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Summary. We determined the complete genome sequence of Ebola virus subtype
Reston (EBO-R) in the Philippines in 1996. The deduced transcriptional signals
were highly conserved among Ebola viruses except for the stop signal of L genes.
The intergenic regions were composed of 4 to 7 nucleotides, and of 2 charac-
teristic overlaps and a long intergenic region. The glycoprotein (GP) had several
amino acid differences from EBO-R isolated in 1989 and 1992. The variety of
GP sequences strongly suggests the independent introduction of EBO-R from
unknown natural reservoirs in 1996.

*

Ebola virus (EBOV) and Marburg virus (MBGV) are nonsegmented negative
strand viruses, and a member of the fankillpviridae in the OrdeMononegavi-

rale. The genome of filoviruses is composed of seven genes; nucleoprotein (NP), P
protein (VP35), matrix protein (VP40), glycoprotein (GP), second nucleoprotein
(VP30), protein associated with the envelope (VP24) and RNA-dependent RNA
polymerase (L) [3-5, 12]. In addition, the GP of EBOV is found in two forms shar-
ing identical NH terminal sequences, i.e. secreted GP (sGP) and transmembrane
GP (GP) [15, 16]. EBQOVs are subdivided into four subtypes, Zaire (EBO-2),
Sudan (EBO-S), Reston (EBO-R) and Ivory Coast (EBO-IC) on the basis of the
significant differences in the antigenicity and the nucleotide sequences [3, 15].
GP of each subtype differs from the other subtypes by 37-41% and 34-43% at the



2022 T. Ikegami et al.

nucleotide and amino acid levels, respectively [3, 15]. Because of the similarity
in the amino acid sequences, the subtypes of EBOV share common epitopes [10].

Ebolavirus subtype Reston (EBO-R) firstemerged among monkeys in Reston,
Virginiaand in Pennsylvaniain 1989 [7]. Epizootics in monkeys followed in Alice,
Texas in 1990, in Siena, Italy in 1992 [18], and again in Alice Texas [11] and in
the Philippines [8] in 1996. In all these epizootics, the monkeys were imported
from the Philippines [6, 8]. During these outbreaks, it was shown that EBO-R was
not pathogenic to human [2, 8]. Phylogenetic analysis of the GP region indicates
that EBO-R may be indigenous in Asia and not introduced to this region from
Africa in the recent past [3].

The complete nucleotide sequence was determined only for EBO-Z. In the
present study, we determined the complete nucleotide sequence of EBO-R from
the Philippines in 1996 (GenBank accession no. AB050936). In order to clarify
the structural differences within EBOV subtypes, we compared the deduced tran-
scriptional signals, intergenic regions, and open reading frames (ORFs) among
EBOVs and MBGV. Furthermore, we investigated the nucleotide and amino acid
replacements in the GP among EBO-Rs that emerged in 1989, 1992 and 1996,
and demonstrated the lineage among these outbreaks.

Total RNAs were extracted from the liver of a monkey naturally infected with
EBO-R (Philippines, 1996) by RNAzol B (TEL-TEST, Inc. Friendswood, TX).
Random hexamer-primed, first strand cDNAs were synthesized using Ready-
To-Go You-Prime First-Strand Beads (Amersham Pharmacia Biotech Inc.). We
prepared the primers according to the sequences of EBO-S or EBO-Z, and then
performed PCR with the first strand cDNAs using a commercial PCR kit (Expand
High Fidelity PCR System, Roche Diagnostics, Mannheim, Germany). For the
direct sequence of thé &nd of viral (negative) and anti-viral (positive) sense
RNAs, we performed®Rapid Amplification of cDNA Ends assay’®ACE) us-
ing a commercial kit (]RACE System for Rapid Amplification of cDNA Ends,
Version 2.0, Life Technologies, Rockville, MD). The PCR products B#CE re-
actions were used for direct sequencing on the ABI PRISM 310 Genetic Analyzer
(Perkin-Elmer). The alignment of nucleotide or deduced amino acid sequence was
performed on computer using the CLUSTAL W program.

The genomic RNA of EBO-R consisted of 18,890 bases. The genome RNA
length was slightly shorter than that of EBO-Z (18,957 bases; GenBank accession
no. AF086833) and MBGV (19,104 bases; GenBank accession no. Z12132). The
structure was’3eader-NP-VP35-VP40-GP-VP30-VP24-L-trailérhich was
analogous to that of EBO-Z and MBGV.

Since we did not map the and 3 termini of mMRNAs of each viral gene,
we deduced the transcriptional start (R1) and stop signals (R2) according to that
of EBO-Z (Table 1). The consensus sequences of R1 and R2 in the filoviruses
are 3-CUNCNUNUAAUU-5 and 3-UAAUUCUUUUU-Y, respectively [3, 9].
However, the R2 in MBGV VP40 gene;-BCAUUCUUUUU-5, and that in
EBO-Z L gene, 3UAAUAUUUUUU, are slightly different from the consensus
sequences [17]. EBO-R also shares the consensus sequences of R1 and R2 in
each gene. The R2 in L gene was not identical to the consensus R2 sequence, but
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Table 1. Comparison of conserved transcriptional signals and intergenic regions of EBOV

and MBGV
EBO-R, 1996 EBO-Z, 1976 MBGYV, 1980
(Philippines) (Zaire) (Kenya)

NP Start signals CUCCUUCUAAUU CUCCUUCUAAUU CUUCUUAUAAUU
Stop signals UAAUUCUUUUU UAAUUCUUUUUU UAAUUCUUUUU
Intergenic GUAAA GAUUA GAUUUUUAG

VP35 Startsignals CUACUUCUAAUU CUACUUCUAAUU CUUCUUAUAAUU
Stop signals UAAUUCUUUUU UAAUUCUUUUU UAAUUCUUUUU
Intergenic * * GAUA

VP40 Startsignals CUACUUCUAAUU CUACUUCUAAUU CUUCUUGUAAUU
Stop signals  UAAUUCUUUUU UAAUUCUUUUUU UCAUUCUUUUU
Intergenic CUAUAUG AGCCG GAUUA

GP Start signals CUACUUCUAAUU CUACUUCUAAUU CUUCUUGUAAUU
Stop signals UAAUUCUUUUU UAAUUCUUUUU UAAUUCUUUUU
Intergenic GAAUA * CUA-(N)g1-CAG

VP30 Startsignals CUGCUUCUAAUU CUACUUCUAAUU CUUCUUGUAAUU
Stop signals UAAUUCUUUUUU UAAUUCUUUUU UAAUUCUUUUU
Intergenic AGU-(N)24-GUC GAC-(N)3-UUA s

VP24 Startsignals CUACUUCUAAUU CUACUUCUAAUU CUUCUUGUAAUU
Stop signals UAAUUCUUUUU UAAUUCUUUUUU UAAUUCUUUUU
Intergenic  * CGGA AGUUA

L Start signals CUCCUUCUAAUU CUCCUUCUAAUU CUACCUAUAAUU
Stop signals UAAUAUUUUUU UAAUAUUUUUU UAAUUCUUUUU

Genebank accession numbers; EBO-R (AB050936), EBO-Z (AF086833), MBGV (212132)
*No intergenic region was detected because of the gene overlaps.

identical to that of EBO-Z (Table 1). Therefore, the sequence in the R2 of L gene,
3-UAAUAUUUUUU-5', is likely to be the common feature of EBOVS.

The location of highly conserved R1 and R2 revealed the margins of each gene.
In EBO-R and EBO-Z, each gene was generally flanked by intergenic regions
composed of 4 to 7 nucleotides, except for a long intergenic region (LI) between
VP30 and VP24 gene and 2 overlaps (VP35-VP40 and VP24-L for EBO-R, and
VP35-VP40 and GP-VP30 for EBO-Z), while MBGV has the LI between GP and
VP30 gene and 1 overlap at VP30-VP24 (Table 1). One of these 2 overlaps of
EBOV was common at VP35-VP40, the other was located at VP24-L for EBO-R
and at GP-VP30 for EBO-Z. The location of overlapping genes has been used as
a criterion to classify the isolates within the famijoviridae [4]. The difference
in the location of overlapping genes between EBO-Z and EBO-R indicates the
diversity among EBOV subspecies.

The leader sequences of EBO-R, EBO-Z and MBGV were 53, 55 and 48
bases in length, respectively. The nucleotide sequenceedt@mity of EBO-
R leader, 3CUGUGUGUUUU-5 (11 bases), was identical to those of EBO-Z
and MBGV. The complementary sequence could form the panhandle structure
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Table 2. Homologies to EBOV subspecies in deduced amino acid sequence of each ORF
(%)

EBO-R EBO-R EBO-Z EBO-S EBO-IV

(1989) (1992) (1976) (1976) (1994)
NP ND ND 67.7 66.8 ND
VP35  ND ND 64.7 ND ND
EBO-R VP40  ND ND 73.4 ND ND
(1996) GP 97.9 98.1 58.1 59.6 57.6
VP30  ND ND 68.8 ND ND
VP24  ND ND 81.3 ND ND
L ND ND 73.9 733 ND
EBO-S, 1976 (NP:AF173836, GP:U28134), EBO-S, 1979 (L:U23458), EBO-IV

(U28006)
ND: Not determined because the sequences were not available
aHomology to EBO-S (1979)

or stem-loop structure [17]. It is suggested that the secondary structures act as
important elements for genomic and antigenomic promoters [17]. Putdtive 5
termini of MRNAs of EBO-R could also form stem-loop structure. As has been
shown for EBO-Z and MBGYV [9], these stable structures may serve as important
regulatory elements.

Itwas reported that the length dt@ntranslated region (3TR) of NP gene in
EBO-Z and MBGV were 414 and 55 bases, respectively. THUSR of EBO-Z
was extremely long compared to that of MBGV [4]. It should be pointed out that
the length in 3UTR of EBO-R NP gene was 408 bases, and that the |IGdgR
of NP gene in EBO-R supports the criterion for fantijoviridae proposed using
EBO-Z and MBGV.

The deduced amino acid sequence of each gene of EBO-R was aligned in
comparison with those of other EBOVs (Table 2). Homologies in amino acid
sequences to EBO-Z were 67.7% for NP, 64.7% for VP35, 73.4% for VP40,
58.1% for GP, 68.8% for VP30, 81.3% for VP24 and 73.9% for L. Homologies to
EBO-Swere 66.8% for NP, 59.6% for GP and 73.5% for L. The central hydrophilic
region of GP is suggested to be located outside the lipid membrane and be affected
by the selection of host immune responses [1, 12]. On the other hand, NP, VP35,
VP30 and L are associated with the viral ribonucleocapsid complex (RNP), which
includes the conserved regions among EBOVs [3, 4, 12, 13]. Therefore, the GP
showed the lowest homology in the seven viral proteins among EBOV subspecies.

In order to clarify the lineages of EBO-Rs isolated in 1989, 1992 and 1996,
we compared the nucleotide and amino acid sequences of GP among Reston
isolate in 1989 (GenBank accession no. U23152), Pennsylvania isolate in 1989
(GenBank accession no. AF034645), Italy isolate in 1992 (GenBank accession
no. U23417), Philippine isolate in 1992 (GenBank accession no. U23416), and
EBO-R from Philippines in 1996 (Table 3). One and 7 silent nucleotide changes
were seen between Reston and Pennsylvania isolates in 1989, and between Italy
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Table 3. The number of nucleotide (NT) and amino acid (AA) replacements in GP of
EBO-R isolates

AA Reston  Pennsylvania  Italy Philippines ~ Philippines
NT (1989)  (1989) (1992)  (1992) (1996)
Reston 0 10 10 14
(1989)
Pennsylvania 1 10 10 14
(1989)
Italy 20 21 0 13
(1992)
Philippines 25 26 7 13
(1992)
Philippines 25 26 25 30
(1996)

and Philippine isolates in 1992, respectively. No amino acid substitutions were,
however, observed within the different isolates in the same year. On the other
hands, 10, 13 and 14 amino acids substitutions were found between the iso-
lates in 1989 and 1992, between 1992 and 1996 and between 1989 and 1996,
respectively (Table 3). We also investigated the locations of amino acid substitu-
tions among EBO-Rs. It is known that hydrophilic variable region exists between
amino acid residues 190 and 478 within the GP [12]. In fact, 52.4% and 66.7% of
the nucleotide and amino acid substitutions among EBO-R isolates were found
within this region, respectively. Thirteen out of 15 nucleotide mutations involving
amino acid replacement existed between amino acid residues 424 and 528. Nine
silent mutations existed between the nucleotide positions 6255 and 6504, outside
the variable region. While EBO-R isolates in 1989 has 13 deduced N-linked gly-
cosylation sites within the variable region, EBO-Rs in 1992 and 1996 have 12
sites because of the substitution of asparagine (N to K and N to E, respectively)
at amino acid residue 229 [14]. Serial passage of initially nonlethal EBO-Z in
guinea pigs resulted in the selection of variants with high pathogenicity with the
significant amino acid substitutions in VP24 [16]. Along with the fact that im-
mune response was not observed in any monkeys during EBO-R outbreak [8], it
seems likely that amino acid substitutions do not occur easily within an outbreak.
Therefore, several amino acid differences among GPs of EBO-R in 1989, 1992
and 1996 strongly indicate independent introduction of EBO-R into the monkey
facility from yet-identified reservoir of the virus.
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