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Serologic and Genetic Identificationof Peromyscusmaniculatus
as the PrimaryRodent Reservoirfor a New Hantavirus
in the SouthwesternUnited 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

Viraland RickettsialZoonosesand Special PathogensBranches,Division
of Viral and Rickettsial Diseases, Centersfor Disease Controland
Prevention,Atlanta, Georgia;Medical Entomology/Ecology Branch and
Bacterial ZoonosesBranch, Division of Vector-BorneInfectiousDiseases,
Centersfor Disease Control and Prevention,Fort Collins, Colorado;
Navajo Area Indian Health Service, Office of EnvironmentalHealth and
Engineering, WindowRock, Arizona;Departmentof Biology,
Universityof New Mexico, Albuquerque

An outbreakof hantaviruspulmonarysyndrome(HPS)in the southwestern
UnitedStateswas
etiologicallylinkedto a newlyrecognizedhantavirus.Knowledgethat hantavirusesare maintainedin rodentreservoirsstimulateda fieldand laboratoryinvestigationof 1696 smallmammalsof 31 species.The mostcommonlycapturedrodent,the deermouse(Peromyscus
maniculato fourhantavirusantigens.Antibodyalso was
tus),had the highestantibodyprevalence(3007o)
detectedin 10 otherspeciesof rodentandin 1 speciesof rabbit.Reversetranscriptase-polymerase chainreaction(RT-PCR)productsof hantavirusfromrodenttissueswereindistinguishable
fromthose fromhumanHPS patients.Morethan9607o
of the seropositiveP. maniculatuswere
positiveby RT-PCR,suggestingchronicinfection.AntibodyprevalencesweresimilaramongP.
maniculatustrappedfrom Arizona(3307o),
New Mexico (2907o),
and Colorado(2907o).
The numericdominanceof P. maniculatus,the highprevalenceof antibody,andthe RT-PCRfindings
implicatethis speciesas the primaryrodentreservoirfor a new hantavirusin the southwestern
UnitedStates.
In May 1993 an outbreakof an unexplainedacute respiratory illness was recognizedin the southwesternUnited States
[1-3]. Serologicstudies of human cases implicateda hantavirus, and reverse transcriptase-polymerasechain reaction
(RT-PCR) analyses of viral RNA sequences derived from
patientand rodenttissuesindicatedthat an unknownhantavirus was responsible[2, 4]. This virus, not yet isolated but
referredto herein as the hantaviruspulmonary syndrome
(HPS) virus, was shown by genetic sequence analysis of a
241-bp piece of the G2 gene to be related to ProspectHill
virus (PHV) [4], a hantavirusisolated from the indigenous
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North Americanmeadow vole, Microtuspennsylvanicus[5],
Antibodiesreactivewith PHV have been found in humansin
the United States [6, 7] and infection appearswidespreadin
meadow voles [8-10], but this virushas not been associated
with any human disease.
Hantavirusesare trisegmented,negative-strandRNA virusesthat are maintainedin naturein rodentreservoirs[11].
Eachof the fourbest-characterized
serotypesof hantavirusis
associated
with
a
primarily
single speciesof rodent:Hantaan
virus(HTNV) with Apodemusagrarius,Seoul virus(SEOV)
with Rattus norvegicus, Puumala virus (PUUV) with
Clethrionomysglareolus,and PHV with M. pennsylvanicus
[11]. The threeOld Worldhantaviruses,HTNV, SEOV,and
PUUV, are importantcausativeagents of hemorrhagicfever
with renal syndrome (HFRS) in Asia and Europe [12].
Strainsof SEOVhave been isolated fromNorwayratsin 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].
Leakeyvirus,which may constitutea new serotypeof Hantavirus,is known froma single isolate obtainedfromMus musculus in Texas [17], and Dobrava/Belgradevirus from Slovenia,Yugoslavia,isolatedfromApodemusflavicollis,may be
a new hantaviruson the basis of PCR-restrictionfragment
length polymorphismdata [18, 19].
The outbreakof diseasein the southwesternUnited 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 November 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. pennsylvanicus 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 America.
Here we describe a cross-sectional survey of rodents collected from the Four Corners region of New Mexico, Arizona, 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, rodents 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 pinonjuniper dwarf forest at 1525-2290 m, although a few households 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 trapswere
placed in locations where case-patients had spent significant periods 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 Shermansand 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 ketaminexylazine (10:1), and blood was removed by suborbitalor 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 Peromyscusspecies gain weight in a
consistent manner during the first few months after birth [22].
Voucher specimens were collected, fixed in 10^ bufferedformalin, 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.
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Special precautions were taken while handling potentially infected rodents and contaminated traps in the field. These included wearing a negative or positive air pressure respirator
equipped with a high-efficiency particulate air filter, a disposable surgicalgown, gloves, and booties. Traps in which a rodent
was captured were disinfected with 57cLysol before reuse.
Organs (lung, spleen, kidneys, and liver) were aseptically removed from animals and placed in individual prelabeled cryovials. All tissues were immediately placed in liquid N2 or dry ice
for storage until packed with dry ice for shipping. In the laboratory at CDC, specimens were unpacked and stored at -70oC
until tested.
Viralantigenproduction. 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 strainswere harvestedat 14
days after inoculation, and cells and supernatantwere separated
by 10,000 g centrifugationat 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 prepared and used as a control or comparison antigen.
ELISA. Antigens were adsorbedovernight to wells of polyvinyl 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 reference 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 VeroE6 cell culture antigen also was coated to plates and was used to
determine the specific binding of antibody to viral antigens. Antigen 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 controls, while normal mouse serum was used as the negative
control for each test. Bound IgG was detected with goat antiPeromyscusleucopus and goat anti-rat (heavy- and light-chainspecific; KirkegaardSc Perry, Gaithersburg, MD) conjugated to
horseradish peroxidase. Optical densities at 410 nm were recorded on a microplate spectrophotometer, and the optical density (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. Serawere titrated to a maximum 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, Colorado, and New Mexico.

200 km

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 amplification by R T-PCR. Because of the hazardous nature of the
virus, all steps of the homogenization of rodent lung tissue samples and the total RNA extraction and purificationwere 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 protein-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 reactions that used four primers designed on the basis of conserved
regions identified in the HPS viral genome M segment sequences [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'-GGTTATCACTTAGATCYTGAAAGG-3' (Y = C or T), which prime synthesis of a
PCR product 172 bp long. Nested PCR primers provide additional specificity and sensitivity to the detection assay. Subsequent PCR product DNA gel electrophoresis and automated
thermal cycle sequencing analysis were done essentially as described [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 purification, RT-PCR assay, and PCR product electrophoresis and sequence 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 homogenization, aerosol barrier-plugged pipette tips were used,
and only a single sample tube was open at any one time throughout 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 sequence diversity, most PCR products had unique sequences,
confirming their unique identity. If any two samples processed
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simultaneouslygave identicalsequences,the resultwas confirmedby repeatingtheirentireprocessingandanalysisindependently.
Data analysis. Analyseswere done by usingSPSSsoftware
for the personalcomputer[24] and Epi Info [25]. Titervalues
for comparisonsof geometricmean titers
were log-transformed
(GMTs)fromdifferentELISAs.Onlyanimalswith at leastone
positiveELISAforthe fourantigensusedwereincludedin these
comparisons.

Results
Trappingresults. There were 1687 rodentsof 29 species
captured,identifiedto species,and tested for hantavirusantibody (table 1). One skunkand 8 rabbitsalso were captured,
but only the rabbitswere tested. The majorityof the animals
were obtained from sites in New Mexico (957; 56.47c);569
(33.57c)were from Arizonaand 172 (10. \7c)fromColorado.
Overall,Peromyscusmaniculatus,the deer mouse, accounted
for 41.97cof all the rodentscaptured,and the five species in
this genus accounted for 67.8^ of the animals captured.
Other commonly captured rodents included chipmunks,
genus Tamias,which accountedfor \2.17cof 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 antigenswere found in 342
(20.17o)of the 1694 animals tested; 1352 (79.87o)sera were
negativeto all antigenstested, 208 (12.3^) were positiveto 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 reactiveto
PHV than to HTNV, PUUV, or SEOVantigens(tables 2, 3).
Use of PHVantigenallowed detectionof 11m-13.7^ more
antibody-positiveanimals than would have been identified
with any of the other three antigens alone (table 3). Conversely,the otherthreeantigensidentifiedonly 0^-1.17c of
additionalanimalsthat were negative(ELISAtiter, < 1:400)
to PHV antigen.
Comparisonsof GMTs of samplesforwhich at least one of
the four ELISA tests was positive indicated that the PHV
ELISA (n = 342; GMT ^ 2177) resulted in significantly
^
=
highertiters 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
comparisonsbased on t test for paired samples). Since the
PHV ELISAdetected more positive animalsand resultedin
higher titers, the rest of this reportwill consider only serologic resultsobtained by using PHV antigen.
Serologicresults. The most commonly infected rodent
was P. maniculatus,with an antibody prevalenceof 30.4^
(table 2). Evidence of infection also was found in two other
species of Peromyscus(304/1150 [26.47c]of this genus had
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Table 1. Species(commonnames),relativeproportions,and
of eachrodentgenusto totalmammalscollectedfrom
contribution
the FourCornersarea,June-August1993.
n

%of
total

Vccontribution

Species
Peromyscusmaniculatus(deer mouse)
Peromyscustruei(pinon mouse)
Peromyscusboylii (brush mouse)
Peromyscusnasutus(rock mouse)
Peromyscuscrinitus(canyon mouse)
Tamiasdorsalis(cliff chipmunk)
Tamiasminimus(least chipmunk)
Tamiasquadrivittatus(Colorado
chipmunk)
leucurus(whitetail
Ammospermophilus
antelope squirrel)
Cynomysgunnisoni(whitetail prairie
dog)
Dipodomysmerriami(Merriam
kangaroorat)
Dipodomysordii(Ord kangaroorat)
Dipodomysspecies
Microtuslongicaudus(longtail vole)
Microtusmexicanus(Mexican vole)
Microtusmontanus(mountain vole)
Microtuspennsylvanicus(meadow
vole)
Mus musculus(house mouse)
Neotomaalbigula(whitethroat
woodrat)
Neotomamexicana(Mexicanwoodrat)
Neotomamicropus(southern plains
woodrat)
Neotomastephensi(Stephenswoodrat)
Neotomaspecies
Onvchomysleucogaster(northern
grasshoppermouse)
Onychomysspecies
Perognathusflavus (silky pocket
mouse)
Perognathusspecies
Reithrodontomysmegalotis(western
harvestmouse)
Sigmodonhispidus(hispid cotton rat)
Spermophilusvariegatus(rocksquirrel)
Spermophilusspilosoma(spotted
ground squirrel)
Spermophilustridecemlineatus

813
275
51
10
1
166
19

47.9
16.2
3.0
0.6
0.1
9.8
1.1

67.8

30

1.8

14

0.8

0.8

1

0.1

0.1

4
6
1
2
1
2

0.2
0.4
0.1
0.1
0.1
0.1

0.7

4
51

0.2
3.0

69
20

4.1
1.2

4
6
2

0.2
0.4
0.1

10
2

0.6
0.1

0.7

5
2

0.3
0.1

0.4

7
6
90

0.4
0.4
5.3

0.4
0.4
6.0

4

0.2

7

0.4

2
1687
1

0.1
99.5
0.1

8

0.5

(thirteen-linedground squirrel)
Spermophiluslateralis(goldenmantled squirrel)
Total
Mephitismephitis(stripedskunk)*
Sylvilagusauduboni(desert
cottontail)*
* Nonrodent

species.

by genus

12.7

0.5

3.0
6.1

99.5

Peromyscusis Hantavirus Reservoir
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anof antibodyto threedifferenthantavirus
Table2. Prevalence
collectedfromtheFourCornersarea,June-Autigensin mammals
gust 1993.
Antigen
Species
Peromyscusmaniculatus
Peromyscustruei
Peromyscusboylii
Peromyscusnasutus
Peromyscuscrinitus
Tamiasdorsalis
Tamiasminimus
Tamiasquadrivittatus
leucurus
Ammospermophilus

PHV

30.4(813)
19.6(275)
5.9(51)
0.0 (10)
0.0 (1)
3.6 (166)
5.3(19)
13.3 (30)
0.0 (14)
0.0(1)
Cynomysgunnisoni
0.0 (4)
Dipodomysmerriami
0.0 (6)
Dipodomysordii
0.0(1)
Dipodomysspecies
0.0 (2)
Microtuslongicaudus
0.0 (1)
Microtusmexicanus
Microtusmontanus
0.0(2)
0.0 (4)
Microtuspennsvlvanicus
Mus musculus
3.9(51)
2.9 (69)
Neotomaalbigula
0.0 (20)
Neotomamexicana
Neotomamicropus
0.0 (4)
0.0 (6)
Neotomastephensi
Neotomaspecies
0.0(2)
0.0 (10)
Onychomysleucogaster
0.0 (2)
Onychomysspecies
0.0 (5)
Perognathusflavus
0.0 (2)
Perognathusspecies
28.6 (7)
Reithrodontomvsmegalotis
0.0 (6)
Sigmodonhispidus
1.1(90)
Spermophilusvariegatus
0.0 (4)
Spermophilusspilosoma
Spermophilustridecemlineatus 0.0(7)
0.0 (2)
Spermophiluslateralis
Total
19.1(1686)
12.5 (8)
Sylvilagusauduboni*

SEOV
9.7(813)
7.3(275)
2.0 (51)
0.0 (10)
0.0 (1)
0.6 (166)
0.0(19)
3.3 (30)
0.0 (14)
0.0(1)
0.0 (4)
0.0 (6)
0.0(1)
0.0 (2)
0.0 (1)
0.0(2)
0.0 (4)
2.0 (51)
0.0 (69)
0.0 (20)
0.0 (4)
0.0 (6)
0.0(2)
0.0 (10)
0.0 (2)
0.0 (5)
0.0 (2)
0.0 (7)
0.0 (6)
0.0(90)
0.0 (4)
0.0(7)
0.0 (2)
6.1(1686)
12.5 (8)

PUUV
9.7(596)
6.9(130)
0.0 (18)
0.0 (1)
?
3.0 (99)
0.0(12)
3.3 (30)
0.0 (4)
0.0(1)
0.0 (3)
0.0 (4)
0.0(1)
0.0 (2)
?
0.0(2)
?
9.1 (22)
0.0 (24)
0.0 (7)
0.0 (4)
0.0 (6)
?
0.0 (5)
?
0.0 (2)
0.0 (1)
33.3 (3)
0.0 (6)
0.0(40)
0.0 (4)
0.0(6)
0.0 (2)
7.2(1034)
25.0 (4)

NOTE. PHV = ProspectHill virus;PUUV = Puumalavirus;SEOV =
Seoul virus. Positive, titer ^ 1:400. Values in parenthesesare sample sizes.
* Nonrodent
species.

antibodyto PHV), althoughthe prevalencewas significantly
higherin P. maniculatusthan in Peromyscustruei(19.6^; x2
= 11.86; P < .001) and in Peromyscusboylii (5^; x2 =
14.01; P < .001). Prevalenceof PHVantibodyin P. trueiwas
=
=
significantlyhigher than in P. boylii (x2 5.64; P .02).
Other species of rodent showing relatively high antibody
prevalenceto PHVantigenincludedthe Coloradochipmunk
Tamiasquadrivittatus(13.3^ positive;overall prevalenceof
antibody in the genus Tamias = 5. \7o)and the westernharvest mouse Reithrodontomysmegalotis(28.()7cpositive), although only 7 rodentsof the latter species were collected.
Titer information was limited (sera were not titrated
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beyond a dilution of 1:6400). Comparisonsof PHV GMTs
for the different mammals indicated that the 3 species of
Peromyscushad amongthe highesttiters,althoughno significant differenceswere observedamong GMTs for the 11 species with at least one seropositiveresult(one-wayanalysisof
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; Tamiasdorsalis,2.73 ? 0.24; T.
quadrivittatus,3.20 ? 0.25; Tamias minimus, 3.81 (single
sample);M. musculus,3.51 ?0.301; Neotomaalbigula,2.60
? 0.00; R. megalotis,3.20 ? 0.000; Spermophilusvariegatus,
3.20 (single sample);and Sylvilagusauduboni,2.45 ? 0.75.
Geographicdistributionand demographiccorrelatesof PHV
antibody. Animals positive for PHV were found within
each state, with overall prevalencesof antibody to PHV of
23.27c, \9.27c,and \b.57cfromArizona,Colorado,and New
Mexico, respectively(x2 = 10.37; P = .006). When only
resultsfromP. maniculatuswere considered,nearlyidentical
antibody prevalences from the three states were found:
32.57cpositive fromArizona(n = 308), 29. \7cpositive from
New Mexico (^2= 416), and 29.27cpositivefromColorado(n
= 89; x2 = 1.02; P = .60). Within an individualstate, the
prevalenceof PHVantibodyamongstudysitesvariedconsiderably(table 4). At sites wherea minimumof 5 P. maniculatus were trapped,antibody prevalencevaried from 9.57cto
38.6%in New Mexico, from 27. \7cto 35.47cin Arizona,and
from 0 to 5\.37c in Colorado.
Both sexes of P. maniculatusshowed a mass-specificpattern of antibody prevalence,suggestingthat hantavirusinfection was acquiredin an age-dependentmanner(figure3;
for males, x2 for lineartrend = 27.60, P < .001; for females,
X2for lineartrend = 7.79, P = .005). Therewas some indication of a similarmass-specifictrend in antibody prevalence
with P. truei; \1.27c of mice ^5 g were positive (n = 29)
comparedwith 18.87oof animalsof \6-20g(n ^ 117),21.4^
of animalsof 21-25 g (n = 84), and 20.S7cof mice ^6 g (n
= 24). No distinctive pattern was observed for the genus
Tamias.
Concordancebetween RT-PCR and serology. RT-PCR

Table 3. Pairwise comparison of ELISA results using four hantavirus antigens.
Concordantresults
Antigen
pair
PHV-SEOV
PHV-PUUV
PHV-HTNV

Discordantresults

Neg-Neg

Pos-Pos

Pos-Neg

Neg-Pos

1361(81.9)
814(78.2)
157(82.2)

90(5.3)
69(6.6)
11(5.8)

233(13.7)
152(14.6)
21(11.0)

14(0.8)
6(0.6)
2(1.1)

NOTE. PHV = Prospect Hill virus; SEOV = Seoul virus; PUUV =
Puumalavirus; HTNV = Hantaan virus;Neg = negative;Pos s positive.
Data are no. (^).
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Figure 2. Distributionof rodent
antibodytitersto 4 hantavirusantigens as determinedby ELISA.Sera
PHV(N=342) were titeredto maximumend 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 = ProspectHill
virus; PUUV = Puumala virus;
SEOV = Seoul virus; HTNV =
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Hantaan virus.

Reciprocal Titer
testing of individual animals shown to be serologically positive to PHV antigen showed a distinctive pattern of concordance between tests (table 5). Nearly all of the P. maniculatus found to be antibody-positive were subsequently found
to have amplifiable hantavirus sequences in their tissues

Table 4. Numberof animalstested and prevalenceof antibodyto
ProspectHill virus from locations in New Mexico, Arizona, and
Colorado.
All animals

State, location
New Mexico
BreadSprings
Jones Ranch
Vandarwagen
Fort Wingate
Crownpoint
Sundance
Ramah
Zuni
Sedan
Springstead
Corrales
Farmington
Subtotal
Arizona
BlackMesa
Red Valley
Concho
Snowflake
Alpine Ranchero
Hotevilla
Subtotal
Colorado
Hesperus
GrandJunction
Dolores
Subtotal
Total

n

P. mnaniculatus

%positive

n

%positive

111
87
74
23
194
70
200
61
54
67
13
2
957

34.2
28.7
17.6
17.4
17.0
15.7
12.0
6.6
5.6
4.5
0.0
0.0
16.5

88
41
25
12
101
19
78
15
21
16
0
0
416

38.6
36.6
36.0
16.7
24.8
36.8
26.9
26.7
9.5
12.5
29.1

194
174
87
76
13
25
569

30.4
26.4
14.9
17.1
7.7
0.0
23.1

122
99
48
35
0
4
308

35.2
35.4
27.1
28.6
0.0
32.5

78
79
15
172
1698

34.6
7.6
0.0
19.2
19.0

39
45
5
89
813

51.3
13.3
0.0
29.2
30.4

NOTE. Total of 1698 includes 3 rodentsof unidentifiedspecies.

(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 rodents not belonging to the genus Peromyscus was positive.
Nucleotide sequence analysis of virus detected in different
rodent species. Sequence analysis of 37 PCR products amplified 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-infected human and rodent samples [4]. However, identical
sequences also were found both within a genus for P. maniculatus and P. truei (rodents 14 and 19) and for P. maniculatus and P. boylii (rodents 2 and 1) and across families for P.
maniculatus and T. dorsalis (rodents 21 and 22). Near identical 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 homologous antigen was not available for these analyses as this
virus has yet to be isolated in cell culture, serologic and genetic analyses allow definitive conclusions concerning the
uniqueness of the virus and identification of its principal reservoir.
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

Reservoir
is Hantavirus
Peromyscus
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Figure 3. Mass dependenceof
prevalenceof antibodyto Prospect
Hill virus (PHV) in Peromyscus
Antibody
maniculatus.
Samplesizesareindicatedabovecorresponding
bars.

0
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D

Female

1

Both Sexes

Percent

Weight (grams)
the family Muridae.Voles, family Arvicolidae,are primarily
responsiblefor maintenanceof PUUV in Europeand PHV
in North America.The public health implicationsof P. maniculatus as a reservoirfor a hantavirusare serious, as this
species has one of the broadestgeographicrangesin North
America and occurs in most habitatswith the exception of
urban centers [26, 27]. Where P. maniculatusis found, it is
frequently a dominant member of the rodent community
and is one of the most common mammalsin NorthAmerica.
Given the characteristicsof the rodent, it is likely that the
identifiedrangeof HPS in the United Stateswill continue to
expand as physiciansbecome more awareof the syndrome.
Antibody to a hantaviruswas previously reportedin rodents from New Mexico and Colorado [15]. The only anti-

Table5. Concordance
of serologictestingforProspectHillvirus
chainreaction
(PHV)antigenandreversetranscriptase-polymerase
(RT-PCR).
No.
Species
Peromyscusmaniculatus
Peromyscustruei
Peromyscusboylii
Tamiasquadrivittatus
Tamiasdorsalis
Mus musculus
Reithrodontomvs
megalotis
Neotomaalbigula
Spermophilusvariegatus
Sylvilagusauduboni

antigenpositive
61
23
4
1
6
2
2
2
1
1

No.
RT-PCR
positive

%
concordance

59
16
2
2
2
1
0
0
0
0

96.7
69.6
50.0
28.6
33.3
50.0
0.0
0.0
0.0
0.0

gen used to identifyinfected rodentsin previousstudieswas
HTNV, which providedthe lowest serologictitersand antibody prevalence in our study [15]. The low prevalenceof
antibodyand low titerspreviouslyreportedfor P. maniculatus and other species (Neotomacinerea,Neotomamexicana)
fromthis region(5^ for P. maniculatus;100%of end-point
indirectfluorescentantibodytiters^128) may, therefore,reflect the limitedcross-reactionof serawith heterologousantigen ratherthan the actual level of infection. In addition,the
failureto detect hantavirusantibodiesin P. boyliiand P. truei
in previousstudiesalso may be due to the poor cross-reactivity of sera to HTNV antigen. Similarly,our use of several
heterologoushantavirusserotypesto identify antibody may
still be underestimatingthe actual prevalenceof infection in
these rodents. Also, species-specificconjugates were not
availablefor most rodentspeciestested,which also may lead
to underestimatesof the actualprevalenceof infection.However, even with these limitations,our datashow a prevalence
of hantavirus infection in P. maniculatussimilar to that
found for PHV in cross-sectionalsurveysof M pennsylvanicus.Typically,in meadowvole populationsthe prevalenceof
antibody is 15%-27%[5, 8, 9] (Burek K, LeDuc J, unpublished data).
The pattern of hantavirusinfection in P. maniculatusis
consistent with the characteristicspreviously describedfor
unique hantavirusserotypesand their respectiveprimaryrodent hosts. First, the primaryrodent reservoiris a common
species in the region or habitat examined. In the Four
Cornersregion, P. maniculatusaccounted for 48%of the rodent community(table 1). Second, the prevalenceof infection as measuredby antibodyis highestin the primaryreservoir (30% in P. maniculatus),although infection of other
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SPECIES
AZ
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AZ
AZ
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P. truei
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NM
AZ
AZ
AZ
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NM
NM
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P.
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P.
P.
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P.
T.
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P.
P.
P.
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virusobtainedfromdifferentrodentspecies
Figure 4. Sequenceanalysisof 139-bpregionof G2 geneof hantavirus
pulmonary
syndrome
in theFourCornersregion.Includedaresequencesforrodents1,2,7, and 14aspublishedpreviously
[4].Boxedsequencesareidentical.Up
to 17csequencedifferencecomparedto consensussequencewasobserved.

sympatricspecieswas found in the Southwest(table 2). Hantavirusinfectionsin secondaryhostsarewell documented[8,
9, 28, 29]. Third,thereis evidence of viruspersistencein the
primaryreservoirspecies, as indicatedby our ability to consistentlyamplifyhantavirussequencesfromserologicallypositive P. maniculatus,while other seropositive rodents (although there were fewer of them) were less frequently or
rarely RT-PCR-positive (table 5). The ability to amplify
hantavirussequencesfromseropositiverodentshas been previously demonstratedfor SEOV and R. norvegicus[30] and
was interpretedas the result of a persistinginfection in the
presence of a vigorous antibody response. This virus-host
relationship has become a hallmarkof specific hantavirus
infections in their primaryrodent reservoirs[11]. Finally, as
in SEOVinfectionsof Norwayratsand PHV infectionsof M.
pennsylvanicus,there is a clear mass-dependentassociation
of antibody, indicating age-dependentinfection [9, 21]. P.
maniculatusachieve 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 hantavirusinfections, the
mass-specificpatternof antibody presumablyindicateshorizontal transmissionof virus by age-dependentmechanisms
or the cumulativeresultsof such transmission.

Genetic analyseswere used to addressseveralunresolved
issues. The viralsequencesidentifiedfromall the RT-PCRpositive rodents were genetically similarand belong to the
new hantavirusgrouppreviouslydescribed[4]. No evidence
was found for distinct virus variantsspecificallyassociated
with infection of differentrodent species. The genetic data
suggestthat virus is not being independentlymaintainedin
differentspeciesbut that occasionallyvirusfromthe predominant rodent reservoir,P. maniculatus,spills over to other
species. The high prevalenceof antibodyand the indication
from RT-PCR amplificationof hantavirussequences from
seronegativeP. maniculatusthat more rodents are infected
than can be detected by serologyalone point to a very high
prevalenceof infection in this species. However,it is unclear
at this time whether these RT-PCR-positive, seronegative
mice reflect the higher sensitivityof the PCR method comparedwith serologictestingor were tested duringearlyacute
infection before antibodiesdeveloped.
Specific hantavirus-primaryrodent reservoir pairs may
have existed for extensive periods,with possible coevolution
of rodent host and virus parasite.The data presented here
supportsuch a hypothesis. First, this new hantavirusis primarilyassociatedwith P. maniculatus,an indigenousNorth

JID 1994; 169 (June)

Peromyscusis Hantavirus Reservoir

American species, and is genetically most closely relatedto
PHV, which has M. pennsylvanicus(another rodent indigenous to North America)as its primaryrodentreservoir.Both
North American hantavirusesare more distantly related to
the HTNV and SEOVassociatedwith Eurasianrodenthosts
[4]. Second, genetic diversityamong HPS viruses, sampled
duringa short time scale from the limited geographicrange
of the Four Cornersregion, is substantial,with sequence divergenceas much as 17c.If HPSviruswas newly emergedand
causingan epizootic in rodentpopulationsin the Southwest,
then greatergenetic homogeneitywould be expected during
the short periodand in the limitedgeographicareasampled.
These dataare moreconsistentwith the scenarioof a well-established virus-rodentrelationshipwith virusgenetic diversity accumulatingin semiisolated rodent populations over
extensive periods.
The naturalhistoryof HPS virusin P. maniculatushas yet
to be elucidatedin the field or laboratory.Once virusis isolated in cell culture, the course of infection can be followed
to determine if HPS virus producesthe same sort of persistent infection,with chronicvirusshedding,as does HTNV in
A. agrarius[31], PUUV in C glareolus[32, 33], and SEOVin
R. norvegicus[34]. Long-termfield studiesof the incidenceof
HPS virusin P. maniculatuspopulations,as relatedto rodent
population density and environmentaland seasonal influences, will be necessaryto identify factors involved in the
spilloverof infection to humans.Specificriskfactorsfor human hantavirusinfection and environmentalcorrelatesof
the level of rodent infestation and prevalence of infection
will be addressedin the future.Recommendationsfor rodent
populationreductionand habitatmodificationhave been issued [26] as a firststep in reducinghumanriskof exposureto
hantavirusesmaintainedin P. maniculatuspopulations.Until more is learnedabout the HPS virus,the immunobiology
of the disease it causes, and the need and prospects for a
vaccine, reducinghuman contact with rodent reservoirswill
be the primarymeans of minimizingrisk.

Note Addedin Proof
Since the submissionof this report,a hantavirushas been
isolatedin cell culturefromlung tissueof infectedPeromyscus
maniculatus.This new virushas been namedMuertoCanyon
virusandis synonymouswiththedesignationhantaviruspulmonarysyndrome(HPS)virusused in this report.
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