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MARBURGVIRUS GENOMICS AND HF OUTBREAK IN ANGOLA 6503

FIG. 5. Alignment of the transcription start and stop signals, IR sequences, and lengths of the 5" and 3" untranslated regions (UTRs) for each
marburgvirus sequences. Shown in red are nucleotides (nt) or UTR lengths that are different from the consensus. The Angola marburgvirus
sequence was represented by that determined from the reference specimen 1379c.

this more extensive database of full-length sequences, a com-
prehensive effort was undertaken to reexamine many genetic
features throughout the genome and determine the degree to
which these elements are maintained across all eight marburg-
virus strains. An initial macroscopic perspective of genome
similarity is shown in Fig. 4, in which full-length genomes were
analyzed for similarity using a sliding window of 50 nucleo-
tides. The similarity plot reveals a striking pattern of sequence
conservation among the open reading frames flanked by re-

gions of much greater variation in the noncoding sequences.
However, the more variable noncoding regions are punctuated
with spikes of high identity corresponding to the regions con-
taining transcription start and stop sequences (arrows). Align-
ments of the individual cis-acting regulatory features demon-
strate that 12 of 14 transcription start and stop sequences are
100% identical (Fig. 5). Of the two start/stop sequences that
show variation, the differences are merely single-nucleotide
transitions and are within the Ravn/09DRC lineages. In all
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NP nt 1 2 3 4 5 6 7 8
Rav 1 | 0.00 0.43 14.46 14.46 14.32 14.27 14.42 13.70
D9DRC 2 | 0.00 14.56 14.56 14.42 14.37 14.51 13.89
05DRC 3 | 0.00 0.57 0.86 5.12 5.08 5.46
D7DRC 4 | 0.00 1.15 5.41 5.36 5.75
ozo 5 | 0.00 5.27 4.98 5.27
Pop 6 | 0.00 4.69 5.65
Mus 7 | 0.00 5.80
Ang 8 | 0.00
VP35 nt 1 2 3 4 5 6 7 8

Rav 1 | 0.00 0.20 14.65 14.95 14.55 14.85 14.44 15.25
D9DRC 2 | 0.00 14.65 14.95 14.55 14.85 14.44 15.25
05DRC 3 | 0.00 0.40 0.81 5.76 4.14 5.45
O7DRC 4 | 0.00 0.81 5.76 4.14 5.45
0zo 5 | 0.00 5.15 3.54 5.25
Pop 6 | 0.00 4.04 5.56
Mus 7 | 0.00 3.94
Aang 8 | 0.00
VP40 nt 1 2 3 4 5 6 7 8

Rav 1 | 0.00 0.33 12.83 12.61 12.50 14.14 14.04 14.14
D9DRC 2 | 0.00 12.72 12.50 12.39 14.04 13.71 13.82
05DRC 3 | 0.00 0.66 0.88 5.59 5.48 6.03
D7DRC 4 | 0.00 1.10 5.81 5.70 .70
ozo 5 | 0.00 4.93 4.82 5.15
Pop 6 | 0.00 3.95 5.15
Mus 7 | 0.00 5.37
Ang 8 | 0.00
GP nt 1 2 3 4 5 6 7 8

Rav 1 | 0.00 0.73 22.29 21.99 21.85 21.55 22.19 22.04
D9DRC 2 | 0.00 22.48 22.24 22.09 21.85 22.29 22.24
05DRC 3 | 0.00 1.08 1.81 7.97 8.75 9.09
O7DRC 4 | 0.00 1.71 8.02 8.70 9.19
0ze 5 | 0.00 7.58 8.31 8.99
Pop 6 | 0.00 6.45 7.62
Mus 7 | 0.00 7.62
Ang 8 | 0.00
VP30 nt 1 2 3 4 5 6 7 8

Rav 1 | 0.00 0.35 16.08 16.31 16.31 17.38 16.90 16.90
D9DRC 2 | 0.00 16.08 16.31 16.31 17.38 16.90 16.90
05DRC 3 | 0.00 0.71 0.47 7.09 5.56 6.38
O7DRC 4 | 0.00 0.95 7.21 5.79 6.38
ozo 5 | 0.00 6.62 5.08 5.91
Pop 6 | 0.00 4.61 5.91
Mus 7 | 0.00 4.73
Ang 8 | 0.00
VP24 nt 1 2 3 4 5 6 7 8

Rav 1 | 0.00 0.39 13.52 13.65 13.12 13.39 13.25 13.91
D9DRC 2 | 0.00 13.91 14.04 13.52 13.52 13.65 14.04
05DRC 3 | 0.00 0.13 0.66 4.59 5.12 5.64
O7DRC 4 | 0.00 0.52 4.46 4.99 5.77
0zo 5 | 0.00 3.94 4.46 5.25
Pop 6 | 0.00 3.02 4.86
Mus 7 | 0.00 5.12
Ang 8 | 0.00
L nt 1 2 3 4 5 6 7 8

Rav 1 | 0.00 0.52 21.16 21.22 21.03 21.34 21.09 21.34
D9DRC 2 | 0.00 21.24 21.30 21.11 21.42 21.18 21.41
05DRC 3 | 0.00 0.80 1.48 7.50 7.24 7.80
07DRC 4 | 0.00 1.51 7.51 7.29 7.77
ozo 5 | 0.00 7.07 6.87 7.47
Pop 6 | 0.00 5.94 7.14
Mus 7 | 0.00 6.84
Ang 8 | 0.00

FIG. 6. Percent nucleotide (nt) (A) or amino acid (B) differences for each of the seven marburgvirus gene products. The Angola marburgvirus
sequence was represented by that determined from the reference specimen 1379c.

genomic elements examined, the Angola sequence shows
100% identity with the consensus sequence. Well conserved
genomic features include the lengths of the 5’ and 3’ untrans-
lated regions of all seven predicted mRNAs, some of which
differ slightly from previous reports (8, 15), as well as the
length and composition of the six intergenic (IR) sequences. A
few notable variations within the IRs are a requirement for a
purine residue in the first position of the trinucleotide IR
between VP24 and L and conserved differences within the
Ravn/09DRC lineage at three of seven positions in the IR
between NP and VP35.

An examination of the nucleotide and amino acid distances
for each of the seven marburgvirus gene products is shown in
Fig. 6A and B, respectively. At the nucleotide level the most
conserved genes are, in order, VP40, NP, VP24, and VP35,
showing 0.2 to 15.2% variation, closely followed by VP30,
showing 0.3 to 17.4% variation. The gene with the greatest
nucleotide differences is GP (0.7 to 22.5%), consistent with
previous alignments using fewer marburgvirus strains (8, 20,
45). Surprisingly, the nucleotide difference in the polymer-
ase (0.5 to 21.4%) is almost as much as that seen in the GP
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NP aa 1 2 3 4 5 6 7 8
Rav 1 | 0.00 0.14 5.61 5.76 5.47 5.04 5.61 5.18
09DRC 2 | 0.00 5.76 5.90 5.61 5.18 5.76 5.32
05DRC 3 | 0.00 0.14 0.14 2.01 1.87 1.73
O7DRC 4 | 0.00 0.29 2.16 2.01 1.87
ozo 5 | 0.00 1.87 1.73 1.58
Pop 6 | 0.00 1.73 1.29
Mus 7 | 0.00 1.73
ang 8 | 0.00
VP35 aa 1 2 3 4 5 6 7 8

Rav 1 | 0.00 0.00 5.17 5.17 4.86 5.47 5.17 5.47
0SDRC 2 | 0.00 5.17 5.17 4.86 5.47 5.17 5.47
05DRC 3 | 0.00 0.00 0.30 1.82 0.61 1.52
07DRC 4 | 0.00 0.30 1.82 0.61 1.52
ozo 5 | 0.00 1.52 0.30 1.22
Pop 6 | 0.00 1.82 2.74
Mus 7 | 0.00 1.52
Ang 8 | 0.00
VP40 aa 1 2 3 4 5 6 7 8

Rav 1 | 0.00 0.00 1.65 1.65 1.32 1.65 1.32 0.99
09DRC 2 | 0.00 1.65 1.65 1.32 1.65 1.32 0.99
05DRC 3 | 0.00 0.00 0.33 1.65 1.32 1.65
07DRC 4 | 0.00 0.33 1.65 1.32 1.65
0zo 5 | 0.00 1.32 0.99 1.32
Pop 6 | 0.00 0.33 0.66
Mus 7 | 0.00 0.33
ang 8 | 0.00
GP aa 1 2 3 4 5 6 7 8

Rav 1 | 0.00 1.17 22.91 22.91 22.76 22.32 21.88 22.17
0SDRC 2 | 0.00 23.49 23.49 23.35 22.47 22.32 22.61
05DRC 3 | 0.00 1.03 1.91 8.22 8.37 8.22
07DRC 4 | 0.00 1.62 8.37 8.37 8.52
ozo 5 | 0.00 8.52 8.66 8.66
Pop 6 | 0.00 6.46 7.05
Mus 7 | 0.00 7.20
ang 8 | 0.00
VP30 aa 1 2 3 4 5 6 7 8

Rav 1 | 0.00 0.00 8.19 8.19 8.19 9.61 9.96 8.90
09DRC 2 | 0.00 8.19 8.19 8.19 9.61 9.96 8.90
05DRC 3 | 0.00 1.07 0.00 4.63 4.27 2.49
07DRC 4 | 0.00 1.07 4.98 4.63 2.85
0zo 5 | 0.00 4.63 4.27 2.49
Pop 6 | 0.00 4.63 3.20
Mus 7 | 0.00 1.78
ang 8 | 0.00
VP24 aa 1 2 3 4 5 6 7 8

Rav 1 | 0.00 0.00 4.35 4.35 3.95 4.35 3.95 3.95
0SDRC 2 | 0.00 4.35 4.35 3.95 4.35 3.95 3.95
05DRC 3 | 0.00 0.00 0.40 1.58 1.19 1.58
07DRC 4 | 0.00 0.40 1.58 1.19 1.58
0zo 5 | 0.00 1.19 0.79 1.19
Pop 6 | 0.00 1.19 1.58
Mus 7 | 0.00 1.19
Ang 8 | 0.00
L aa 1 2 3 4 5 6 7 E]

Rav 1 | 0.00 0.56 11.69 11.86 11.65 12.29 11.17 11.17
09DRC 2 | 0.00 11.82 11.99 11.77 12.29 11.22 11.26
05DRC 3 | 0.00 0.39 0.73 4.33 3.78 3.65
07DRC 4 | 0.00 0.69 4.25 3.90 3.60
0zo 5 | 0.00 4.08 3.65 3.43
Pop 6 | 0.00 3.95 3.82
Mus 7 | 0.00 3.22
Ang 8 | 0.00

FIG. 6—Continued.

region despite having some stretches of very high conserva-
tion (Fig. 7G).

At the amino acid level, the percent differences among the
marburgvirus strains for each of the seven gene products are
quite different from those seen within the same genes at the
nucleotide level. The degrees of variation within all the open
reading frames, except GP, are decreased by 2- to 10-fold. The
most striking example is the matrix protein VP40, in which the
decrease is about 10-fold, demonstrating a distinct intolerance
for amino acid changes (1.65% maximum variation). This in-
tolerance is suggestive of tight physical constraints for VP40 in

the virus assembly process. At the other end of the spectrum,
GP showed no decrease at all in the level of amino acid vari-
ation (~23%) relative to that seen at the nucleotide level,
suggesting a selective pressure for nonsynonymous changes,
most likely exerted by the immune system of the natural res-
ervoir host(s).

We next examined known protein domains and motifs in
each of the seven open reading frames by comparative align-
ment of the amino acid sequences (Fig. 7A to G). The analysis
of GP (Fig. 7D) shows that the area of greatest diversity is a
continuous 300-amino-acid (aa) stretch from residue 201 to
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FIG. 7. Comparative amino acid alignments for each of the seven marburgvirus gene products. The Angola marburgvirus sequence was

represented by that determined from the reference specimen 1379c. (A) NP. Shown are conserved cysteines (underlined and in boldface) and
serine/threonine phosphorylation motifs (boxed) residing in domains previously defined (28) (gray) when queried with the Angola marburgvirus
NP amino acid sequences for the kinase substrates casein kinase II (S/TxxD/E), protein kinase C (S/TxK/R), protein kinase A (RxS/T), glycogen
synthase kinase 3 (S/TxxxS/T), casein kinase I (SxxS/T), and mitogen-activated protein kinase (S/TP). (B) VP35. Shown are the predicted
oligomerization domain (35) (gray) with hydrophobic residues in the first and forth positions of the heptad repeats (+), type I IFN antagonism
domain (boxed) with critical basic residues (asterisks), and conserved cysteines (underlined and in boldface). (C) VP40. Shown are the L domain
(PPxY) (boxed) and conserved cysteines (underlined and in boldface). (D) GP. Shown are conserved cysteines (underlined and in boldface);
N-glycosylation sites (N x T/S), conserved (boxed in gray) and nonconserved (boxed only); furin cleavage sites (R x K/RR) (double underlined);
fusion domain (+); immunosuppressive domain (asterisks); and transmembrane domain (parentheses). (E) VP30. Shown are phosphorylated
serine residues (34) (asterisks), conserved cysteines (underlined and in boldface), Cys;-His residues of the zinc binding motif (+), and tetraleucine
motif for VP30 oligomerization (boxed). (F) VP24. Shown are conserved cysteines (underlined and in boldface). (G) Polymerase. Shown are
conserved cysteines (underlined and in boldface, with the double-cysteine motif [36] double underlined and in boldface), ATP binding motifs
(asterisks), D-D diresidue motifs (boxed), MGDNQ motif (+), box A* to C* regions (36) (light gray and labeled), domains of higher variability
(light gray and labeled), and motifs A** to C** (53) (dark gray).
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FIG. 7—Continued.

501, a region previously divided into two smaller variable do-
mains (45). Despite this diversity, a number of previously de-
scribed features remain well conserved, many of which reside
within this central variable domain. These features include 13
of 14 proposed N-glycosylation sites (N-x-T/S) and 12 of 12
cysteines (45). Elsewhere in GP, the transmembrane domain
(aa 649 to 670) and proposed fusion domain (aa 526 to 540)
show 100% identity among all eight strains of marburgvirus, as
does the furin cleavage site R-X-K/R-R (aa 432 to 435) (54).

Volchkov et al. (52) proposed the presence of an immunosup-
pressive domain (ISD) in GP2 of ebolavirus based on analogy
to retroviruses. This 26-amino-acid motif is also present in
marburgyirus (55) and shows a single Thr-to-Ala substitution
at position 12 of the Angola sequence. Lending importance to
the function of the ISD motif, recent studies have shown that
17-residue monomers of filovirus ISDs are capable of suppress-
ing T-cell activation and Thl-related cytokine production in
activated human and nonhuman primate peripheral blood
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FIG. 7—Continued.

mononuclear cells (59). All other positions of the ISD show
complete conservation. Another posttranslational modification
ascribed to GP is the potential for phosphorylation at serine
residues in two independent motifs between amino acids 260
and 273 (46). The GP alignments demonstrate that only one
phosphorylation site, encompassing amino acids 268 to 273, is
conserved among all eight marburgviruses. The other site, a
diserine motif at amino acids 260 to 261, is not present in five
of eight strains, thus discounting this motif as a general feature
of all marburgviruses.

Within the alignment of marburgvirus L amino acid se-
quences (Fig. 7G), the regions showing the greatest variation

are clustered into five domains, i.e., amino acids 114 to 135,
262 to 348, 1143 to 1206, 1623 to 1645, and 1677 to 1866. The
last domain, encompassing residues 1677 to 1866, may contain
a hinge region within the polymerase based on analogy to
morbilliviruses, which have been shown to tolerate the inser-
tion of the green fluorescent protein within the proposed hinge
(13, 31).The areas of greatest conservation within the marburg-
virus L sequences are in three large blocks, amino acids 349 to
1142, 1207 to 1622, and 1867 to 2322. The first of these three
areas, amino acids 349 to 1142, contain the box A, B, and C
sequences common to paramyxo- and rhabdovirus L proteins
(3, 36). Boxes A and B share 100% identity among the aligned
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FIG. 7—Continued.

marburgvirus sequences, while box C has a single K-to-R sub-
stitution in the Rav and 09DRC lineages. Two other motifs
purported to be present in all polymerases of negative-sense
RNA viruses are the diresidue D-D and QGDNQ motifs (3, 21).
These were previously identified in the Mus marburgvirus L se-
quence (36) and are thought to be essential components of the
polymerase catalytic core. In this alignment, these potential cat-
alytic core motifs are all 100% conserved, with the exception of
one diresidue D-D motif at amino acids 91 to 93, which shows
degeneracy at two positions in the Ravn and 09DRC lineages. In

addition, there is a putative ATP and/or purine ribonucleoside
triphosphate binding domain found in all known L proteins of
single-strand negative-sense viruses (amino acids 1931 to 1956)
(36), referred to as motif C in an alignment of filovirus L se-
quences (53), that shows 100% identity at the core consensus
glycine residues and identity at 23 of 26 positions overall within
the motif. Three other potential ATP binding motifs at residues,
1325 to 1360, 1390 to 1420, and 1560 to 1593 (36), show complete
identity among all taxa analyzed. Finally, 46 of 52 consensus
cysteine residues are completely conserved, including the dicys-
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teine motif at positions 1376 to 1377, as previously noted (36),
which are found in most L proteins at similar locations and are
believed to anchor protein secondary structure to maintain the
necessary conformation of the putative active sites.

Outside of the polymerase and glycoprotein, a few notable
genomic elements reside in the NP, VP35, and VP30 genes. An
alignment of NP amino acid sequences (Fig. 7A) shows that
nearly all the variability is in the C-terminal half of the protein,
similar to that seen in a recent comparison of Zaire and Sudan
ebolavirus full-length genome sequences (44). Within this

same half of the protein are seven unique phosphorylation
domains (28), each containing one or more serine/threonine
kinase substrate motifs. Yet, despite the overall variation, the
majority of individual kinase recognition motifs are conserved
to the point that, regardless of the marburgvirus strain exam-
ined, at least one motif is present within each of the seven
domains. The maintenance of these motifs highlights the po-
tential role for phosphorylation in this region of NP, an area
postulated to effect protein-protein interactions.

VP35 protein of marburgvirus plays an essential role in tran-
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FIG. 7—Continued.

scription and replication of viral RNA. A predicted coiled-coil
domain with residues 70 to 120 may effect VP35 oligomeriza-
tion, an interaction which in turn may be necessary for VP35 to
bridge NP with L to form the active polymerase complex (35).
At the heart of the presumed coiled-coil domain are heptad
repeats containing hydrophobic residues at the first and fourth
positions. This domain shows variability at nine positions (Fig.
7B). Yet despite this variation, the spacing of the hydropho-
bicity is strictly maintained among all the aligned sequences.
The Angola sequence shows no variation whatsoever from the

consensus sequence throughout the 50-amino-acid domain. In
addition to its role in RNA replication, VP35 of ebolavirus has
recently been shown to contain an 11-amino-acid motif (Zaire
ebolavirus residues 304 to 314) that is thought to be essential
for type I interferon (IFN) antagonism (19). This motif, which
is possibly involved in RNA binding, is also present in mar-
burgvirus (residues 293 to 303) and has identity at 9 of 11
positions with that of ebolavirus, including the three basic
amino acids experimentally demonstrated to be important.
Further highlighting the potential importance of this VP35
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domain, the alignment (Fig. 7B) reveals that this domain is a
general feature of all known marburgviruses.

VP30 of Zaire ebolavirus has been shown to contain an
unconventional Cys;-His zinc binding domain whose integrity
has been shown to be required for VP30 function in virus
transcription (33). The alignment in Fig. 7E shows the high
conservation of all four zinc-coordinating residues among all
eight marburgvirus taxa. Adjacent to the zinc binding domain
is a well-conserved tetraleucine motif which could facilitate
VP30 oligomerization, similar to that observed with ebolavirus
VP30 (18).

Finally, VP24, whose alignment is shown in Fig. 7F, is highly
conserved throughout the protein. Recent studies of marburg-
virus VP24 have implicated it to be involved in nucleocapsid
assembly and interactions between nucleocapsids and budding
sites at the plasma membrane (2). In addition, ebolavirus VP24
has been shown to bind Karyopherin a1 and to block STAT1
nuclear accumulation, thus implicating VP24 as a virulence
determinant that allows ebolavirus to evade antiviral effects of
IFNs (41). Consistent with the idea that VP24 may be a viru-
lence determinant, both mouse- and guinea pig-adapted ebo-
laviruses, each of which is capable of 100% lethality in its
respective animal model, have amino changes that map to
VP24 (7, 51).

DISCUSSION

In this report we describe the laboratory confirmation of the
first known marburgvirus outbreak in West Africa, along with
an extensive comparative genomic analysis of marburgviruses.
Virus associated with previous Marburg HF outbreaks had all
originated in East Africa, and up to 21% virus genetic diversity
had been found based on analysis of partial genome sequences.
Consequently, the discovery of Marburg HF in Angola was a
surprise, as was the finding that the Angolan marburgvirus was
not more distinct, differing from the main group of East Afri-

can marburgviruses by only ~7%. Presumably the absence of a
greater genetic difference reflects virus natural host reservoir
similarities between the East and West African locations.
However, due to the resource-poor nature of the affected area,
an index case was never identified, and thus the importation of
the virus from East Africa, while unlikely, cannot be ruled out.
By the same token, the large virus genetic difference seen
between the Ravn/09DRC lineage and the other marburgyi-
ruses may represent reservoir host differences, such that vi-
ruses within this lineage may be associated with a different host
species or subspecies than the other marburgviruses. Interest-
ingly, earlier ecological niche modeling approaches had pre-
dicted that parts of northern and eastern Angola were within
the range for potential filovirus reservoirs (39, 40).

The natural reservoir for marburgvirus remains unknown, but
marburgvirus emergence in Angola will likely extend the scope of
the reservoir search beyond East Africa. As recently reported (5),
the marburgvirus outbreak in Durba, DRC, was closely associated
with illegal mining activity. Epidemiological data linked over 70%
of the cases with mines or caves, suggesting that the natural
reservoir could well be associated with such environments. With
the Angola outbreak, difficulties in surveillance and contact trac-
ing, combined with the delay in the identification of the outbreak,
led to poor epidemiological linkage of marburgvirus cases and
ultimately to a lack of success in identifying a point source or
mounting any ecological study. Filovirus outbreaks in general are
relatively rare events. A recent report has suggested that bat
species with rather wide geographic distributions may be a poten-
tial reservoir for ebolavirus (24). If the natural reservoir of mar-
burgvirus is similar to that of ebolavirus, the emergence of mar-
burgvirus in western Africa should not be surprising, as the sites
of multiple large ebolavirus outbreaks are less than 500 miles
away, including areas which have experienced almost yearly ac-
tivity over the last decade (25, 26).

The initial diagnosis was based on 9 of 12 clinical specimens
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testing positive by virus isolation, antigen, and/or PCR-based
methods, including a newly designed Q-RT-PCR assay de-
signed to detect the VP40 genome region of all known strains
of marburgvirus. This Q-RT-PCR assay outperformed all
other assays designed to detect acute marburgvirus infection,
including the “gold standard” virus isolation assay. The assay
was also sufficiently robust to allow deployment into a field
setting in Angola. The extensive virus genomic analysis pre-
sented here also confirms that the VP40 gene target was an
excellent choice for a broadly reactive marburgvirus detection
assay, as it is the most conserved virus gene. These features
suggest this should be a highly useful assay for detection of
potential naturally occurring or deliberate Marburg HF out-
breaks in the future.

Following the initial diagnosis, we determined the full-
length genome sequence directly from clinical material from 11
patients representing the temporal and geographic distribution
of the outbreak. Our purpose was to fully characterize the level
of sequence variation generated during the course of a large
marburgvirus outbreak with a high case fatality rate and to use
this information to determine whether multiple marburgvirus
introductions into the human population had occurred. To
generate a context with which to compare the Angola mar-
burgvirus sequence data, we determined the complete genome
sequence of the Ravn marburgvirus, first isolated in 1987 in
Kenya, as well as three additional, uncharacterized marburg-
viruses from Durba, DRC, the location of the largest outbreak
on record prior to the one in Angola. Our data increased the
number of the complete genome reference sequences from
three to eight. Therefore, we used this expanded database to
review the known genetic elements throughout the genome in
an effort to assess their importance based upon the degree to
which the features are maintained across the eight marburgvi-
rus strains. One of the most striking features is the high degree
to which nearly all the genetic elements previously identified
were maintained. To some extent this was expected, but we
predicted that perhaps the Ravn and 09DRC lineages, differing
by greater than 21% from all other marburgviruses at the
nucleotide level, would show more versatility as to how the
viral proteins could potentially carry out their functions. Di-
versity within marburgviruses is still, even with this more com-
plete data set, considerably less than that seen with the ebola-
viruses, to the point that the Ravn/09DRC lineage would not
be considered a different species. In fact, the three most con-
served genes, VP40, VP24, and L, among the major species of
ebolavirus (Zaire, Sudan, and Reston) show 20 to 25% protein
diversity (44). In contrast, those same genes within the mar-
burgvirus lineages shown here have, respectively, 1.6, 4.3, and
12.3% maximum diversity.

Given the general error-prone nature of RNA virus poly-
merases, the fact that there were comparatively few changes
observed among the 11 Angolan marburgvirus isolates was
somewhat surprising. In fact, four of the complete genome
sequences (19,114 nucleotides in length) from specimens col-
lected over a month and a half and representing at least two to
three human to human transmission cycles were 100% identi-
cal. In the absence of precise knowledge of transmission events
from the natural reservoir, possibly bats (24, 47), this analysis
attempts to answer the question of what level of sequence
divergence constitutes a distinct lineage versus the degree of

J. VIROL.

sequence variation to be expected in a large outbreak of single
origination. To answer this question, we felt it important to
compare the diversity seen in the Angola outbreak with that in
the Durba, DRC, outbreak. Among the sequences from the
Angola outbreak, the representative from the Songo munici-
pality (specimen 0754) had 11 nucleotide differences from the
reference isolate (0.07% variation). However, this maximum
level of variation is 1/10 of the minimum diversity seen be-
tween the two closest lineages within the Durba outbreak,
05DRC and 07DRC, respectively (0.8% variation). Based on
this comparison, we do not consider the Songo lineage to be
indicative of a second introduction, although such a possibility
cannot be ruled out. For the Angola marburgvirus outbreak, it
would be interesting to measure the rate of accumulation of
nucleotide changes over time, but unfortunately, the epidemi-
ological links between the 11 patients could not be established
and there is no Angola marburgvirus isolate from the pre-
sumed beginning of the outbreak in October 2004.

Genome plasticity and rapid evolution in response to posi-
tive selection are general features of RNA viruses which pos-
sess error-prone polymerases and lack proofreading mecha-
nisms (12). Such features have been well documented in recent
outbreaks of emergent RNA viruses, such as severe acute res-
piratory syndrome coronavirus and human immunodeficiency
virus (HIV), in which genetic differences have been shown to
accumulate during human-to-human transmission events and,
in some instances, within the same tissues of a single host (27,
43). Severe acute respiratory syndrome coronavirus has re-
cently been calculated to accumulate approximately two mu-
tations per genome per human transmission event (50). Why,
then, was so little variation found within this marburgvirus
outbreak? The answer likely involves at least two related com-
ponents, namely, (i) the time of progression within the host
from initial infection to disease outcome and (ii) the host
immune response to marburgvirus infection. With HIV, highly
diverse quasispecies have been shown to develop from homo-
geneous populations in response to the development of host
neutralizing antibodies and cytotoxic T-lymphocyte responses
(6). Yet, in the later stages of HIV infection towards the
development of AIDS, the immune system is no longer able to
exert strong selective pressure on the replicating quasispecies
and, as a result, HIV evolution dramatically slows (11). For
marburgvirus, like Zaire ebolavirus, disease progression is so
rapid that most individuals die before an effective immune
response can be mounted (1, 22, 48). For ebolavirus the me-
dian time to death after onset of symptoms is only 8 to 9 days
(22, 48). In addition to the rapid course of infection, ebolavirus
actively suppresses the immune system by (i) directly antago-
nizing the host interferon system through an uncharacterized
mechanism involving the virus VP35 protein (4) and (ii) pref-
erentially infecting dendritic cells and macrophages as sites of
primary infection, thus diminishing host cell populations that
are critical for the establishment of innate and adaptive im-
mune responses (16, 17). These features together allow for
explosive virus growth within the host in a manner virtually
unchecked by the immune system. The lack of IgM and IgG
responses shown in Table 1 is consistent with this view. The
lack of genetic diversity within the Angola marburgvirus out-
break is therefore not surprising and is in fact consistent with
the absence of genetic differences seen among genome fragments
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of viruses analyzed in previous Zaire and Sudan ebolavirus out-
breaks (42, 48).

A trial sampling procedure that emerged during the out-
break was the use of oral swabs for sampling suspected Mar-
burg VHF corpses. RNA extracted from oral swabs sometimes
gave low C; values in the Q-RT-PCR assay (Table 2 and data
not shown), indicating the potential for high viral loads in these
secretions. Unfortunately, definitive interpretations of C; val-
ues from oral swabs are difficult, since the swabbing technique
and the volumes recovered are inherently variable. In general,
very high viral loads are seen in sera of individuals infected
with filoviruses. For instance, during human infections with
Sudan ebolavirus, viral loads in patient serum can vary from
10° RNA copies/ml at the time of fever onset to greater than
10'® RNA copies/ml at the time of death (48). However, the
timing and extent to which this range of viral load is reflected
in human oral/nasal secretions are currently unknown. Of par-
ticular concern is the use of this sampling technique as a means
of establishing a particular etiology of a VHF outbreak when
multiple agents must be considered and tested, many of which
may not ever produce viral loads that can be detected by oral
swabs. Blood-based sampling as a reliable source of virus for
serology-, antigen-, and PCR-based detection assays is well
documented and should remain the method of choice for sam-
pling suspected VHF patients.
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