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Serologic and Genetic Identification of Peromyscus maniculatus 
as the Primary Rodent Reservoir for a New Hantavirus 
in the Southwestern United States 

James E. Childs, Thomas G. Ksiazek, 
Christina F. Spiropoulou, John W. Krebs, 

Sergey Morzunov, Gary O. Maupin, Kenneth L. Gage, 
Pierre E. Rollin, John Sarisky, Russell E. Enscore, 
Jennifer K. Frey, C. J. Peters, and Stuart T. Nichol 

Viral and Rickettsial Zoonoses and Special Pathogens Branches, Division 

of Viral and Rickettsial Diseases, Centers for Disease Control and 

Prevention, Atlanta, Georgia; Medical Entomology/Ecology Branch and 
Bacterial Zoonoses Branch, Division of Vector-Borne Infectious Diseases, 

Centers for Disease Control and Prevention, Fort Collins, Colorado; 

Navajo Area Indian Health Service, Office of Environmental Health and 

Engineering, Window Rock, Arizona; Department of Biology, 
University of New Mexico, Albuquerque 

An outbreak of hantavirus pulmonary syndrome (HPS) in the southwestern United States was 

etiologically linked to a newly recognized hantavirus. Knowledge that hantaviruses are main- 
tained in rodent reservoirs stimulated a field and laboratory investigation of 1696 small mam- 
mals of 31 species. The most commonly captured rodent, the deer mouse (Peromyscus manicula- 
tus), had the highest antibody prevalence (3007o) to four hantavirus antigens. Antibody also was 
detected in 10 other species of rodent and in 1 species of rabbit. Reverse transcriptase-polymer- 
ase chain reaction (RT-PCR) products of hantavirus from rodent tissues were indistinguishable 
from those from human HPS patients. More than 9607o of the seropositive P. maniculatus were 
positive by RT-PCR, suggesting chronic infection. Antibody prevalences were similar among P. 
maniculatus trapped from Arizona (3307o), New Mexico (2907o), and Colorado (2907o). The nu- 
meric dominance of P. maniculatus, the high prevalence of antibody, and the RT-PCR findings 
implicate this species as the primary rodent reservoir for a new hantavirus in the southwestern 
United States. 

In May 1993 an outbreak of an unexplained acute respira- 
tory illness was recognized in the southwestern United States 

[1-3]. Serologic studies of human cases implicated a hanta- 

virus, and reverse transcriptase-polymerase chain reaction 

(RT-PCR) analyses of viral RNA sequences derived from 

patient and rodent tissues indicated that an unknown hanta- 
virus was responsible [2, 4]. This virus, not yet isolated but 
referred to herein as the hantavirus pulmonary syndrome 
(HPS) virus, was shown by genetic sequence analysis of a 

241-bp piece of the G2 gene to be related to Prospect Hill 
virus (PHV) [4], a hantavirus isolated from the indigenous 
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North American meadow vole, Microtus pennsylvanicus [5], 
Antibodies reactive with PHV have been found in humans in 
the United States [6, 7] and infection appears widespread in 
meadow voles [8-10], but this virus has not been associated 
with any human disease. 

Hantaviruses are trisegmented, negative-strand RNA vi- 
ruses that are maintained in nature in rodent reservoirs [11]. 
Each of the four best-characterized serotypes of hantavirus is 

primarily associated with a single species of rodent: Hantaan 
virus (HTNV) with Apodemus agrarius, Seoul virus (SEOV) 
with Rattus norvegicus, Puumala virus (PUUV) with 

Clethrionomys glareolus, and PHV with M. pennsylvanicus 
[11]. The three Old World hantaviruses, HTNV, SEOV, and 

PUUV, are important causative agents of hemorrhagic fever 
with renal syndrome (HFRS) in Asia and Europe [12]. 
Strains of SEOV have been isolated from Norway rats in the 
United States, and infection can be very common in rats 
from urban locations [13-15]. However, SEOV has only 
rarely been associated with human disease in the United 
States and that was a relatively mild form of HFRS [16]. 
Leakey virus, which may constitute a new serotype of Hanta- 
virus, is known from a single isolate obtained from Mus mus- 
culus in Texas [17], and Dobrava/Belgrade virus from Slo- 

venia, Yugoslavia, isolated from Apodemus flavicollis, may be 
a new hantavirus on the basis of PCR-restriction fragment 
length polymorphism data [18, 19]. 

The outbreak of disease in the southwestern United States 

    This article is a U.S. government work, and is not subject to copyright in the United States.
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had several unusual features for a hantavirus illness. The 

clinical disease primarily involved respiratory rather than 

renal organs and function and resulted in unusually high 

mortality for a hantavirus-associated illness. As of 21 No- 

vember 1993, 28 of 45 persons with confirmed HPS have 

died; the typical mortality ratio for severe HFRS is generally 
^0^ [20]. In addition, the geographic location of the initial 

outbreak was in the semiarid regions of three states. New 

Mexico, Arizona, and Colorado, where the known rodent 

reservoirs of North American hantaviruses (M. pennsylvani- 
cus and R. norvegicus) are rare components of the rodent 

community. These observations suggested that the rodent 

host of the new hantavirus was different from the rodent 

hosts of previously described hantaviruses from North Amer- 

ica. 

Here we describe a cross-sectional survey of rodents col- 

lected from the Four Corners region of New Mexico, Ari- 

zona, and Colorado. Collections were made while active 

cases of HPS from this area were being reported to the 

Centers for Disease Control and Prevention (CDC). 

Materials and Methods 

Rodent collection. From June through mid-August 1993, ro- 

dents were systematically trapped at selected households in the 

Four Corners region of New Mexico, Arizona, and Colorado 

(figure 1). The most commonly trapped habitat was pinon- 

juniper dwarf forest at 1525-2290 m, although a few house- 

holds in scrub desert habitat at lower altitudes and in Ponderosa 

pine habitats at higher altitudes also were visited. 

Traps were placed within and around homes with confirmed 

human cases of HPS and at nearby homes. Additional traps were 

placed in locations where case-patients had spent significant pe- 
riods of time, such as summer sheep camps or pinon pine groves 
where pine nuts were harvested. Two sizes of live traps were 

used: 7.6 X 7.6 X 12.7 cm traps (Sherman Trap, Tallahassee, 

FL) for rodents generally ^00 g and 12.7 X 12.7 X 40.6 cm 

traps (Tomahawk Trap, Tomahawk, WI) for animals as large as 

1 kg. At most sites, 100 traps (70 Shermans and 30 Tomahawks) 
were set, although in the few urban locations surveyed, fewer 

traps were used. 

At each site, traps were set in the afternoon and collected the 

next morning for two consecutive nights. Rodents in traps were 

double-bagged and transported to a central site for processing. 
Animals were anesthetized with either metafane or ketamine- 

xylazine (10:1), and blood was removed by suborbital or cardiac 

puncture. Animals were identified as to species and sex and 

weighed to the nearest gram. Weight was used as a surrogate 
variable for age [21 ], since Peromyscus species gain weight in a 

consistent manner during the first few months after birth [22]. 
Voucher specimens were collected, fixed in 10^ buffered forma- 

lin, and placed in the Museum of Southwest Biology, University 
of New Mexico. Specimen identifications made in the field were 

verified for 127 chipmunks (genus Tamias) and 323 mice (genus 

Peromyscus) by quantitative morphologic measurements. 

Special precautions were taken while handling potentially in- 

fected rodents and contaminated traps in the field. These in- 

cluded wearing a negative or positive air pressure respirator 

equipped with a high-efficiency particulate air filter, a dispos- 
able surgical gown, gloves, and booties. Traps in which a rodent 
was captured were disinfected with 57c Lysol before reuse. 

Organs (lung, spleen, kidneys, and liver) were aseptically re- 

moved from animals and placed in individual prelabeled cryo- 
vials. All tissues were immediately placed in liquid N2 or dry ice 

for storage until packed with dry ice for shipping. In the labora- 

tory at CDC, specimens were unpacked and stored at -70oC 
until tested. 

Viral antigen production. Viral antigens for the IgG test were 

prepared by detergent-basic buffer extraction of infected tissue 

culture cells. HTNV (strain 76-118), SEOV (strain 80-39), 
PUUV (strain Sottkamo), and PHV (strain PHV1) were used. 

Vero-E6 cells infected with the virus strains were harvested at 14 

days after inoculation, and cells and supernatant were separated 

by 10,000 g centrifugation at 40C for 10 min. Cells were washed 

once in 0.01 M borate-saline, pH 9.0, and pelleted as described 

above. Cell pellets were resuspended in borate-saline, pH 9.0, 
with 17c (vol/vol) Triton X-100 (Sigma, St. Louis) and sonicated 

in a chilled cup horn for 10 min with the device set at a 50% duty 

cycle. This sonicated suspension was centrifuged at 10,000 g for 

5 min at 40C, and the supernatant was collected as the antigen. 
The supernatant was 7 irradiated with 2 X 106 rad to ensure 

virus inactivation. Uninfected Vero-E6 cells were similarly pre- 

pared and used as a control or comparison antigen. 
ELISA. Antigens were adsorbed overnight to wells of poly vi- 

nyl chloride microtiter plates (Dynatech Laboratories, Vienna, 

VA) after dilution in 0.01 M PBS, pH 7.4. Optimal dilutions of 

antigens were determined by checkerboard titration with refer- 

ence sera. In this instance, antigens for HTNV, SEOV, PUUV, 
and PHV were diluted 1:1000 in PBS, and 0.1 mL was adsorbed 
to the microtiter plates overnight at 40C. An uninfected Vero- 

E6 cell culture antigen also was coated to plates and was used to 

determine the specific binding of antibody to viral antigens. An- 

tigen was removed from the wells by washing three times with 

PBS and 0.17c (vol/vol) Tween 20 (PBS-T). Sera were diluted 

1:100 and fourfold through 1:6400 in 57c skim milk in PBS-T 

and allowed to react with the antigen-coated wells. The sera of 

rats infected with SEOV and PUUV were used as positive con- 

trols, while normal mouse serum was used as the negative 
control for each test. Bound IgG was detected with goat anti- 

Peromyscus leucopus and goat anti-rat (heavy- and light-chain- 

specific; Kirkegaard Sc Perry, Gaithersburg, MD) conjugated to 

horseradish peroxidase. Optical densities at 410 nm were re- 

corded on a microplate spectrophotometer, and the optical den- 

sity (OD) of the uninfected antigen-coated well was subtracted 

from that of its corresponding viral antigen-coated well to yield 
the adjusted OD. An adjusted OD of 0.2 at each dilution was 

used to assign titers to each serum tested. A titer of 1:400 was 

considered positive for each antigen. Sera were titrated to a max- 

imum end point of 1:6400. 

ELISAs using HTNV, SEOV, PUUV, and PHV antigens were 

initially used to screen all sera. Because test results with antigens 
other than PHV indicated poor serologic cross-reactivity with 
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Figure 1. Location of rodent 

trapping sites in Arizona, Colo- 
rado, and New Mexico. 

HPS virus, antigens other than PHV and SEOV were eventually 

dropped from the panel of tests. Testing with SEOV antigen was 
maintained as this serotype is known to circulate in the United 
States. 

Rodent tissue RNA extraction, purification, and viral RNA am- 

plification by R T-PCR. Because of the hazardous nature of the 

virus, all steps of the homogenization of rodent lung tissue sam- 

ples and the total RNA extraction and purification were done in 
a laminar flow biocontainment hood inside an isolated biosafety 
level 3 containment laboratory. 

RNA extractions and RT-PCR assays specific for the G2 pro- 
tein-coding region of the HPS virus (and also reactive with 

PUUV and PHV serotypes) were done essentially as described 

[4, 23]. The RT-PCR assay consisted of a nested pair of reac- 
tions that used four primers designed on the basis of conserved 

regions identified in the HPS viral genome M segment se- 

quences [4]. The original RT-PCR assay used a plus-sense 
primer, 5' -CTTAAGCAATGGTGTACAACATC-3' , and a 
minus-sense primer, 5' -CCATAACACATGGCAGAATC-3' , 
which prime synthesis of a PCR product that is 476 bp long. 
Three percent of this first reaction product was then used as 

template for a second or nested reaction that used a plus-sense 
primer, 5' -AAGGTAACACAGTSTCTGGATTC-3' (S = G or 

C), and a minus-sense primer, 5' -GGTTATCACTTAGAT- 

CYTGAAAGG-3' (Y = C or T), which prime synthesis of a 
PCR product 172 bp long. Nested PCR primers provide addi- 
tional specificity and sensitivity to the detection assay. Subse- 

quent PCR product DNA gel electrophoresis and automated 
thermal cycle sequencing analysis were done essentially as de- 
scribed [4]. 

Numerous precautions and controls were used to avoid RNA 

template or PCR product cross-contamination. The three main 

steps?tissue homogenization and RNA extraction and purifica- 
tion, RT-PCR assay, and PCR product electrophoresis and se- 

quence analysis?were done in separate laboratories, with the 
first two steps being done within laminar flow containment 
hoods. Disposable gloves were changed between each tissue ho- 

mogenization, aerosol barrier-plugged pipette tips were used, 
and only a single sample tube was open at any one time through- 
out all procedures. Multiple blank water controls from the tissue 

homogenization, first-round RT-PCR, and second-round PCR 

steps were checked to monitor for potential cross-contamination 
at each stage. The nucleotide sequences of many of the PCR 

products were determined. Because of the extent of virus se- 

quence diversity, most PCR products had unique sequences, 
confirming their unique identity. If any two samples processed 

200 km 
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simultaneously gave identical sequences, the result was con- 
firmed by repeating their entire processing and analysis indepen- 
dently. 

Data analysis. Analyses were done by using SPSS software 
for the personal computer [24] and Epi Info [25]. Titer values 
were log-transformed for comparisons of geometric mean titers 

(GMTs) from different ELISAs. Only animals with at least one 

positive ELISA for the four antigens used were included in these 

comparisons. 

Results 

Trapping results. There were 1687 rodents of 29 species 

captured, identified to species, and tested for hantavirus anti- 

body (table 1). One skunk and 8 rabbits also were captured, 
but only the rabbits were tested. The majority of the animals 

were obtained from sites in New Mexico (957; 56.47c); 569 

(33.57c) were from Arizona and 172 (10. \7c) from Colorado. 

Overall, Peromyscus maniculatus, the deer mouse, accounted 

for 41.97c of all the rodents captured, and the five species in 

this genus accounted for 67.8^ of the animals captured. 
Other commonly captured rodents included chipmunks, 

genus Tamias, which accounted for \2.17c of all captures. All 

rodents, with the exception of the house mouse, M. musculus 

(n = 5\), were species indigenous to North America. 

Comparison of serologic tests. Antibodies reacting to 

HTNV, PUUV, PHV, or SEOV antigens were found in 342 

(20.17o) of the 1694 animals tested; 1352 (79.87o) sera were 

negative to all antigens tested, 208 (12.3^) were positive to a 

single antigen, 98 (5^) were positive to two antigens, 33 

(\.97c) were positive to three antigens, and 3 (0.2^)) were 

positive to all the antigens used. More sera were reactive to 

PHV than to HTNV, PUUV, or SEOV antigens (tables 2, 3). 
Use of PHV antigen allowed detection of 11 m-13.7^ more 

antibody-positive animals than would have been identified 

with any of the other three antigens alone (table 3). Con- 

versely, the other three antigens identified only 0^-1.17c of 

additional animals that were negative (ELISA titer, < 1:400) 
to PHV antigen. 

Comparisons of GMTs of samples for which at least one of 

the four ELISA tests was positive indicated that the PHV 

ELISA (n = 342; GMT ^ 2177) resulted in significantly 

higher titers than the HTNV ELISA (n = 36; GMT ̂  142), 
the PUUV ELISA (n = 235; GMT = 146), or the SEOV 

ELISA (n = 342; GMT ~ 136) (figure 2; P < .001 for all 

comparisons based on t test for paired samples). Since the 

PHV ELISA detected more positive animals and resulted in 

higher titers, the rest of this report will consider only sero- 

logic results obtained by using PHV antigen. 

Serologic results. The most commonly infected rodent 
was P. maniculatus, with an antibody prevalence of 30.4^ 

(table 2). Evidence of infection also was found in two other 

species of Peromyscus (304/1150 [26.47c] of this genus had 

Table 1. Species (common names), relative proportions, and 
contribution of each rodent genus to total mammals collected from 
the Four Corners area, June-August 1993. 

Species 

% of Vc contribution 

total by genus 

47.9 

16.2 

3.0 

0.6 

0.1 

9.8 

1.1 

67.8 

12.7 

Peromyscus maniculatus (deer mouse) 813 

Peromyscus truei (pinon mouse) 275 

Peromyscus boylii (brush mouse) 51 

Peromyscus nasutus (rock mouse) 10 

Peromyscus crinitus (canyon mouse) 1 

Tamias dorsalis (cliff chipmunk) 166 

Tamias minimus (least chipmunk) 19 

Tamias quadrivittatus (Colorado 

chipmunk) 30 

Ammospermophilus leucurus (whitetail 

antelope squirrel) 

Cynomys gunnisoni (whitetail prairie 

dog) 

Dipodomys merriami (Merriam 

kangaroo rat) 

Dipodomys ordii (Ord kangaroo rat) 

Dipodomys species 
Microtus longicaudus (longtail vole) 
Microtus mexicanus (Mexican vole) 
Microtus montanus (mountain vole) 
Microtus pennsylvanicus (meadow 

vole) 
Mus musculus (house mouse) 
Neotoma albigula (whitethroat 

woodrat) 
Neotoma mexicana (Mexican woodrat) 
Neotoma micropus (southern plains 

woodrat) 
Neotoma stephensi (Stephens woodrat) 
Neotoma species 

Onvchomys leucogaster (northern 

grasshopper mouse) 

Onychomys species 

Perognathus flavus (silky pocket 

mouse) 

Perognathus species 
Reithrodontomys megalotis (western 

harvest mouse) 

Sigmodon hispidus (hispid cotton rat) 

Spermophilus variegatus (rock squirrel) 

Spermophilus spilosoma (spotted 

ground squirrel) 

Spermophilus tridecemlineatus 

(thirteen-lined ground squirrel) 

Spermophilus lateralis (golden- 
mantled squirrel) 

Total 

Mephitis mephitis (striped skunk)* 

Sylvilagus auduboni (desert 

cottontail)* 8 0.5 

14 0.8 0.8 

1 0.1 0.1 

4 0.2 0.7 

6 0.4 

1 0.1 

2 0.1 0.5 

1 0.1 

2 0.1 

4 0.2 

51 3.0 3.0 

69 4.1 6.1 

20 1.2 

4 0.2 

6 0.4 

2 0.1 

10 0.6 0.7 

2 0.1 

5 0.3 0.4 

2 0.1 

7 0.4 0.4 

6 0.4 0.4 

90 5.3 6.0 

4 0.2 

7 0.4 

2 0.1 

1687 99.5 99.5 

1 0.1 

* Nonrodent species. 

n 

1.8 
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Table 2. Prevalence of antibody to three different hantavirus an- 

tigens in mammals collected from the Four Corners area, June-Au- 

gust 1993. 

Antigen 

Species PHV SEOV PUUV 

Peromyscus maniculatus 30.4(813) 9.7(813) 9.7(596) 

Peromyscus truei 19.6(275) 7.3(275) 6.9(130) 
Peromyscus boylii 5.9(51) 2.0 (51) 0.0 (18) 
Peromyscus nasutus 0.0 (10) 0.0 (10) 0.0 (1) 
Peromyscus crinitus 0.0 (1) 0.0 (1) ? 

Tamias dorsalis 3.6 (166) 0.6 (166) 3.0 (99) 
Tamias minimus 5.3(19) 0.0(19) 0.0(12) 
Tamias quadrivittatus 13.3 (30) 3.3 (30) 3.3 (30) 

Ammospermophilus leucurus 0.0 (14) 0.0 (14) 0.0 (4) 

Cynomys gunnisoni 0.0(1) 0.0(1) 0.0(1) 

Dipodomys merriami 0.0 (4) 0.0 (4) 0.0 (3) 

Dipodomys ordii 0.0 (6) 0.0 (6) 0.0 (4) 

Dipodomys species 0.0(1) 0.0(1) 0.0(1) 
Microtus longicaudus 0.0 (2) 0.0 (2) 0.0 (2) 
Microtus mexicanus 0.0 (1) 0.0 (1) ? 

Microtus montanus 0.0(2) 0.0(2) 0.0(2) 
Microtus pennsvlvanicus 0.0 (4) 0.0 (4) ? 

Mus musculus 3.9(51) 2.0 (51) 9.1 (22) 
Neotoma albigula 2.9 (69) 0.0 (69) 0.0 (24) 
Neotoma mexicana 0.0 (20) 0.0 (20) 0.0 (7) 
Neotoma micropus 0.0 (4) 0.0 (4) 0.0 (4) 
Neotoma stephensi 0.0 (6) 0.0 (6) 0.0 (6) 
Neotoma species 0.0(2) 0.0(2) ? 

Onychomys leucogaster 0.0 (10) 0.0 (10) 0.0 (5) 
Onychomys species 0.0 (2) 0.0 (2) ? 

Perognathus flavus 0.0 (5) 0.0 (5) 0.0 (2) 

Perognathus species 0.0 (2) 0.0 (2) 0.0 (1) 
Reithrodontomvs megalotis 28.6 (7) 0.0 (7) 33.3 (3) 

Sigmodon hispidus 0.0 (6) 0.0 (6) 0.0 (6) 

Spermophilus variegatus 1.1(90) 0.0(90) 0.0(40) 

Spermophilus spilosoma 0.0 (4) 0.0 (4) 0.0 (4) 

Spermophilus tridecemlineatus 0.0(7) 0.0(7) 0.0(6) 

Spermophilus lateralis 0.0 (2) 0.0 (2) 0.0 (2) 
Total 19.1(1686) 6.1(1686) 7.2(1034) 

Sylvilagus auduboni* 12.5 (8) 12.5 (8) 25.0 (4) 

NOTE. PHV = Prospect Hill virus; PUUV = Puumala virus; SEOV = 

Seoul virus. Positive, titer ̂  1:400. Values in parentheses are sample sizes. 
* Nonrodent species. 

beyond a dilution of 1:6400). Comparisons of PHV GMTs 

for the different mammals indicated that the 3 species of 

Peromyscus had among the highest titers, although no signifi- 
cant differences were observed among GMTs for the 11 spe- 
cies with at least one seropositive result (one-way analysis of 

variance, F = 1.65, 10 dfi P = .09). The GMTs (log10 ? SE) 
were as follows: P. maniculatus, 3.36 ? 0.04; P. truei, 3.37 ? 

0.08; P. boylii, 3.40 ? 0.40; Tamias dorsalis, 2.73 ? 0.24; T. 

quadrivittatus, 3.20 ? 0.25; Tamias minimus, 3.81 (single 
sample); M. musculus, 3.51 ?0.301; Neotoma albigula, 2.60 
? 0.00; R. megalotis, 3.20 ? 0.000; Spermophilus variegatus, 
3.20 (single sample); and Sylvilagus auduboni, 2.45 ? 0.75. 

Geographic distribution and demographic correlates of PHV 

antibody. Animals positive for PHV were found within 

each state, with overall prevalences of antibody to PHV of 

23.27c, \9.27c, and \b.57c from Arizona, Colorado, and New 

Mexico, respectively (x2 = 10.37; P = .006). When only 
results from P. maniculatus were considered, nearly identical 

antibody prevalences from the three states were found: 
32.57c positive from Arizona (n = 308), 29. \7c positive from 
New Mexico (^2 = 416), and 29.27c positive from Colorado (n 
= 89; x2 = 1.02; P = .60). Within an individual state, the 

prevalence of PHV antibody among study sites varied consid- 

erably (table 4). At sites where a minimum of 5 P. manicula- 
tus were trapped, antibody prevalence varied from 9.57c to 

38.6% in New Mexico, from 27. \7c to 35.47c in Arizona, and 

from 0 to 5\.37c in Colorado. 

Both sexes of P. maniculatus showed a mass-specific pat- 
tern of antibody prevalence, suggesting that hantavirus in- 
fection was acquired in an age-dependent manner (figure 3; 
for males, x2 for linear trend = 27.60, P < .001; for females, 

X2 for linear trend = 7.79, P = .005). There was some indica- 
tion of a similar mass-specific trend in antibody prevalence 
with P. truei; \1.27c of mice ^5 g were positive (n = 29) 

compared with 18.87o of animals of \6-20g(n ^ 117),21.4^ 
of animals of 21-25 g (n = 84), and 20.S7c of mice ̂ 6 g (n 
= 24). No distinctive pattern was observed for the genus 
Tamias. 

Concordance between RT-PCR and serology. RT-PCR 

antibody to PHV), although the prevalence was significantly 
higher in P. maniculatus than in Peromyscus truei (19.6^; x2 
= 11.86; P < .001) and in Peromyscus boylii (5^; x2 = 

14.01; P < .001). Prevalence of PHV antibody in P. truei was 

significantly higher than in P. boylii (x2 = 5.64; P = .02). 
Other species of rodent showing relatively high antibody 

prevalence to PHV antigen included the Colorado chipmunk 
Tamias quadrivittatus (13.3^ positive; overall prevalence of 

antibody in the genus Tamias = 5. \7o) and the western har- 

vest mouse Reithrodontomys megalotis (28.()7c positive), al- 

though only 7 rodents of the latter species were collected. 
Titer information was limited (sera were not titrated 

Table 3. Pairwise comparison of ELISA results using four hanta- 

virus antigens. 

Concordant results Discordant results 

Antigen 

pair Neg-Neg Pos-Pos Pos-Neg Neg-Pos 

PHV-SEOV 1361(81.9) 90(5.3) 233(13.7) 14(0.8) 
PHV-PUUV 814(78.2) 69(6.6) 152(14.6) 6(0.6) 
PHV-HTNV 157(82.2) 11(5.8) 21(11.0) 2(1.1) 

NOTE. PHV = Prospect Hill virus; SEOV = Seoul virus; PUUV = 

Puumala virus; HTNV = Hantaan virus; Neg = negative; Pos s positive. 
Data are no. (^). 
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Figure 2. Distribution of rodent 

antibody titers to 4 hantavirus anti- 

gens as determined by ELISA. Sera 
were titered to maximum end point 
of 6400. Geometric mean titers 

(GMTs) for samples positive 
(>400) to at least one of 4 antigens 
are indicated. PHV = Prospect Hill 
virus; PUUV = Puumala virus; 
SEOV = Seoul virus; HTNV = 
Hantaan virus. 

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 

Table 4. Number of animals tested and prevalence of antibody to 

Prospect Hill virus from locations in New Mexico, Arizona, and 
Colorado. 

All animals P. mnaniculatus 

State, location n % positive n % positive 

New Mexico 
Bread Springs 111 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 7.7 0 - 

Hotevilla 25 0.0 4 0.0 
Subtotal 569 23.1 308 32.5 

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. 

(96.7%). The proportions of concordant pairs for all other 

species were lower, ranging from 0 to 50% in genera other 

than Perom yscus. 
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- 

ervoir. 

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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Figure 3. Mass dependence of 

prevalence of antibody to Prospect 
Hill virus (PHV) in Peromyscus 
maniculatus. Sample sizes are indi- 
cated above corresponding bars. 

0 Male 

D Female 

1 Both Sexes 

Weight (grams) 

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 1 2 28.6 
Tamias dorsalis 6 2 33.3 
Mus musculus 2 1 50.0 

Reithrodontomvs megalotis 2 0 0.0 

Neotoma albigula 2 0 0.0 

Spermophilus variegatus 1 0 0.0 

Sylvilagus auduboni 1 0 0.0 

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^ 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 

Percent 

Antibody 

Positive 
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No. LOCATION SPECIES 
50 1 

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 a a g 
24 BREAD SPRINGS NM P. maniculatus a g 
26 CROWNPOINT NM P. truei a t q 

1 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 

| l9 c t t g 
15 g c t t c g 
16 g c t t c 
29 

7 
30 

|21 1 
122 1 
23 
24 c c 
26 c 

1 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 17c 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 17c. If HPS 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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