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Summary. — Administration of rabbitpox virus (RPV) DNA,
cleaved into 2 fragments by Smal restrictase, into ectromelia virus
(EMV)-infected chick fibroblast cells yielded recombinants whose
properties were characteristic of both parents. Some recombinants
capable of producing RPV-type lesions upon intracutaneous (i.c.)
infection of rabbits could also produce EMV-specific lesions upon
footpad inoculation of mice. The analysis of some recombinants
as well as vaccinia virus strains has shown that the ability of the
virus to reproduce when injected into the mouse footpad is a nec-
essary, but not a sufficient condition for production of EMV-type
lesions. According to restrictase analysis of recombinant DNA,
the genome of recombinants mainly consists of RPV DNA sequen-
ces with insertions of small EMV DNA fragments.
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Introduction

Ectromelia viruses (mousepox and EMYV) and rabbitpox viruses (RPV)
belong to the genus of orthopoxviruses, whose members are serologically
related (Baxby, 1975; Woodrofe, Fenner, 1962), with respect to the number
and molecular weight of virion proteins (Arita, Tagaya, 1980; Esposito et al.,
1977; Ikuta et al., 1978; Obijeski et al., 1973) and the genome structure
(Mackett, Archard, 1979; Wittek, 1982; Holowczak, 1982). Physical mapping
by help of restriction endonucleases has shown that the central portion of
orthopoxvirus genomes (about 60—659,) was conservative, whereas the end
segments were variable (Mackett, Archard, 1979; Holowczak, 1982; Wittek,
1982).

In spite of the obvious similarity of genome structures and structural
proteins of these viruses, wide variations of their biologic properties are
known. Thus, for example, EMV and RPV differ in most of their biologic
markers: temperature-sensitivity, size and character of lesions in tissue cul-
ture and in chick embryo chorioallantoic membrane (CAM), as well as in the
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spectrum of their pathogenicity for laboratory animals (Fenner, 1958; Ghen-
don, Chernos, 1964). RPV is highly pathogenic for rabbits — it causes their
death after intracerebral, intraperitoneal, epicutaneous and intracutaneous
administrations, whereas it is essentially apathogenic for mice upon footpad
administration. In contrast, EMV is apathogenic for rabbits by any admin-
istration route, but causes specific lesions in mice upon administration into
the footpad, resulting in production of a peculiar oedema followed by necro-
sis and amputation of the limb, as well as a generalized infection leading to
death of the animals.

It has been shown that orthopoxviruses can form interspecies recombinants
(Woodrofe, Fenner, 1960; Bedson, Dumbell, 1964a,b; Sitnikov, Ghendon,
1966; Chernos et al., 1983). This lays the basis for the investigation of mol-
ecular mechanisms of orthopoxvirus pathogenicity. Previously we had ob-
tained recombinants between EMV and temperature-sensitive mutants of
vaccinia virus showing pathogenic properties of both parent viruses, and
performed the restrictase analysis of the genome structure of these recom-
binants (Chernos et al., 1983; Senkevich et al., 1983; Chernos et al., 1985). The
purpose of our work has been to produce recombinants between EMV and
RPV DNA fragments. EMV does not reproduce or form plaques at 40 °C.
This allowed to select at high temperature those recombinants that result
from transfection of EMV-infected cells by the cleaved RPV DNA samples.
Thus, the prepared recombinants had different sets of properties which
provided a basis for detecting the genomic sites responsible for particular
biologic properties of the virus, specific pathogenicity included.

Materials and Methods

Viruses and cells. RPV strain Utrecht and EMV strain Mill Hill were taken as initial parents
for the preparation of recombinants. The viruses were grown on chick embryo CAMs, purified
and concentrated with the use of the method described by Joklik (1962), and kept at —20 °C.
Primary chick embryo fibroplast culture (CEF) prepared according to Porterfield and Allison
(1960) was used for passages and titration.

Production of recombinants. For the isolation of recombinants, CEF cell monolayers (10¢ cells
per flask) were infected with EMV at a multiplicity of infection 0.1—1 PFU per cell. After 1 hr
adsorption at 20— 22 °C, the cells were washed with medium 199, heated to 37 °C and then restric-
tase Smal-pretreated RPV DNA preparation (0.2—0.5/ug per 106 cells) coprecipitated with
calcium phosphate was added (Graham, Van der Eb, 1973). The infected cells were incubated
with DNA for 40 min at room temperature. 3 ml of medium 199 were added to the flask without
washing and then incubated at 36 °C or 40 °C (depending on the temperature at which the
experiment should be carried out). After 3 hr the medium was removed, the cells were washed
three times with fresh medium 199, heated to an appropriate temperature (37 °C or 40 °C) and
then 7 ml of medium was added; the flasks were incubated for 40 —46 hr at 36 °C or 40 °C. There-
after, the cells were destroyed by 3 freezing-thawing cycles, and the number of plaques under
agar at 40 °C was determined. The virus was then picked from the plaques formed at 40 °C, reclo-
ned and the genetic markers of the resulting clones were tested. The size and character of the
lesions on chick embryo CAMs were assessed using the technique described by Fenner (1953).
The pathogenicity of the viruses in rabbits and mice was determined as described by Chernos
et al. (1983).

Isolation and restrictase analysis of viral DN A. Virus DNA was isolated from infected CEF cells
cytoplasm according to the method proposed by Esposito et al. (1981). DNA preparations were
treated by restrictases HindIII, Xhol and EcoRI and the resultmg fxagmeuta were eluvtropho-
resed in agarose gel as described in our earlier paper (Senkevich et al., 1983).
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Table 1. Genetic markers of recombinants hetween eetromelia virus (EMV)
fragmented rabbitpox virus (RPV) DNA

Genetic markers

Virus Reproduc- Plaque CAM Pathoge- Pathoge-
tion at 40°C sizeX lesions*x nicity nicity
for rabbits®  for miceP

RPV - L LH ++ —
EMV — S S — +
R 21/1 + L LH + 4+

R 21/2 + M+ S SH - —
R 21/2a 4 + M SH S —
R 21/2b + M SH + .
R 21/2¢ + M SH + +
R 21/2d + M SH + —
R 21/2e + M SH + +
R 23/1 as well as

reclones R 23/1a,

R 23/1b, R 23/l1c,

R 23/1d. R 23/1e + M MH + +
R 23/3 as well as

reclones R 23/3a

R 23/3b, R 23/3c,

R 23/3d, R 23/3e + L LH + + —

xS — smallup to 1 mm, M — medium: 1 —2.4 mm, L. — large: 2.5—3 mm
xx§ — small up to 0.2 mm, L — large: 1 —2.5 mm, SH and LH — the same with hasmorrhages
a Skin lesions without necrosis: -+, skin lesions with necrosis: + -+
b Specific lesions after footpad infection

Isolation and purification of viruses and analysis of virion polypeptide composition. Cultivation
of the viruses in the presence of radioactive precursors (14C-amino acids), isolation, purification
and gel-electrophoretic technique have been described elsewhere (Chelyapov et al., 1984). The
concentrations of acrylamide and bisacrylamide in the running gel were 159 and 0.0739%,
respectively.

Results

Biological characterization of the recombinants

The materials from the flasks infected with EMV and transfected with
split RPV DNA at dilutions 1 and 2 yielded singular plaques under agar
overlay at 40 °C on days 5 or 6 of incubation. The materials from control
flasks infected with EMV or RPV DNA failed to form plaques in any of
these cases. Virus clones isolated from the plaques were tested with respect
to several genetic markers. Certain clones appeared to be heterogeneous as
to the character of lesions observed in chick embryo CAM. Therefore, they
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Table 1 continued

Genetic markers

Virus Reproduc- Plaque CAM Pathoge- Pathoge-
tion at 40°C sizeX lesionsxx nicity nicity
for rabbits®2  for miceP

R 23/5 as well as

reclones R 23/5a,

R 23/5b, R 23/5c,

R 23/5d, R 23/5e + M LH ++ B

R 23/6 as well as

reclones R 23/6a

R 23/6b, R 23/6¢,

R 23/6d =t L LH ok +

R 23/8 as well as

reclones R 23/8a,

R 23/8b, R 23/8e,

R 23/8d, R 23/8e + L LH - ++ -

R 23/10 as well as
reclones R 23/10a,
R 23/10b, R 23/10c,

R 23/10d, R 23/10e + L LH ++ -
R 23/13 + L LH + +
R 23/13a + L LH + 4 —
R 23/13b + L LH + 4+ +
R 23/13c + L LH ++ +
R 23/13d + L LH ++ +
R 23/13e + L LH + 4+ —
R 23/13f + M LH + —

were recloned and tested again. The results of these tests are summarized
in Table 1.

As seen from the presented data, EMV and RPV differed markedly in all
genetic markers tested. Recombinant R 21/1 was indistinguishable from RPV
with respect to all the markers tested. R 21/2 was different from both, EMV
and RPV, with respect to plaque sizes on CEF, the size and character of
lesions on chick embryo CAMs, the character of lesions caused by intracu-
taneous infection of rabbits. It is noteworthy that its recloning resulted in
the production of 2 subclones which could not only cause lesions after intra-
cutaneous administration to rabbits, but were also responsible for specific
lesions after injection into the mice footpad. Out of all orthopoxviruses this
property is typical for EMV. R 23/1 and all other subclones isolated from
it differed not only from EMV but also from RPV and had a “double”
pathogenicity, i.e. causing lesions but no necrosis in rabbits, and causing
specific “‘ectromelian’ lesions upon footpad administration in mice. The re-
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Table 2. Correlation hetween virus reproduction in the mouse paw after {ootpad inoculation and
the development of specific Vectromelian(( lesions

Virus Reproduection in
the paw Specific lesions
(PFU/ml)*

Ectromelia 5x 108 +
Rabbitpox 3x 1086 o
Recombinant R 21/2 >1x107 —
Recombinant R 23/1 >1x107 +
Recombinant R 23/3 5x 104 =
Recombinant R 23/5 3x 104 —
Recombinant R 23/6 >1x 107 +
Recombinant R 23/8 2x 106 —
Recombinant R 23/13 > 1ix 107 +
Recombinant R 23/10 >1x107 —
Vaccinia virus strain LIVP 1x103 —
Vaccinia virus strain Tomsk 7x 108 —
Vaccinia virus strain Minsk 1x103 —
Vaccinia virus strain WR 1x 109 —
Vaceinia virus strain MM 8x 103 —

* Groups of 10 animals were injected into the footpad with 1x 104 PFU of the virus tested. On
day 6 p.i. animals in each group were sacrificed, the paws were removed to prepare 109, suspen-
sions. The rest of the animals was observed for 14 days.

combinant R 23/3 and all subclones isolated from it were essentially identical
to RPV and to R 23/5; its subclones differed only in the plaque size on CEF.

The comparison of R 23/6 recombinant and its subclones with recombinant
R 23/8 and its subclones indicates that they are similar with respect to all
genetic markers and indistinguishable from RPV; however, recombinant R
23/6 and its subclones had a marked “double” pathogenicity, the latter be-
ing even more marked than with the initial EMV during infection of mice
into footpad. Some subclones of recombinant R 23/13 were pathogenic for
mice upon footpad inoculation and some were apathogenic by this adminis-
tration route, although they were indistinguishable in all other markers
tested.

It follows from the presented data that recombination of EMV with RPV
DNA fragments yielded recombinants with different genetic patterns. Most
important was that recombinants pathogenic both for rabbits by intracu-
taneous infection and for mice by footpad injection were obtained. The
analysis of a large number of recombinants has shown that the ability to
cause specific lesions in mice was transferred independently and was not
correlated with the transfer of any other genetic marker tested. In the re-
combinants with “‘double’ pathogenicity after the first cloning, this property
as well as other their genetic markers were conserved throughout several pas-
sages in tissue culture and also after passages in mice. Independent transfer
of the ability to cause EMV-specific lesions seemed to be an adequate pre-
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requisite for the attempts to identify a particular area of EMV genome
responsible for this property and also to use this model for the mvestlgatlon
of molecular mechanisms of pathogenicity.

First of all it was necessary to find out whether the ability of EMV to
cause specific lesions in mice after footpad inoculation was related to any
other factor or it was soly predetermined by virus reproduction itself. With
this aim we tested the ability of certain orthopoxviruses to reproduce in the
footpad tissues after skin inoculation. The results of these experiments are
summarized in Table 2. It can be seen that EMV, as well as the recombinants
R 23/1, R 23/6, and R 23/13 which acquired the ability of causing specific
“ectromelian’ lesions reproduced in the mouse limb tissues to high titres.
Meanwhile, other recombinants (R 21/2, R 23/10) that also could reproduce
in the mouse limb tissues to high titres failed to cause any lesions.

This conclusion was further strengthened by the study of the ability of
some vaccinia virus strains to reproduce after intracutaneous infection in
mice. Strain WR reproduced more actively than EMV did after administrat-
ion by this route. Although the infection with WR strain was sometimes
associated with swelling of the limb, this sign disappeared on observation
days 10—12 and never turned into necrosis so that the character of changes
was quite different from those caused by EMV or its pathogenic recombinants.
Thus, the reproduction in the limb tissues to high titres was a necessary but
not a sufficient condition for the production of specific “‘ectromelian’ lesions.
There are a few viruses that can actively reproduce in the limb tissues after
intracutaneous infection and yet they do not cause such lesions.

Analysis of the genome structure of recombinants

For the analysis of genome structure of the recombinants combined elec-
trophoresis of HindIll, Xhol and EcoRI fragments of parent and recombi-
nant DNAs has been carried out. Although fragmented RPV DNA has been
used for the preparation of recombinants, it follows from the given data
(Fig. 1) that most fragments of recombinant DNAs have the same electro-
phoretic mobility as the RPV DNA fragments, and distinct of the EMV DNA
fragments. Consequently, RPV genetic information is predominant in the
recombinant genome. However, the DNA of all the recombinants tested
appeared to be different from RPV DNA, as evident from the analysis with
each of the 3 restrictases. These dissimilarities were most marked in the
righthand portion of the genome. Thus, for example, in the DNA of all the
recombinants presented on Figs 1—4, the HindIII-A- and HindIII-C-frag-
ments of RPV DNA were missing, i.e. the righthand portion of the genome
has been exchanged. This could be expected, for parent RPV DNA was
treated with restrictase Smal having only 1 cleavage site in this DNA at
a distance of ~ 18 MD from the righthand end (Mackett, Archard, 1979).
In R 23/13b and R 23/10a DNAs, HindIII fragment was detected having the
same electrophoretic mobility as HindIII-1 EMV fragment located near the
righthand end of the genome (Mackett, Archard, 1979). However, the data
presented are insufficient for the assessment of the size of EMV DNA insert-
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ion in this area of the genome, as fragments whose electrophoretic mobility
were different from both parents had been detected. Moreover, some recom-
binants seem to contain additional EMV DNA insertions in other genome
areas. For example, R 23/6 genome appeared to have an EMV DNA insertion
in the central portion of the genome. It should be also noticed that according
to restriction analysis, all the recombinants were not only different from
their parents, but also from each other. In some cases even subclones isolated
from the same clone appeared to be dissimilar (Figs. 1—3).

In the electrophoregrams shown in Fig. 1 the fragments present in lower
molar quantities than the majority of the fragments deserve special attention.
These submolar fragments do not result from incomplete hydrolysis by re-
strictases. Relative quantity of submolar fragments varies in different sub-
clones of the same clone (R 23/13a-b, Figs. 1—3) from 0 to 1 M. The presence
of submolar fragments in the genome of some of the recombinants may be
indicative of structural rearrangements in the genomes of these viruses.
A similar situation has been described for some cowpox virus mutants (Ar-
chard et al., 1984). The recombinants between EMV and vaccinia virus con-
taining an EMV DNA insertion in the central portion of the genome described
in our previous paper usually were homogeneous after single cloning (Chernos
et al., 1985).

Electrophoretic analysis of recombinant structural proteins was carried
out in the gels containing 159%, of acrylamide and 0.0739, of bisacrylamide.
In these gels high-molecular polypeptides cover longer distances than in the
standard (10—12.59,) polyacrylamide gels (Essani, Dales, 1979; Oie, Ichiha-
shi, 1981), and other polypeptides can still be clearly identified. The compar-
ison of electrophoregrams of parent RPV and EMV proteins (Fig. 2) shows
that although they are strinkingly similar, they still have a few characteristic
marker proteins. EMV has a high-molecular polypeptide pl60, and two
polypeptides in the vicinity of 130K are located closer to each other, as
compared to the analogous proteins in RPV. RPV had a structural protein
P92 that was absent in EMV; EMV had a protein p82, and RPV — p80. RPV
polypeptide pattern was characterised by protein p64, that was absent in
EMYV, as well as some other polypeptides.

In most cases, the polypeptide pattern of recombinants is more similar to
that of RPV, i.e. they carry more marker RPV proteins. However, there are
a few peculiarities. Thus, for example, proteins near 130K in the recombinant
R 23/1a are analogous to those of EMV. This recombinant also has a protein
82K that is characteristic of EMV. Recombinant R 23/6a has the uncommon
polypeptide pattern that is a mixture of EMV and RPV marker proteins.
It has the same proteins as RPV near 130K, however, it does not have
protein 92K that is characteristic of RPV, but has the EMV protein 82K.
Protein pattern of recombinant R 23/6a in the area 65—68K is different from
both of the parents. A redistribution of the intensities of protein bands was
observed. A similar picture has been observed in the 20K area in R 23/13b.
In'the rest of recombinants the protein patterns were similar to that of RPV
showing insignificant variations within range of methodologic limits.
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Discussion

Preparation of orthopoxvirus interspecies recombinants and the attempts
to correlate their biologic properties with genome structure is one of the most
important approaches to the investigation of the functions of particular areas
of the genome. For good progress of these investigations methods for produ-
ction of necessary recombinants are needed. We have previously obtained
a few recombinants between vaccinia virus ts-mutants and EMV and have
shown that some of them have acquired “‘double” pathogenicity, i.e. they
had both an ability to cause lesions in rabbits on intracutaneous infection
characteristic of vaccinia virus and an EMV-specific ability to cause lesions
in mice after infection into the footpad (Chernos et al., 1983; Senkevich et al.,
1983; Chernos et al., 1985). However, the method of selective isolation of
recombinants based on the inability of both parent strains to form plaques
in tissue culture at 40 °C yielded as little as 4 recombinants with ““double”
pathogenicity out of more than 100 recombinants tested.

We have shown in this paper that the transfection of EMV-infected cell
culture with RPV nucleic acid treated with restrictase Smal results in selec-
tive production of recombinants with a wide variety of properties (Table 1).
It is especially important that most part (about 309%,) of thus produced
recombinants acquires EMV-specific pathogenicity, and at the same time
retains many RPV genetic features, including pathogenicity by intracuta-
neous infection in rabbits. Of importance is also whether the ability of EMV
to cause specific lesions in mice after footpad administration was related to
the ability to replicate by this administration route only, or to another
factor (or factors) involved. It has been shown in this paper that some
orthopoxviruses can reproduce in mouse footpad at least as intensively as
EMYV or its pathogenic recombinants, but they do not cause specific lesions
(Table 2). In some cases, recombinants apathogenic for mice (for example,
R 23/10) replicate after injection into the footpad as intensively as the
pathogenic ones, i.e. R 23/1, R 23/6, or R 23/13.

Most recombinants were similar to RPV with respect to virion protein pattern,
although in some of them (R 23/1a, R/23/6a) the marker proteins character-
istic of EMV were detected (Fig. 1). These data are in good agreement with
the results of recombinant DNA analysis. Restrictase analysis of the recom-
binant DNAs has shown that although RPV genetic material is predominant
in their genome, they are all different from both, RPV and from each other,
the differences being evident from the analyses with each of the three restric-
tases. It cannot be entirely ruled out that some of the clones tested resulted
not from recombination, but from ligation of the two fragments of RPV DNA.
DNA of such isolates may differ from RPV DNA because of genomic rear-
rangements (deletions and translocations) in the area adjacent to Smal re-
strictase cleavage site. However, restrictase analysis of the DNAs of most
isolates detected fragments with an electrophoretic mobility equal to that
of EMV DNA fragments, which indicates that they are true recombinants.
These data are in good accord with the fact that a large number (about 309,)
of recombinants acquired EMV-specific pathogenicity. In some of recom-
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binants pathogenic for mice EMV DNA insertion has been detected
as expected, in the righthand portion of the genome near to the parent
RPV DNA cleavage site. These findings as well as frequent occurrence
of recombinants pathogenic for mice provided by this method indicates a
probable location of EMV pathogenicity determinant at the righthand end
of the genome. However, the recombinant R 23/6 highly pathogenic for mice
and all its reclones have an additional EMV DNA insertion in the central
portion of the genome. This insertion is located in the same DNA region, as
in the earlier described recombinants between EMV and vaccinia virus patho-
genic for mice (Chernos ef al., 1985). The mapping of EMV pathogenicity
determinant on the basis of our data is also hindered by the complex genome
structure of the recombinants. As it has been mentioned above, the restrictase
cleavage pattern of recombinant DNAs indicates that in some cases recom-
bination was associated with not only EMV DNA integration into colinear
RPV genome regions, but also with genome rearrangements affecting its
righthand portion. It is well known that the regions in the vicinity of ortho-
poxvirus DNA ends contain genes irrelevant for the reproduction in the
tissue culture, and are often subject to deletions and translocations (Wittek,
1982). Thus, the present paper has described a method which allows to obtain
high frequency recombinants with EMV-specific pathogenicity, with predom-
inant RPV genetic material in their genome. Precise localization of EMV
DNA insertions in the genome of such recombinants will make possible the
mapping of EMV pathogenicity determinant.
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Legends to the Figures (Plates XXXIX —XLII):

Figs 1— 3. Agarose gel electrophoresis of DNA restriction fragments of recombinants and parents
obtained by restrictase hydrolysis with EcoRI (1), HindI1l (2), Xhol (3). The letters in
Fig. 2 (A, B, C, I) indicate rabbitpox virus DNA fragments missing in some recombinants
(in the left) and ectromelia virus DNA fragments present in recombinants (in the right).

Fig. 4. Electrophoregrams of the polypeptides of ectromelia virus, rabbitpox virus and their
recombinants in the gel with 159, T and 0.479, C
The bars to the left of the columns corresponding to polypeptides of the viruses tested indicate
the “marker’ polypeptides. The figures on either side of the electrophoregrams shown the
molecular mass of the polypeptides.



