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Organization and expression of the poxvirus genome
by Riccardo Wittek
Institut fiir Virologie der Universitit Ziirich, Winterthurerstrasse 266a, CH-8057 Ziirich (Switzerland)

Summary. Poxviruses comprise a large group of very complex animal DNA viruses which replicate in the
cytoplasm of infected cells. Vaccinia virus, the most studied poxvirus, has a linear, double stranded DNA
genome with an approximate molecular weight of 120 x 10° (180 kilobase pairs). The two strands of the DNA
molecule are naturally cross-linked at both termini. In addition, the vaccinia virus genome contains very long
inverted terminal repetitions of approximately 10 kilobase pairs which are further characterized by the presence
of direct tandem repeats of a 70-base-pair sequence arranged in two blocks of 13 and 17 copies, respectively. A
central region of the genome is highly conserved between different orthopoxviruses. In contrast, the ends are
hypervariable and may contain extensive deletions and complex, symmetrical sequences rearrangements.
Vaccinia virus gene expression is divided into two stages. Early in infection, RNA complementary to one half of
one strand-equivalent of the genome is transcribed within subviral particles by the virion-associated RNA
polymerase. Later in infection, after DNA replication, RNA complementary to one entire strand-equivalent is
transcribed. RNA made late in infection is very heterogeneous in length and a large fraction of it contains self-
complementary sequences. Late genes are clustered near the central region of the genome. Vaccinia virus
mRNAs do not appear to be synthesized by a splicing mechanism.

1. Introduction variola viruses, has been isolated apparently from
animal tissues. This raises again the question of an
animal reservoir of variola viruses, which could
threaten the permanence of eradication. Only by
detailed knowledge of the genome structure of these
isolates and comparison with the orthopoxviruses in
general will it be possible to determine whether such a
reservoir exists. Similarly, the question of whether
variola virus can be derived from another, possibly
avirulent, orthopoxvirus by simple genetic variation,
can be evaluated only if the DNA structure of the
viruses in question is well characterized.

Besides the continuing interest in poxviruses as agents
of disease in man and animals, these viruses also offer

Poxviruses have been isolated from a wide variety of
animals including mammals, birds and insects. They
are characterized by their complex particle morpholo-
gy (fig.1), DNA genome structure and cytoplasmic
site of replication. Systematically, they are grouped in
the familiy poxviridae (Fenner, 1976) containing 6
genera with more than 40 species (table). The most
studied members of the poxvirus family belong to the
genus orthopoxvirus (synonym: vaccinia-variola sub-
group) and variola virus, the agent of smallpox dis-
ease in man, is clinically by far the most important.
Smallpox has been a threat to the human population
since ancient times and in 1967 the disease was still . . o
endemic in 33 countries. Tn that year, it caused an an ideal model system for studying the organization

estimated 10-15 million cases with some 2 million anq expression of v1ra1. genomes. Vaceimia virus,
deaths (World Health Organization, 1980). which, as a potent and reliable vaccine, has played an

In 1958, the World Health Assembly called for a
worldwide campaign for the eradication of smallpox,
which was finally achieved in 1980 (World Health  Family Poxviridae

. . . . ies]
Organization, 1980). The eradication programme was ~ Genus Species
ba§ed on the _hypOtheSIS that VanOla. virus has DO Orthopoxvirus ~ Variola virus, vaccinia virus, rabbitpox virus,
animal reservoir and that once the chain of transmis- _ ' cowpox virus, monkeypox virus, ectromelia virus
sion from human to human was interrupted, the virus ~AVPOXvirus Fowlpox virus, canary pox virus

L Capripoxvirus Sheep pox virus, goat pox virus
would become extinct. Judged by the success of the Leporipoxvirus ~ Myxoma virus, rabbit fibroma virus

WHO programme, this assumption has proved to be Parapoxvirus Orf virus, stomatitis papulosa virus
. . Entomopoxvirus Melolontha melolontha entomopoxvirus
correct. However, a number of poxviruses, phenotypi-

cally indistinguishable from or closely resembling ! Only a small number of selected species are listed.
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essential role in the eradication of smallpox, is the
most studied poxvirus. This virus multiplies to high
titers in both primary and established cell lines,
effectively inhibits host cell macromolecular syntheses
and is easy to purify. Additionally, poxviruses are
among the few viruses that replicate DNA in the
cytoplasm of the infected cell. This physical separa-
tion of viral and host cell DNA greatly facilitates
biochemical analysis.

Application of restriction endonucleases and of
recombinant DNA technology has provided recent
insights into the molecular organization and expres-
sion of the poxvirus genome. Much information on
these aspects has accumulated in the past 5 years and
has begun a new era in poxvirus research.

In the 1st part of this article, I will summarize recent
findings related to genome structure and discuss the
significance of some of this work for the smallpox
eradication programme. The 2nd part will deal with
gene expression and focus on transcriptional and
translational mapping of the vaccinia virus genome.
Readers interested in other aspects of poxviruses are
referred to comprehensive reviews by B. Moss (1974,
1978).

2. Organization of the poxvirus genome
2.1. Size and base composition of DNA

The genome of poxviruses consists of a single linear,
double stranded DNA molecule (review: Moss, 1974,
1978). The molecular weight of the vaccinia virus
genome is approximately 122 x 10°, corresponding to
180 kilobase pairs (Geshelin and Berns, 1974). This
size, determined by measurements of DNA molecules
in electron micrographs, has been confirmed in sever-
al laboratories by summation of the molecular
weights of DNA restriction fragments (Gangemi and
Sharp, 1976; Miiller et al., 1978; Mackett and Ar-
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Figure 1. Electron micrographs
of a negatively stained orthopox-
virus (A) and parapoxvirus (B).
The length of the bar represents
100 nm.

chard, 1979). The genomes of other orthopoxviruses
vary in size from about 118 x 10 for rabbitpox virus
(Wittek et al., 1977) to about 145x 10% for cowpox
virus (Mackett and Archard, 1979).

Fowlpox, an avipoxvirus, appears to have the largest
genome of all vertebrate poxviruses examined with a
mol. wt of approximately 200x 10° (Gafford and
Randall, 1967, 1970). Miiller et al. (1978) obtained a
smaller size of 160 x 10% daltons and more work may
be needed to determine accurately the size of fowlpox
DNA. _

Parapoxviruses have the smallest genome of all poxvi-
ruses so far examined with a mol. wt of about 85 x 10°
(Menna et al.,, 1979).

The genome of orthopoxviruses is characterized by a
low G+ C content of 36-37 mole% (Joklik, 1962a,b).
In contrast, parapoxviruses have a higher G+ C con-
tent of approximately 65% (Wittek et al., 1979).

2.2. Physical conformation of DNA

Alkali denatured poxvirus DNA rapidly reforms the
double stranded structure upon neutralization (Szy-
balski et al, 1963; Jungwirth and Dawid, 1967;
Gafford and Randall, 1970; Berns and Silvermann,
1970). This unusual property has been attributed to
the presence of cross-links in the DNA since all agents
expected to remove protein, RNA or lipids did not
affect this ‘snap-back’ property. Geshelin and Berns
(1974) have further characterized and localized the
cross-links in the vaccinia virus DNA. Electron micro-
graphs of partially denatured DNA showing single
stranded loops at each end were consistent with the
concept that vaccinia virus DNA contains a covalent
cross-link at each end of the molecule. Digestion of
vaccinia DNA with single strand-specific endonu-
clease eliminates the cross-links and permits strand
separation indicating that the native genome corre-
sponds structurally to a single-stranded circular poly-
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nucleotide chain continuously base-paired except for
hairpin loops of single stranded DNA at each termi-
nus.
Terminal cross-links are not unique to vaccinia virus
DNA but seem to be a general characteristic of
poxvirus genomes. Several investigators have made
- use of the cross-links to identify terminal DNA restric-
tion fragments by their ability to reform duplex
structures rapidly after release from denaturing condi-
tions (DeFilippes, 1976; Jaureguiberry, 1977; Wittek
et al,, 1977; Wittek et al., 1978a; Mackett and Ar-
chard, 1979; Menna et al., 1979). The genomes of all
poxviruses so far examined, including vaccinia, rab-
bitpox, cowpox, monkeypox, ectromelia, variola and
even parapoxviruses appear by this criterion to be
cross-linked at both termini.
The biological significance of the cross-links is un-
known but for semiconservative replication to take
place, they must be removed from the infecting DNA
and this occurs soon after penetration into the cell
(Pogo, 1977). The formation of the cross-links is a late
step in the maturation of progeny DNA (Esteban and
Holowczak, 1977). Recently, Pogo (1980) described an
in vitro system capable of cross-linking DNA.

2.3. Presence of inverted, terminal repetitions in poxvi-
rus DNA

Cross-hybridization between restriction fragments
derived from the opposite ends of the rabbitpox virus
DNA strongly suggested the presence of identical
sequences at the termini of the genome (Wittek et al.,
1977). A detailed restriction endonuclease analysis of
the termini from DNA of rabbitpox virus or vaccinia
virus (Lister strain) showed that these genomes con-
tain large inverted terminal repetitions of 3.4-3.6 and
7.4-8.0x 10% daltons, respectively, (Wittek et al.,
1978b). Garon et al. (1978), observed an inverted
terminal repetition in the WR strain of vaccinia virus
DNA by electron microscopy: self-annealing of sin-
gle-stranded DNA, obtained by denaturation of
virion DNA after treatment with single strand-specific
endonuclease to remove the cross-links, generates
single-stranded circles containing a duplex projection.
The length of - this ‘panhandle’ structure
(3.54+0.12 pm) corresponds to a mol. wt of approx-
imately 6.9 x 105, equivalent to about 10,500 nucleo-
tide base pairs, for the inverted terminal repetition.
Terminal repetition is not unique to the DNA of
vaccinia or rabbitpox virus. Mackett and Archard
(1979) have demonstrated such terminal repetitions in
DNA from Monkeypox, cowpox or ectromelia virus.
In contrast, terminal fragments of DNA from variola
and some related viruses fail to cross-hybridize
strongly with each other and thus may lack such an
obvious repeat structure (Mackett and Archard, 1979;
Dumbell and Archard, 1980). Similarly, the opposing
termini of DNA from parapoxviruses do not cross-
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hybridize strongiy and thus probably contain only
very short, terminal repetitions (Menna et al., 1979).

2.4. Presence of tandem repeats within the terminal
repetitions

Repetitive elements within the vaccinia virus genome
were - postulated on the basis of DNA reassociation
kinetics (Grady and Paoletti, 1977; Pedrali-Noy and
Weissbach, 1977). A DNA fragment containing al-
most the entire terminal repetition of vaccinia virus
DNA has recently been cloned in a coliphage lambda
vector (Wittek et al., 1980a). Using this cloned frag-
ment, Wittek and Moss (1980b) have recently located
and characterized repetitive elements present close to
the end of the vaccinia virus genome. These consists
of a 70 base pair sequence (bp) tandemly repeated in
2 blocks of 13 and 17 copies, respectively. The first
repeating unit starts at approximately 150 base pairs
from the cross-linked terminus of the DNA and the 2
sets are separated from each other by a sequence of
435 base pairs. Since these tandem repeats are part of
the inverted terminal repetition, vaccinia virus DNA
contains a total of 60 copies of the repeating 70 bp
unit.

Preliminary evidence suggests that such tandem
repeats are also present in the genome of the Lister
strain of vaccinia virus and the closely-related rabbit-
pox virus (B. Moss, unpublished). A sequence related
to the vaccinia 70 bp tandem repeat unit is present
within the inverted terminal repetitions of the
genomes of cowpox, ectromelia and monkeypox
viruses although, in the case of cowpox virus at least,
the size and organization of the tandem repeats differs
from that in vaccinia virus DNA (L. Archard, M.
Mackett and K. R. Dumbell; unpublished).

The function of such tandem repeats is not known.
Wittek and Moss (1980b) proposed a model in which
these play a role in DNA replication. Assuming a
strand displacement mechanism of replication, initia-
tion at the 3’ end of a displaced strand can proceed via
a circular intermediate formed by annealing of the
inverted terminal repetitions of that strand as pro-
posed by Sambrook (cited by Daniell (1976)) and
Lechner and Kelly (1977) for adenovirus DNA repli-
cation (fig. 2). Clearly, the presence of tandem repeats
within the inverted terminal repetition would greatly
increase the rate of nucleation and thus the formation
of a putative circular intermediate. The principal
structural elements of the vaccinia virus genome are
summarized in figure 3.

2.5. Conservation and variation in wild-type poxvirus
genome structure

Viruses belonging to the genus orthopoxvirus are very
closely related serologically and differentiation is
based mainly on phenotypic criteria such as host
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range, pock morphology and ceiling growth tempera-
ture. These criteria, however, have frequently not
allowed unequivocal classification of poxvirus iso-
lates. Restriction endonuclease analysis of poxvirus
genomes has proved to be the most precise and
reliable method of differentiation. Two closely related
strains of vaccinia virus could readily be distinguished
by a small difference in the restriction patterns of
their DNAs (Gangemi and Sharp, 1976). Miiller et al.
(1978) compared the cleavage patterns of rabbitpox,
vaccinia, cowpox, ectromelia and fowlpox virus DNAs
and from the similarities and dissimilarities concluded
that vaccinia and rabbitpox virus are genetically the
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Figure 2. Model showing the cyclization of single strands of
vaccinia virus DNA that are displaced during replication. The
nucleation event consists of the annealing of 70 bp repeats. This is
followed by hybridization of the remaining 7000 nucleotide portion
of the inverted terminal repetition and final realignment to max-
imize base pairing. From Wittek and Moss, 1980b. Copyright: MIT
Press; with permission.
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most closely related viruses investigated, although
their DNA fragment patterns are clearly distinguish-
able. By the same criteria, cowpox and ectromelia
virus both show about the same degree of relatedness
to each other as to rabbitpox and vaccinia virus. In
contrast, the cleavage pattern of the DNA of fowlpox,
an avipox virus, shows no similarity with those of
orthopoxvirus DNAs thus indicating a very low
degree of genetic relatedness. Hybridization ex-
periments revealed no sequence relationship of res-
triction fragments of DNA from representative ortho-
poxviruses to those of DNA from representative avi-
pox or parapox viruses (N. McBride, M. Mackett and
L.C. Archard, unpublished).

Physical maps showing the order of restriction frag-
ments clearly allow a more detailed comparison of the
genomes of closely related viruses. Examination of the
restriction maps of rabbitpox virus and vaccinia virus
DNA reveals that the large number of fragments
comigrating in the 2 DNAs, are all derived from an
internal part of the genomes (Wittek et al., 1977). The
differences between the restriction patterns and the
length of the genomes are due mainly to sequence -
divergence near the ends of the molecules. Thus, a
large internal region appears to be highly conserved
between the 2 genomes. By mapping a large number
of restriction sites on the same 2 DNAs Schiimperli et
al. (1980) have estimated more precisely a mol. wt of
over 100x 10® for the conserved region of these 2
closely related genomes. In addition, the inverted
terminal repetition of both genomes contains a subset
of common sequences (Wittek et al., 1978b). The
physical maps of a large number of DNAs prepared
by Mackett and Archard (1979) have allowed the
most detailed comparison of orthopoxvirus genome
structures. These authors have included rabbitpox, 4
vaccinia virus strains, 3 monkeypox virus strains, 2
variola virus strains, 4 cowpox virus strains and-2
ectromelia virus strains in their analysis (fig.4). The
physical maps are characteristic of species but similar
for strains of the same orthopoxvirus species. Species-
specific differences in genome structure consists main-
ly of extensive near terminal variations in sequence
and in length and some such sequences are species
unique’ (Mackett and Archard, 1979). In contrast, all
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Figure 3. Schematic representation of the vaccinia (WR strain)
virus genome showing the principal structural elements. The tan-
dem repeats are indicated by Hinf I restriction sites.
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Figure 4. Physical map locations of HindIII or Smal restriction fragments of DNA from rabbitpox strain Utrecht (RP); vaccinia strain
DIE, Hall Institute (HI), Lister (LS) or Western Reserve (WR); monkeypox strain Congo (MPC), Denmark (MPD) or Espana (MPE);
variola strain Butler (BUT) or Harvey (HAR); Cowpox red strain Austria (AR), Brighton (BR), Ruthin (RR) or Daisy (DR) and ectromelia
strain Hampstead (EH) or Moscow (EM). Modified from Mackett and Archard, 1979. Copyright: Society for General Microbiology;

with permission.

orthopoxvirus DNAs examined show a high degree of
sequence conservation judged by location of restric-
tion sites, in a central region consisting of approx-
imately 30x 10° daltons of the genome. However,
species-specific differences in the distribution of res-
_triction sites even within this region are not uncom-
mon. Opposing terminal restriction fragments from
the genomes of particular orthopoxviruses cross hy-
bridize strongly and hybridize also. with terminal
fragments from the genomes of other species indicat-
ing that the terminal repetitions contain subsets of
sequences common to most orthopoxvirus DNAs.
Little is known about genetic variation among para-
poxviruses. Differentiation by serology is difficult,
owing to their close antigenetic relationships. Howev-
er, restriction enzyme analysis of various isolates of
stomatitis papulosa and of orf viruses has indicated
that parapoxviruses may represent a complex group
of viruses containing several species (Wittek et al.,
1980c¢).

2.6. Aberrations in poxvirus genome structures

The analysis of plaque (or pock) isolates of serially
propagated stock virus and of orthopoxvirus variants
has yielded a series of interesting mutants in genome
structure. These mutants (described in the following
section) provide further evidence that the termini of
poxvirus genomes are hypervariable and may under-
go extensive deletions and complex sequence rear-
rangements. In all known cases however, symmetrical
termini are preserved.

Non-selectable variants

When DNA of vaccinia virus propagated from a
commercially available smallpox vaccine was ana-
lyzed by restriction endonucleases, the terminal res-
triction fragments migrated as diffuse bands in gel
electrophoresis suggesting length heterogeneity in the
DNA molecule population (Wittek et al., 1978a).
Pock purified virus from the same stock, yielded end
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fragments of discrete size. Evidence for length hetero-
geneity in vaccinia virus DNA has also been obtained
by McCarron et al, (1978). Although the molecular
mechanism of the generation of terminal heterogenei-
ty is not known, it is possible that recombination
events within the terminal repetitions lead to different
numbers of the small tandem repeats described pre-
viously. Another example of variability at the ends of
orthopoxvirus DNA has been reported by McFadden
and Dales (1979) who analyzed the genomes of a
number of temperature-sensitive mutants of vaccinia
virus (IHD-W strain). Approximately 20% of all
clones examined showed near-terminal deletions of
up to 250 base pairs.

These deletions never occurred asymmetrically but
were present always as mirror-image deletions of both
termini of the DNA molecule suggesting that conjunc-
tion between termini occurs at some point during viral
DNA replication. The deletions are not related to the
temperature sensitive phenotype since spontaneous
ts* revertants retain the mirror image deletions.

A complex and bizarre variant in vaccinia virus DNA
structure has been reported by Moss et al., (1981).
From a serially propagated stock of vaccinia virus, 20
plaque isolates were picked randomly and their DNA
analyzed by cleavage with restriction endonucleases.
Four of these isolates did not contain the usual double
molar end-fragment resulting from symmetrical
cleavage within the inverted terminal repetition, but
instead had a series of at least 8§ distinct bands
differing from each other by approximately 1.6-1.7
kilobase pair increments. A detailed examination of
one such variant revealed that 1 set of tandem repeats
and the unique sequence separating it from the 2nd
set was reiterated many times. Since this feature was
not eliminated by repeated plaque purification, the
authors concluded that a population of DNA mole-
cules with various numbers of reiterations can evolve
rapidly from the DNA of a single virus particle.
However, this genome structure appears to be un-
stable and, at each successive round of plaque purifi-
cation, about 20% of the isolates containing such
reiterations revert to the prototype containing only 2
blocks of tandem repeats. The authors propose the

generation of unstable variants and reversion to more

stable forms by unequal crossover (fig. 5).

Besides these relatively subtle variations at, or very
close to the ends of the genome, a number of variants
containing very large deletions have been described.
Panicali et al. (1981) have isolated from serially
propagated stocks of the WR strain of vaccinia virus a
deletion mutant which is missing a region of 6.3 x 10°
daltons of DN A mapping close to the left hand end of
the genome. The deletion does not extend into the
inverted terminal repetition but maps close to the
junction of terminally repeated and unique DNA
sequences. Mutants containing such large deletions
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appear to arise with high frequency since 2 such
mutants were detected in a limited number of plaque
isolates analyzed. This may be explained by the fact
that, in the particular culture system, these variants
apparently have no disadvantage and show similar
kinetics of replication and yields of progeny when
compared to wildtype virus.

Selectable variants

Whereas some mutants were detected by screening a
number of individual, randomly picked, plaque iso-
lates from a serially propagated stock virus, mutants
exist which exhibit variant phenotypes.

A variant of vaccinia virus was originally recognized
as a plaque morphology mutant after nitrous acid
mutagenesis of a virus stock (Drillien et al, 1981).
Restriction endonuclease analysis of its DNA revealed
that this mutant had deleted a region of approximate-
ly 12.6x 10% daltons from the left hand end of the
genome including a portion of the inverted terminal
repetition. The new fragment, presumably containing
the non-deleted portion of the inverted terminal repe-
tition fused to the DNA sequences located beyond the
deletion, retained the terminal cross-link. This variant
proved to be a host range mutant unable to multiply
in most human cell lines. Although this mutant
displays altered biological behavior, it is viable in
some cell lines. Therefore, as much as 10% of left
hand sequences of vaccinia virus DNA appear to be
dispensable under certain conditions.

Orthopoxviruses such as rabbitpox, cowpox and mon-
keypox which normally produce ulcerated, haemor-
rhagic lesions (pocks) on the chorioallantoic mem-
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Figure 5. Recombinational model for the generation of unstable
variants and reversion to more stable forms by unequal crossover.
Ends of DNA molecules are represented. Each numbered segment
encloses a set of 13-17 direct tandem repeats. In step I, recombina-
tion occurs between 2 sets of repeats to generate the unstable
variant. In step II, recombination occurs within intervening regions
(as shown) or between sets of tandem repeats. Further recombina-
tional events lead to additional reiterations as well as to the original
genome structure. From Moss et al., 1981, with permission.
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brane of fertile hen’s eggs generate non-haemorrhagic
(white-pock) variants with a frequency of about 1%.
Such variants behave as deletion mutants in that
spontaneous reversion does not occur although, in the
case of different classes of rabbitpox mutants, recom-
bination may generate the wild-type phenotype (Lake
and Cooper, 1980). A number of laboratories have
investigated the genome structure of these white pock
variants and the results are summarized briefly.

The white pock variants of rabbitpox virus can be
subdivided into 2 classes based on their host-range
properties.

The 1st class are mutants which fail to multiply in a
pig kidney cell line. The same cell line is however,
permissive for a 2nd class of white-pock mutants. The
genome structure of host-range and non host-range
white pock variants of rabbitpox virus has been
analyzed in 2 laboratories. Lake and Cooper (1980)
and Moyer and Rothe (1980a) have detected dele-
tions of 3x 10° to 20 10® daltons at the left hand
terminus of the genome of all host-range mutants
examined. In some mutants, the deletion extends well
into the terminal repetition. In contrast, non host-
range white pock mutants examined by Lake and
Cooper (1980) are all characterized by extensive
deletions (approximately 10x 10° daltons mapping at
the right-hand terminus of the genome). It is therefore
not surprising that in mixed infections between host-
range and non host-range mutants, recombinants are
readily obtained which have the wild-type pock mor-
phology and no host-range restriction and that no
genetic interaction is detected in crosses involving
only host-range or non host-range white pock
mutants.

The most obvious feature of the mutants described
above is the loss of DNA sequences from either
terminus of the genome. In addition, white-pock
mutants of rabbitpox virus (Moyer et al., 1980b) and
of monkeypox virus (Esposito et al., 1981) have been
described which are characterized by net additions of
DNA. Detailed restriction endonuclease analysis,
however, has shown, that these variants had also
deleted sequences from either terminus of the genome
but that this deletion was compensated by sequences
copied from the opposing terminus. In the case of one
of the rabbitpox virus mutants, a deletion of 6x 10°
daltons of the extreme left-hand sequences had been
compensated by 28 x 108 daltons of DNA copied from
the extreme right-hand end to yield a net increase in
the molecular weight of the genome of 22 x 10¢ dal-
tons (Moyer et al., 1980b). Similarly, sequences from
the lefthand terminus were copied to a deleted right-
hand terminus in the case of 2 monkeypox virus
mutants described by Esposito et al., (1981). This
transposition event resulted in the net increase in the
total genome size of 8 x 10® daltons.

White pock variants of cowpox virus which are
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characterized by extensive deletions of 16x 10° to
18 x 10° daltons from the right hand terminus of the
genome (Archard and Mackett, 1979) proved to have
a similarly complex genome structure. Further inves-
tigation showed that these deletions were compensat-
ed variably by sequences copied from the opposing
terminus with the effect of restoring both an inverted
terminal repetition and terminal covalent cross-link.
The sequence copied to the deleted terminus was in
one case larger than and, in another case, smaller than
the original deletion (L.C. Archard, M. Mackett and
K.R. Dumbell, in preparation).

Copying of sequences from 1 terminus to compensate
the deleted opposing terminus may be a rather fre-
quent event in poxvirus DNA replication. This again
implies conjunction of termini at some stage of DNA
replication and may explain the generation of some of
the monkeypox mutants described by Dumbell and
Archard (1980) and the vaccinia mutants described by
Panicali et al. (1981) or Drillien et al. (1981). The
overall effect is to restore symmetry of genome struc-
ture i.e. an inverted terminal repetition of some size,
(plus terminal cross-link) which is probably a prere-
quisite for DNA replication if this depends on the
annealing of opposing termini of displaced single
strands.

2.7. Origin and nature of variola-like (‘whitepox’)
viruses

The WHO smallpox eradication programme was
based on the premise that smallpox is transmitted
exclusively between humans with no animal reser-
voirs of the virus. Smallpox-like disease in man is
caused occasionally by monkeypox virus although this
agent is readily distinguishable from variola both
phenotypically and by comparison of DNA restriction
patterns (Esposito et al., 1978). However, as men-
tioned in the introduction, 6 poxviruses isolated ap-
parently from animal tissues have proved to be indis-
tinguishable from variola viruses by phenotypic cri-
teria. Since these 6 isolates produce typically variola-
like, white pocks on the chick chorioallantoic mem-
brane, they have collectively been called ‘whitepox’
viruses. A possible explanation for the origin of
‘whitepox’ viruses has been presented in 2 reports
(Marennikova and Shelukhina, 1978; Marennikova et
al.,, 1979). Either by inoculating hamsters with mon-
keypox virus or by cloning monkeypox virus on the
chick chorioallantoic membrane, white-pock variants
were isolated which had all ascertainable properties of
‘whitepox’ viruses. The implication, that monkeypox
virus which, on rare occasions, infects humans and
produces a smallpox-like disease, can segregate a
genetic variant apparently identical to variola virus, is
alarming and could threaten the permanence of eradi-
cation. Dumbell and Archard (1980), therefore com-
pared the genome structures of several white-pock
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variants of monkeypox virus with parental monkey-
pox virus, with variola virus and with 2 ‘whitepox’
viruses. The physical maps of parental monkeypox
virus DNA were clearly distinguishable from those of
variola virus. The white pock variants of monkeypox
showed variation in genome structure ranging from
apparently simple deletions close to the right-hand
terminus to complex rearrangements involving both
termini symmetrically. However, all monkeypox-
white pock variants examined nevertheless retained
the typical monkeypox genome structure in a large
internal region of their DNA although some resem-
bled variola virus in 3 of 4 phenotypic criteria ex-
amined. In contrast, both ‘whitepox’ viruses examined
were essentially indistinguishable from variola virus
and the minor differences in genome structure ob-
served were due mainly to near-terminal variation
which is common even in strains of the same orthopox
virus species. Thus, from the physical maps, it appears
unlikely that viruses with a variola-like genome struc-
ture can be derived from monkeypox virus by simple
genetic variation.

The origin of ‘whitepox’ viruses is still in some doubt
but, if animal reservoirs of variola-like viruses do
exist, they have not been a source of reinfection of
man in areas where smallpox has been eradicated.

3. Expression of the poxvirus genome
3.1. Temporal regulation of gene expression

Theoretically, the vaccinia virus genome is capable of
coding for approximately 180 average-sized polypep-
tides and more than 100 polypeptides have been
detected in purified virions (Essani and Dales, 1979).
Evidence that expression of this large amount of
genetic information is well regulated temporally has
been obtained mainly by pulse-labelling infected or
control cells with radioactive amino acids (review:
Moss, 1974, 1978). Identification of labelled polypep-
tides as virus-specific is greatly facilitated by the rapid
shut-oft of host cell protein synthesis in infected cells
(Salzman and Sebring, 1967; Moss and Salzman,
1968).

In the first few hours after infection, a class of early
virus-specific polypeptides is detected. This pattern
changes drastically after the onset of viral DNA
replication and a 2nd class of late, or post-replicative,
virus-specific polypeptides appears. Early polypep-
tides include many enzymes, some involved in DNA
replication, whereas proteins synthesized late in infec-
tion are predominantly structural (review: Moss,
1974, 1978).

3.2. Core associated RNA polymerase

A characteristic feature of poxviruses in the DNA-
dependent RNA polymerase associated with purified
virus particles (Kates and McAuslan, 1967, Munyon
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et al., 1967). In ‘addition, enzymes involved in the
modification of the 5" and 3’ ends of nascent RNA
molecules to yield typical eucaryotic mRNA are locat-
ed in vaccinia virus particles (review: Moss, 1978).
Treatment of purified virions with a reducing agent
and non-ionic detergent results in the disruption of
the outer viral protein coat and in the release of viral
cores. These cores contain the viral DNA and the
enzymes involved in synthesis and modification of
RNA. In appropriate incubation mixtures, such cores
synthesize viral RNA for several hours and in large
amounts. This RNA is referred to as in vitro RNA.
Vaccinia virus cores occur naturally during the ear-
liest stages of infection of animal cells (Dales, 1963)
and these cores also synthesize messenger RNA in
vivo prior to the complete uncoating of the viral DNA
(Kates and McAuslan, 1966). Due to the presence of
an RNA polymerase in the cores, initial RNA synthe-
sis does not require de novo protein synthesis. Howev-
er, when RNA made in the presence of inhibitors of
protein synthesis is translated in vitro, only early
polypeptides are detected (Cooper and Moss, 1979a).
The switch from early to late gene expression requires
not only protein synthesis, which is a prerequisite for
complete uncoating of the viral DNA, but also DNA
replication (review: Moss, 1974, 1978).

3.3. Sequence relationships and relative abundance of
early and late RNA

The fraction of the genomes transcribed early or late
in infection was estimated by annealing of labelled
DNA with an excess of RNA (Oda and Joklik, 1967;
Kaverin et al., 1975; Paoletti and Grady, 1977; Boone
and Moss, 1978). Although the values obtained vary,
early RNA, made prior to DNA synthesis, was found
to hybridize with approximately 25% of the total
DNA. This corresponds to one half of the double-
stranded genome if only 1 strand-equivalent is tran-
scribed. RNA isolated late in infection hybridized to 1
entire strand-equivalent and hybridizations of DNA
with a mixture of early and late RNAs suggested that
the sequences transcribed early are a subset of the
sequences present late (Oda and Joklik, 1967;
Kaverin et al., 1975; Boone and Moss, 1978). Al-
though synthesis of many early polypeptides cannot
be detected at late times in infected cells, early RNA
still appears to be present, in low amounts as judged
by in vitro translation experiments (Cooper and Moss,
1979a).

3.4. Characteristics of in vitro RNA

The bulk of the RNA synthesized in vitro by vaccinia
virus cores sediments in sucrose gradients as 10~12S
species (Kates and Beeson, 1970a) and is identical in
this respect to early in vivo RNA (Oda and Joklik,
1967). Further, in vitro RNA also is capped and
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polyadenylated (review: Moss, 1978). In experiments
using virus DNA immobilized on nitrocellulose filters,
in vitro RNA was found to hybridize to between 14%
(Kates and Beeson, 1970b) and 50% (Nevins and
Joklik, 1975) of 1 strand-equivalent of the viral
genome. The latter value is in good agreement with
that obtained with in vivo early RNA (Oda and
Joklik, 1967).

However, significantly higher values, similar to those
obtained with in vivo late RNA, were found by RNA
excess hybridizations in solution (Boone and Moss,
1978; Paoletti and Grady, 1977).

When RNA transcribed in vitro is isolated and trans-
lated in a cell-free system, the products resemble early
proteins (Beaud et al, 1972; Fournier et al.,, 1973;
Jaureguiberry et al., 1975; Nevins and Joklik, 1975).
Recently, a coupled transcription-translation system
has been developped for vaccinia virus (Pelham,
1977; Cooper and Moss, 1978; Bossart et al., 1978;
Pelham et al., 1978) and this system has been used to
characterize further the polypeptides made from in
vitro RNA. Representative polypeptides synthesized
in vitro were subjected to partial proteolysis and
shown to be identical to corresponding early polypep-
tides isolated from infected cells (Cooper and Moss,
1978).

A transcriptional and translational map of early
RNAs transcribed in vivo from the inverted terminal
repetition (Wittek et al., 1980d; Cooper et al., 1981a)
was used to compare individual in vitro RNAs with
respect to length, map positions and coding capacities
(Venkatesan and Moss, 1981). By these criteria, 3
RNAs synthesized in vitro were found to be identical
to the corresponding early RN As made in vivo.

3.5. High molecular weight RNA

The bulk of the RNA synthesized in vitro by vaccinia
virus cores sediments in sucrose gradients as 10-128
species (Kates and Beeson, 1970a). In addition, a
small amount of larger RNA, sedimenting heteroge-
neously between 20 and 308, has been found (Paolet-
ti, 1977a). This high molecular weight RNA remains
core-associated but pulse-chase experiments indicated
that a fraction of it can be chased into RNA sediment-
ing at 8-12S which is subsequently extruded from the
virus. Further, nucleic acid hybridization - competi-
tion studies indicated that virion-extruded 8-128
RNA contains sequences found in the high molecular
weight, virion-associated RNA (Paoletti, 1977b). A
soluble, endoribonuclease activity capable of cleaving
high molecular weight RNA specifically into limit-
sized fragments sedimenting at 8-12S was found
associated with purified vaccinia virus particles (Pao-
letti and Lipinskas, 1978) and a possible precursor
role of the high molecular weight RNA was therefore
suggested (Paoletti, 1977b; Paoletti and Grady, 1977).
However, using a coupled transcription-translation
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system, a linear relationship between the molecular
weight of the proteins made in vitro and the rate of
UV-inactivation was found (Pelham. 1977; Bossart et
al., 1978). This argues strongly against tandem, poly-
cistronic transcription of their mRNAs. Further, in 3
mRNAs studied in detail by Venkatesan and Moss
(1981), capping occurs at the sites of initiation indicat-
ing that each RNA is synthesized from an individual
promotor. The alternative explanation therefore, that
high molecular weight RNA results from a defect in
the termination of transcription, i.e. a read-through
mechanism, may be favored.

High molecular weight RNAs are not unique to in
vitro RNA but have recently also been detected in
RNA preparations isolated from infected cells (Wittek
et al., 1980d; Wittek et al., 1981; Cooper et al,,
1981b). Again, the biological significance, if any,
remains unclear.

3.6. Unusual properties of the late RNA

Virus specific double-stranded RNA has been demon-
strated at both early and late times after vaccinia virus
infection (Colby and Duesberg, 1969; Duesberg and
Colby, 1969; Colby et al.,, 1972; Boone et al., 1979).
Relatively little early, polyadenylic acid-containing
RNA formed double-stranded structures upon self-
annealing. However, late in infection, approximately
15% of the RNA was ribonuclease resistant after self-
annealing (Boone et al., 1979). The same percentage
of double-stranded RNA was also detected by anneal-
ing of labeled in vitro RNA to an excess of unlabeled
late RNA (Paoletti and Grady, 1977). The biological
significance of symmetrical transcription late in infec-
tion is not clear but explains the observation that self-
annealed late RNA is not translatable unless dena-
tured (Cooper and Moss, 1979a).

Another unusual property of late RNA was revealed
by size fractionation under denaturing conditions
(Cooper et al., 1981b) followed by in vitro translation.
Most individual polypeptides were made by a contin-
uous spectrum of mRNAs ranging from more than
6000 bases down to a size just large enough to contain
the required coding information. It is possible that
late in infection the termination mechanism becomes
less effective and that the large mRNAs represent
read-through transcription products.

3.7. Transcriptional mapping of the vaccinia virus
genome
Late genes are clustered near the center of the genome

The extent of transcription of different regions of the
vaccinia virus genome early and late in infection has
been estimated by hybridization of labeled RNA to
DNA restriction fragments (Cabrera et al., 1978).
Except for a relatively small region near the center of
the genome which is not transcribed in vitro by the
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virion associated RNA polymerase and only partially
_transcribed in vivo in the absence of protein synthesis,
RNA complementary to all other restriction frag-
ments was detected both early and late in infection.
However, hybridization-competition experiments in-
dicated that a central region of the genome is tran-
scribed to a greater extent late in infection.
A map of early and late genes was obtained by in
vitro translation of RNA selected on restriction frag-
ments of the viral DNA. Using the 3 largest HindIII
fragments which together comprise over 50% of the
genome, a total of 34 polypeptides were mapped
(Cooper and Moss, 1979b).
Several early, but very few late polypeptides were
coded by RNA selected on the opposing terminal
fragments B or C. In contrast, both early and late
genes were found in the HindlIIl fragment which
maps adjacent to the right-hand HindHI terminal
fragment B. Translational mapping of the remaining
portion of the vaccinia virus genome was greatly
facilitated by the availability of cloned DNA restric-
tion fragments (Belle Isle et al., 1981). An additional
75 early and more than 40 specific late polypeptides
were identified by polyacrylamide gel electrophoresis,
among the translation products of RNA purified by
hybridization selection to these fragments. Signifi-
cantly, most late mRNAs appear to be clustered near
the center of the genome. Interestingly, this region of
the genome is highly conserved between different
orthopoxviruses (Wittek et al, 1977, Mackett and
Archard, 1979).
This clustering of late genes was not observed pre-
viously (Chipchase et al., 1980), possibly due to
difficulties in synchronization of infection in the par-
ticular cell system used.

Analysis of individual mRNA encoded within the left 21
kilobase pairs of the vaccinia virus genome

The most detailed transcriptional and translational
maps currently available have been established for
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the leftmost 21 kilobase pairs of the vaccinia virus
genome (Wittek et al., 1980a; Wittek et al., 1980d;
Cooper et al., 1981a; Wittek et al., 1981; Cooper et al.,
1981b). Three continuous DNA fragments represent-
ing a stretch of DNA which includes the inverted
terminal repetition have been cloned in coliphage
lambda. Together these fragments comprise more
than 10% of the genome. A total of 11 specific early
and 2 specific late polypeptides were identified by in
vitro translation of RNA selected on these fragments
and the corresponding mRNAs were analyzed with
respect to map position, length, direction of transcrip-
tion and colinearity with the genome (fig. 6). Besides a
putative role in DNA replication (Wittek and Moss,
1980b), the inverted terminal repetition of the vacci-
nia virus genome was found to encode 4 early
mRNAs which direct the synthesis of 7500 (7.5K),
19K, 42K, or 21K polypeptides in vitro (Wittek et al.,
1980a; Wittek et al., 1980d; Cooper et al., 1981a).
Two mRNAs are transcribed towards the end of the
genome and two in the opposite direction.
Interestingly, the direction of transcription of all
mRNAs encoded by the unique DNA sequences is
also towards the end of the genome. Three mRNAs
coding for 14K, 32K or 38K polypeptides were found
to be clustered between approximately 16.5 and 18.5
kilobase pairs from the end of the genome (fig.6). At
least 2, and possibly all 3 RNAs overlap each other
(Cooper et al., 1981b). Since vaccinia virus replicates
in the cytoplasm of infected cells, the question of
whether the mRNAs are spliced is of particular
interest. No evidence for splicing was obtained by
detailed nuclease S1 analysis of the RNAs transcribed
from the left 21 kilobase pairs of the vaccinia virus
genome (Wittek et al., 1980d; Wittek et al., 1981;
Cooper et al., 1981b).

4. The reproduction cycle of poxviruses

As discussed in the previous sections, reproduction of
poxviruses involves a series of complex, temporally
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well regulated events. These steps are depicted in
figure 7 and outlined below.

a) The virus particles penetrate into the host cell.

b) The outer membranes of the virions disintegrate
by a process referred to as uncoating I. This
process leads to the generation of subviral particles
(=cores).

¢) RNA polymerase and enzymes involved in the
modification of RNA are activated and a first
burst of early RNA synthesis occurs within the
cores.

d) The RNA is extruded and translated on host cell
ribosomes into early proteins.

e) The viral DNA is released from the cores (=un-
coating IT) and replicated.

f) Late RNA is transcribed presumably from proge-
ny DNA and translated into late polypeptides.

g) Early and late polypeptides, as well as DNA are
assembled in a complex morphogenesis process.
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Identification of an acyclic diterpene alcohol in the defense secretion of soldiers of Reticulitermes lucifugus*

R. Baker, A.H. Parton and P.E. Howse

Department of Chemistry, The University, Southampton, SO9 SNH (England), 8 July 1981

Summary. The defense secretion of soldiers of Reticulitermes lucifugus has been shown to contain, predominantly,
(R)-(—)-(E,E)-geranyllinalool together with germacrene A and f-farnesene.

Soldiers of the termite Reticulitermes lucifugus, which is
found in many areas of Southern Europe, produce a
cephalic (frontal) gland secretion in response to provoca-
tion.

We wish to report results of chemical analysis of the
secretion, including the identification of an acyclic diter-
pene alcohol, (R)-(-)-(E,E)-geranyllinalool (1) not pre-
viously found in termite defense secretions. Preliminary
trials of biological activity using synthetic racemic (1) show
that it is toxic to A#ta cephalotes, Camponotus vagus and
Crematogaster scutellaris on topical application. In feeding
tests, quantities equivalent to those found in 10 soldiers
were repellent to the 2 latter species®. Further tests are
underway to determine the mechanisms of repellency and
toxicity. Other components of the secretion are the sesqui-
terpene hydrocarbons germacrene A (2) and f-farnesene
3). .

Soldiers of Rericulitermes lucifugus collected from South-
West Spain (near Cadiz) were immersed in dichloro-
methane and the solution decanted and concentrated. Gas
chromatography - mass spectrometry of the extract indicat-
ed the presence of sesquiterpene hydrocarbons (M™ 204,
approximately 10 pg/insect) and 1 diterpene alcohol
(M*290, approximately 40 pg/insect). Hydrocarbons of the
type commonly found in insect cuticle were also recognized
in the extract. A small sample of secretion collected from
live soldiers, however, contained the terpene componenis
only.

The diterpene was isolated by HPLC (reverse phase); 7 mg,
prepared from approximately 200 soldiers, was used to

obtain a 100 MHz 'H-NMR-spectrum which confirmed the
structure to- be (E,E)-geranyllinalool by comparison with
the previously published spectrum®. The chemical shifts of
methyl groups on the double bonds (6H, 1.589; 3H, 1.605
and 3H, 1.664, in CCl,) enable the double bond geometry
to be assigned E,E. Furthermore the optical rotation
([a]¥= —20°+5°) indicated that (1) was the enantiomer
with R-(-)-configuration®. ‘

The major sesquiterpene component underwent rearrange-
ment during gas chromatography and HPLC. When the

OH




