
Ebola and Marburg viruses are maintained in unknown
reservoir species; spillover into human populations results
in occasional human cases or epidemics. We attempted to
narrow the list of possibilities regarding the identity of those
reservoir species. We made a series of explicit assump-
tions about the reservoir: it is a mammal; it supports per-
sistent, largely asymptomatic filovirus infections; its range
subsumes that of its associated filovirus; it has coevolved
with the virus; it is of small body size; and it is not a species
that is commensal with humans. Under these assumptions,
we developed priority lists of mammal clades that coincide
distributionally with filovirus outbreak distributions and
compared these lists with those mammal taxa that have
been tested for filovirus infection in previous epidemiologic
studies. Studying the remainder of these taxa may be a
fruitful avenue for pursuing the identity of natural reservoirs
of filoviruses. 

The virus family Filoviridae has been known since
1967, when Marburg virus caused an outbreak of hem-

orrhagic disease associated with exposure to primates
imported into Germany; Marburg and Ebola viruses were
subsequently the cause of isolated cases or epidemics of
hemorrhagic fever in humans or nonhuman primates
across Africa (1–3) and in parts of southeast Asia (4), and
in outbreaks among nonhuman primates in North America
and Europe that resulted from importation of infected pri-
mates (5). Despite numerous epidemiologic analyses of the
disease (6–8), laboratory tests of effects of infection on
potential hosts (9), and searches for natural virus infections
among animals in localities where outbreaks have
occurred (10–12), the source of these viruses in nature has
remained obscure.

This article is the second step in an effort to marshal a
new set of tools and approaches, designed to increase the
likelihood of detecting the natural reservoirs of filoviruses.
We define the reservoir that we are seeking as a set of pop-
ulations or species of animal or plant that sustains the pool

of virus from which infections in primates have sprung. An
earlier article described the large-scale ecology and geo-
graphic distribution (Figure 1) of filovirus disease occur-
rences (13). Here, we attempt to identify the clade that
constitutes the reservoir hosts of filoviruses that have
caused disease in humans and in nonhuman primates. We
use a series of biologic inferences regarding host-parasite
interactions and make explicit assumptions to arrive at a
much-reduced list of potential reservoir taxa. This
approach aims to identify taxa that, under explicit assump-
tions, have a higher probability of constituting the reser-
voirs of these viruses. These lists can be used to focus
future sampling and testing of potential reservoir taxa.

Rationale
The challenge of identifying the reservoirs of Ebola and

Marburg viruses is complex. As previous authors (7,14)
have emphasized, such a search is difficult because of the
unpredictable nature of virus population dynamics in wild
hosts. The challenge is also made larger because of the
staggering biodiversity of tropical Africa: the array of
potential hosts is immense. Subject to assumptions made
explicit to the extent possible, the following rationale is an
attempt to provide a scientific basis for narrowing the list
of possibilities. Although any element of this list of
assumptions could prove to be incorrect, the assumptions
are explicit, making it possible to consider their effects.

Mammalian Reservoir 
The reservoir for filoviruses has been variously hypoth-

esized to be a mammal, some other vertebrate, an arthro-
pod, or even a plant (7,14). Recent evidence of a
relationship between filoviruses and avian retroviruses
(15,16) is intriguing, leading to the question of which
major taxon is the most likely candidate for the filovirus
reservoirs. No conclusive evidence based on a sufficiently
broad survey exists for any of these groups as a filovirus
reservoir. What little evidence exists, however, suggests
that mammals may constitute an excellent first candidate
for detailed consideration: 1) results of efforts to infect
plants and arthropods with filoviruses have been negative
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(9); 2) small mammals (particularly bats) can sustain infec-
tions and even amplify virus (9); 3) certain small mammal
species may have encountered filoviruses in the course of
their evolutionary history (17); and 4) bats and other small
mammals are known to serve as reservoirs for other virus-
es (18). Hence, a first assumption of this article, or a first
step in the application of this approach to the challenge of
detecting filovirus reservoirs, is to focus on mammals as
candidate taxa.

Persistent, Largely Asymptomatic Filovirus 
Infections Associated with Reservoir 

Ample theoretical bases exist for the idea that in most
cases a “good parasite” will evolve toward avirulence
among members of a reservoir taxon with which it has a
long-term evolutionary relationship (19), although some
recent discussions suggest the contrary (20). Garnet and

Antia (21) demonstrated that such coevolution results in a
trade-off between host death and probability of virus trans-
mission. Empiric evidence from studies of other viral hem-
orrhagic fever reservoirs provides support for the idea of
evolved avirulence: the best example is the growing body
of information regarding coevolution of hantaviruses and
arenaviruses and their rodent hosts (22). In these systems,
long-term associations have apparently resulted in, or at
least maintained, typically asymptomatic infections of
hantaviruses and arenaviruses in host rodents (23). 

This line of reasoning suggests that the reservoir taxa
will not likely include species such as the vervet monkey
(Cercopithecus aethiops) or other primates known to expe-
rience high death rates after filovirus infections because
the virus kills so quickly and efficiently that maintenance
in such taxa is not likely (7). Hence, a second premise of
this analysis is that a reservoir taxon should exist that has
minimal negative effects of filovirus infection. For this
reason, we eliminate primates from consideration since
laboratory filovirus infection is known to result in fatal dis-
ease in both African and New World primates (24,25).

Virus Restricted to Range of Reservoir
The range of each filovirus and the disease it causes is

assumed to be restricted to the distributional range of the
reservoir taxon. If the viruses exist in a natural reservoir,
then their occurrence outside of the distribution of that
reservoir taxon would be only fleeting, as long-term main-
tenance is not feasible.

Coevolution of Filoviruses and Their Hosts
The phylogenetic structure of filovirus species has fair-

ly clear geographic patterns (26,27). The distinct filovirus-
es have likely coevolved with their specific host species,
implying that each virus is likely associated with a distinct
host species. Therefore, we consider as unlikely reservoirs
those mammal species with distributions that overlap the
combined distribution of all filoviruses, although we use
caution in eliminating some groups, given taxonomic
arrangements in need of modern revision. However, given
the preceding assumptions, reservoir species likely belong
to a single genus or subfamily, with members occurring
throughout the entire range of filoviruses. 

Other recently described host-virus systems among
small mammals have followed this pattern, especially
among the hemorrhagic fever viruses. Several rodent
species in the family Muridae, for example, serve as hosts
for hantaviruses and arenaviruses, and patterns of cospeci-
ation are clear when phylogenies of hosts and viruses are
compared (28,29). A similar pattern may be developing for
paramyxoviruses (henipaviruses), whose hosts are
pteropodid bats in the southwest Pacific (30). We thus
assume that a single, monophyletic group (genus or
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Figure 1. Distributional summary of A) Ebola and B) Marburg virus-
es, with predicted distributions based on ecologic niche models of
outbreak coordinates (13). Darker shades of red represent
increasing confidence in prediction of potential presence. Disease
outbreaks attributed to various filovirus species are represented as
follows: open square, Ebola Ivory Coast; open circle, Ebola Zaire;
open triangle, Ebola Sudan; dotted square, Marburg.
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subfamily) of reservoir taxa associated with the filovirus
lineages should exist (either for filoviruses as a whole or
for the Ebola viruses and Marburg virus separately).
Because the phylogenetic distance between Marburg virus
and the Ebola viruses is much greater than the distance
among the Ebola viruses, we provide separate reservoir
candidate lists for Marburg virus, to allow for the possibil-
ity that the reservoir for Marburg virus falls within a sepa-
rate reservoir taxon.

Small Body Size of Reservoir Species
We further, if provisionally, eliminate from considera-

tion those species of large body size. We base this assump-
tion on two facts: large-bodied species would be eaten
frequently by local people, and transmission to humans
would likely be more frequent; also, contact with, or
killing of, such a large animal would likely be memorable
enough that either the animal would have been brought
home or comment would have been made of it. For exam-
ple, cases acquired by contact with infected chimps were
quickly characterized (2,3). On this basis, we eliminated
from consideration a variety of taxa, using an approximate
cut-off of raccoon (Procyon lotor) size, including ungu-
lates, Manidae, Felidae, and others.

Reservoir Not a Commensal Species
Human filovirus infection index patients, when detailed

information is available, have most frequently been men
who work in the field, particularly in forests, excavations,
caves, or mines (8,31,32). Commensal species (e.g., Mus
musculus, Rattus spp.), on the other hand, might be expect-
ed to come into contact with persons working around the
home. For this reason, we omit from consideration species
known to be commensals with human.

Methods
We used the following procedure and the above ration-

ale to narrow the list of potential reservoir species for
filoviruses. First, we reviewed the mammal species of the
world, following the taxonomy and known distributions as
summarized in Wilson and Reeder (33). Each species was
tallied as to its approximate co-occurrence with distribu-
tions (13) of each filovirus (Ebola Ivory Coast in West
Africa, Ebola Zaire in central Africa, and Ebola Sudan and
Marburg in East Africa), as well as Ebola Reston, for
which we used the entirety of the Philippines, given uncer-
tainty as to the virus’s geographic origins. Because of gen-
eral geographic coincidence between Ebola Sudan and
Marburg outbreaks, these two distributional areas were
considered equivalent for the purpose of this first-pass,
coarse-scale review.

Next, to the limits of the resolution of knowledge of
phylogeny of mammals of Africa and Asia, we sought

clades with geographic distributions that coincided with
those of the African filoviruses. In particular, we identified
genera and subfamilies with component taxa distributed in
all of the filovirus distributional areas. Here, although indi-
vidual species were often endemic to small areas, we
detected genera or subfamilies (ostensibly monophyletic
clades) with distributions that cover the entire distribution-
al area of African filoviruses. We then noted which of these
clades either also include species distributed in the
Philippines, or for which related clades (i.e., same subfam-
ily or same family) are present in the Philippines.

Finally, we reduced our genus and subfamily level lists
in several ways on the basis of the assumptions outlined
above. We removed clades with species known to experi-
ence high death rates from exposure to filovirus infection
(e.g., primates). We removed clades with species that are
frequently hunted for food or that have large body size
(larger than raccoons). We removed genera for which all
species are commonly commensal with humans
(e.g., Mus). For Ebola virus, we removed species that
occur exclusively in savannah habitats because Ebola dis-
ease outbreaks have occurred only in forested or ecotonal
habitats (13); savannah-living genera were not eliminated
from consideration in the lists for taxa coinciding with
Marburg disease occurrences. Lists were developed for the
Filoviridae in general, as well as for Marburg virus only;
again, at the crude geographic scale of this review, owing
to rough distributional coincidence between Ebola Sudan
and Marburg virus outbreaks, Ebola virus distributions are
more or less coincident with those of the entire family, and
so the two are considered together at this point. 

To assess how these lists based on coarse-scale bio-
geography relate to those taxa tested in epidemiologic
studies to date, we reviewed all studies known to us that
have involved testing of wild African mammals for
filoviruses (10,11,34,35), including recent unpublished
analyses (R. Swanepoel and D. Carroll, unpub. data).
These lists were organized in spreadsheets, and queries
were developed to establish the degree to which such stud-
ies have assessed priority taxa.

Results
Thirty-eight genera were encountered that include

species with distributions coinciding with those of all
African filoviruses (Table 1). Seven of these genera, con-
taining species of large body size, were eliminated from
further consideration (Panthera, Helogale, Herpestes,
Aonyx, Genetta, Phacochoerus, Manis). Of the remaining
31 genera, 10 either include species occurring in the
Philippines or are in the same subfamily as genera occur-
ring in the Philippines. 

Considering coincidence of generic distributions with
only Marburg hemorrhagic fever occurrences (Table 2), an
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initial list included 63 genera; 22 of these were omitted
because their species had a large body size or were pri-
mates (Perodicticus, Galago, Gorilla, Leptailurus, Atilax,
Dologale, Mungos, Crocuta, Lutra, Civettictis,
Ceratotherium, Orycteropus, Potamochoerus, Litocranius,

Taurotragus, Tragelaphus, Cephalophus, Sylvicapra,
Oryx, Kobus, Redunca, Manis). Of the remaining 41 gen-
era, 3 include species occurring in the Philippines, 18 have
consubfamilials occurring in the Philippines, and 29 have
confamilials occurring in the Philippines.
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Finally, we considered clades recognized at the subfa-
milial (or familial, if no subfamilies were recognized;
Table 3) level that coincided with all African filovirus
occurrences or Marburg occurrences only. Of these 65
clades, we eliminated 33 because their members had large
body size or were primates (Loridae, Galagonidae,
Cercopithecinae, Colobinae, Hominidae, Canidae,
Acinonychinae, Felinae, Pantherinae, Herpestinae,
Hyaeninae, Protelinae, Lutrinae, Mellivorinae,
Mustelinae, Nandiniinae, Viverrinae, Elephantidae,
Rhinocerotidae, Orycteropodidae, Aepycerotinae,
Alcelaphinae, Antilopinae, Bovinae, Cephalophinae,
Hippotraginae, Reduncinae, Phacochoerinae, Suinae,
Hippopotamidae, Tragulidae, Giraffidae, Manidae). Of
the 32 remaining subfamilies, 8 coincided with Marburg

virus occurrences only, and 11 with all African filovirus or
all African Ebola virus disease occurrences; 13 not only
coincided with African filovirus disease occurrences but
also included distributional areas in the Philippines
(Table 3).

Of the 134 species that have been tested in previous
studies (11,12,34,35) (R. Swanepoel and D. Carroll,
unpub. data), only 58 are from genera that coincide with
African filovirus disease occurrences. Overall, of 4,709
mammals tested, only 2,545 were from clades with distri-
butions coincident at some taxonomic level with that of
African filovirus disease outbreaks. 

Of the taxa that geographically cooccur with filovirus
disease occurrences (Tables 1–3), variable numbers have
been tested (Appendix online; available from
ht tp : / /www.cdc.gov/ncidod/EID/vol10no12/04-
0346_app.htm): genera coinciding with filovirus disease
occurrences, 26 (81.2%) of 32; genera coinciding with
Marburg, 14 (40.0%) of 35; subfamilies coinciding with
filovirus occurrences, 17 (70.8%) of 24; and subfamilies
coinciding with Marburg occurrences, 2 (25%) of 8.
Hence, considering the lists presented in Tables 1 to 3, a
significant diversity of taxa remains to be tested even a sin-
gle time. If prevalences are anything other than high, test-
ing greater numbers of mammals from some clades will
also be necessary (Figure 2); the list of clades not tested
satisfactorily thus becomes quite long. 

Discussion
Searches for the filovirus reservoirs have been conduct-

ed periodically since filovirus diseases were first recog-
nized. Nevertheless, until the present, very little practical
or theoretical information was available to help
researchers plan trapping expeditions, choose sites and
trapping techniques, or focus on particular species. This
analysis should help in these aspects of planning and may
reduce the number of hours that researchers spend sam-
pling low-priority habitats or species.

The preliminary, coarse-filter analyses presented here
rely on a series of explicit assumptions drawn from past
studies of filovirus disease outbreaks and from biologic
principles and theory. Regarding the first two assump-
tions—that reservoirs exist and that they are mammals—
filovirus disease outbreaks could conceivably be
maintained through rapid and efficient transmission among
highly susceptible taxa such as primates. No historic evi-
dence for this hypothesis has been assembled, but a recent
epidemic among nonhuman primates in Gabon and the
Democratic Republic of the Congo has been intense and
continuous; some believe this outbreak may be being
transmitted among primate populations and may be push-
ing chimpanzee and gorilla populations towards extinction
(36,37).
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That the reservoir is a mammal is a more tenuous
assumption. Numerous suggestions have been made
regarding potential nonmammal reservoirs, including
arthropods and plants, but no experimental evidence has
documented either successful infection of these taxa or
long-term infection that suggests maintenance of virus in
the host (9). Although many possible alternatives exist,
given successful laboratory infections of several mammal
taxa, this clade seems a logical starting point. These proce-
dures are feasibly applicable only to taxa that are reason-
ably well-known, both taxonomically and distributionally,
such as mammals and birds. Recent analyses of filovirus
nucleic acids, however, suggest that “filoviruses are more
closely related to paramyxoviruses, particularly human
respiratory syncytial virus” (15). As such, other vertebrates
that host paramyxoviruses—birds, reptiles, and amphib-
ians—may also merit study (15,16).

The assumption that the reservoir should be relatively
nonsusceptible to negative effects of filovirus infection is
based in large part on theory regarding host-parasite
coevolution (19,20). A reservoir that is coevolved with the
virus and experiences less severe effects of infection
would lend greater long-term stability and lower probabil-
ity of extinction to the pathogen populations. 

The assumption of distributional coincidence between
reservoir and virus is key to our inferences. Viruses not
uncommonly escape from their natural reservoirs and are
maintained at least temporarily in an alternate host (e.g.,
Nipah virus, influenza viruses, West Nile virus, even Ebola
viruses in primate populations). However, these events do
not go unnoticed, and we assume that such an escape from
natural maintenance would be detected, as it has been in
the past. That filoviruses could not persist long-term with-
out the coevolved reservoir taxon’s being present is fairly
clear. This effect should ensure that virus distributions will
be coincident with or nested within host distributions. The
converse, however, is not necessarily clear: reservoir taxa
can exist in areas in which the virus is not present (18).

Our assumption that the reservoir would be a species
with a small body size is perhaps the most tenuous.
However, we suspect that large-sized species would be
hunted more often, which would provide more frequent
opportunities for human infections. Also, contact with
larger-sized species would be more notable and would
likely be mentioned to family members before symptoms
appeared. Finally, phylogenetic patterns among filoviruses
suggest cospeciation within a similarly diverse clade
(probably a genus or subfamily) of host species, and high-
ly diverse genera or species complexes are less common
among larger bodied mammals.

The clades identified in our analyses represent a broad
swath of African mammal diversity. Dominant are bats,
rodents, and insectivores. When Ebola or all African
filovirus outbreaks are considered, bat clades dominate the
lists, whereas when only Marburg outbreaks are consid-
ered, rodents enter the picture more broadly, reflecting the
greater diversity of rodents in the arid habitats that charac-
terize the known distributional area of Marburg virus.

Where do these explorations take us? We suggest four
important adjustments to the epidemiologic studies that
accompany most filovirus disease outbreaks. First, atten-
tion should focus on species that are spatially coincident
with the aggregate distribution of outbreaks attributed to a
given filovirus and that are from clades coincident with the
distribution of filoviruses in general. Second, rather than
testing species that are most common proportionally, col-
lectors should attempt to sample each species and clade
that co-occurs with known ranges of filovirus disease out-
breaks, particularly given the rarity of reservoir-to-human
transmission events. Third, emphasis should be placed on
testing samples of each species large enough to give a rea-
sonable probability of actual detection. For example, if the
prevalence of filoviruses in the reservoir were 1%, then a
sample of ≈60 to 70 would provide only a 50% chance of
detecting the virus, and a sample of >200 would be need-
ed to have a 90% chance of detection (Figure 2) (38).
Fourth, publication of negative results in testing for
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Figure 2. Summary of numbers per species that have been tested
in studies seeking filovirus infections in wild mammals (See
Appendix online, available from http://www.cdc.gov/ncidod/EID/
vol10no12/04-0346_app.htm). A) Theoretical probabilities of
detecting the reservoir in samples of particular sizes, given preva-
lences of 0.1%, 1%, and 10%. B) Frequency (1–11 species) with
which species have been tested for filoviruses. 
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filovirus infections will be important in guiding future
studies and making them still more efficient. These recom-
mendations imply the need to bring specialized expertise
on mammals to bear on the collecting challenge. Capturing
animals of some taxa will require specialized equipment
and techniques, as well as carefully planned strategies.
Knowledge of the natural history and ecology of each of
the key taxa will be important to successful sampling.
Enlisting the assistance of local hunters and trappers who
have specific experience with native species has proven
very helpful in previous investigations (J. Mills and D.
Carroll, unpub. data). We believe that concentrating sam-
pling efforts on the taxa listed in Tables 1 to 3 will improve
the chances of discovering filovirus reservoir species. 

Laboratory inoculation studies also should focus on
candidate taxa identified herein and should attempt to
identify species that support persistent and largely asymp-
tomatic infections with filoviruses. Such studies will serve
to further direct field sampling efforts toward the most
likely reservoir candidates. Investigators should be cog-
nizant of new regulations regarding the importation of
African rodents or rodent tissues and obtain all required
permits (39).

In summary, our aim has been to use a series of biolog-
ic principles to guide reasoning towards narrowing the list
of potential mammal reservoirs for filoviruses. These lists
can guide sampling efforts, even when disease outbreaks
are not ongoing. We do not imply certainty that the reser-
voir is among the species on our lists. We do, however,
suggest that, under explicit assumptions, we have identi-
fied a suite of clades with a higher probability of being
filovirus reservoir hosts than remaining African mammal
clades. These lists can serve as a guide to future mammal
surveys, allowing investigators to focus sampling efforts
on high-probability taxa. In future studies, we will apply
tools from ecologic niche modeling to refine and reduce
these lists still further.
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