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The apparently complete sequence of the RNA genome of the neurovirulent isolate of lactate dehydrogenase-elevat-
ing virus {LDV-C} has been determined. The LDV-C genome is at least 14,222 nucleotides in length and contains eight
open reading frames (ORFs). ORF 1a, which encodes a protein of 242.8 kDa and is located at the 5’ end of the genome,
contains at least two putative papain-like cysteine protease domains, and one putative chymatrypsin-like serine pro-
tease domain. This ORF terminates with a UAG stop codon that can be bypassed if a —1 frameshift occurs. The
frameshift region consists of a heptanucleotide "'slippery’ sequence, 5-UUUAAAC-3, followed by a putative pseudo-
knot. ORF 1b encodes a protein of 155.4 kDa containing, in its N-terminal portion, an RNA-dependent RNA polymerase
and an RNA helicase domain separated by a Zn finger domain. Another domain of unknown function that is also
conserved in coronaviruses and toroviruses is located at the C-terminus of the ORF 1b product. Three cleavage sites in
the ORF 1a polyprotein and three in the ORF 1b polyprotein were predicted for the chymotrypsin-like protease and
tentatively delimit the mature nonstructural proteins of LDV. Six small, overlapping 3' ORFs (ORFs 2 through 7} encode
proteins with calculated sizes of 25.8, 21.6, 19.8, 23.9, 18.9, and 12.3 kDa. ORF 7 encodes the virion nucleocapsid
protein Vp-1, while ORF & encodes the nonglycosylated envelope protein Vp2. ORFs 5, 4, 3, and 2 each encode
glycoproteins which may be virion envelope proteins. LDV is closely related to equine arteritis virus, Lelystad virus (LV},
and simian hemorrhagic fever virus. These four viruses belong to a new group of positive-strand RNA viruses and are

related to coronaviruses and toroviruses.

INTRODUCTION

Lactate dehydrogenase-elevating virus (LDV) infects
only mice and always causes a persistent infection
(Notkins, 1965; Brinton, 1982). infected mice display
permanently elevated (5- to 10-fold) serum levels of
lactate dehydrogenase andg, to a lesser degree, of six
additional serum enzymes. The increase in LDH levels
is cbserved by 4 days after infection and is due primar-
ily to a decrease in the rate of enzyme clearance {Not-
kins, 1965; Brinton, 1982}. It has been postulated that
Kupfter cells involved in enzyme turnover are infected
and killed as a direct result of LDV replication {(Smit et
al., 1989). The elevated serum LDH allowed the crigi-
nal discovery of the virus, provided the name of the
virusg, and is utilized as an endpoint for titration of viral
infectivity (Brinten, 1982; Rowson and Mahy, 1985).

Infected mice display a lifelong viremia {Notkins,
1865}). Antiviral antibodies are elicited in infected ani-
mals, but virus is not cleared from the blocdstream;
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viral-immune complexes are infectious and presum-
ably continue to attach to viral target cells, a subpopu-
lation of macrophages, via Fc receptors. Since an es-
tablished cell line has nat yet been identified which s
permissive for LDV replication, LDV is grown in primary
murine cell cultures which contain macrophages
(Rowson and Mahy, 1985). Although the majority of the
LDV isolates produce inapparent infections in the mice
they infect, one isolate, designated LDV-C, induces a
sometimes fatal poliomyelitis in immunosuppressed in-
dividuals of a few susceptible inbred mouse strains
{Martinez et al., 1880).

LDV was initially classified within the Togaviridae
family based on the infectivity of its single-stranded
RNA and its virion morphology (Fenner, 1977) and is
currently included in the genus Arterivirus belonging to
thig family {Francki et a/., 1991). The mapping of the
LDV capsid protein to the 3" end of the LDV genome
(Godeny et al., 1990) and the demonstration of a 3
coterminal nested set of LDV subgenomic mRNAS in
infected macrophages (Kuo et a/, 1991) indicate that
LDV is not a togavirus. Although we refer to these vi-
ruses as arteriviruses for convenience in this paper, it
is quite possible that the name denoting this group of
viruses will be changed at the time of their reclassifica-
tion and removal from the Togaviridae family. In order
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to further characterize the genome structure and the
encoded proteins of LDV, the genome of the neuro-
tropic LDV-C isolate was sequenced.

MATERIALS AND METHODS
Virus and genome RNA

Adult {5- to B-week-old) C58/) mice were injected
intraperitoneally with 107 IDg, of LDV-C in 0.1 mt of
MEM containing 10% FCS. Plasma was obtained from
these mice 24 hr after infection. The LDV-C virions
were pelleted through a discontinuous glycerol gra-
dient consisting of tayers of 5, 10, and 20% glycerol
(Brinton et al., 1986). Pelleted virions were incubated
for 15 min at 37° with pronase (2 ng) and vanadyl ribo-
nucleoside complex (2 mM} and then disrupted by ad-
dition of SDS to a final concentration of 1%. Genomic
RNA was purified by sedimentation through a 15-36%
SDS-sucrose gradient as previousty described (Brin-
ton et al., 1986). The RNA in the peak fractions was
then ethanol precipitated, aliquoted, reprecipitated,
and stored under ethanol at —70° until use.

Cloning of LDV cODNA

Genome RNA was used as template for oligodeoxy-
thymidine (dt)-primed or calf-thymus pentameric DNA
{ct)-primed reverse transcription. Second-strand cDNA
was made according to the method of Okayama and
Berg (1982). The cDNA was then methylated with
EcoRl methylase, ligated to EcoRi linkers, digested
with £coRi, and inserted into a pUC13 (Pharmacia, Pi-
scataway, NJ) plasmid vector (Rice et a/., 1988). Esche-
richia coli, strain IM 103, was transformed with recom-
binant pUC13 DNA, and the resulting coionies were
screened for inactivation of -galactosidase gene ex-
pression (Close et al., 1983). Miniprep DNA was pre-
pared from selected clones and digested with EcoRl.
The DNA inserts were sized on 19 agarose gels and
tested for virus-specificity by Southern blot analysis
(Southern, 1975} using a radiolabeled cDNA probe
primed with random ct oligemers and reverse tran-
scribed from the LDV-C genome RNA.

For regions not represented in the cDNA libraries,
additional clones were generated using cDNA-PCR
products made from the LDV-C genome RNA with spe-
cific primers synthesized by the Georgia State Univer-
sity DNA synthesis facility. The PCR products were gel
purified (Maniatis et &/, 1989) prior to unidirectional
cloning into the pCR2000 plasmid (Invitrogen, San
Diego, CA}.

Sequencing methods

Double-stranded miniprep cDNA was sequenced by
a modified dideoxy chain-termination method (Sanger
etal., 1977; Winship, 1989) with a Sequenase kit {USB,

Cleveland, OH) using M13-universal and M13-reverse
primers. Internal virus-specific primers were synthe-
sized to complete the sequencing of long inserts. PCR
praducts were sometimes sequenced directly as de-
scribed previously (Nainan et al., 1991) or more re-
cently by the cycle sequencing method using a A Taq
Cycle Sequencing Kit {USB).

A total of 161 cDNA clones containing over 47,000
nucleotides were sequenced and aligned. The cDNA
clones seguenced ranged in size from 100 to 1250
nucleotides with the majority being in the size range of
600 to 800 nuclectides. The density of clones covering
most genome regions was at least three and in many
regions eight or more. Regions for which tewer than
three clones were available and six gaps of 170, 150,
90, 340, 260, and 630 nucleotides in the genome con-
sensus sequence were sequenced directly from ge-
nome RNA (Nainan et al., 1991) or from cloned cDNA-
PCR products generated with specific primers.

Computer analysis of sequence data

The consensus nucleotide sequence for the LDV-C
genome was assembled and analyzed using the frag-
ment assembly software provided in versicn 7.0 of the
University of Wisconsin Genetics Computer Group
{GCQ) {Devercux et af., 1984). The amino-acid se-
quences of the ORF 1a and 1b products were aligned
with the homologous sequences from Lelystad virus
{LV) and equine arteritis virus (EAV) using the MACAW
software {Schuler ef a/., 1991}, Portions corresponding
to highly conserved domains were cut out and fit into
previously published multiple alignments of viral pro-
teins. Determination of the nucleotide identity and
amino acid similarity between two viral sequences was
performed using the GCG GAP program. A gap weight
of 5.0 and a gap length weight of 0.3 were used for
calculating nucleotide identity, and a gap weight of 3.0
and gap length weight of 0.1 were used for amino acid
comparisons. Evolutionary relationships between the
conserved domains of different viruses were analyzed
using version 3.4 of the Phylogeny Inference Package
{(Phylip; Felsenstein, 1989).

RESULTS
Cloning and sequencing of the LDV-C genome

The mapping of seven of the cDNA library clones to
the 3" terminus of the 1. DV-C genome was described
previausly (Gadeny et af., 1990). Five of these clones
generated a consensus sequence of 1064 nucleotides
that contained a terminal poly(A), the 8 noncoding re-
gion and two complete, overlapping ORFs (Godeny et
al., 1989). The longest cloned 3’ poly(A) tract was 52
nucleotides in length. A poly(A) tract of about 60 nu-
cleotides had previously been demonstrated by di-
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FiG. 1. Organization of the LDV-C genome. The 5 portion contains two long ORFs {1a and 1b) with a frameshift region located at the junction
between them. Six conserved domains in ORF 1a/0RF 1b are indicated by shaded boxes. From left to right these are: a papain-like cysteine
protease {repeated), a trypsin-like serine protease, an RNA polymerase, a zing finger, a helicase, and a domain identified in coronaviruses and
toroviruses (Snijder et /., 1990). The 3’ portion of the genome contains six overlapping ORFs. Adjacent ORFs in the 3’ region are in different
frames. The estimated sizes of the proteins encoded by the 3 ORFs are indicated.

rectly sequencing end-labeled LDV-C genome RNA
{Brinton et a/., 1986).

Clones from the cDNA library, genome RNA, and
virus-specific PCR products were sequenced 10 obtain
a consensus sequence for the LDV-C genome RNA,
This sequence, consisting of 14,222 nucleotides, has
heen submitted to the Genbank database (accession
number L13298) and will not be duplicated here. The
iength of the consensus sequence agrees well with the
size (14 kb) of the LDV genome previously calculated
from gradient sedimentation experiments (Brinton-Dar-
nell and Plagemann, 1878}, The organization of the
LDV-C genome is shown in Fig. 1. The LDV genome
encodes twao large & ORFs, ORF 1a and ORF 1b, sepa-
rated from each other by a frameshift junction region
and six small, overlapping 3’ ORFs. Each 3 ORFisina
different reading frame from its neighboring ORFs.

Even though the LDV-C genome RNA was nat ab-
tained from plague-purified virus, itwas possible to eas-
ily determine the majority nucleotide far almost all of
the positions in the LDV-C sequence. However, for 12
nucleotide positions, 470, 681, 5160, 5132, 5198,
5253, B870, 6888, 6955, 7015, 8983, and 9763, a
single majority nucleotide could not be determined.
These ambiguous nucleotides are indicated in the
cansensus seguence by the appropriate symbol speci-
fied by the GCG program. At ail but two of these ambig-
uous positions, the nucleotide substitution did not re-
sult in an amino acid change. At position 5253, the
amino acid encoded was either a serine or a proline,
depending on whether a T or a C, respectively, was
present in the cDNA seguence. At position 6888, the T
to C shift changed the encoded amino acid trom a ser-
ine to a phenylalanine.

The %' noncoding regicn sequence obtained thus far
for LDV-C is 158 nucleotides in length. The consensus
sequence generated from the cDNA library was ex-
tended in the 5" direction by primer extension using the
viral RMA as template. No seguence could be read
beyond a strong stop located 19 nucleotides after the
end of the consensus sequence. Since the 5 noncod-
ing regions obtained for EAV and LV are longer than

that of LDV by 49 and 27 nucleotides, respectively,
efforts are continuing to determine whether the strong
stop observed at the b’ terminus of the LDV-C se-
quence is due to the presence of the terminal cap
structure or to a hairpin structure.

The LDV-C 3' noncoding region is 80 nucleotides in
length. For comparison, the 3' noncoding region of
EAV [den Boon er al.,, 1991) is 59 nucleotides, that of
LV (Meulenberg et a/., 1993) is 114 nucleotides, and
that of simian hemorrhagic fever virus (SHFV) is 76 nu-
cleotides in length {Godeny, unpublished data). The
sequence identity for the entire 3’ noncoding region of
LDV, EAV, LV, and SHFV ranges from 33 to 47%. The
first nine 3 nuclectides of the 3 noncoding region
showed the highest degree of conservation (Fig. 2). Of
the four genomes compared, EAV was the most diver-
gent. EAV differs in the first two nucleotides of the 3’
end and contains an extra nucleotide at the seventh
position (Fig. 2}. Canservation of the 3’ terminal nucleo-
tides among these four viruses suggests that this re-
gion may function as a signal for viral RNA replication
(Strauss and Strauss, 1983).

The LDV-C sequence was used to search the
current sequence databases for related sequences
with programs FASTA (Pearson and Lipman, 19388)
and BLASTP (Altschul et &/, 1980). No significant simi-
larities, beyond those with LV and EAV, that could indi-
cate recombination between LDV-C and any currentiy
available virus or cell gene sequence were detected.

Analysis of the ORF 1a/0ORF 1b junction region

Within the LDV-C ORF 1a/0ORF 1b junction region, a
potential slippery sequence {(5-UUUAAAC-3Y is lo-
cated just upstream from the ORF 1a stop codon and a

5! 3
LDV ATTTGGCTGGGCC . GGAATT-poly A
Lv GAACCATGTGACC . GARATT~poly A
SHFV  ACTGGTATATACC.ATAATT-poly A
EAV TTATTAGCCACCCAGERACC-poly A

Fig. 2. Alignment of the first 20 nugcleotides of the 3' noncoding
regions of the genomes of LDV, LV, SHFV, and EAV. Conserved
nucleotides are underlined.
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Fig. 3. The LDV-C frameshift region. (A) The slippery sequence is shown in bold letters. The ORF 1a stop codon is boxed. A putative
pseudoknot can be folded from ihe sequence which follows the slippery sequence. {B) Alignment of the ORF 1a/1k junction (frameshift) regicns
of LDV-C, EAV, and LV. The sequence comprising the first stem loop in each sequence is undarlined.

putative RNA pseudoknot is Jocated immediately
downstream of this stop codon (Fig. 3).

Comparison of the putative LDV slippery sequence
and pseudoknot to those found in the coronaviruses
(Brierley et al., 1987, 1989; Lee et a/., 1881}, torovi-
ruses {Snijder et a/., 1990), EAV (den Bocnetal., 18913,
and LV (Meulenberg et al., 1993) genomes indicate
that these structural elements have been highly con-
served in each of these viruses. The coronavirus, toro-
virus, LDV, and LV ‘“slippery” sequences {b-
UUUAAAC-3) are identical and conform with the defini-
tion that "'slippery” sequences consist of AAA, UUL,
or GGG followed by UUJUA, UUUU, cr AAAC {Jacks et
al., 1988; ten Dam et &al., 1990). The EAV genome is
the only one analyzed to date which contains a nucleo-
tide substitution which causes it to differ from the con-
sensus "'slippery’’ sequences,; however, the EAV junc-
tion region was demonstrated to be functional {den
Boon et al., 1991). In the genome of the coronavirus
infectious bronchitis virus (IBV}, both the "“slippery'’ se-
quence and the RNA pseudoknot structure have been
shown to be essential for efficient frameshifting at the
ORF 1a/0ORF 1b junction (Jacks et al., 1988).

The particular stop codon used to terminate ORF 1a
is not conserved among the viruses. The distance be-
tween the slippery sequence and the ORF 1a stop co-
don varies between the different viruses, with the dis-
tance being very short (0 to 4 nucleotides) in the ge-
nomes of LDV, LV, EAV, and a torovirus, Berne virus
(BEV: Snijder et al,, 1990}, and much longerin two core-
naviruses, MHV and IBV {18 1¢ 27 nucleotides).

Comparison of the pseudoknot structures of the
various genomes indicates a general similarity in the
size and stability of the first and second stems as well
as in the length of the first loop {L1) of the pseudoknot
structures. In contrast, the secand loop (L2) varies con-
siderably, with LDV, LV, and BEV having the shortest
L2 loops (19, 14, and 11 nucleotides, respectively},
EAV having a very long L2 loop (69 nucleotides), and
MHV and IBV having intermeadiate-sized L2 loops (33
and 32 nuclectides, respectively). Alignment of the se-
guences of the frameshift regions of the different vi-
ruses indicated that LDV and EAV or LDV and LV show
a lower degree of nucleotide identity with each ¢therin
this region than do the twe coronaviruses MHY and
BV, the LDV and EAV sequences show a 45% nucieo-
tide identity, the LDV and LV sequences show a 59%
identity {Fig. 3}, and the MHV and IBY show a 68%
identity (data not shown).

Analysis of the LDV ORF 1a sequence

The LDV-C ORF 1a encodes a polyprotein of 242.8
kDa (Table 1). Alignment of the amino acid sequences
of the ORF 1a products of LDV, EAV, and LV indicated
that conserved blocks of sequence are interspersed
with regions of little or no similarity (Fig. 4). The LDV
ORF 1ais 499 amino acid residues longer than the EAV
ORF 1a, and the LV sequence is 170 residues longer
than that of LDV. The majority of these differences are
accounted for by twe large ingerts in the LDV and LV
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TABLE 1

PHysICAL PROPERTIES CF THE PEPTIDES ENCOCED BY THE LDV GENOME

Open Number of
reading Nucleotide Number of Calculated patential N-linked
frame (ORF) logation amino acids size (kDa) pf glycosylation sites Comments
ORF 1a 162-6842 2226 242.8 7.8 7 replication proteins
ORF 1b 6839-11074 1411 155.4 7.4 2 replication proteins
ORF 2 11114-11737 227 25.8 10.56 4 envelope protein?
ORF 3 11665-12240 191 21.6 5.2 6 envelope protein?
CRF 4 12132-12659 175 19.3 8.1 5 envelope protein?
ORF & 12611-13255 214 23.9 2.8 2 envelope protein?
126656-13255 199 22.4 8.8 2
ORF 6 13243-13757 171 18.9 10.2 0 envelope protein (Vp2)
ORF 7 13745-14092 115 12.3 11.4 3 capsid protein {Vp1)

seqguences; however, EAV also has two sizable unique
inserts (Fig. 4).

Papain-like cysteine protease domains have been
identified in the N-terminal portion of the ORF 1a of two
coronaviruses (Lee et a/, 1991; Gorbalenya er al.,
1991), EAV {den Boon et &/, 1991), and LV {Meulen-
berg et al., 1993). The cysteine at position 164 and the
histidine at position 230 have recently been identified
as the probable catalytic residues of the EAV papain-
like protease (Snijder er al., 1992). Inspection of the
ORF 1a alignment showed that the EAV cysteine pro-
tease domain has a counterpart in LDV and LV, with
the cysteine at position 76 and the histidine at position
158 in the LDV sequence aligning with the predicted
catalytic residues of EAV {Fig. 4). The unique insert
downstream of the {irst papain-like protease domain in
LDV and LV contains a second domain of this type.
This observation makes a striking parallel with the situ-
ation among coronaviruses; MHV encodes two
whereas IBV apparently encodes only one papain-like
protease (Lee et af, 1991; Gorbalenya et af, 1991).
Camparison of the aming acid sequences of eight coro-
navirus and arterivirus putative papain-like proteases
revealed little overall conservation beyond the shart
stretches around the catalytic residues (Fig. BA), which
15 In accord with a previous report on the variability in
this type of protease among positive-strand RNA vi-
ruses (Gorbalenya et al, 1991). Interestingly, LDV,
EAV, and LV appear to lack the canserved domain of
unknown function (X domain") that flanks the papain-
like protease domain in the polyproteins of all other
animal positive-stand RNA viruses encoding this en-
zyme (Gorbalenya et af.,, 1991; Koonin et af,, 1992).

The EAV cysteine protease has been shown to
cleave the polyprotein of ORF 1a between residues
260 and 261 (YG'G) generating a 30-kDa N-terminal
peptide (Snijder et &/, 1992). This protease is also ca-
pable of cleaving at YG'A as shown by site-directed
mutagenesis of the EAV cleavage site (Snijder er af,
1992). LV contains the seqguence YGA (data not

shown), which probably serves as an efficient cleavage
site, in place of the YGG site of EAV. In contrast, in the
LDV sequence the second Gly residue appears 1o be
deleted, resulting in a YGY sequence (Fig. 4). The sub-
stitution of the bulky Tyr residue for Gly may have a
significant effect on the accessibility of this cleavage
site. Replacement of the second glycine by valine se-
verely, but not completely, impaired cleavage by the
EAV protease (Snijder et al., 1992). It remains to be
elucidated whether the cysteine protease of LDV
cleaves at this site. If it does, a 43-kDa N-terminal paly-
peptide would be produced. /n vitro transtation of gra-
dient-purified LDV-C genome RNA yielded, among
others, a prominent virus-specific band of 41 kDa (data
not shown); however, this protein has not yet been
mapped on the genome. The processing of the LDV
polyprotein may be more complicated than that of EAV
because of the presence to two putative papain-like
protease domains.

A chymotrypsin-like serine protease doemain is lo-
cated near the C-terminus of the LDV-C ORF 1a. This
domain is also highly conserved in LV and in EAV (Fig.
4). The coronavirus ORF 1a contains a putative cys-
teine protease domain, which is similar to the 3C-pro-
teases of picornaviruses, in the same relative position
(Gorbalenya et al., 1989¢; Lee et a/., 1991). The picor-
navirus and coronavirus proteases belong 10 a specific
tamily within the chymotrypsin-like class of proteases
(Bazan and Fletterick, 1988; Gorbalenya et a/., 1983b).
The sequence segments in the LDV, EAV, and LV pro-
tease domains surrcunding the three (putative) cata-
Iytic residues as well as two short sequences impli-
cated in substrate binding could be confidently aligned
with those in the coronavirus proteases despite the
replacement of the principle catalytic amino acid (Fig.
5B; den Boon et a/, 1991). However, the arterivirus
proteases are more closely related to the serine 3C-like
protease of sobemoviruses and luteoviruses {Gorba-
lenya et al., 1988a; Bazan and Fletterick, 1990; A. E.
Gorbalenya and E. V. Koonin, unpublished observa-
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Fia. 4. Alignment of the ORF 1a polyprotein amino acid sequences of LDV and EAV. The alignment was generated using the MACAW software
1991). Regions of significant simiiarity are shown in upper-case letters, and regions with little or no similarity are shown in
lower-case. Inserts in either sequence are indicated by the number of amino-acid residues they contain. The EAV sequence is from den Boon et
af, (19891) and the LV sequence is from Meulenberg er &/. (1893). The LV sequence is not shown. Venrtical lines indicate identical residues and
colons indicate similar residues in all three sequences. Predicted catalytic and conserved residues of two putative protease domaing are
indicated by asterisks. The N-terminal domain is a papain-like cysteine protease, while the C-terminal domain is a chymotrypsin-iike serine
protease. The pulative cleavage site of the cysteine protease is indicated by a doubie underline. Putative cleavage sites of the serine protease
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MEV1a  (1125-1296) cg-fyspaiertnWlrstiivmgsl 137 ndcHsmavvdgk
MHV1a [1719-1896} cgnyfafkgsnonCYinvacimlghl 141 svgH-ythvkek
IBV1a (1261-1445) rdnflilewrdGnCWissaivllqaa 147 nsgHeytqaagq
EAV1a [ 151 -238) slivildqeqdGfCWikllLppdrrea 50 rawHIttrsckl
L¥la (&2 -165) igipqvectpsGeCWisaViplarmt 65 gatHVltnsplp
LDVla ( 63 -166} vtyptkecrpgGreCWissIyptarmt 66 gatH¥lsnlplp
L¥la ( 266 —353} v—-gnpdvfdGkCWlscFlggsvev 53 wirHLtldddvl
LD¥1a [ 256 -348) vipckerdtkfSkCWekiFedhsgwm 55 yirHVsragepv
B

. - Tt . [ I |
TBVla [2813-2943) dtIYcprHV 18 hEFevTtghg 74 sflaGACGSvgFnlekgvvnFFyMHhle
MHYla (3384-3516) dk¥Yepri¥ 21 sDFcvMsdrm 65 sf 1cGSCGSvEYV1tGDsvIFYyMH e
Ea¥la (1094-1109) vv¥LTASHY 23 GODFAEAvtig 40 WTtsGDSGSaVY-—qGDa--VYGYHTGS
LVia (1725-1828) riVVTAAHY 22 GDYAwShadd 238 FTncGDSGSpY [sesGD---LIGTHTGS
Lhvia (1542-1644) pvV¥TASHL 22 GDYAfArvan 37 FTKcGDSGSpYVdedGN---LLGIHTGS

111 v
L L
IBV1b (543-723) nAsVvIGttKFygGwdn 13 1MgwDYpkCDRamPnllR 42
MHY1b (591-771) gvPV¥vIGtIKFygGwdd 13 iMguDYpkCDRamPnILR 42
BEV1b (511-68B0) gGfcllGvsKYglKfsk 13 vFgsDYtkCDRT{P1sFR 38
EAV1b (377-520) gSPIyLGksKFdplpap 3 CLELDLeSCDRSTPALYR 35
L¥ib (372-515) kSPlalGknKFkelhet 4 CLEaDLaSCDRSTFAIVR 35
LDV1b (366-509) gSPIyLGnnKFtpLptk 4 CLEaDLaSCDRSTPAIIR 35

v VI

L 2 ERET T
1BV ¥vKpGGLSSGOat TAYANSYFnI IqatsanVarll 46 LMILSDDgVV
MHV YvKpGGtSSChat TAFANSYFnlcqavsanYes1M 46 MMILSDDgVV
BEv LnKpGGtS5Ghat TANSNTFYnYMVhyvvaFktil 39 LnFLSDDsFI
EAV FtRRGGLSSGDF I TSISNTIVSLVLYLQHMLLCGL 26 VYIYSDDVVL
Lv FtKRGGLSSGDPYTSVSNTVYSLYIVaQHMVLsAL 25 MLYYSDDLYL
LDV FAKRGGLSSGDPVTSYSNTVYSLYIYaQiMYLSAF 25  LLVYSDDVVL
D - - - L L] L - -

IBY (895-942) vCvvCnSqt11rCGnClirkpf LCckCoydHvnhtdHknylsinpyiCsq
HMHY  (943-991) aCvvCsSqtslrOGSCl rkplLCckCaydHvmstdHkyvlsvspyvCns
BEY (850-898) ¥CfcCpnpavSvCeeCyvplpLCayCyyvHyvlsnHskvedkfKCECGY
EAV  (652-693) vCtvCgA-apvakSACGEw--FCgnCvpyHag——-HChtts)fa—nCGH
Ly (651-688]) hCgiCda-kadyaSACG1d--LC1FHshf Hq--—-HCpvt1----sCGIH
LDV  (644-681) tCathA-pstleSCGln--LCdythng----Hvavl—---pOSH

E

1{a) Ia I7 II1

LEELL] I T T
IBY1b (1167-1463) rtiVqGpPGSGKShfalg 7 arvwwFTacSH 58 1ILVDEVS 18 VvyVGDpaQ
MEV1b (1215-1508) yctVqGpPGTGKShlalg 7 arvvYTaaSH 58 1iVWDEvS 18 YvyIGDpaQ
BEVib (1096-1365) vtFYmGpPGTGKTLIVYd 9 nrivYCaPTH 51 v1TaDEvS 17 VYv1LGDpf
EAVIb ( BD2-103]) SEYVeGpPPGSGKTIhLVK & gsatlLVvPTH 49 eTFVDEVA 15 VkgYGDLNQ
LVib [ 789-1011) SKFIVGPPGSGKTtwlls 3 dddvIYtPTH 48 vSYLDEaG 15 LvclLGDLIH
LDV1b ( 782-1004} SQFTtGaPGIGKTtyLLs 3 dddvIYEPTH 46 vSYLDEaA 15 LycVGDLNQ

v v VI
¥ - £ w T W eE
IBY 32 LakcyRc 86 1nvqTvDSsQGseYdYVIFcV 8 nipRfnVALTRAkr
My 33 LgteyRc 83 14qtqTVDSaQGscYdFYlYsq 8 nvnRFnVAITRAkk
BEY 28 LtacyRe 74 gdvtTIDSsQGtTaanhllvl 8 tvnRvIVGcSRSEt
EAY 23 LrvchRF 46 1GhrTIDSIQGCTFpYYILIL & LtrpRAVVAVTRASq
Ly 18 LttiyRF 46 gSalTIDSsQGaTFAIVILhL 6 nksRALVAITRArh
Loy 20 LievfRF 46 dGalTIDSsQGCTYAVITVyL 6 nsaRALYAITRArf
* . e .

IBVlb  (2235-2347) H11¥GEVdk--pglGGLHtViGm 38 TVvDL1lddFlelLr
MHV1b {2322-2431) HvvYGsFnq--kLICCIHILIGL 38 TYLDL11ddFvdiVk
BEV1b (1921-2025) HvisGDFtevgTdIGGVHhVvAl 29 TLvDVcanqgLyek¥x
EAY1b (1242-1331) HACLGEInk--StVGGsHfIfSq 27 SYvDV¥aPsFeFYLh
LV1b (1217-1308) HAFIGDVkg—TtVGGeHRItSk 27 TLEDY¥Y1PelrPYLq
LDV1b  (1196-1287} HAFIGEVkg--Sn¥GGeHWWLSr 27  TVIDYY1PeLdPYLn

- . . ..
BY 10 Skv¥t¥sIDYhsinFMtWie-dgslkTcYp
MHV T Skv¥nVnVDFkdf qFMLWen-eekvieT{ ¥y
BEV 8 SkvIf¥nIDFgdvqFM¥FangeddiqT{¥p
EAY 4 Srv¥YKImIDFkpcRLMVWRN-——-- ATTYY
Ly 4 SkcWKLKLDFrdvRLMYWEg--~-~ ATaYF
Lby 4  SmdYEL1VDFgpvEKLMVWEd————-, ATaYF

Fic. 5. Conserved domains in the nonstructural polyproteins of
LDV, EAV, LV, coronaviruses and toroviruses. (A) Putative papain-
like cysteine protease domains. Asterisks designate the putative cat-
alytic residues. MHV, LV, and LDV each have two predicted pro-
teases of this type, whereas IBV and EAV appear to have only ore
such domain. (B} Putative 3C-like serine protease domain. Asterisks
designate the putative catalytic residues and exclamation marks des-
ignate the residues implicated in substrate binding {Gorbalenya et
al, 1989b). (C) RNA-dependent RNA polymerase domain. The con-

tions). A more detailed analysis of the evolutionary re-
lationships between the proteases of coronaviruses
and arteriviruses will be published elsewhere.

Conserved domains in the ORF 1b

The LDV-C ORF 1b encodes a polyprotein of 155.4
kDa (Table 1). Four conserved domains were identified
in this region (Figs. 1 and 5C-5F). Starting from the
N-terminal side of the ORF, the first domain is the puta-
tive RNA-dependent RNA polymerase {(Kamer and
Argos, 1984; Koonin, 1991). A unigue feature of the
putative polymerases of coronaviruses, toroviruses,
and arteriviruses is the substitution of serine for glycine
in the GDD "signature sequence,’” which is invariant
among other positive-strand RNA viruses {Gorbalenya
et al, 1989c; Koonin, 1991; Fig. 5C).

The second censerved domain is the putative Zn
finger. Eight cysteine and histidine residues are con-
served in this domain among coronaviruses, torovi-
ruses, and arteriviruses (Fig. 5D; den Boon et al,
1981). However, the pattern formed by these residues
appears to allow the formaticn of only ane finger in-
stead of the twe or even three postulated for coronavi-
ruses (Gorbalenya et al., 1889¢; Lee efal, 1991). Nev-
ertheless, itis likely that this single conserved Zn finger
may be invelved in an interaction with RNA which is
important for viral genome replication and/or transcrip-
tian.

The third conserved domain is the putative RNA heli-
case (Figs. 1 and 5E). The coronavirus, torovirus, and
arterivirus helicases belong to the so-called superfam-
ily | that also includes the putative helicases of alpha-
like viruses (Gorbalenya et al., 1988h, 1989a; Hodg-
man, 1988, Snijder et a/., 1990; den Boon et al., 1991).
The location of the helicase on the C-terminal side of
the polymerase (Fig. 1) represents a genome organiza-
tion which, among peositive-strand RNA viruses, is
unique to coronaviruses, toroviruses, and arteriviruses

served motifs are designated after Koonin (1991). Asterisks indicate
the residues conserved in the majority of positive-strand RNA virus
polymerases. (D} Putative Zn finger domain. Asterisks designate
conserved Cys and His residues. {E) RNA helicase domain. The con-
served motits are designated after Gorbalenya et &/, (1989a). Aster-
isks designate the residues conserved in the majority of {putative)
helicases of superfamily |. (F) A conserved domain of unknown func-
tion specific for arterlviruses, coronaviruses, and toroviruses (*'do-
main 4" in den Boon et af., 1991). Asterisks designate residues con-
served in all aligned sequences. The positions of the aligned regions
in the respective polyproteins are given in parentheses and the dis-
tances between the aligned conserved segments are indicated. Resi-
dues that are conserved (identical or similan) in the three anerivirus
sequences, and identical or simitar to residues in the other virus
sequences compared are indicated by upper-case letters. 1BV, in-
fectious bronchitis virus; MHV, mouse hepatitis virus; BEV, Berne
virus.



532 GODENY ET AL.

EAVla 1060 GmVFE/GlFRS N-terminal regicn/3C-like protease
LVla 1689 GsLLE/GaFRT

LDVia 1506 GSVLE/GsLRT

EAVla 1264 LeNRE/SSISG  3C-like protease/?
LVia 1892 VpVVE/GGLST

LDVla 1708 LpALE/GALSS

EAVla 1426 KYF1E/GgVKe 2/7

LVla 2062 RYFaE/GnLRk

LDVlia 1894 KYFaFE/GnLRA

EAVlib 198 eaVTD/Gtnvl  ?/polymerase

LVib 192 apVsD/GkstL

1LDVib 186  vpVSD/SetlV

EAV1b 626 aARtD/GVeFP poclymerase/helicase
LV1bk 619  CARQD/GYsSFP

LDV1b 613 CARKE/GFrFF

EAV1R 1075 1wSnE/Gleyy helicase/"domain 4"

LVl1b 1081 saslE/Gscmp
LDV1b 1063 1mGlE/Gtasp

FiG. 6. Predicted cleavage sites for the 3C-like serine prctease.
The cleavage site position s indicated by a slash. The position of the
N-terminal residue of each of the aligned sequences in its respective
polyprotein ig indicated. Residues congerved {identical or similar) in
all three seguences are indicated by upper-case letters. The two
rature proteins resuliing from cleavage are indicated for each of the
putative sites. Question marks designate putative proteins of un-
known function.

(Spaan et al,, 1988; Garbalenya et al.,, 1989¢; Snijder et
al., 1990; den Boon et a., 1991).

Finally, the domain located nearest the C-terminus
of the ORF 1b polyprotein is conserved only in corona-
viruses, toroviruses and arteriviruses, but has not been
found in other positive-strand RNA viruses {Spaan &t
al., 1988; Snijder et a/., 1990; den Boon et al., 1891;
Fig. 6F). LDV and LV lack the counterpart to the C-ter-
minal porticn of this domain which is conserved in the
coronaviruses and in BEV, and apparently also in EAV
{den Boon et al.,, 1891}, No function for this domain has
yet been determined.

Prediction of cleavage sites for the serine protease

The 3C-like proteases cleave predominantly at G,E/
G,S dipeptides {reviewed by Bazan and Fletterick,
1990). Although no experimental data for coronavir-
uses are vet available, cleavage sites have been pre-
dicted in coronavirus polyproteins on the basis of con-
servation of the respective dipeptides and the
surrcunding sequences (Lee et al, 1881}, Inspection
of the alignments of the ORF 1a (Fig. 4) and ORF 1b
{not shown) products of LDV, EAV, and LV allowed the
predicticn of three putative cleavage sites for the 3C-
like serine protease in each of these polyproteins (Fig.
B}. The sites in the ORF 1a polyprotein, particularly the
two which flank the serine protease could be predicted
with confidence since they are highly conserved in the
three viruses and have the consensus structure E/
G(SIx[VLF] (x, any residue; bulky hydrophobic residues
which can occupy the +3 position are bracketed). The
sites in the ORF 1b polyprotein are considered specula-
tive since they are less conserved and some of them

apparently contain the relatively unusual substitution
of Asp for Glu in the —1 position {Fig. 6).

Cleavage of the ORF 1a/1b polyprotein at the pre-
dicted sites (Fig. 6} would result in seven mature pro-
teins including one of 202 residues containing the LDV
3C-like protease, one of 427 residues containing the
RNA-dependent RNA polymerase, and one of 450 resi-
dues containing the helicase. The sizes of these pro-
teins are within the range of replicative enzymes pro-
duced from the polyproteins by other positive-strand
RNA viruses. However, it is possible that the cleavage
site upstream of the conserved polymerase domain
may not be cleaved (Fig. 6). This would result in the
production of a larger protein resembling the predicted
coronavirus polymerase (Lee et a/., 1991). The cleav-
age pattern predicts that the Zn finger domain would
cemprise the N-terminal partion of the helicase protein
rather than the C-terminal portion of the polymerase,
which is similar to the situation in corcnaviruses and
toroviruses {Lee et af., 1991; and E. V. Koonin, unpub-
lished observations).

In vitro translation of the LDV-C genome RNA yielded
major products of 41, 23, 22, and 19.8 kDa {data not
shown). As mentioned in the previcus section on QRF
1a, the largest /n vitro translation product might corre-
spond to the N-terminal leader peptide presumably
cleaved by the papain-like protease; alternatively, it
might represent the product generated from QORF 1b
polyprotein cleavage which contains domain 4 (352
residues). Two of the smaller translation products
might correspond to the 3C-like protease (202 resi-
dues} and the protein flanking its C-terminus (186 resi-
dues). The actual relationship between the in vitro
translation products and the putative cleavage prod-
ucts remains to be elucidated.

The six 3 ORFs

The LDV genome encodes six small 3’ ORFs (Fig. 1).
ORFs 2, 3, 4, and & encode proteins with calculated
sizes of 2b.8, 21.6, 19.8, and 23.9 kDa (Table 1). The
isoelectric points (p/s) of these four proteins vary con-
siderably and each protein containg 2 or more potential
N-linked glycosylation sites (Table 1). The proteins en-
coded by ORFs 2 through 5 each contain a putative
N-terminal signal peptide sequence (data not shown).
Hydropathic analyses of the LDV 3’ ORFs were done
according to the method of Kyte and Doolittle (1982).
ORFs 4 and 2 both contain hydrophobic C-terminal re-
gions, while ORFs 3, 4, and b have one or more internal
hydrophobic regions {data not shown). The general
characteristics of these four proteins are consistent
with those of viricn envelope proteins. A recent report
has identified the EAV ORF & product as the main en-
velope glycoprotein of EAV {de Vries et af., 1992). Fur-
ther work is necessary to determine whether the pro-
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teins encoded by ORFs 2 through 4 represent addi-
tional virion envelope proteins.

Each of the LDV 3' ORF proteins is translated from a
separate subgenomic mRNA (Kuo et al., 1991, 1992).
The consensus intergenic sequence for LDV and LV is
5{U/C/A-AACC-3 (Plagemann and Maoennig, 1992,
Meulenberg et a/., 1993). In contrast, the EAV inter-
genic consensus sequence is b-UCAAC-3' (den Boon
et al.,, 1991). The published LDV intergenic sequence
was determined using the LDV-P (LDV-1}isclate {Plage-
mann and Moennig, 1992). The LDV-C genome con-
tains a sequence similar to the LDV-P intergenic con-
sensus sequence upstream of each of the 3 ORFs and
ORF 1a. The only pessible intergenic region for ORF 2
is deleted at the second position of the consensus,
5-UJ- ACC-3. The genomic ORF 5 encodes a protein of
214 amino acids {Table 1). However, since the consen-
sus intergenic sequence is located 37 of the initiating
AUG ot this ORF, it seems likely that translation of the
ORF 5 subgenomic mRNA initiates at the second AUG
of the genomic ORF yielding & 198 amine acid protein
(Table 1).

The product of ORF & has a predicted size of 18,9
kDa and contains no N-linked glycosylation sites (Fig.
1; Table 1). A short aminc-acid seguence (5 amino
acids) obtained by N-terminal sequencing of purified
LDV-C ¥p2, a nonglycosylated, virion envelope-asso-
ciated protein {Brinton-Darnell and Plagemann, 1975),
mapped to this ORF. This protein contains an N-ter-
minal signal peptide seguence (data not shown) and
internal hydrophobic regions. The EAV ORF 6 product
is similar to that of LDV in having no N-linked glycosyia-
tion sites (den Boon et a/., 1991). In contrast, the ORF 6
product of LV contains two potential N-linked glycosyla-
tion sites (Meulenberg er al,, 1993).

The mapping of the capsid protein to ORF 7 was
reported previously (Godeny et al., 1990). Interestingly,
three potential glycosylation sites were found at the
C-terminus of the LDV ORF 7 sequence. During pre-
vious attempls tc radioactively label the sugars of vi-
rion proteins (Brinton-Darnell and Plagemann, 1975),
no evidence was obtaired to indicate that the mature
LDV capsid protein found in virions is glycosylated.
These same three potential N-linked glycosylation
sites are aiso present in the capsid protein sequence
reported by Kuo et af. (1991) for the LDV-P isolate. One
potential N-linked glycesylation site is present in the
N-terminal portion of the LV capsid protein, but no gly-
cosylation sites were observed in the EAV capsid pro-
tein sequence (Meulenberg el &/, 1993; den Boon et
al, 1991).

Comparison of the amino acid sequences of each of
the LDV-C 3" ORFs as well as each of the conserved
ORF 1a/1b domains with thaose of EAV and LV indi-
cated that these three viruses are closely related to
each other and that among them LDV and LV show the

TEV
[ BY
- MHY

BEV

— FAV

{ LDV
LV

FiG. 7. Phylogenetic analysis of the RNA-dependent RNA polymer-
ase domains of coronaviruses, toroviruses, and arteriviruses. The
analysis was performed using an alignment spanning the eight con-
served polymerase motifs delineated previously (Koonin, 1981}). The
tree was generated using the Fitch—Margoliash distance matrix algo-
rithm {Fitch and Margoliash, 1967) implemented in the Fitch pro-
gram of the PHY(IP package (Felsenstein, 1989). The root position
was inferred by using the tobacce etch potyvirus {TEV) polymerase
sequence as an oulgroup. The branch lengths are proportional 1o
the calculated evolutionary distances between the compared se-
guences.

highest degree of seguence similarity {data not
shown). Although preliminary analysis of the SHFV 3
ORFs and subgenamic mRNAs (Godeny, unpublished
data) strongly suggests that SHFV is closely related to
LDV, LV, and EAV, sufficient sequence data has not
yet been obtained for SHFV to inciude it in the compari-
son shown in Fig. 7.

Possible phylogenetic relationships between
arteriviruses, coronaviruses, and teroviruses

It has been shown previously that the RNA-depen-
dent RNA polymerases of coronaviruses and torowvi-
ruses constitute a distinct lineage within the tentative
phylogenetic tree of positive-strand RNA virus polymer-
ases (Koonin, 1991). Phyiogenetic analysis of polymer-
ase domains of two coronaviruses, of the single avail-
able torovirus seguence, and of LDV, EAV, and LV
were performed. The potyvirus polymerase sequence,
which shows the highest degree of similarity to the
coronavirus sequences among those of other positive
strand RNA viruses (Gorbalenya et al, 19809c¢) was
used as an outgroup tc infer the root position. The
tentative phylogenetic tree produced by the Fitch-Mar-
goliash distance matrix algorithm obviously split into
two distingt lineages, one leading to the arteriviruses,
and the other 1o the coronaviruses and toroviruses
{(Fig. 7). Identical tree topology was produced by other
algorithms used, namely the UPGMA clustering
method, neighbor-joining, and protein parsimony.
Also, very similar trees were generated for the helicase
domain using the putative helicase of hepatitis E virus,
which is most closely related to the arterivirus heli-
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cases, as an outgroup {figure not shown). These ob-
servations indicale that at least the genes for two prin-
cipal replication enzymes coevelved in this lineage of
positive-strand RNA viruses.

DISCUSSION

Comparison of the genomes of LDV, EAV, and LV
indicated that these viruses are closely related, but
that they have diverged from each other by point muta-
tion as well as through recombination. The lengths and
properties of the individual 3’ ORF proteins differ to
some degree among the three viruses. The ORF 1a
regions of LDV, EAV, and LV alsa differ in length, with
EAV being the shortest (1727 amino acids), LV the lon-
gest (2396 amino acids), and LDV intermediate in
length (2226 amino acids). LDV and LV have two puta-
tive papain-like cysteine protease domaing, while EAV
has only cne. EAV (s alsc divergent from LDV and LV in
its intergéenic consensus sequence, its “'slippery se-
guence’ and the terminal nucleotides of the 3’ non-
coding region. The distinction between LDV and LV, on
the one hand, and EAV, on the cther hand, was con-
firmed by the phylogenetic trees generated which sug-
gest that EAV diverged from the common ancestor
prior to LDV and LV {Fig. 7).

LDV, EAV, LV, and SHFV differ from the coronavi-
ruses and toroviruses in several respects. Using LDV
as an example for this group of viruses, the diameter of
the LDV virion and the length of the LDV genome are
about half those of the caronavirus and torovirds viri-
ons and genocmes. The morphology of the LDV virion
differs markedly from that of the coronaviruses, Coro-
naviruges gained their name from the large spikes
which protrude from the virion surface. No spikes are
visible on LDV virions {Brinton-Darnell and Plagemann,
1875). Instead, cup-like subunits 10 nm in diameter
have been observed on the LDV surface. The nucleo-
capsid of LDV appears 10 be icosahedral {Brinton-Dar-
nell and Plagemann, 1975), while those of the corona-
viruses and toroviruses are helical. LDV encodes a ser-
ine 3C-like protease near the C-terminus of ORF 1a
which is only distantly related to the cysteine 3C-like
protease of the coronaviruses. The number and sizes
of the LDV 3’ ORFs differ from those of the coronavi-
ruses and show litile seguence similarity with them.

Both phylogenetic analysis of individual conserved
domains and comparison of genome organization
strongly suggest that coronaviruses, toroviruges, and
arteriviruses comprise a distinct evolutionary lineage
among positive-strand RNA viruses. Unigue features of
this virus lineage are the location of the helicase do-
main on the C-erminal side of the polymerase and the
presence of the conserved domain 4 in the ORF 1b
polyprotein. A less significant but characteristic **birth-
mark' is the presence of SDD in place of the universal

GDD signature in the RNA-dependent RNA polymer-
ase domain.

It has been postulated previously that the coronavi-
ruses, toroviruses, and EAV represent three separate
lineages of divergence from a common ancestor
(Spaan et al,, 1990). Phylogenetic analysis using the
nclymerase domains of these viruses (Fig. 7} indicated
that two lineages diverged from & common ancestor,
one generating a BEV-like virus and the other an EAV-
like virus. Viruses in these two lineages have continued
to diverge from each other by both mutation and re-
combination. LDV and LV diverged from the EAV-like
progenitor, while the coronaviruses diverged from the
BEV-like progenitar. Interestingly, in both branches the
genomes grew longer as evolution continued. The vari-
ation in genome length is much greater in the BEV lin-
eage than in the EAV lineage. The increase in genome
length indicates that recombination has played a signifi-
cant role in the evclution of these viruses.

Coranaviruses have been shown to undergo recom-
binaticn by a copy-choice mechanism during which
the polymerase jumps from one template to another
resulting in continued extension of the nascent sirand
from the new template. Recombination events have
been documented in the laboratory between two differ-
ent coronaviruses coe-infecting the same cell (Keck et
al., 1987; Makino et a/, 1986, 1887) and have also
been shown to occur in animals (Keck et s/, 1988;
Kusters et a/., 1989). Recombination events can result
in the acquisition of new genes as well as in the loss of
genes. Evidence for the insertion of genes from other
viruses, such as influenza virus, into the coronavirus
genome has been reported (Luytjes et 4/, 1988). Re-
combination events are random and the majarity of the
"hybrid" viruses created by copy-choice recombina-
tion are not viable, Thus, virus viability provides a
strong selective pressure for the retention of all geno-
mic regions that are functionally critical for virus repro-
duction.

It is not known whether the common ancestor of the
BEV and EAV lineages had a helical or an icosahedral
nucleocapsid. The replacement of one or more of the
structural proteins in the ancestral virus genome via a
recombination event with another virus would have
had a major impact on the further evolution of the re-
combinant viruses. Such a recornbination event may
well have been the initial event leading to the diver-
gence of the coronavirus/torovirus branch from the an-
cestral virus. If the original prototype virus had an ico-
sahedral capsid that was replaced through recombina-
tion by a helical nucleocapsid, the viral genome in the
resulting recombinant virus would have been freed
from previous packaging constraints so that it could
ceontinue to grow significantly in length during subse-
guent random recombination events. The coronavirus
genome is the largest of the known positive-strand
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RNA virus genomes and the genomic material iocated
between the conserved domains in the ORF 1a/ORF
1b region shows little sequence similarity among the
genomes of the various coronaviruses (Lee et al.,
1991). On the other hand, there is ng known mecha-
nism by which a longer ancestral genome in a helical
nucleccapsid could have been deleted rapidly and at
multiple positions to meet the packaging constraints of
a newly acquired icosahedral capsid while still preserv-
ing all six of its conserved nonstructural protein do-
mains. Using this line af reasoning, we hypothesize
that the common ancestral virus of both the BEV-like
and EAV-like lineages had an icosahedral nucleccap-
sid rather than a helical one and, therefore, was mor-
phologically more similar to the EAV-like virus branch in
genome size and virion morphology. The progression
from shorter to longer genomes in both lineages is
consistent with our hypothesis.

Viruses such as LDV, EAV, LV, and SHFV are very
successful at surviving because of the persistent and
nonlethal characteristics of the infections they causein
their natural hosts. It is likely that additional members
of this virus group will be isolated from other host spe-
cies in the future.
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