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ABSTRACT

Probably one of the first proteinaceous enzymes was
an RNA-dependent RNA polymerase (RDRP). Although
there are several conserved motifs present in the
RDRPs of most positive and double-stranded RNA
(dsRNA) viruses, the RDRPs of the dsRNA viruses show
no detectable sequence similarity outside the
conserved motifs. There is now, however, a group of
dsRNA viruses of lower eucaryotes whose RDRPs are
detectably similar. The origin of this sequence similarity
appears to be common descent from one or more non-
Infectious viruses of a progenitor cell, an origin that
predates the differentiation of protozoans and fungi.
The cause of this preservation of sequence appears to
be constraints placed on the RDRP by the life-style of
these viruses-the maintenance of a stable, persistent,
noninfectious state.

INTRODUCTION
Only one gene is common to all RNA viruses: a gene for an
RNA-dependent RNA polymerase (RDRP), or, in some cases,
an RNA-dependent DNA polymerase (reverse transcriptase).
There is enough sequence conservation of several motifs within
the RDRP that these have been used to identify this gene in many
viruses for which no biochemical evidence is available to define
this gene product. A number of attempts to define relationships
among the RNA viruses have used sequence comparisons of the
RDRP (1, 2, 3, 4, 5). Among the double-stranded RNA (dsRNA)
viruses, this has been difficult, since they are a very disparate
group without easily detected sequence similarity over the entire
length of their RDRPs. For instance, the original publication
describing the sequence of the RDRP encoding dsRNA of
reovirus failed to identify it as encoding an RDRP (6), and the
Phi6 RDRP was reported as having no similarity to known
RDRPs (7). However, both of these RDRPs do have several of
the conserved motifs characteristic of this enzyme (1, 2, 3, 4, 8).
A new group of dsRNA viruses from lower eucaryotes,

however, demonstrates a very conserved RDRP. The peculiar
(noninfectious) nature of these viruses leads to a possible
explanation for this conservation in a common, ancient origin
for RNA-dependent RNA polymerases.

EMBL accession nos V01059 and V01060

MATERIALS AND METHODS
Programs from the GCG package (9, 10) were used for pairwise
sequence alignment and statistical tests (GAP), for multiple
sequence alignment (PILEUP), for generation of dendrograms
(PILEuP), and for determination of sequence similarity as a
function of position in multiple alignments (PLOTSIMILARITY).
PHYLIP (1 1) was used to verify dendrograms. BLAST analyses (12)
were done by Michael Hogan at the Genetics Computer Group
to evaluate the statistical significance of alignments, and SYSTAT
(13) was used for cluster analysis of the BLAST data. The
sequences ofUmVHl (GenBank accession number V01059) and
ScVLa (GenBank accession number V01060) were determined
from cDNA clones in this lab and those of TvV (a partial
sequence), GIV, and BcV were obtained as personal
communications (see Table 1 for references).

RESULTS
Recently, the sequences of RDRPs from a number of dsRNA
viruses of lower eucaryotes have been determined (14, 15, 16,
17, 18, 19). Five of these are spherical, non-infectious viruses,
with protein capsids with primarily one capsid polypeptide, and
a single essential viral dsRNA. All are recognizably related and
their sequences easily aligned by the alignment programs GAP
or PILEUP (9, 10). By the GAP evaluation of this set, the most
disparate of the five noninfectious viruses of lower eucaryotes
are the Ustilago maydis virus HI (UmVH1) and the
Saccharomyces cerevisiae virus L1 (ScVL1), which have 23.5%
sequence identity over the entire length of their RDRP sequences
(1020 amino acids with gaps). Their GAP aligment has a 'quality'
more than 10 standard deviations above the mean of a random
alignment, which is highly significant. The RDRPs of the two
protozoan viruses LRV1 and TvV are closely related (28%
sequence identity) as are those of the two fungal viruses ScVL1
and ScVLa (also 28% sequence identity). The RDRP of a sixth
dsRNA virus of lower eucaryotes, the Giardia lamblia virus
(GIV) is also possibly similar, with 23.4% sequence identity to
the Leishmania virus LRV1 (the ordered alignment 3 standard
deviations above the mean of random alignments). This sixth
virus differs from the other dsRNA viruses of lower eucaryotes
in that it is infectious (20, 21).
The sequences of 15 RDRPs ofdsRNA viruses in all pairwise

combinations were compared by making each a BLAST data set

.=/ 1993 Oxford University Press



5668 Nucleic Acids Research, 1993, Vol. 21, No. 24

Table 1. Conserved motifs in RDRPs of dsRNA viruses of lower eucaryotes

RDRP 1 2 3 4 5 6 7 8
LRU1 LLGRG 59 URHNGS.HS 49 GKTRLLL 57 DYDDFMSQHT 46TLMISGHRATSFINSULNRAYI 11 HUGODILLM 33EFLRU 9 YLAR
TvU LLGRG 58 USKSGS.HY 45 GKERFIY 50 DYTDFHSQHT 43 TLPSGHRRTTFIMPULNUCYT 11 CRGDODUIL 31 EFLRK 9 YPCR
ScULl LI1HRG 57 UUPGGSUHS 50 GKQRRIY 52 DYDDFNSQHS 52TLLSGURLTTF1MTULMWRY11 15HNGDDUVMI 33 EFLRU 13 YLSR
ScULa LENGU 58 I1MPGGSUHS 50 GKURALY 51 DFODFNSQHS 52 TLFSGURLTTFFNTRLNYCYL 13 HMGDDUFR 33 EFLRU 11 YLTR
UmUHI LYGRG 66 ULUSGSSAG 61 GKRRRIY 55 DYPDFNSMHT 63GLYSGDRDTTLINTLLNIRYR 20CHGDDIIT 34EYLRI 10 CLRR

* * t** *** t ***** * ** * * * * *** * ** * *

GIU LLGKU 65 WGTTGSGYI 41 TKURRUI 55 DQSHFDRQPD 59GLPSGWKUTALLGRLIMTQLL 16UQGDDIRL 33EFLRR 13 MMIK
BcU GPPGGETHM 44 TKVRGUU 52 DUSSFDSSUT 52 GLPSGSYYTSIUGSUUNRLRI 16 TQGDDSLI 35 TFLGR 9 SLDK

The sequences shown are the conserved motifs within the RDRP sequences located in Fig. 1 from the Leishmania guyanesis
virus LRV1 (16), the Saccharomyces cerevisiae virus ScVL1 (15), the Saccharomyces cerevisiae virus ScVLa (17), the
Ustilago maydis virus UmVH1 (18), the Trichomonas vaginalis virus TvV (19), and the Giardia lamblia virus GIV (14).
The five known sequences from noninfectious dsRNA viruses of lower eucaryotes are shown in the first five lines. Residues
identical in each of these sequences are indicated by asterisks. The lower two lines show the conserved motifs in GIV and
in the most closely related dsRNA virus outside this group, BcV, the beet cryptic virus (22). Motifs 4, 5, 6, and 8 were
previously designated motifs IV, V, VI and VII, respectively, by Koonin (1, 2) and motifs 4, 5, and 6 were previously
designated motifs 1, 2, and 3, respectively, by Bruenn (4). Motif 7 may be present in some positive strand RNA viruses
(5). The number of residues between the conserved motifs is indicated in each case.

and comparing each of the other sequences to it. The only
statistically significant matches (except for infectious bursal
disease virus, IBDV, and infectious pancreatic necrosis virus,
IPNV, which are both birnaviruses) were among the five RDRPs
of the non-infectious dsRNA viruses (ScVLl, ScVLa, UmVHl,
LRV1, and TvV: see Table 1 for abbreviations). These had MSP
(maximal segment pair) scores from 53 to 238, where scores
above 55 are considered 'distinguishable from chance similarities'
(12). Except for the UmVH1-LRVl pair (MSP score of 53), all
had MSP scores of 69 or above. Clearly, accepted statistical tests
place the RDRPs of the non-infectious dsRNA viruses of lower
eucaryotes into a monophyletic group.

In contrast, none of the other RDRPs of the dsRNA viruses
(except as noted for IBDV and IPNV) are detectably related: all
have MSP scores lower than 47. For instance, a GAP alignment
of the reovirus and ScVL1 RDRPs over the central conserved
region of 600 amino acids (see below) detects only 18% identity
and generates an alignment with the same quality as a random
alignment (0 standard deviations above the mean by GAP, or a
BLAST MSP score of 30). Similarly, an alignment of the reovirus
and bluetongue virus RDRPs over the same region detects only
18% identity and generates an alignment with a quality only 1
standard deviation above the mean of random alignments, or an
MSP score of 30. This lack of similarity among the dsRNA
viruses of higher eucaryotes has been noted previously (2).
Only two RDRPs from this outgroup have possible similarity

to the RDRPs of the noninfectious dsRNA viruses of lower
eucaryotes: BcV, or beet cryptic virus (22) and GlV (14). For
instance, an alignment of the BcV RDRP with that of GlV over
their complete sequences detects 23% identity with a quality 2
standard deviations above the mean of random alignments (MSP
score of 48), and an alignment of GlV with ScVL1 detects 18%
identity with 3 standard deviations above the mean of random
alignments (MSP score of 50). Interestingly, BcV, like most of
the dsRNA viruses of lower eucaryotes, is also noninfectious.
The automated sequence alignment of the RDRPs of the

dsRNA viruses of lower eucaryotes is straightforward. A plot
of the similarity along these six sequences aligned by PILEUP is
shown as Fig. 1. There are clearly 8 peaks of similarity in the
central portion of the RDRP (about 600 amino acids with gaps).
These correspond to the 8 conserved motifs of Table 1, of which
several have been previously identified in the RDRPs of positive
strand and dsRNA viruses (see Table 1). Mutagenesis
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Figure 1. Similarity as a function of length of the RDRPs of lower eucaryotes.
This a PLOTSIMILARITY (9, 10) figure generated from the output of PILEUP (10),
applied to the entire sequences of the RDRPs of the six known sequences of RDRPs
of lower eucaryotes. The origins of the sequences are given in Table 1. On the
ordinate, a value of 1 corresponds to identity at each amino acid in the window
of 7 amino acids at a given position in each RDRP. The peaks of similarity are
the conserved motifs of Table 1.

experiments have shown that sequence conservation within at least
two of these conserved motifs (5 and 6) parallels function in the
ScVL1 RDRP (23). In contrast, a computer alignment using
PILEUP of the 15 RDRPs of dsRNA viruses at large fails to
correctly align even the most conserved regions of most of these
RDRPs (motifs 4 and 5), even when the central 600 amino acids
of the RDRP sequences are used. Such an alignment results in
a maximum similarity score (see Fig. 1) of 0.2 (20% identity),
while the alignment of the six RDRPs of dsRNA viruses of lower
eucaryotes (over the full range of more than 1000 amino acids
with gaps) gives a maximum similarity score of 0.65 (65%
identity; see Fig. 1). In addition, motifs 1, 2, 3, and 7 are missing
from the RDRPs of dsRNA viruses of higher eucaryotes. Note
that motif 1 is missing from BcV, but that even the spacing
between motifs is well conserved in all seven RDRPs.

Phylogenetic trees derived from sequence alignments of the
entire amino acid sequences of the RDRPs of the dsRNA viruses
by PILEUP or from 68 amino acids including motifs 5 and 6 by
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PILEUP and by PHYLIP (11) or derived from the MSP scores
calculated by BLAST and analyzed by the Euclidian distance cluster
analysis algorithm of SYSTAT (13) confirm that the five non-
infectious dsRNA viruses of lower eucaryotes are more closely
related to each other than they are to any other dsRNA viruses,
and that GIV and BcV may be related to this group (data not
shown).

DISCUSSION
Why are the noninfectious dsRNA viruses of lower eucaryotes
much more closely related to each other than are the dsRNA
viruses at large? This is probably not the result of RNA
recombination, since these viruses replicate in very different hosts
and have no infectious cycle. Even ScVLa and ScVL1, which
replicate in the same host cells, share only 28% sequence identity
in the RDRP region. The most likely explanation for these data
is that these five viruses have a common origin. If this origin
were recent, the progenitor virus would have had to be infectious
to an extremely diverse group of organisms from at least five
phyla and subsequently become noninfectious to each host
independently. This seems very unlikely, although there is at least
one case in which a non-infectious dsRNA virus-like agent
appears to have been derived from an infectious single-stranded
RNA virus (24). A more likely explanation is that the original
virus was a noninfectious virus (or group of viruses) in a single
cell type, and that this cell type gave rise to both protozoans and
fungi. This model is further supported by data showing that a
second U.maydis noninfectious dsRNA virus (UmVH2) is more
closely related to the ScV viruses than to UmVH1, showing that
ScV and UmVH2 probably existed prior to the divergence of
U. maydis and S.cerevisiae (C.M.Park and J.A.Bruenn,
unpublished data).
These viruses appear to be of ancient origin, since protozoans

and fungi diverged very early in evolution (25), at the time of
divergence of animals and fungi, or perhaps even earlier, at the
divergence of plants and fungi. This group of viruses should then
be widespread in the fungi and protozoans, as current data indicate
it is.
Why have these viruses retained detectable sequence similarity

over such a long period while none is apparent among most of
the other dsRNA viruses? I postulate strong selective pressure
to preserve sequences that have been lost in other dsRNA viruses.
This could be accounted for by the necessity among the
noninfectious dsRNA viruses to preserve interactions with highly
conserved cellular proteins. For instance, there are at least three
cellular genes required for ScVL1 replication (26). A similar
suggestion has been made to explain conservation of sequence
among the RDRPs of single-stranded RNA viruses (27).

This model is consistent with the proposed polyphyletic origins
of the dsRNA viruses (2): the dsRNA viruses of lower eucaryotes
would constitute one large subgroup of monophyletic origin. The
possible relationship between the noninfectious dsRNA viruses
of lower eucaryotes and GLV would be explained if GLV were
derived from a member of this group that had only recently
become infectious. The possible relationship to a plant virus,
BcV, which is noninfectious, might be explained by an earlier
branching of plants from the line that gave rise to the protozoans
and fungi in question. The only known noninfectious dsRNA
virus of higher animal cells (28) may also have an RDRP
detectably similar to those of this group.
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