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testing of individual animals shown to be serologically posi-
tive to PHV antigen showed a distinctive pattern of concor-
dance between tests (table 5). Nearly all of the P. manicula-
tus found to be antibody-positive were subsequently found
to have amplifiable hantavirus sequences in their tissues

Table4. Number of animals tested and prevalence of antibody to
Prospect Hill virus from locations in New Mexico, Arizona, and
Colorado.

All animals P. maniculatus
State, location n % positive n % positive
New Mexico
Bread Springs 11 34.2 88 38.6
Jones Ranch 87 28.7 41 36.6
Vandarwagen 74 17.6 25 36.0
Fort Wingate 23 17.4 12 16.7
Crownpoint 194 17.0 101 24.8
Sundance 70 15.7 19 36.8
Ramah 200 12.0 78 26.9
Zuni 61 6.6 15 26.7
Sedan 54 5.6 21 9.5
Springstead 67 4.5 16 12.5
Corrales 13 0.0 0 —
Farmington 2 0.0 0 —
Subtotal 957 16.5 416 29.1
Arizona
Black Mesa 194 30.4 122 35.2
Red Valley 174 26.4 99 35.4
Concho 87 14.9 48 27.1
Snowflake 76 17.1 35 28.6
Alpine Ranchero 13 1.7 0 —
Hotevilla 25 0.0 4 0.0
Subtotal 569 23.1 308 325
Colorado
Hesperus 78 34.6 39 51.3
Grand Junction 79 7.6 45 13.3
Dolores 15 0.0 5 0.0
Subtotal 172 19.2 89 29.2
Total 1698 19.0 813 30.4

NOTE. Total of 1698 includes 3 rodents of unidentified species.
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Figure 2. Distribution of rodent
antibody titers to 4 hantavirus anti-
gens as determined by ELISA. Sera

PHV (N=342) were titered to maximum end point
PUUV (N=235) Of 6400. Geometric mean titers
SEOV (N=342) (GMTs) for samples positive

HTNV (N=36) (=400) to at least one of 4 antigens
are indicated. PHV = Prospect Hill
virus; PUUV = Puumala virus;
SEOV = Seoul virus; HTNV =

Hantaan virus.

(96.7%). The proportions of concordant pairs for all other
species were lower, ranging from 0 to 50% in genera other
than Peromyscus.

Sufficient numbers of seronegative P. maniculatus were
also tested to provide limited information on infection status
in animals without antibody. Of 40 seronegative rodents, 22
(55%) were RT-PCR~positive. One of 5 seronegative P. truei
was RT-PCR-positive, while none of the 5 seronegative ro-
dents not belonging to the genus Peromyscus was positive.

Nucleotide sequence analysis of virus detected in different
rodent species. Sequence analysis of 37 PCR products am-
plified from different rodent species captured within the
same Four Corners region indicated a high degree of genetic
similarity (figure 4). Sequence differences as high as ~7%
were seen, in agreement with an earlier study of virus-in-
fected human and rodent samples [4]. However, identical
sequences also were found both within a genus for P. mani-
culatus and P. truei (rodents 14 and 19) and for P. manicula-
tus and P. boylii (rodents 2 and 1) and across families for P.
maniculatus and T. dorsalis (rodents 21 and 22). Near identi-
cal sequences with a single nucleotide difference also were
seen across diverse rodent families, as observed between P.
maniculatus (Cricetidae) and T. dorsalis (Sciuridae; rodents
15 and 16, respectively) and P. maniculatus and M. musculus
(Muridae; rodents 21 and 23).

Discussion

These data clearly implicate P. maniculatus as the major
rodent reservoir of a newly recognized hantavirus associated
with HPS in the southwestern United States. Although a ho-
mologous antigen was not available for these analyses as this
virus has yet to be isolated in cell culture, serologic and ge-
netic analyses allow definitive conclusions concerning the
uniqueness of the virus and identification of its principal res-
€rvoir.

This is the first demonstration of a Cricetid rodent acting
as a primary hantavirus reservoir. Both HTNV and SEOV
have their origins in the Old World and infect members of
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the family Muridae. Voles, family Arvicolidae, are primarily
responsible for maintenance of PUUV in Europe and PHV
in North America. The public health implications of P. man-
iculatus as a reservoir for a hantavirus are serious, as this
species has one of the broadest geographic ranges in North
America and occurs in most habitats with the exception of
urban centers [26, 27]. Where P. maniculatus is found, it is
frequently a dominant member of the rodent community
and is one of the most common mammals in North America.
Given the characteristics of the rodent, it is likely that the
identified range of HPS in the United States will continue to
expand as physicians become more aware of the syndrome.

Antibody to a hantavirus was previously reported in ro-
dents from New Mexico and Colorado [15]. The only anti-

Table 5. Concordance of serologic testing for Prospect Hill virus
(PHV) antigen and reverse transcriptase-polymerase chain reaction
(RT-PCR).

No. No.
antigen- RT-PCR %
Species positive positive concordance
Peromyscus maniculatus 61 59 96.7
Peromyscus truei 23 16 69.6
Peromyscus boylii 4 2 50.0
Tamias quadrivittatus 7 2 28.6
Tamias dorsalis 6 2 333
Mus musculus 2 1 50.0
Reithrodontomys megalotis 2 0 0.0
Neotoma albigula 2 0 0.0
Spermophilus variegatus 1 0 0.0
Svivilagus auduboni 1 0 0.0
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gen used to identify infected rodents in previous studies was
HTNV, which provided the lowest serologic titers and anti-
body prevalence in our study [15]. The low prevalence of
antibody and low titers previously reported for P. manicula-
tus and other species (Neotoma cinerea, Neotoma mexicana)
from this region (5.3% for P. maniculatus; 100% of end-point
indirect fluorescent antibody titers <128) may, therefore, re-
flect the limited cross-reaction of sera with heterologous anti-
gen rather than the actual level of infection. In addition, the
failure to detect hantavirus antibodies in P. boylii and P. truei
in previous studies also may be due to the poor cross-reacti-
vity of sera to HTNV antigen. Similarly, our use of several
heterologous hantavirus serotypes to identify antibody may
still be underestimating the actual prevalence of infection in
these rodents. Also, species-specific conjugates were not
available for most rodent species tested, which also may lead
to underestimates of the actual prevalence of infection. How-
ever, even with these limitations, our data show a prevalence
of hantavirus infection in P. maniculatus similar to that
found for PHV in cross-sectional surveys of M. pennsylvani-
cus. Typically, in meadow vole populations the prevalence of
antibody is 15%-27% [5, 8, 9] (Burek K, LeDuc J, unpub-
lished data).

The pattern of hantavirus infection in P. maniculatus is
consistent with the characteristics previously described for
unique hantavirus serotypes and their respective primary ro-
dent hosts. First, the primary rodent reservoir is a common
species in the region or habitat examined. In the Four
Corners region, P. maniculatus accounted for 48% of the ro-
dent community (table 1). Second, the prevalence of infec-
tion as measured by antibody is highest in the primary reser-
voir (30% in P. maniculatus), although infection of other
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No. LOCATION SPECIES
50
20 BLACK MESA AZ P. truei a t a
14 BLACK MESA AZ P. maniculatus a t a
19 BLACK MESA AZ P. truei a t a
15 CROWNPOINT NM P. maniculatus a t
16 RAMAH NM T. dorsalis a t
29 BLACK MESA AZ P. truei a
7 BLACK MESA AZ P. maniculatus
30 BLACK MESA AZ T. quadrivittatus t
21 BREAD SPRINGS NM P. maniculatus a g
22 BREAD SPRINGS NM T. dorsalis a g
23 FORT WINGATE NM M. musculus aa g
24 BREAD SPRINGS NM P. maniculatus a g
26 CROWNPOINT NM P. truei a t q -
2 GRAND JUNCTION CO P. maniculatus t
1 HESPERUS CO P. boylii t
Consensus: CAGCGCATGA TGGCAACTCG AGATTCTTTC CAATCATTCA ATGTGACAGA
51 139
20 c t c t q
14 c t t g
19 c t t g
15 g c t t ¢ g
16 g c t t ¢
29
7
30
21
22
23
24 c c
26 c
2 t t c
1 t t C

ACCACATATC ACTAGCAACC GACTTGAGTG GATTGATCCA GATAGCAGTA TCAAAGATCA TATTAATATG GTTTTAAATC GGGATGTTT

Figure 4. Sequence analysis of 139-bp region of G2 gene of hantavirus pulmonary syndrome virus obtained from different rodent species
in the Four Corners region. Included are sequences for rodents 1, 2, 7, and 14 as published previously [4]. Boxed sequences are identical. Up
to 7% sequence difference compared to consensus sequence was observed.

sympatric species was found in the Southwest (table 2). Han-
tavirus infections in secondary hosts are well documented [8,
9, 28, 29]. Third, there is evidence of virus persistence in the
primary reservoir species, as indicated by our ability to con-
sistently amplify hantavirus sequences from serologically pos-
itive P. maniculatus, while other seropositive rodents (al-
though there were fewer of them) were less frequently or
rarely RT-PCR-positive (table 5). The ability to amplify
hantavirus sequences from seropositive rodents has been pre-
viously demonstrated for SEOV and R. norvegicus [30] and
was interpreted as the result of a persisting infection in the
presence of a vigorous antibody response. This virus-host
relationship has become a hallmark of specific hantavirus
infections in their primary rodent reservoirs [11]. Finally, as
in SEOV infections of Norway rats and PHV infections of M.
pennsylvanicus, there is a clear mass-dependent association
of antibody, indicating age-dependent infection [9, 21]. P.
maniculatus achieve a body mass of 10 g at ~3-4 weeks of
age and adult weights at ~8-10 weeks; puberty begins at
~4-6 weeks [22]. As with other hantavirus infections, the
mass-specific pattern of antibody presumably indicates hori-
zontal transmission of virus by age-dependent mechanisms
or the cumulative results of such transmission.

Genetic analyses were used to address several unresolved
issues. The viral sequences identified from all the RT-PCR-
positive rodents were genetically similar and belong to the
new hantavirus group previously described [4]. No evidence
was found for distinct virus variants specifically associated
with infection of different rodent species. The genetic data
suggest that virus is not being independently maintained in
different species but that occasionally virus from the predom-
inant rodent reservoir, P. maniculatus, spills over to other
species. The high prevalence of antibody and the indication
from RT-PCR amplification of hantavirus sequences from
seronegative P. maniculatus that more rodents are infected
than can be detected by serology alone point to a very high
prevalence of infection in this species. However, it is unclear
at this time whether these RT-PCR-positive, seronegative
mice reflect the higher sensitivity of the PCR method com-
pared with serologic testing or were tested during early acute
infection before antibodies developed.

Specific hantavirus—primary rodent reservoir pairs may
have existed for extensive periods, with possible coevolution
of rodent host and virus parasite. The data presented here
support such a hypothesis. First, this new hantavirus is pri-
marily associated with P. maniculatus, an indigenous North
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American species, and is genetically most closely related to
PHV, which has M. pennsylvanicus (another rodent indige-
nous to North America) as its primary rodent reservoir. Both
North American hantaviruses are more distantly related to
the HTNV and SEOV associated with Eurasian rodent hosts
[4]. Second, genetic diversity among HPS viruses, sampled
during a short time scale from the limited geographic range
of the Four Corners region, is substantial, with sequence di-
vergence as much as 7%. IfHPS virus was newly emerged and
causing an epizootic in rodent populations in the Southwest,
then greater genetic homogeneity would be expected during
the short period and in the limited geographic area sampled.
These data are more consistent with the scenario of a well-es-
tablished virus-rodent relationship with virus genetic diver-
sity accumulating in semiisolated rodent populations over
extensive periods.

The natural history of HPS virus in P. maniculatus has yet
to be elucidated in the field or laboratory. Once virus is iso-
lated in cell culture, the course of infection can be followed
to determine if HPS virus produces the same sort of persis-
tent infection, with chronic virus shedding, as does HTNV in
A. agrarius [31], PUUV in C. glareolus[32, 33}, and SEOV in
R. norvegicus [34]. Long-term field studies of the incidence of
HPS virus in P. maniculatus populations, as related to rodent
population density and environmental and seasonal influ-
ences, will be necessary to identify factors involved in the
spillover of infection to humans. Specific risk factors for hu-
man hantavirus infection and environmental correlates of
the level of rodent infestation and prevalence of infection
will be addressed in the future. Recommendations for rodent
population reduction and habitat modification have been is-
sued [26] as a first step in reducing human risk of exposure to
hantaviruses maintained in P. maniculatus populations. Un-
til more is learned about the HPS virus, the immunobiology
of the disease it causes, and the need and prospects for a
vaccine, reducing human contact with rodent reservoirs will
be the primary means of minimizing risk.

Note Added in Proof

Since the submission of this report, a hantavirus has been
isolated in cell culture from lung tissue of infected Peromyscus
maniculatus. This new virus has been named Muerto Canyon
virus and is synonymous with the designation hantavirus pulmo-
nary syndrome (HPS) virus used in this report.
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