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Toroviruses — members of the coronavirus superfamily?
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Introduction

During the last twenty years in Utrecht we have focused on the char-
acterization of enveloped positive-stranded RNA viruses, above all on
the well-characterized family of coronaviruses, with the mouse hepatitis
and feline infectious peritonitis viruses receiving most attention; in
addition, less common and not properly classified agents e.g. equine
arteritis virus (EAV) and Berne virus (BEV) have been analyzed. It
was quite unexpected when nucleotide sequence comparisons suggested
that EAV and BEV are phylogenetically related to each other and
to coronaviruses; the properties of the latter have been reviewed [16,
17]. The present paper summarizes some data on toroviruses and gives
the arguments why these are considered as evolutionarily related with
corona- and arteriviruses.

Berne virus — the torovirus prototype

Berne virus (BEV) has become the prototype of a new taxon in virology
[4]. Toroviruses represent a group of enveloped, positive-stranded RNA
viruses with a unique and altogether protean morphology. An elongated,
bacilliform core with two rounded ends is surrounded by a membrane
which may either tightly adhere or “shrink-wrap” it; in the first instance
straight or curved rods are formed, in the latter case a biconcave disk
results [for reviews see 10, 11]. Virion pleomorphism in negatively
stained preparation is probably the reason why these ubiquitous viruses
have not been discovered earlier; in ultrathin sections, however, the
characteristic “*hollow™ tubular capsids are conspicuous, especially when
forming twin circular structures in transversal sections [22].

The history of torovirology is brief — it started with a study on the
cause of calf diarrhoea. Breda virus (BRV) was discovered in 1979
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during investigations in a dairy herd in Breda (Iowa), in which severe
neonatal calf diarrhea had been a problem for 3 subsequent years.
Faecal material was found to contain pleomorphic particles which carried
club-shaped projections similar to coronaviruses, but which were anti-
genically unrelated to them [23]. Despite repeated attempts, BRYV had at
that time not been adapted to growth in cell or tissue culture which has
hampered its biochemical, biophysical and molecular characterization. In
the meanwhile, the problem of in-vitro propagation has been solved:
respiratory strains of bovine toroviruses were grown with cytopathic
effect in Madin-Darby bovine cell culture, and subsequently in a range
of other cells from different animal species [19].

Breda virus (BRV) had many properties in common with a chance
isolate from a horse presented at the Veterinary School in Berne,
Switzerland; the isolation had been made already in 1972, and early
characterization of BEV resulted from a collaboration between labora-
tories at Berne and Utrecht [21]. Toroviruses occur in rodents, carni-
vores, ungulates and man. Most infections are enteric, but antigen has
also been found in respiratory lesions of calves and in aborted bovine
fetuses [20].

Toroviruses and coronaviruses are related by divergence of their
polymerase and envelope proteins from common ancestors. In addition,
their genome organization and expression strategy, which involves the
synthesis of a 3'-coterminal nested set of mRNAs, are comparable.
Nucleotide sequence analysis of the genome of BEV has revealed the
results of two independent non-homologous RNA recombinations during
torovirus evolution. Berne virus open reading frame 4 encodes a protein
with significant sequence similarity (30-35% identical residues) to a part
of the hemagglutinin esterase proteins of coronaviruses and influenza
virus C. The sequence of the C-terminal part of the predicted BEV
polymerase open reading frame la product contains 31-36% identical
amino acids when compared with the sequence of a non-structural 30/
32K coronavirus protein. The cluster of coronaviruses which contains
this non-structural gene does not express it as a part of their polymerase,
but by synthesizing an additional subgenomic mRNA [14, 15].

Arteriviruses

Another virus which has occupied my groups in Tiibingen and Utrecht
is EAV. As a result of early attempts at characterization, it became
the prototype of the genus arterivirus in the family Togaviridae, with
lactic dehydrogenase virus (LDV) as another possible member [4]. The
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spherical enveloped arterivirion has a diameter of 50—70 nm and contains
an isometric, probably icosahedral nucleocapsid 35nm in diameter, as
determined for EAV [8] and LDV [6]. The envelope carries ring-like
surface structures — no peplomeric subunits like coronaviruses [7]. The
similarity in molecular weights of the structural proteins was another
trait that motivated their grouping in one cluster (“lactiviruses”: [6]).
The genome is a single positive-stranded RNA molecule, less than half
the size of coronaviral genomes, which contains multiple ORFs. During
EAYV replication again a 3'-coterminal nested set of subgenomic RNAs
appears. They are composed of leader and body sequences which are not
contiguous on the EAV genome and perhaps are formed by alternative
splicing. The leader sequence is derived from the extreme 5’ end of the
EAYV genome [2]. Leader sequences are also present in coronaviruses.
but have not been found in toroviruses.

We have recently shown that the EAV genome contains seven open
reading frames (ORFs) and presented data on the structural proteins and
the assignment of their respective genes. Virions are composed of a
14kDa nucleocapsid protein (N) and 3 membrane proteins designated
M. Gg, and G;. M is an unglycosylated protein of 16kDa, Gg and
Gy, are N-glycosylated proteins of 25kDa and 30-42kDa, respectively.
Using monospecific antisera and expression of individual ORFs, the
genes for the structural proteins were identified: ORF 7 codes for N,
ORF 6 for M, ORF 5 for G, , and ORF 2 for Gs. With the exception of
Gs, the proteins are about equally abundant in EAV virions, being
present at a molar ratio of 3(N):2(M):3(G, ). The Gg protein which is
expressed at a level similar to that of M in infected cells, is strikingly
under-represented (1-2%) in virus particles [3].

Study of arteriviruses at the molecular level has received a boost
during the last two years, and genomic properties similar to those des-
cribed above were identified for LDV [12] and Lelystad virus (LV), the
cause of “mystery swine disease” or swine infertility and respiratory
syndrome. A sequence of 15,088 nucleotides with eight ORFs was de-
termined; ORFs la and 1b contain sequence elements that are conserved
in the RNA polymerase genes of BEV, EAV and LDV, coronaviruses
and of other positive-stranded RNA viruses [13]. We had shown before
that in corona- and toroviruses the polymerase is translated from ORF]1
by a process of ribosomal frame-shifting, for which a pseudoknot and a
preceding “slippery” nucleotide sequence are preconditions [1, 14]; the
same arrangement has now been found also for LV. Comparison of the
amino acid sequences has indicated that LV is more closely related to
LDV than to EAV [13]. The genome of Simian Haemorrhagic Fever
virus, a fourth representative of this cluster, is presently being sequenced
(Brian Mahy 1992, pers. comm.).
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The ‘‘superfamily’’ concept

During the last decade, various “replicase modules™ have been recog-
nized among positive-stranded RNA viruses. They form the basis for
“superfamilies™ of plant and animal viruses, the two largest of which are
those of the picornavirus- and alphavirus-like “superfamilies™ [18]. More
recently, we have proposed a third “superfamily” [17] which would
comprise the corona-, toro- and arteriviruses. The importance of at least
three conserved domains in corona- and toroviral polymerases [14] is
underlined by their presence in the putative polymerase of the only
distantly related EAV. Two domains are believed to possess polymerase
and helicase activities and are common in positive-stranded RNA viruses.
However, the conservation, both in sequence and in relative position, of
a third domain suggests that it also plays a role in viral replication — a
hypothesis supported by the fact that it also occurs in the putative
polymerase of LDV. It is tempting to speculate that this domain per-
forms a function which is specific for this cluster of viruses, e.g. the
synthesis of multiple subgenomic mRNAs.

On the basis of the similarities in polymerase expression and amino
acid sequence we postulate that the polymerase genes of arteri-, corona-
and toroviruses have descended from a common ancestor. In contrast
to the helical nucleocapsid structure of corona- and toroviruses, the
nucleocapsids of EAV, like those of togaviruses, possess an isometric,
probably icosahedral architecture. Also, the EAV envelope does not
bear elongated peplomers. The coupling of different sets of structural
genes to the same replicase has been explained by recombination of
complete genes or gene sets (modules). Together with divergence from a
common ancestor, this modular evolution can account for the diverse
composition of viral genomes [18]. In arteriviruses, the coupling of a
coronavirus-like replicase module to a set of structural genes — which
confer togaviral morphology to the virion — might be another example of
modular evolution.

Concluding remarks

There is another line of evolution that should be mentioned here: that of
viral taxonomy. While virion details have dominated classification in the
early days, genome organization and replication strategy are now en
vogue. Indeed the traits shared between corona- and toroviruses have
resulted in their classification as genera of the family Coronaviridae, as
agreed upon at the interim meeting of the ICTV (Oxford, April 1992).
However, taxonomy should not only be intellectually appealing but



Toroviruses — members of the coronavirus superfamily? 79

also practical, and structural features must not be abolished altogether.
Lumping divergent viruses together in families only because their re-
plication contains similar elements does a disservice to the community
of virologists at large, which includes teachers and diagnosticians. Arteri-
viruses are structurally unrelated to the Coronaviridae and should be
given separate status — a feeling unanimously expressed during the 5th
International Coronavirus Symposium (Chantilly, September 1992). The
hierarchical category of the order would be appropriate to replace the
unofficial category of “superfamily”.
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