatest percentage divergence. It is most similar to gerbilpox 

virus (94.5%) and least similar to monkeypox virus (91-92%). 

Ectromelia virus cannot clearly be grouped with any other virus. Like all the other viruses, 

it is most similar to gerbil pox virus. The next closest is vaccinia virus (±95%). The amino 

acid sequence (fig. 6.7) shows six amino acid changes which are shared with cowpox virus 

(positions 50, 196, 197, 209, 215 and 248), whereas only four ?fall the other differences 

are shared with any of the other viruses (positions 52, 110, 118 and 159). This suggests that 

ectromelia virus may actually be more closely related to cowpox virus~ 
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Phylogenetic analysis of the Ortho,poxvirus DNA sequences 

The sequences were analysed using two computer programs, clustal V (Higgins and Sharp, 

1988; Higgins et al., 1991) and TREECON (Van de Peer and Wachter, 1992). In both cases 

the neighbour-:joining method (Saitou and Nei, 1987) was used for constructing 

phylogenetic trees. This was considered the most accurate method for obtaining the correct 

tree (Sai tou and Imanishi, 1989; Sourdis and Nei, 1988; Ed Rybicki, personal 

communication) . Similar results were obtained from both programs. 

In all cases no correction was made for superimposed mutations. The DNA sequences 

are well conserved amongst the viruses and many differences are in the form of insertions 

and deletions, which cannot back-mutate. We therefore do not expect a large error due to 

superimposed mutations. 

Insertions and deletions (indels) were considered important in the analyses, and trees 

were constructed both taking these into account and ignoring them. When they are accouted 

for, adjacent gaps in the sequence are treated as a single gap, regardless of its length. This 

is because a deletion or insertion of any length of sequence may be produced by a single 

mutational event. 

In order to produce a tree which can be visualized on the screen and saved, using 

TREECON, a root has to be designated. The trees shown in figures 5.8 and 5.9 were 

constructed using the automatic root location, which places the root at a point where the 

average distance to the species on both sides is the same (midpoint rooting). Trees were 

constructed using a number of different sequences as the root, but the interrelationship of 

the viruses was the same for all roots. 

The validity of the branching pattern produced by a single matrix distance calculation 

was tested by performing bootstrap analysis on the data. For analysis using the clustal 

program, 1000 bootstraps were performed, where random blocks of 111 nucleotides were 

compared in 1000 separate matrix calculations. Using treecon, 100 trials were done using 

a random seed no. of 105. A branch point with a bootstrap value of>80% was considered 

reliable. Lower values indicate that the sequences separated by a branch could, in fact, 

form part of the same group. 

Figures 5.8 and 5.9 show the trees constructed in TREECON from the DNA sequences. 

Monkeypox virus Zl324 is identical to the other two Zaire strains, 86-112 and 86-21. It was 

omitted due to the lack of memory space for a 16th sequence. In fig. 5.8 insertions and 

deletions have been taken into account, whereas fig. 5.9 shows the tree produced not taking 

them into account. 

In both figures the monkeypox viruses form two groups (Zaire and West Africa) well 

isolated from each other as well as the other viruses. But the base similarity between the 

two groups is >99%. This anomaly can be explained in terms of the deletions present in the 

monkeypox viruses. Within the DNA sequence comprising the major deletion in the West 

African isolates, the sequence in the Zaire isolates has a number of differences compared 

73 



86112 

MP8621 

Distance 0 . 1 

MPBEN 

MPLIB 

MPDEN 

VARSOM 

VARHAR 

GERBll.. 

CAM903 

.----ECTMH 

COWBRI 

COWLAR 

Fig. S.8 Phylogenetic tree constructed from the DNA sequences aligned in fig. 5.5 using TREECON (Van de 
Peer and Wachter, 1992). taking into account insertions and deletions. 
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Fig. S.9 Phylogenetic tree constructed from the DNA sequences aligned in fig. 5.5 usingTREECON (Yan de 
Peer and Wachter, 1992), ignoring insertions and deletions. 
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to the other viruses. It is not known whether these differences were common to the West 

African isolates before the deletion occurred. Comparing this region of the monkeypox 

viruses to the other Orthopoxviruses, only one difference is recognized between the West 

African isolates and the other Orthopoxviruses (one large deletion) , whereas there are a 

number of <lifferences between the Zaire isolates and the other Orthopoxvirusesdue to base 

substitutions (an<l smaller deletions and insertions). These differences place the Zaire 

monkeypox viruses far apart from the other Orthopoxviruses, whereas the West African isolates 

appear more similar to the other Orthopoxviruses. The large number of differences in the 

Zaire isolates may reflect an increase in rate of divergence which would have occurred 

once the E5R-equivalent ORF became nonessential for the virus. The branch lengths 

(<livergence) of the monkeypox viruses is probably not on the same scale as the rest of the 

tree. Consideration must be given to the fact that this is a single gene/pseudogenc 

comparison where the ORF is more conserved amongst the other Orthopoxviruses than it is 

in monkcypox virus. The relationship of monkeypox viruses to the other viruses may 

therefore be different when comparing either a gene conserved in all the viruses, or the 

DNA from a noncoding region which is not subject to functional constraints. 

The interrelationship of the other Orthopoxviruses as shown in fig. 5.8 is probably fairly 

accurate. The two variola viruses, three vaccinia viruses and two cowpox viruses form three 

indivi<lual groups. The variola and cowpox virus groups were formed in all bootstrap trials 

and all three va~cinia viruses formed a single group in 98% of the bootstraps. Gerbilpox 

and camelpox viruses group reliably with the variola viruses (81 % TREECON, 99.3% clustal). 

The branch separating the vaccinia viruses from the group comprising variola, gerbilpox 

and camel pox viruses has a low bootstrap value (55%). This indicates that the vaccinia 

viruses may actually form part of the variola/ gerbilpox/ camel pox virus group. Interestingly, 

ectromelia virus shares a branch with the cowpox viruses. These three viruses were grouped 

together in 92% (clustal) and 87% (TREECON) of the bootstrap trials. 

Fig. 5.10 shows an unrooted tree drawn to scale from the "clustal analysis" data taking 

into account indels. The branching pattern of the tree resembles that of fig. 5.8. This tree 

shows more clearly that each virus species is more closely related to gerbil pox virus than to 

any other species. 

Fig. 5.9 shows the tree produced when indels are not taken into account. In this case a 

smaller number of nucleotides are compared, as each position in which there is a deletion 

or insertion in any one virus is ignored. Overall, the branches are shorter, due to the 

recognition of fewer differences. The differences would be proportional to the number of 

bases compared as well as the number of indels. The grouping of cowpox and ectromelia 

viruses with variola, gerbilpox and camelpox viruses shows that a number of differences 

common to cowpox and ectromelia viruses are found in regions which are deleted in at 

least one of the other Orthopoxviruses. (There are a number of nucleotide changes common 

to ectromelia and cowpox viruses within the large stretch of DNA which is deleted in 
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Fig. 5.10 Unrooted tree constructed from DNA sequences aligned in fig. 5.5 using clustal V (Higgins et al., 
1991 ). Insertions and deletions were taken into account. 

monkeypox virus). The grouping of cowpox virus with ectromelia virus is associated with a 

low bootstrap value ( 49.1 %) in this tree, implying that ectromelia virus may be on the same 

branch as the viruses in the variola/vaccinia group. 

Phylogenetic trees show the divergence of DNA sequences as they currently exist. They 

could only be interpreted as "evolutionary" trees if the rates of mutation were constant 

overall an<l there were no differential selection for changes at different positions. Clearly, 

neither of these is realistic and the trees can only be used to suggest evolutionary relation. 

The relatedness of monkeypox virus to the other Orthopoxviruses should be tested by 

comparison of a DNA sequence subject to equivalent rates of mutation in the different 

viral species. 

The relationship suggested here between gerbilpox, variola and camelpox viruses is in 

line with the biological properties of the viruses (Lourie et al., 1975; Bax by, 1972). 

Because all the species examined showed the greatest similarity to gerbilpox virus, we 

speculate that gerbilpox virus may be the closest species to the ancestral Orthopoxvirus. 

However, it has a narrow host range, implying adaptation to a particular host animal after 

divergence from an ancestral virus (which probably had a wider host range). 

Although this tree (fig. 5.10) is the result of a single gene comparison, the tree for at 

least one other gene, the haemagglutinin gene, is similar Q. Esposito, personal 

communication to K. Dumbell). 
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Comparison of an intergenic DNA sequence in 

different Orthopoxviruses 

The DNA sequence equivalent to the noncoding region between E5R and E6R of vaccinia 

virus was determined for all the isolates mentioned above as well as the Z241 strain of 

monkeypox virus and raccoon poxvirus. Two comparisons were made. The first comprises 

the sequences of all strains of vaccinia, variola and monkeypox viruses sequenced; and the 

second is a comparison of one strain each of vaccinia, variola and monkeypox (West Africa 

+ Zaire) viruses with camelpox, taterapox and ectromelia viruses, two strains of cowpox 

virus and raccoon poxvirus. 

The vaccinia/ variola/ monkeypox virus comparison is shown in fig . 5.11. The sequence 

starts at the E5R-equivalent termination codon and ends at the first methionine codon of 

vaccinia virus E6R. These two triplets will be subject to functional constraints. 

Where all sequences are aligned there are four positions of base mismatch (positions 3, 

9, 106 and 139). Position 3, part of the E5R termination codon, differs in monkeypox 

virus, which has a degenerate form of the ORF and does not require this termination 

codon. Of the other three base substitutions, monkeypox virus differs from variola and 

vaccinia viruses in two positions (9 and 106), and variola virus differs from monkeypox and 

vaccinia viruses at position 139. 

More significant than the base substitutions is the presence of insertions or deletions, 

which occur in five regions of the short (152bp) stretch sequenced. These correspond to 

positions 53-54, 75-101, 106-109, 127-134 and 145-146 in fig. 5.11. These indels are shown 

in the diagram as deletions. The profile of these deletions differentiates the viruses into 

four main groups-vaccinia virus, variola virus, monkeypox virus West Africa and monkeypox 

virus Zaire. 

Two features are characteristic of variola virus - the presence of a 27bp deletion from 

positions 75 to 101, and the absence of a 7bp deletion from positions 127 to 133. 

The sequence at positions 53-54 shows variation between vaccinia, variola and monkeypox 

viruses. Where variola virus has two nucleotides of AT, all the monkeypox viruses have the 

T deleted and all three vaccinia viruses have both A and T deleted. 

Monkeypox virus Zaire can be differentiated from monkeypox virus West Africa by the 

3bp deletion at positions 107-109. This is the only deletion associated with a direct repeat. 

Within the triplet deleted in the Zaire strains there is a base mismatch between monkeypox 

virus West Africa and the vaccinia and variola viruses. This substitution probably occurrerd 

after separation of monkeypox virus from the common ancestor, but before divergence 

into the Zairean and West African lineages. After this split the deletion (facilitated by the 

direct repeat), occurred in the Zaire group of monkeypox viruses. 
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VACOIE 
VACCOP 
VAC\IR 

VARHAR 
VARSOM 

MPOEN 
MPLIB 
MPBEN 

~ 
TAGGCATTTCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGG--ATAGTA 
TAGGCATTTCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGG--ATAGTA 
TAGGCATTTCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGG--ATAGTA 

TAGGCATTTCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGGATATAGTA 
TAGGCATTTCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGGATATAGTA 

TAGGCATTCCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGGA-ATAGTA 
TAGGCATTCCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGGA-ATAGTA 
TAGGCATTCCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGGA-ATAGTA 

MP86-21 TATGCATTCCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGGA-ATAGTA 
MP86-112 TATGCATTCCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGGA-ATAGTA 
MP1324 TATGCATTCCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGGA-ATAGTA 
MPZ241 TATGCATTCCATCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGGA-ATAGTA 

VACOIE 
VACCOP 
VAC\IR 

VARHAR 
VARSOM 

MPOEN 
MPLIB 
MPBEN 

** ***** ******************************************* ****** 

TAAATAGTTATTAGTTATAAGATAGTAAAAATAATTATTAGAATAAGAGTGTAGTATCAT 
TAAATAGTTATTAGTGATAAAATAGTAAAAATAATTATTAGAATAAGAGTGTAGTATCAT 
TAAATAGTTATTAGTGATAAAATAGTAAAAATAATTATTAGAATAAGAGTGTAGTATCAT 

TAAATAGTTATTAG---------------------------AATAAGAGTGTAGTATCAT 
TAAATAGTTATTAG---------------------------AATAAGAGTGTAGTATCAT 

TAAATAGTTATTAGTGATAAGATAGTAAAAATAATTATTAGAATAGTAGTGTAGTATCAT 
TAAATAGTTATTAGTGATAAGATAGTAAAAATAATTATTAGAATAGTAGTGTAGTATCAT 
TAAATAGTTATTAGTGATAAGATAGTAAACATAATTATTAGAATAGTAGTGTAGTATCAT 

MP86-21 TAAATAGTTATTAGTGATAAGATAGTAAAAATAATTATTAGAATAG---TGTAGTATCAT 
MP86-112 TAAATAGTTATTAGTGATAAGATAGTAAAAATAATTATTAGAATAG---TGTAGTATCAT 
MP1324 TAAATAGTTATTAGTGATAAGATAGTAAAAATAATTATTAGAATAG---TGTAGTATCAT 
MPZ241 TAAATAGTTATTAGTGATAAGATAGTAAAAATAATTATTAGAATAG---TGTAGTATCAT 

VACDIE 
VACCOP 
VAC\IR 

VARHAR 
VARSOM 

MPOEN 
MPLIB 
MPBEN 

************** 

~ 
AGATAA-------CTCTCTTCTAT-AAAAATG 
AGATAA-------CTCTCTTCTAT-AAAAATG 
AGATAA-------CTCTCTTCTAT-AAAAATG 

AGATAAGTATTTACTTTCTTCTAT--AAAATG 
AGATAAGTATTTACTTTCTTCTAT--AAAATG 

AGATAA-------CTCTCTTCTATAAAAAATG 
AGATAA-------CTCTCTTCTATAAAAAATG 
AGATAA-------CTCTCTTCTATAAAAAATG 

MP86-21 AGATAA-------CTCTCTTCTATAAAAAATG 
MP86-112 AGATAA-------CTCTCTTCTATAAAAAATG 
MP1324 AGATAA-------CTCTCTTCTAT-AAAAATG 
MPZ241 AGATAA-------CTCTCTTCTATAAAAAATG 

****** ** ******** ****** 

**** *********** 

60 

120 

152 

Fig. 5.1 I Alignment of the intergenic sequence between vaccinia virus ESR and E6R with the corresponding 
sequences of variola (2 strains) and monkeypox (7 strains) viruses. 
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Within the 27bp sequence deleted in variola virus intraspecies variation is evident in the 

other viruses. There are two positions (76 and 81) in which Dairen differs from the 

Copenhagen and WR strains of vaccinia virus. This is the only difference found within the 

vaccinia viruses. Since the sequence is deleted in variola virus, it cannot be determined 

whether this change places Dairen closer to variola virus or not. At position 90 there is an 

A-C transition which distinguishes monkeypox virus Benin from the Liberia and Denmark 

strains. 

The fifth region of variation is immediately upstream of the vaccinia virus E6R ORF. The 

differences lie in the number of adenine reidues preceding the first ATG codon. Variola 

viruses have a run of 4 A's, vaccinia viruses have 5 A's and most monkeypox viruses have 6 

A's. Monkeypox virus 1324 has 5 and not 6 A's. This isolate is from Gemena, which is in the 

north-western part of Zaire. It may have lost one A independently and should not be grouped 

with vaccinia viruses since the rest of the DNA sequence is identical to the other Zaire 

isolates. 

Z241 is from the southern part of the rain forest region of Zaire (Katako-Kombe), 

geographically more isolated from the others. Its DNA sequence is identical to the the 

Zaire isolates 8~21 and 8~ 112. 

The run of A's may have been expanded or reduced by DNA slippage during replication. 

It is not known whether E6R is expressed early or late in infection, but the upstream DNA 

sequence suggests that it is an early gene. In variola virus, TAAAAT may be a weak late 

promoter (Davison and Moss, 1989b). If further slippage reduces the run of A's to 3, a 

(stronger) late promoter will be generated (TAAAT). The conversion of an early gene to a 

late gene may be an additional means of viral evolution where one small genetic change 

could result in a major alteration to the viral phenotype. 

The second intergenic comparison includes raccoon poxvirus. The large number of 

differences between this virus and the other Orthopoxviruses makes a detailed comparison 

impossible as the relative positioning of the raccoon poxvirus nucleotides in the DNA 

sequence alignment of fig. 5.12 is probably not accurate. It is clear that many base 

substitutions, insertions and deletions have taken place since raccoon poxvirus diverged 

from the common Orthopoxvirus progenitor. Raccoon poxvirus has been shown to differ 

from the other Orthopoxviruses by restriction enzyme analysis (Esposito and Knight, 1985) 

cross-hybridization (Cavallaro and Esposito, 1992) and DNA sequence of the hemagglutinin 

gene (Cavallaro and Esposito, 1992). 

The asterisks above the alignment of fig. 5.12 denote nucleotide identity of all viruses 

except for raccoon poxvirus. The alignment can be divided into three segments, two 

conserved regions from positions 1-92 and 228-312, separated by a variable region from 

positions 93-227. The five additional sequences (omitting raccoon poxvirus) will first be 

compared to those of vaccinia, variola and monkeypox viruses for the conserved regions; 

and the variable region will be discussed separately afterwards. 
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VACDIE 
VARHAR 
MPDEN 
MP86-21 
CAM903 
GERBIL 
ECTMH 
COWLAR 
COWBRI 
RACCOON 

VACDIE 
VARHAR 
HPDEN 
HP86-21 
CAH903 
GERBIL 
ECTHH 
COWLAR 
COWBRI 
RACCOON 

VACOIE 
VARHAR 
HPDEN 
HP86-21 
CAH903 
GERBIL 
ECTHH 
COWLAR 
CO\JBRI 
RACCOON 

** **** ******* *** ******* ***** ****************** 
TAGGCATTTCATCTTTCTCC-------AATACTAATTCAAATTGTTAAATTAATAATGG­
TAGGCATTTCATCTTTCTCC-------AATACTAATTCAAATTGTTAAATTAATAATGGA 
TAGGCATTCCATCTTTCTCC-------AATACTAATTCAAATTGTTAAATTAATAATGGA 
TATGCATTCCATCTTTCTCC-------AATACTAATTCAAATTGTTAAATTAATAATGGA 
TAGGCATTTCATCTTTCTCC-------AATACTAATTCAAATTGTTAAATTAATAATGG­
TAGGCATTTCATCTTTCTCC-------AATACTAATTCAAATTGTTAAATTAATAATGG­
TAGACATT-CATCTTTCTCCTTTCTCCAATACTAATTCAAATTGTTAAATTAATAATGG­
TAGACATTTCATCTTT-TCCTTTCTC-AATACTA-TTCAACTTGTTAAATTAATAATGG­
TAGGCATTTCATCTTT-TCCTTTCTC-AATACTA-TTCAACTTGTTAAATTAATAATGG­
TAGA--TT-GATTTTT--ACTTT----AGT-TTAGTAAGTTAAGTTTTCATTTCATTGCA 

***** **** ********** 
-ATAGTATAAA-TAGTTATTAGTT---ATAAG----------------------------
TATAGTATAAA-TAGTTATTAG-------------------------------------­
-ATAGTATAAA-TAGTTATTAGTG---ATAAG----------------------------
-ATAGTATAAA-TAGTTATTAGTG---ATAAG----------------------------
-ATAGTATAAA-TAGTTATTAGTG---ATAAGATAAG-----------------------
-ATAGTATAAA-TAGTTATTAGTG---~ATAAAATAAGATAAGATAAGATAAGAlA 
-ATAGTATAAAATAGTTATTAGTA---GTAAGAlAAGATAAGAfAAGAT°AAGAlAAGAfA 
-ATAGTTTAAAATAGTTATTAGTA---ATAAGATAGTTTAAAATAGTTATTAGTA---AT 
-ATAGTTTAAAATAGTTATTAGTAGTAATAAGATAGTTTAAAATAGTTATTAGTAGTAAT 
ATTATTTTAA--TTGTTAAAT-CA---ATAA--TAGTATAA-ATAGTCA-~~ 

AGATAAGATAAGATAAGATAAG--------------------------------------
AGATAAGA T AAGATAAGiffiAGAYAAGATAAGAYAAGAYAAGAYAAGATAAGATAAG- --
AAGATAGTTTAAAATAGTTATTAGTAATAAGATAGTTTAAAATAGTTATTAGTAATAAGi 
AAG---------------------------------------------------------
~~~~~~~~~ 

60 

120 

180 

VACDIE -----------------------------------------------ATAGTA-AAAATA 240 
VARHAR ------------------------------------------------------------
MPDEN 
MP86-21 
CAM903 
GERBIL 
ECTMH 
COWLAR 
COWBRI 
RACCOON 

VACDIE 
VARHAR 
MPDEN 
MP86-21 
CAM903 
GERBIL 
ECTMH 
COWLAR 
COWBRI 
RACCOON 

VACDIE 
VARHAR 
MPDEN 
MP86-21 
CAM903 
GERBIL 
ECTMH 
COWLAR 
COWBRI 
RACCOON 

-----------------------------------------------ATAGTA-AAAATA 
-----------------------------------------------ATAGTA-AAAATA 
-----------------------------------------------ATAGTA-AAAATA 
-----------------------------------------------ATAGTA-AAAATA 
-----------------------------------------------ATAGTA-AAAATA 
TAGTTTAAAATAGTTATAGATAGTTTAAAATAGTTATTAGf°AATAAGATAGTTTA"'iiAATA 
: =-- =-- :-_: :: _-_ =-- :--: _: --------------------------- -ATAGTTTAAAATA 
~~~TAGGATAAATA--TA--AGGA-TA-TA-AGTTGTTTATA 

**** * ****** ******** •• **** 
ATTATTAG----AATAAGAGTG-------TAGTATC--ATAGATAA-------CTCTCTT 
------------AATAAGAGTG-------TAGTATC--ATAGATAAGTATTTACTTTCTT 
ATTATTAG----AATAGTAGTG-------TAGTATC--ATAGATAA-------CTCTCTT 
ATTATTAG----AATAG---TG-------TAGTATC--ATAGATAA-------CTCTCTT 
ATTAGTAG----AATAAGAGTG-----~-TAGTATC--ATAGATAAGTATTTACTCTCTT 
ATTATTAG----AATAAGAGTG-------TAGTATCC-ATAGATAAGTATTTACTCTCTT 
ATTATTAG----AATAAGAGTG-------TAGTATC--ATAGATAAGTATTTACTCTCTT 
~TIA!-~~---TAAY-AAGATAGTTTAAAA"°fAGTATAAAATAGATAAGTATTTACTCTCTT 
GTTATTAGTAGTAATAAGATAGTTTAAAATAGTATAAAATAGATAAGTATTTACTCTCTT 
--TGTT--CA-TATTAATA-A-TTTG-CCT--TTTC---TAACTC-GC-TAT-CTAAATT 

**** ****** -CTAT-AAAAATG 
CTAT--AAAATG 
CTATAAAAAATG 
CTATAAAAAATG 
CTAT-AAAAATG 
CTATAAAAAATG 
CTAT-AAAAATG 
CTAT-AAAAATG 
CTAT-AAAAATG 
-TAC-AAAAATG 

300 

312 

Fig. 5.12 Alignment of Orthopoxvirus DNA sequences corresponding to the intergenic region between vaccinia 
virus ESR and E6R. The termination codon of ESR is doubly overlined and the first methionine codon of E6R is 
denoted by an arrow.Asterisks indicate positions in which the nucleotide is identical for all viruses except raccoon 
poxvirus. Overlined and underlined sequences correspond to repeated elements. 
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Within 135 base pairs which can be aligned in the first 9 Orthopoxvirusescompared in fig. 

5.12, there are 6 positions in which there is a difference in at least one virus (95.6% base 

similarity). There are an additional 6 positions of dissimilarity amongst 8 viruses where a 

deletion is present in one of the viruses, giving a 91.5% (12/ 141) level of similarity. Most of 

these <lifferences occur in a single species, one each in camel pox (position 245) and 

ectromelia (position 88), and 4 each in monkeypox (positions 3, 9, 257 and 258), and 

cowpox (positions 41,260,261 and 276) viruses. There is one position (4) where cow and 

ectromelia viruses share a difference. Position 84 (part of a deletion in variola virus) divides 

the viruses into three groups, vaccinia virus, ectromelia + cowpox viruses, and monkcypox 

+ camelpox + gerbilpox viruses. 

Each virus has a unique pattern of deletions (and/ or insertions). 

Camelpox virus, like vaccinia virus, has the 2bp deletion at positions 60-61 and a run of 

5 A's upstream of the E6R-equivalent ORF. But, like variola virus, the 7bp sequence from 

positions 287-293 is present. 

Gerbilpox virus most closely resembles camelpox virus, having the same features which 

are common to both vaccinia and variola viruses. In addition it has a unique C inserted at 

position 277. Like monkeypox virus, it has 6 A's upstream of the E6R ORF. 

Ectromelia virus also resembles camelpox virus, but has a single base pair deletion at 

position 9 and an additional 7bp sequence from positions 21 to 27. Interestingly, 6 of these 

7 bp are shared with both of the cowpox viruses. The cowpox viruses, however, differ at a 

number of other positions. Like camel, gerbil and ectromelia viruses, the cowpox viruses 

have the 2bp deletion from positions 60-61 (as for vaccinia virus) and the 7bp sequence 

from positions 287-293 (as for variola virus). There are 6 additional differences - 2 single 

base deletions at positions 17 and 35, 2 single base insertions at positions 234 and 252, an 

additional 7 bp from positions 263 to 269, and an additional 2 bp at positions 277-78. 

Cowpox virus also shows interspecies variation at three positions. Brighton has two 3bp 

insertions at positions 85-87 and 249-251; and Larkin has a single base deletion at position 

246. 

The overall picture shows that each species has a distinctive sequence, with some 

intraspecies variation. Gerbilpox virus can be regarded as having a prototypic sequence 

from which the other viruses diverged. The 2bp deletion at positions 60-61 is probably not 

a deletion, but rather an insertion in variola virus, since most viruses lack the sequence and 

it could easily have arisen by duplication in variola virus. 

The differences divide the viruses into two main groups, cowpox viruses and "others". 

Monkeypox viruses are classified as part of the "others" group, as they are not sufficiently 

different to form a group of their own. This may be a better reflection on the positioning 

of monkeypox virus with respect to the other Orthopoxviruses than that determined by the 

E5R-equivalent comparison, since there is no bias with respect to maintaining an ORF. 

Although ectromelia virus is grouped with the "others", it has a greater resemblance 
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than any of the other viruses to cowpox virus (shares 2 hp changes and 1 additional sequence 

of6/ 7hp). 

Raccoon poxvirus forms a group of its own, which is considerably different from both 

the cowpox viruses and "others". 

The most fascinating feature of this intergenic region is the variable central segment. 

The variation occurs in camel pox, gerbil pox and ectromelia viruses, the two cowpox viruses 

and raccoon poxvirus in the form of repeated sequences. Camelpox, gerbilpox and 

ectromelia viruses have the same pentameric sequence - ATAAG - repeated 1, 9, and 16 

times respectively. Gerbil pox and ectromelia viruses may have had an additional unit each 

in which a single base substitution event has occurred. The ectromelia intergenic sequence 

was compared to other known sequences in GenBank by a blast search (Altschul et al., 

1990). An identical repeat unit is present in the sequence flanking one of the PRl sequences 

(polymorphic repetitive sequence 1) of mice (Kominami et al., 1983). This sequence is 

found in the non transcribed spacer region downstream of the 3' end of the 28S RNA gene. 

Although the PRl sequence is a moderately repetitive DNA sequence, the short repeated 

sequences which flank it are not the same for different PRl elements. These short repeats 

are thought to be involved in the generation and dispersion of PRl sequences (Kominami 

el al., 1983). 

Raccoon poxvirus has a 7bp sequence - TAGAATA - in thirteen adjacent copies. A blast 

search revealed no significant similarity of this sequence to other known sequences. 

It is possible that these short repeats represent a transcription control sequence unique 

to certain poxviruses. They may be advantageous to the virus in specific cell types or host 

animals. Since they are not multiples of three (5bp in camel pox, gerbilpox and ectromelia 

viruses, and 7bp in raccoon poxvirus), they would not represent a relic of DNA sequences 

coding for a repeated amino acid sequence. A hexanucleotide sequence repeated nine 

times has been detected in the coding region of vaccinia virus Copenhagen Bl IR (Smith et 

al., 1991). This unit is present only as a single copy in the equivalent WR gene. 

They are unlikely to have arisen by laboratory selection (in cell culture or on CAMs), 

since the repeated sequences are not present in the vaccinia viruses, which have been 

passaged the most in laboratories. Although etromelia virus has only been isolated from 

laboratory mice, gerbilpox virus, which has the same repeated element, was isolated from 

a wild gerbil in Benin and has not been passaged frequently, and has not been passaged in 

laboratory mice at all. Similarly, camelpox virus has had very little laboratory passaging. 

Could these repeated sequences represent a common link between camelpox, gerbilpox 

and ectromelia viruses? It is conceivable that this pentameric repeat was present in a common 

ancestor, and gradually became deleted in certain species. This leads one to speculate on 

the host animal of the common ancestral virus. Unless the progenitor had some means of 

maintaining a period oflatency, which has now been lost, the ancestral virus would require 

a host animal with a high density and rapid reproduction rate. These criteria are met by 

rodents. 
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The function of these repeats is not known. Since they are found both in coding and 

noncoding regions of the genome, they may have arisen by stuttering of the DNA polymerase 

<luring DNA replication and have no particular function. They may be equivalent to selfish 

DNA (Doolittle and Sapienza, 1980; Orgel and Crick, 1980). The potential to amplify and 

delete DNA continuously provides a means of species divergence. 

The variable segment of the two cowpox viruses consists of a more complicated array of 

repeats. Larkin has a 28bp sequence represented 5 times (underlined). Four of these arc 

tandemly arranged and the fifth sequence is separated by a stretch of 20bp. This 20bp 

sequence (dotted underline) is repeated immediately after the 28bp sequence. A second 

20bp sequence adjacent to the former 20bp repeated sequence is a repeat of the sequence 

overlapping the fifth 28bp repeat and the first part of the second 20bp sequence ( overlined). 

By comparison, the Brighton strain of cowpox virus has three copies of the equivalent 

28bp sequence, but with the final 3bp duplicated to make the repeated sequence 31 bp in 

length. The first 20bp repeat present in Larkin is not present, but one copy of the second 

20bp repeat occurs in the position corresponding to the final copy in Larkin (overlined). 

This pattern of repeated sequences probably arose by multiple insertions and/or 

deletions. Larkin has only been passaged four times on CAMs, whereas Brighton has been 

passaged three times in guinea pig, 17 times in rabbit i.v., 13 times in rabbit by scarification 

and 35 times on C.AMs (K.R.Dumbell, personal communication). The sequences indicate 

that the repeats were present in the original virus in its natural host, and, on subsequent 

passages in the laboratory, were lost. The simplest explanation is that, in the laboratory, 

selection would favour the virus which can be most efficiently replicated, which would be 

the one with the least amount of redundant DNA. If the repeated sequences have no function 

(under laboratory conditions), they may readily be deleted. 

Alternatively, the sequences may influence expression of the E6R-equivalent ORF. They 

do not resemble known enhancer sequences or other known transcription factor binding 

sites, but they may represent the binding site of an as yet undetermined host or poxvirus 

product which influences gene regulation. The effect would be ancillary and not essential, 

since the sequences are not conserved amongst the Orth<>poxviruses. 

The intergenic DNA comparison shows the interrelationships amongst the viruses to 

parallel that determined by analysis of the E5R-equivalent region. Within species there is 

conservation of sequence. However, the two cowpox viruses are readily distinguished from 

one another, and the Zaire monkeypox viruses differ from the West African isolates by 

having a deletion of 3bp. 

Gerbil pox and camel pox viruses are closely related to one another. The variola, vaccinia 

and monkeypox viruses, although distinct, form a group similar to gerbilpox and camelpox 

viruses, and different from the cowpox viruses. Ectromelia virus closely resembles gerbil pox 

virus, especially with respect to the pentameric repeats, but shares some features with cowpox 

VlrUS. 
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The intergenic DNA sequencing data is consistent with the tree drawn in fig. 5.10 for all 

virus species except monkeypox virus, which is more closely related to variola and vaccinia 

viruses here. Since there are fewer functional constraints within this region, this sequence 

probably gives a more realistic representation of the relationship of monkeypox virus to 

the other Ortho-poxviruses. 
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SUMMARY 

CHAPTER6 

CHARACTE.RIZATION OF 
VACCINIA VIRUS E.SR 

The E5R gene of vaccinia virus was interrupted by replacement of 438bp near the beginning 

with the marker gene, gpt. The recombinant virus was viable in cell culture and on CAMs. 

This shows that the ORF is nonessential and may serve as a site of insertion of foreign 

genes. E5R-specific RNA was detected early, and not late in the life cycle of the virus. The 

function of the gene product is not known, but preliminary experiments suggest that it 

may have a role to play in viral pathogenicity. Putative structural features of the deduced 

amino acid sequence reveals a probable signal sequence, indicating that the protein may 

be secreted. Alternatively, translation may start further downstream, in which case the protein 

would function intracellularly. The putative gene product is highly positively charged. 

INTRODUCTION 

Since the function of the protein encoded by vaccinia virus E5R is not known, we can only 

speculate on its role in the life cycle of the virus. Because the equivalent ORF in monkeypox 

viruses is degenerate, this ORF was thought to be nonessential for basic viral replication, 

and a deletion in vaccinia virus should be non-lethal. Identification of a nonessential gene 

could be applicable to the use of vaccinia virus as a vector for foreign gene expression in 

terms of providing a site of insertion for the gene of interest. The E5R ORF is well situated 

for this purpose as it lies within the conserved part of the genome. 

A virus construct with an interrupted E5R ORF would be of additional value as a tool for 

investigations into the expression and function of the ORF. 

Construction of the recombinant vaccinia virus involved deletion of 438bp near the 

beginning of the ORF and replacement of this sequence with the bacterial gpt (xanthine­

guanine phosphoribosyl transferase) gene, which served as a marker for selection of the 

recombinant virus (Boyle and Coupar, 1988a; Falkner and Moss, 1988). 

RNA was extracted from cells infected with the parent and recombinant viruses to test 

for transcription of the E5R ORF and to determine whether it is expressed early and/ or 

late in the virus life cycle. Cycloheximide, an inhibitor of translation, was added to the 

medium of infected cells to test for immediate early expression of RNA. 
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Preliminary pathogenicity experiments were done by injecting rabbits in trade rm ally with 

the parent and recombinant viruses. Differences were noted in the lesions produced by 

the different viruses. 

Structural features of the putative polypeptide were examined and related to possible 

functional significance. 

RESULTS AND DISCUSSION 

Interruption of vaccinia virus ESR 

A portion (438bp) of the E5R ORF was deleted and replaced with the bacterial marker 

gene, xanthine-guanine phosphoribosyl transferase, (gpt) (fig. 6.1). A plasmid was 

constructed as shown in fig. 6.2 with the gptgene inserted into the E5R ORF replacing the 

DNA sequence from positions 325-763 (fig 5.2). Methodological details are described in 

chapter 2. 

EcoRI Cl•I Bg/1189/ 11 

' ' 
' ' 

BamHI EcoRI 

' ' ' ' ' ' ' 
' ' ' 

parent 

' ..._ __ ..___-
9
-p--t------=-~---i-..,,. .. ----------~- recombinant 

Fig. 6.1 Diagram showing the partial deletion of the vaccinia virus ESR gene. DNA between the C/al and second 
Bg/11 site was replaced with the bacterial gpt gene. 

C/a/~BamHI 

P1 s gpt 
· BglII 

EcoRI 
--

' 

Fig. 6.2 pGptC/B,The plasmid used for the replacement of part of the ESR ORF with gpt. The construction of this 
plasmid is described in chapter 2 (fig. 2.3); 
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A recombinant virus was isolated by passage in the presence of 1 µg / ml mycophenolic 

acid and 250µg/ ml xanthine (selective for gpt activity) and pock-purified. This virus formed 

plaques in CVI cells under conditions in which the parent virus did not (fig. 6.3) . The 

presence of guanine overcame the inhibition, indicating that gpt was bypassing a block in 

purine metabolism . 

control MPA MPA control MPA 

1 

&. 
guanine 

2 

recombinant 

3 4 5 

parent 

MPA 
&. 

guanine 

6 

Fig. 6.3 Titration of the recombinant (lanes I, 2 and 3) and parent (lanes 4, 5 and 6) vaccinia viruses on CVI 
· cells. In lanes I and 4 the cells were incubated in the absence of selection medium; in lanes 2 and 5 selection 

medium ( I µg/ml mycophenolic acid and 250µg/ml xanthine) was added; and in lanes 3 and 6 selection medium + 
25µg/ml guanine was added.Virus dilutions are indicated on the right. 

DNA was extracted from the recombinant virus and digested with Hind/II. The digested 

fragments were separated by agarose gel electrophoresis and compared to Hindlll-digested 

parent vaccinia virus (fig. 6.4). A change of mobility was detected in the Hindlll E band 

from 15 .2kb in the parent virus to ± 16.8kb in the rec om bi nan t virus (larger than the HindIII 

D fragment). Insertion of a 2kb fragment (gpt) and deletion of a 0.4kb fragment (part of 

E5R) would result in a nett increase of 1.6kb. 

The DNA was transferred to a nylon membrane and probed with: 1) the gpt gene and 2) 

a DNA fragment corresponding to the portion of E5R deleted in the recombinant virus 

(fig. 6.4 A and B respectively) . "A" shows that the gpt gene is integrated into the poxvirus 

genome in the correct position, and "B" shows that a portion of the E5R gene has been 

deleted in the recombinant virus, ie. selection is not due to integration of the entire plasmid 

leaving an intact E5R gene. 
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R p R p R p 

-

A B 

Fig. 6.4 Hindi/I digests of parent (P) and recombinant (R) viruses subject to agarose gel electrophoresis (centre), 
followed by hybridization to radiolabelled probes of: (A) pGptMTL23, which contains the gpt gene, and (B) a C/al­
Bg/11 fragment corresponding to the region deleted in the recombinant virus. 

The isolation of this recombinant virus shows that the E5R gene of vaccinia virus is 
nonessential for virus viability. In addition, the deletion has not altered the phenotypic 

properties of the virus with respect to pock formation on CAMs and plaque-forming ability 
in CVI , rabbit kidney or human fibroblast cells. 
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RNA expression of the ESR gene 

RNA was extracted from CVl cells infected with either the parent or the recombinant 
viruses at early and late times in the infection cycle (see chapter 2 for methods). For the 
early RNA extractions, cycloheximide was added to the medium both during and after 
infection and the cells were harvested after 6 hours. Late RNA was extracted from cells 

harvested 8 hours after infection. 

Fig. 6.5 shows the result of Northern blot analysis of the RNA after hybridization to: A) 

an oligomer which binds to the coding strand of the E5R gene, downstream of the BgUI site 

into which the gpt gene was cloned (positions 1102-1087 in fig. 5.2, 5'­

CGAACAGGCATACATG-3'), and B) plasmid pGptMTL23 (containing the gpt gene). 

-- 4.7kb --

-- 1.8kb --

1 2 3 4 5 6 1 2 3 4 5 6 

A B 

Fig. 6.S Northern blot analysis of RNA extracted from CVI cells, uninfected (lanes I and 4), infected with parent 
vaccinia virus, Dairen (lanes 2 and 5), and infected with recombinant virus, gptC/B (lanes 3 and 6). Immediate early 
RNA (lanes I to 3) was isolated from cells incubated in the presence of cycloheximide for 6 hours after viral 
infection; and late RNA (lanes 4 to 6) was isolated 8 hours after infection. A - hybridization to an end-labelled 
oligonucleotide, which binds downstream of the site into which the gpt fragment was inserted in the recombinant 
virus (5'-CGAACAGGCATACATG-3', positions 1102-1087 in fig. 5.2.). B - hybridization to the gpt gene labelled by 
nick-trans lat ion. 
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Fig. 6.5(A) shows that RNA transcribed from the E5R gene is expressed immediately 

after virus infection. Since RNA is expressed in the presence of cycloheximide, which in­

hibits translation, no prior expression of poxviral genes is required - all the necessary com­

ponents for transcription are present in the virus core particle and the cell. No late expres­

sion was detected. The recombinant virus does not produce RNA from the template down­

stream of the gpt insertion site. 

The RNA band detected is of a discrete size, approximately 2kb. Within the stretch of 

DNA sequenced no transcriptional termination site ( I ITI INT) was present up- or down­

stream of the E5R gene. Examination of the published Copenhagen sequence revealed 

the presence of early transcriptional termination signals at positions 51534-51540 

( 1111111) in the E4L ORF and 53706-53712 ( 1111111) within the E6R ORF. The E5R 

RNA product probably begins soon after the termination signal within the E4L ORF and 

ends at the latter termination signal, producing a transcript of <2172bp. The observed size 

of approximately 2kb implies that the E5R coding sequence is flanked by long stretches of 

RNA both upstream and downstream of the intiation and termination codons respectively. 

The gpt-specific probe hybridized to RNA from cells infected with the recombinant virus 

only, as expected (B). The size of this transcript(± 2kb) is larger than the ±lkb of the E5R 

sequence. This transcript will contain undetermined lengths of 5' leader and 3' poly-A 

sequence. The exact position of RNA initiation should be determined by primer extension 

and Sl nuclease protection experiments. 

The role of the ESR gene product in viral pathogenicity 

Exeriments in cell culture showed that the recombinant replicated at the same rate as the 

parent virus. 

Preliminary experiments were done to determine whether the E5R gene product has 

any effect on the pathogenicity of the virus in vivo. 105 pfu of the recombinant and parent 

viruses were injected intradermally into rabbits and the lesions produced photographed 

after 5 and 8 days. A typical result is shown in fig. 6.6. The recombinant virus produced a 

smaller raised lesion which resolved faster than that of the parent virus. This may reflect a 

role of the gene product in increasing the time length of infectivity (if the same occurs in 

species other than rabbits). 

A similar effect was observed in two repeat experiments, where individual rabbits were 

injected with either one or both viruses. 

The difference observed between the two lesions probably results from interruption of 

the E5R gene, but this is not conclusive. The small E ORF B open reading frame, which has 

its coding sequence on the opposite DNA strand to E5R, was truncated at its 3' end by 88 

nucleotides in the recombinant virus. It is possible that this deletion caused the difference 

in viral lesions. Secondly, a foreign gene, gpt, which may influence viral pathogenicity, has 

been inserted into the genome (However, Kerr et al., 1991, have compared the virulence of 
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Fig 6.6 Lesions produced in rabbit skin by the recombinant (above) and parent (below) viruses. Rabbits were s 
inoculated intradermally with IO p.f.u. of virus and lesions were photographed 5 (left) and 8 (right) days later. 

vaccinia virus similar in all respects except for the presence or absense of the gpt gene, and 

observed no difference in pathogenicity). A third factor to be considered is the presence 

of the first 141 bp of potential coding seqence in the recombinant virus which may allow 

for expression of a polypeptide of 47 amino acid residues. This short sequence may have 

residual activity in which case the entire effect of the gene product may not have been 

abolished. 

To confirm that the E5R gene product is responsible for the increase in severity of the 

lesion further recombinants ought to be made and tested. In particular, the restoration of 

virulence by reinsertion of the full E5R sequence into the less pathogenic recombinant 

should be demonstrated. 

In addition to rabbit inoculation, pathogenicity experiments should also include the 

measurement of weight loss and determination of LD
50 

for mice. These are standard viru­

lence tests and would allow comparisons to be made to other genes, which are known to 

influence viral pathogenicity. 

Most nonessential genes affect viral pathogenicity for laboratory animals. A decrease in 

virulence has been observed for viruses containing deletions in the following genes: thymi­

dine kinase (Buller et al., 1985), haemagglutinin (Flexner et aL, 1987), vaccinia growth 

factor (Buller et al., 1988), the l 3.8kDa secreted protein (Kotwal et al., 1989), ribonucle­

otide reductase (Child et aL, 1990), DNA ligase (Kerr et al., 1991) and 38-hydroxysteroid 

dehydrogenase isomerase (Moore and Smith, 1992). 

The effect of the E5R gene product on viral virulence is inconclusive. However, disrup­

tion of the gene appears to reduce the virulence of vaccinia virus for rabbits. This would be 

a positive factor when considering the use of this gene as a site of insertion for the con­
struction of recombinant vaccines. 
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However, animal models are not always a true reflection on the effect produced in humans. 

The best example is that of variola virus, which is the least pathogenic Orthopoxvirus for 
laboratory animals, but the most pathogenic one for humans. 

Vaccinia virus ESR putative gene product 

The predicted polypeptide encoded by the E5R gene of the Dairen strain of vaccinia virus 

is 341 amino acids in length with a predicted molecular weight of 40436 Da. The protein 

has an overall positive charge (fig. 6.7) with a net charge of 16 and a pl of approximately 

9.8. There is a potential signal sequence from residues 8 to 22 (overlined in fig. 6.9) with 

cleavage site between amino acids glycine and histidine at positions 20 and 21 respectively 

(von Heijne, 1986). The amino terminus is hydrophobic (fig. 6;8) and has the ability to 

form a beta sheet (Chou and Fasman, I 974). The hydrophobic signal sequence in the 

Dairen E5R amino acid sequence indicates that the putative protein probably spans the 

cell membrane and is secreted. Two potential glycosylation sites are present at positions 76 

and 134. The site at position 76 may be glycosylated in vivo, an event associated with the 

secretion of eukaryotic proteins. There is a proline residue at position 135 which may 

inhibit glycosylation at position 134. 

A search was made fora-helices, [3-sheets and [3-turns using the Chou and Fasman method 

of prediction of protein conformation (Chou and Fasman, 1974). There are three regions 

of possible a-helix formation, from positions 50-72, 233-245 and 250-260. The latter two 

predicted helices are separated by the sequence CVTS which is a helix breaker ( <Pa> = 

0.88). It is tempting to suggest that the sequence from 233-260 may form a helix-turn-helix 

motif which may interact with DNA (Harrison and Aggarwal, 1990). This is purely specula­

tive. 

Searches for similarity with other known protein sequences through GenBank have re­

vealed no clues, other than the amino terminus bearing resemblance to some membrane 

spanning proteins. 

The function of vaccinia virus E5R is open to speculation. The limited pathogenicity 

tests done would suggest that its absence results in faster healing. This may indicate that 

the gene product is involved in inhibiting the inflammatory response. Poxviruses code for 

a number of products with recognized anti-inflammatory functions. These include: an 

interleukin-I soluble receptor homologue (Smith and Chan, 1991; Alcami and Smith, I 992; 

Spriggs et al., 1992; Ray etal., 1992); a tumour necrosis factor a receptor homologue (Smith 

et al., 1990; Smith et al., 1991b); a -y-interferon receptor homologue (Upton et al., 1992); 

and serine protease inhibitors (Palumbo et al., 1989; Kotwal and Moss,1989; Smith et al., 

1989). 

Preliminary experiments, comparing the intracellular and secreted proteins of the par­

ent and recombinant viruses, indicate that the E5R gene product is secreted. These results 

could not be confirmed as attempts at making an antibody specific to the E5R gene prod-
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uct failed. A fusion protein was expressed in E.coli from a recombinant pUEX2 construct. 

This protein was purified and injected into rabbits in different ways (intradermal, subcuta­

neous or intramuscular) . None of the antisera bound specifically to a vaccinia virus pro­

tein; most were specific to 13-gal. A better approach would be to express the gene as a 

smaller fusion protein, using vectors such as pMal, pET or pGex which also allow for better 

purification of the fusion protein . Peptide synthesis was too costly an alternative. 

Without a specific antibody further characterization of the protein is limited. Future 

work would entail the production of a specific antibody which would allow a number of 

questions to be answered. Once the site of action has been established, subsequent purifi­

cation of the protein by immunoprecipitation would allow for functional assays to be 

performed. 
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Fig. 6. 7 Diagram showing the charge distribution of the putative ESR gene product. 
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Fig. 6.8 Diagram showing regions of hydrophobicity (+ve) and hydrophilicity (-ve) within the putative ESR gene 
product (Kyte and Doolittle, 1982). 
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Putative products of the ESR-equivalent sequence in other 

Orthopoxviruses 

The two variola viruses and vaccinia virus WR have ORFs which would translate to a prod­

uct similar to and equal in length to the Dairen product. Reference to fig. 5.5 shows that 

the ectromelia sequence has a putative gene product which is truncated by 85 amino acids 

at the carboxy end. Camelpox virus, gerbilpox virus and vaccinia virus Copenhagen each 

has a 2bp deletion at positions 219-220 which in traduces a frame-shift that would stop· 

translation at position 296. The two cowpox viruses have the same 2bp deletion at posi­

tions 219-220, but also have a 1 bp insertion at position 243; res~lting in termination of 

translation at position 262. 

More than 900bp 5' to the vaccinia virus stop codon (positions 1228 in fig. 5.5) are well 

conserved in all the viruses and an ORF is maintained in each of them of >250 codons. 

This occurrence in 6 species of Orthopoxvirus strongly suggests that a product is made 

from this sequence and that its integrity is functionally important. The present data would 

support this hypothesis only if translation were to start from an ATG codon downstream of 

the first ATG shown for vaccinia virus Dairen. Although the ATG at position 191 (fig. 5.5) 

appears to be in a suitable context (Kozak, 1989), it could be too close to the RNA start site 

to be used. It is thus important to establish where transcription begins. 

Presumptive gene products were determined on the hypothesis that initiation were at the 

first in-frame ATG codon (after reading backwards from the termination codon at position 

1228) and the corresponding amino acid sequences are aligned in fig. 6.7. This hypothesis 

would imply that some of the viral proteins do not have a signal sequence and are retained 

intracellularly. 

Fig. 6.9 (On next page.) Deduced amino acid sequence of the ESR gene product of vaccinia virus Dairen aligned 
with the equivalent deduced sequences from the other Orthopoxviruses.The hydrophobic signal sequence is overlined 
and the cleavage site denoted by a vertical arrow.The potential glycosylation site at position 76 is blocked.Asterisks 
denote positions of identity, dots show conservative amino acid changes, and bold type highlights the positions in 
which differences are found. Despite the occurrence of deletions and insertions in many of the viral sequences at 
the beginning of the equivalent ORF. ORFs coding for >250 amino acid residues at the 3'end are preserved in 6 
species. Translation products are shown reading back to the first available in-frame methionine. It has not been 
established whether these viruses have a mechanism for initiation at ATG codons downstream of the first ATG. 
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MLILTKVNIYMLIIVLWLYGHNrIMSB-SQCPMINDDSr--TLKRKYQIDSAE:STIKMDK 
----------MLIIVLWLYGYNrIMSG-SQCPMINDDSr--TLKRKYQIDSAE:STMKMDK 
MLILTKVNIYMLIIVLWLYGYNrI I SB-SQCPMINDDSr--TLKRKYQIDSAESTI KMDK 
MLILTKVNIYMLIIVLWLYGYNrIMSG-SQCPMINDDRr--TLKRKYQIDSVESTMKMDK 
MLILTKVNIYMLIIVLWLYGYNrIMSG-SQCPMINDDRr--TLKRKYQIDSVESTMKMDK 
----------MLIIVLWLYGYNrIMSG-SQCPMINDDSr--TLKRKYQIDSAESTMKMDK 
----------MLIIHLWLYGYNrIMSGRSQCPMINDDSr--TLKRKYQIDSAE:STMKMDK 
MLILTKVNIYMLIIVLWLYGYNrIMSG-SQCRMINDDSr--TLKRKYQINSVESTMKMDK 
---------------- - -------MSG-SQCPMINDDLrRVTLKRMHPLNSEESSMKIDK 
------------------------MSG-SQCPMINDDLrRVTLKRMHPLNSBESSMKIDK 

KR I KrQNRAKMVKE 
KRTKrQNRAKMVKE 
KRTKrQNRAKMVKE 
KRTKrQNRAKMVKE 
KRTKrQNRAKMVKE 
-RTKrQNRAKMVKE 
KRTKrQNRAKMVKE 
KRTKrQNRAKMVKE 
KRTKrQNRAKMVKE 
KRTKrQNRAKMVKE 

* *** ***** * **** * ** * ** 

TIRVAQTHYETLKLGYIKrKRMIRTTTLEDIAPSIPNNQKTYK 
TIRAAQTHYETLKLGYIKrKRMIRTTTLEDIAPSIPNNQKTYK 
TIRAAQTHYETLKLGYIKrKRMIRTTTLEDIAPSIPNNQKTYK 
TIRAAQTHYETLKLGYIKrKJ<MIRTTTLEDITTSIPNI QKIYK 
TIRAAQTHYETLKLGYIKrKJ<MIRTTTLEDITTSIPNIQKIYK 
TIRAAQTHYETLKLGYIKrKJ<MIHTTTPEDIATSIPNIQKIYK 
TIRAAQTHYETLKLGYIKrKJ<MIRTTTLEDHATSIPNI QKI YK 
TIRAAQTHYETLKLGYIKrKRMIRTTTLEDIATSIPNIQKIYK 
TIRAAQTHYETLKQGY LKrKRMIRTATLJCDIAPSIPKIQKFYK 
TIRAAQTHYETLKQGYLKrKRMIRTATLJCDIAPSIPKIQKFYK 

* ***************** ********* **.***.** *.* * *** ** ** 

LrSDISAIGKASQNPSKMVYALLLYMrPNLrGDDHRrIRYRMHPMSKIKHKirSPrKLNL 
LrSDISAIGKASQNPSKMVYALLLYMrPNLrGDDHRrIRYRMHPMSKIKHKirSPrKLNL 
LrSDISAIGKASRNPSKMVYALLLYMrPNLrGDDHRrIRYRMHPMSKIKHKirSPrKLNL 
LrSDISAIGKVSQNPSKMAYALLLYMrPNLrGDDHRrI LYRMFPMSKIKHKirSPrKLNL 
LrSDISAIGKVSQNPSKMAYALLLYMrPNLrGDDHRrILYRMFPMSKIKHKirSPrKLNL 
LrSDISAIGKASQNPI KMVYALLLFMrPNLrGDDHRrI LYRIHPMSKIKHKirSPrKLNL 
LrSDISAIGKASQNPSKMAYALLLYMrPNLrGDDHRrILYRMHPMSKIKHKirSPrKLNL 
LrSDISAIGKASQNPSKMVYALLLYMrPNLrGDDHRrILYRMHPMSKIKHKirSPrKLNL 
LrSDISAI SKASQNPSKMVYALLLYMLPNLrGDDHRrIRYRMHPMSKIKHKirSPrKLNL 
LrSDISAI SKASQNPSKMVYALLLYMrPNLrGDDHRrIRYRMHPMSKIKHKirSPrKLNL 
********.* *.** ** ***** * *********** ** ***************** 

IRILVEERf'YNNECRSNKWRIIGTQVDKMLIAE:SDKYTIDARYRLRPIYRIKGKSEEDTL 
IRILVEERrYNNECRSNKWRIIGTQVDKMLIAESDKYTIDARYNLJCPHYRIKGKSEEDTL 
IRILVEERrYNNECRSNKWRIIGTQVDKMLIAE:SDKYTIDARYNLJCPHYRIKGKSEEDTL 
IRILVEERrYNNECRSNKWRIIGTQVDKMLIVESDKYTIDARYRLRPIYRIKGKSEEDTL 
IRILVEERrYNNECRSNKWRIIGTQVDKMLIVESDKYTIDARYRL~PIYRIKGKSEEDTL 
IRILVEERrYNNECRSNKWRIIGTQVDKMLIAE:SDKYTIDARYRLRPIYRIKGESEEDTL 
IRILVEERrYNNECRSNKWRIIGTQVDKMLIAE:SDKYTIDARYRLRPIYRIKGESEEDTL 
IRILVEERrYNNECKDYRWKIIGSQVDKI LIAE:SAKYTHNAHYRLRPI HRIKVESEEDTL 
IRILVEERrYNNECRDYKWRIIGTQVDKI LIAE:SAKYTIDARYRLRPIYRIKGESEEDTL 
IRILVEERf'YNNECRDYKWRIIGTQVDKI LIAE:SAKYTIDARYRLRPIYRIKGESEEDTL 
************** * ***.**** . ** ** *** * * * * *** ****** 

rIKQMVEQCVTSQELVEKVLKILrRDLrKSGEYKAYRYDDDVENGrIGLDTLKLNIVHDI 
rIKQMVEQCVTSQELVEKVLKILrRDLrKSGEYKAYRYDDDVENGrIGLDTLKLNIVHDI 
rIKQMVEQCVTSQELVEKVLKILrRDLrKSGEYKAYRYDDDVENGrIGLDTLKLNIVHDI 
rIKQMVDQCVTSQELVEKVLKILrRDLrKSGEYKAYRYDDDVENGrIGLDKLKLNIVHDI 
rIKQMVDQCVTSQELVEKVLKILPRDLrKSGEYKAYRYDDDVENGrIGLDKLKLNIVHDI 
rIKQMVEQCVTSQELVEKVLKILrRDLrKSGEYKAYRYDD-VENVrIGLDKLKLNILHDI 
rIKQMVEQCVTSQELVEKVLKILrRDLrKSGEYKAYRYDDDVENGrIGLDKLKLNIVHDI 
rIKQMVEKCVTSQELVEKC----------------------------------------­
rIKQMVEKCVTSQELVEKVLKILrKDLrKSGEYKDYRYDDDVDNGrIGLDKLKLNIVHDI 
rIKQMVEKCVTSQELVEKVLKILrKDLrKSGE_YKDYRYDDDVDNGrIGLDKLKLNIVHDI 
****** ********** 

VEPCMPVRRPVAKILCKEMVNKYrENPLHIIGKNLQECIDrVSE 
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CHAPTER 7 

GE.NE.RAL CONCLUSIONS 

The results of this work can be summarized in 32 points. The DNA sequences to which 

reference has been made are restricted to the region corresponding to vaccinia virus ORF 

E5R. The comparison using a single gene may, of course, not be representative of the 

entire genome. 

1. l 260bp of variola virus DNA can be aligned to give 94% similarity with a sequence in 

monkeypox virus, if four deletions of 391-, 24-, 24- and 1-bp are introduced. These 

gaps effectively disrupt the ORF in monkeypox virus which corresponds to that in 

variola virus. 

2. The deletion of 391 bp is not represented elsewhere in the monkeypox virus genome. 

3. The sequencing results are strong evidence that monkeypox virus is not a direct 

progenitor of variola virus. There is historical and biological evidence that variola 

virus is not ancestral to monkeypox virus. Hence the two viral species evolved 

independently from a common ancestor. 

4. Two strains of variola virus, Harvey (variola major) and Somalia (variola minor), show 

strong DNA sequence conservation (1 base change in 1260bp). 

5. The ORF sequenced in variola virus is 96.8% similar to the published sequence for the 

ORF E5R in the Copenhagen strain of vaccinia virus. An equivalent sequence was 

found in an additional strain of vaccinia virus of Japanese origin (Dairen). 

6. Monkeypox virus has diverged into two geographically distinct groups, West Africa 

and Zaire, which can be readily differentiated (by PCR) by the size of the major deletion 

within the E5R-equivalent region. The Zaire isolates have a major deletion of l 27bp, 

compared to 391 bp in the West African isolates. 

7. The Zaire isolates have the 24-, 24- and 1-bp deletions found in the West African isolates, 

and, in addition, have two deletions of 1- and 2-bp and an insertion of 3bp. In place of 

the 391 bp deletion in the West African isolates, the Zaire isolates have three deletions 

of 5-, 9- and 127-bp as well as a single base pair insertion. Mutations have therefore 

accumulated both before and after separation of the virus into two lineages. 

8. The DNA sequences within the two monkeypox virus groups are highly conserved. All 

the Zaire isolates are identical to one another, and the West African isolates show 

>99% nucleotide identity. Between the two groups there is >99% similarity. This suggests 

that the divergence occurred recently. 

9. The DNA sequence corresponding to vaccinia virus E5R is conserved in all the 

Orthopoxvirus species analysed. These include three strains of vaccinia virus, WR 

(accession no. M35027), Copenhagen (Goebel et al., 1990b) and Dairen; two strains 
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of variola virus, Harvey and Somalia; two strains of cowpox viruses, Larkin and Brighton; 

camelpox virus, 903; taterapox virus; and ectromelia virus, Mill Hill. This ORF was 

therefore probably present in a functional form in the common ancestor. 

10. Within species there is >98% similarity. There is not as much sequence conservation 

within the vaccinia viruses (±98%) as there is within the variola, monkeypox and cowpox 

virus species (>99%). Since the origin of vaccinia virus is uncertain, we cannot conclude 

that this species diverged earlier than the other Ortho,poxvirus species. 

11. The species most similar to one another are gerbil pox and camel pox viruses (98%) . 

12. Phylogenetic analysis of the DNA sequences show that variola virus is closely related to 

camelpox and gerbilpox viruses. 

13. Vaccinia virus forms a group of its own close to gerbil pox, camelpox and variola viruses. 

14. The two cowpox viruses, Larkin and Brighton, form the most distant group. 

15. Ectromelia virus shares a branch with cowpox virus, even though the two species show 

greater DNA sequence similarity to gerbilpox virus than they do to each other. 

16. The nearest neighbour to each of the other Ortho,poxvirus species is gerbilpox virus. 

This suggests that gerbil pox virus may be the virus most closely related to the common 

OrthofJoxvirus ancestor. 

1 7. Monkeypox virus appears well separated from the other OrthofJoxviruses. This is probably 

not a true reflection on its evolutionary relationship between the other viruses, as 

monkeypox virus DNA could be expected to accumulate mutations at a faster rate 

than the other Ortho,poxviruses, as the ORF in question appears not to have been required 

for the maintenance of monkeypox virus in nature. 

18. The amino acid sequence of the putative E5R gene product has certain regions which 

are more highly conserved than others. All the viruses code for a protein which is 

highly positively charged (pl-9.8). 

19. The central core region of the putative protein is more conserved than the termini. 

20. The amino termini of vaccinia viruses Dairen and WR, variola viruses Harvey and 

Somalia, and ectromelia virus, contain a potential signal sequence, indicating that the 

protein may be secreted in these viruses. 

21. The other viruses have frame-shifting insertions or deletions which would abort trans­

lation soon after the first ATG. More than 900bp of sequence from the 3' end of the 

vaccinia virus ORF coding region are highly conserved in the other viruses. This suggests 

that the corresponding translation product is selectively required and that the ribo­

somes may use an ATG later in the sequence to initiate translation. This suggestion 

would need to be confirmed by direct experimentation. 

22. Ectromelia virus has a single base pair deletion which would cause premature 

termination of translation, resulting in a gene product truncated by 85 amino acid 

residues. 
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23. A recombinant vaccinia virus with a deletion of 438bp within the conserved region of 

the E5R coding sequence is viable, indicating that this ORF is nonessential for virus 

viability and may be useful as a site of insertion for foreign genes. 

24. The gene is transcribed early in infection, both before viral DNA replication and protein 

synthesis. There is no transcription late in infection. However, the function of the E5R 

gene product is not known. 

25. The recombinant virus does not differ from the parent virus with respect to plaque 

formation in cell culture and pock formation on chick chorioallantoic membranes. 

26. The differing lesions produced by the parent and recombinant viruses in rabbit skin 

suggest that the gene product may have a role to play in viral pathogenicity. 

27. DNA sequence comparison of the intergenic region of different Orthopoxviruses 

corresponding to the sequence between vaccinia virus ORFs E5R and E6R shows each 

species, and some strains, to have a specific pattern of deletions and insertions. 

28. The DNA sequence from the intergenic region of monkeypox virus is less diverged 

from the other Orthopoxviruses thatn that of the E5R-equivalent region. DNA sequence 

conservation may be required for control of the E6R-equivalent ORF. 

29. The intergenic sequence in raccoon poxvirus is very different from the other 

Orthopoxvirus sequences, indicating an earlier divergence from the common ancestor. 

30. Within the intergenic region some viruses have repeated DNA sequences. Raccoon 

poxvirus has a 7bp DNA sequence present in 13 copies; and camelpox, gerbilpox and 

ectromelia viruses have the same 5bp sequence in 2, 10 and 17 copies respectively. 

31. The two cowpox viruses contain a more complex arrangement ofrepeated sequences 

within the intergenic region. There are more repeated sequences in the Larkin strain 

than there are in the much passaged Brighton strain. 

32. Relationships between the different Orthopoxviruses presented here was based on 

differences within a single gene. If similar results were obtained from comparisons of 

DNA sequences from different parts of the genome, confidence would be strengthened 

that evolutionary relationships could be meaningfully inferred from these results. 
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APPENDIX A 

VECTORS 

2180 Sc•I 

2070 Pvul , 
2060 Avail ' 

Polyc:lonlng Slloo 
pUC11 

Ttw Met 1'9 

ATG A.CC ATG ATT 

2000 

1922 Msll 

Th< Asn 

ACG AAT 

• 
Se< 

TCG 

2 

Se< Se< 
AGC TCG 

pUCl8 and pUCl9 

... 
GTA 

2622 .ultl Eco0101 2674 

P•o 

CCC 

pUC18 I pUC19 
(2.69 kb) 

HgiEII 1387 

• 
Gly AS9 ... L.., Glu 

GGG GAT CCT CTA GAG 

Ndel , HgiEII 185 

I N•t1237 

/~

8gN252 
Mstt 259 

~Pvul280 
-Pvull309 

Pvull 631 

Afflll 806 

10 11 12 13 .. .. .. 
Se< Tlv Cya Ng ... Ala s.. 

TCG ACC TGC AGO CAT GCA AGC 

17 

L.., 

nG 
L____J t.___J L____J L____J L____J 

L____J L___J L____J L____J L____J 
EcoRI Saco l(pnl Smal BamHI Xbol s.,o Psl1 Sphl Hindlll 

Xmal Acct 
Hincll 

pUC11 

2 10 11 12 13 .. .. 1e 17 11 
Tlv - .. Tlw P,o Se< Leu H,s Ala Cya Ng s.. Tlv L.., Glu AS9 ... Ng . .. ... s.. s.. Aon 

ATG ACC ATG An ACG CCA AGC nG CAT GCC TGC AGO TCG ACT CTA GAO GAT CCC CGG OTA CCG AGC TCG AAT 
L___J L____J t.___J L____J L____J 

11 

Ala 

GCA 

• 
s.. 
TCA 

L._____J L____J L____J L_____J L____J 
Hmdlll Sphl Ps/1 

In pUC18, the EcoRI arte lies 1mmed1atety downMream from P1ac. 
In pUC19, the Hindlll site hes 1mmed1atety downstream from P/ac. 

Sall 
Accl 
Hincll 

Xbol S.mHI Smal Kpnl s«t EcoAI 
Xm•I 

L.., Ala 

CTG GCC 

1 

Le., Ala 

CTG GCC 
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pMTLll multiple cloning site 

A.eel 
XhoI Kpnl Xbal Sall Ndel 

Nrul Stu! B11II Clal Sphl Meo! Saal Sat! EcoRl H1ndIII Pstl Niu! Aatll BaaHl EcoRV Nae! 
AT~ACCATCATTACCCCAACCTCCCCACCCCTCCACATCTATCCATCCATCCCATCCTACCCCCCACCTCCAATTCTACAACCTTCTCCACACCCCTCCACCTCATATCCATCCCATATCCCCCCCAATTCACTCCCC 
~ T N I T L A 

pGpt07/14 

pGpt07 / 14 
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APPENDIX B 

MOLECULAR-WEIGHT MARKER 

DNA molecular-weight markerVI (Boehringer Mannheim) 
Fragnient sizes (bp) 2176 

1766 
1230 
1033 
653 
517 
453 
394 
298 (x2) 
234 (x2) 
220 
154 (x2) 
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APPENDIX C 

AMINO ACID CODE 

The single and three letter codes for the amino acids are shown below. 

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic acid Asp D 

Cysteine Cys C 

Glutamine Gin Q 
Glutamic acid Glu E 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro p 

Serine Ser s 
Threonine Thr T 

Tryptophan Trp w 
Tyrosine Tyr y 

Valine Val V 
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APPENDIX D 

GEN ETIC CODE 

The "universal" gene tic code is shown below. 

Codon Amino Codon Amino Codon Amino Codon Amino 
Acid Acid Acid Acid 

AAA K CAA. Q GAA E TAA * AAC N CAC H GAG D TAC y 
AAG K CAG Q GAG E TAG * AAT N CAT H GAT D TAT y 

ACA T CCA p GCA A TCA s ACC T CCC p GCC A TCC s ACG T CCG p GCG A TCG s ACT T CCT p GCT A TCT s 

AGA R CGA R GGA G TGA * AGC s CGC R GGC G TGC C AGG R CGG R GGG G TGG w AGT s CGT R GGT G TGT C 

ATA I CTA L GTA V TTA L ATC I CTC L GTC V TTC F ATG M CTG L GTG V TTG L ATT I CTT L GTT V TTT F 

122 




