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Hantaviruses, family Bunyaviridae, are rodent-borne RNA viruses that can cause hantavirus pulmonary syndrome (HPS) in
various regions of the Americas. A coevolutionary relationship exists between hantaviruses and their specific rodent
reservoir hosts; the phylogeny of the viruses generally matches that of the rodents. There are several Peromyscus-borne
hantaviruses, including Sin Nombre virus, the most common cause of HPS in North America. This report describes the
genetic detection and characterization of a newly discovered Peromyscus boylii-borne virus, Limestone Canyon (LSC) virus,
the most divergent member of the Peromyscus-borne hantaviruses to date. Analysis of a 1209-nucleotide region of the S
segment of LSC virus showed it to be more closely related to hantaviruses found in harvest mice (Reithrodontomys megalotis
and R. mexicanus) than to other Peromyscus-associated hantaviruses (Sin Nombre, New York, and Monongahela). Phyloge-
netic analysis of virtually the entire M genome segment (3489 nucleotides) of LSC virus revealed a similar picture in which
LSC virus was found to be very distinct from other Peromyscus-associated viruses, but its exact relationship to the other
Peromyscus-borne and the Reithrodontomys-borne viruses was not resolved. These results indicate that hantavirus host
species-jumping events can occur by which a hantavirus may switch to, and become established in, a rodent host belonging
to a different genus. P. boylii are present throughout the southwestern United States and central Mexico. More extensive
screening of HPS patients by using RT–PCR assays will be necessary to determine if LSC virus can cause human disease.

© 2001 Academic Press
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INTRODUCTION

Hantaviruses make up one of five recognized genera
within the family Bunyaviridae. These negative-stranded
RNA viruses consist of a tripartite genome encoding four
structural proteins: the nucleoprotein (N), two glycopro-
teins (G1 and G2), and a viral polymerase (Elliott et al.,
1991). The hantaviruses hosted by rodents in the Muri-
nae and Arvicolinae subfamilies of the family Muridae
(reviewed in Plyusnin et al., 1996) have long been rec-
ognized as the cause of hemorrhagic fever with renal
syndrome in the Old World.

Within the past decade, several New World hantavi-
ruses have been identified as the cause of hantavirus
pulmonary syndrome (HPS). The hosts of these hantavi-
ruses are rodents of the subfamily Sigmodontinae, also
within the family Muridae. Many different strains of han-
taviruses have been discovered in humans and/or ro-
dents throughout North, Central, and South America (Pe-

The nucleotide sequences of the Limestone Canyon virus S and M
RNA segments reported in this article have been deposited with the
GenBank Database under Accession Nos. AF307322 and AF307323,
respectively.
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ters, 1998). HPS-associated hantaviruses of North Amer-
ica include Sin Nombre (SN), New York (NY), Black Creek
Canal (BCC), Bayou (BAY), Monongahela (MGL), and
Choclo viruses (Nichol et al., 1993; Hjelle et al., 1995b;

avkov et al., 1995; Morzunov et al., 1995; Rhodes et al.,
000; Vincent et al., 2000). Other hantaviruses have been

dentified in Sigmodontinae rodents in North and Central
merica but are not known to be associated with human
isease. These include Blue River (BR), Muleshoe (MUL),
l Moro Canyon (ELMC), Rio Segundo (RIOS), and Cala-
azo (Morzunov et al., 1998; Rawlings et al., 1996; Hjelle
t al., 1994, 1995a; Vincent et al., 2000).

Phylogenetic studies have established a coevolution-
ry relationship between hantaviruses and their specific

odent hosts, with the occurrence of occasional species-
umping events (Monroe et al., 1999; Nichol, 1999;

Plyusnin and Morzunov, 2000). Among the North Ameri-
can hantaviruses associated with Peromyscus spp., spe-
cies-jumping has been observed (Morzunov et al., 1998).
While all of the known hantaviruses of Peromyscus spe-
cies origin have been shown to be monophyletic (John-
son et al., 1997, 1999; Morzunov et al., 1998; Monroe et
al., 1999), NY virus, a P. leucopus-borne hantavirus, has

been shown to be contained within the same monophy-
letic clade as viruses associated with P. maniculatus (SN
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and MGL) rather than in a clade with BR virus, another P.
leucopus-associated hantavirus (Morzunov et al., 1998).

In an earlier study to analyze the patterns of associa-
ion of hantaviruses with different rodent hosts and hab-
tats throughout the southwestern United States, 20% of
eromyscus boylii (brush mice) were found to have been

nfected by hantaviruses based on serologic testing of
he rodent blood specimens by using a SN virus-recom-
inant nucleoprotein antigen in an enzyme-linked immu-
osorbent assay (ELISA) (Mills et al., 1997). At some

sites, seropositive P. boylii were found in the absence of
P. maniculatus, suggesting that these infections did not
represent spillover infection with Sin Nombre virus from
P. maniculatus. Subsequently, a mark–recapture rodent
study in central Arizona reported the predominant spe-
cies captured as P. boylii (70%), of which 20% had been
infected with a hantavirus (Abbott et al., 1999). In the
current study, genetic material of a unique hantavirus, for
which we propose the name Limestone Canyon (LSC)
virus, was amplified from the blood of a representative
sample of these same P. boylii. Phylogenetic analysis
based on virus S segment sequences shows this newly
identified virus to be more closely related to Reithrodon-
tomys-borne hantaviruses than to the other Peromyscus-
associated hantaviruses. Similar phylogenetic analysis
of virus M segment sequences also shows the P. boylii-
borne LSC virus to reside outside of the main Peromys-
cus-borne hantavirus clade. These results suggest that
in addition to occasional species-jumping events among
rodent members of the same genus, host-switching can
also occur between more distantly related rodents.

RESULTS

Diagnostic PCR sequence analysis

Rodent blood samples were obtained from a mark–
recapture trapping study over a 3-year period in Lime-
stone Canyon, north of Prescott, Arizona (Abbott et al.,
1999). Each month rodents were captured in this study,
they were tested by ELISA for the presence of antibodies
reactive with SN virus recombinant nucleocapsid anti-
gen. Due to the observation that P. boylii was the pre-
dominant rodent captured, as well as the predominantly
seropositive rodent in this study, three P. boylii from each
of two web-trapping sites (S-1 and S-2) were selected for
genetic testing. Given the recapture element of the study,
samples representing the first hantavirus-specific anti-
body-positive bleed from each of these rodents were
chosen for genetic testing, based on the assumption that
these rodents were recently infected and would be more
likely to have virus present in the blood.

Primers previously designed to target partial N, G1,
and G2 coding regions of Sigmodontinae-associated
hantaviruses were used for reverse transcription–poly-

merase chain reaction (RT–PCR) and second-round PCR
testing of RNA from the six selected seropositive rodent
blood samples (Johnson et al., 1997; Morzunov et al.,
1995; Fulhorst et al., 1997). A PCR product for each of
these three regions was obtained for all six rodents. After
primers were trimmed away, a 394-nt fragment of N, a
259-nt fragment of G1, and a 139-nt fragment of G2 for
each of the rodent samples were compared with one
another. Nucleotide differences between the N se-
quences were less than 1% for the six rodents, while aa
sequences were all identical. The G1 fragments had nt
differences of 0 to 1.9% and no aa differences. The G2 nt
and aa sequences were all identical.

One of the rodents in this study (68273) had been
recaptured and rebled several times. RT–PCR was used
to detect viral RNA extracted from the first hantavirus
antibody-positive blood sample (month 1) and the last
collected blood sample (month 8). Virus N- and G1-
encoding RNA was detected in both samples and pos-
sessed identical nt sequences.

S segment sequence

Since analysis of the diagnostic fragment sequences
showed a high degree of identity between the six ro-
dents analyzed, one rodent (68273) was chosen for fur-
ther PCR and sequencing analysis. Primers SS5 and
SS1253R (Fig. 1) were used in conjunction with specific
primers designed within the diagnostic N-coding frag-
ment to produce a longer sequence of 1209 nt [mostly
N-coding region with 15 nt of noncoding region (NCR)
before the N start codon]. Pairwise comparison of this
sequence with the equivalent region of other known New
World hantaviruses revealed that the closest relationship
at the nt level was with ELMC virus (19.7% difference),
followed by RIOS virus (22.0% difference), as shown in
Table 1A. Amino acid comparisons showed the same
pattern, with ELMC virus being the closest (only 9.1%
difference in identity), again followed by RIOS (10.8%
difference). Both ELMC and RIOS viruses are from
Reithrodontomys spp. and are 8.0% different from one
another at the aa level. Greater differences were seen
with the aa sequence of the P. boylii virus (LSC) and
those of other Peromyscus-borne hantaviruses (SN,
MGL, and NY), ranging from 14.3 to 14.8%. This result
contrasts with the 3.5 to 6.3% difference seen on com-
parison of the other Peromyscus-borne hantaviruses to
one another. Even greater aa differences were seen
when comparing the P. boylii LSC virus with the South
American sigmodontine-associated hantaviruses [BAY,
BCC, MUL, Caño Delgadito, Rio Mamore (RIOM), Laguna
Negra (LN), and Andes (AND)]. Interestingly, LSC virus
and ELMC virus shared 100% aa identity for the immu-
nodominant linear N protein epitope previously charac-
terized in SN virus (Yamada et al., 1995).

Phylogenetic analysis of the 1209-nt S segment frag-

ment of LSC virus and the corresponding region of other
known hantaviruses was performed. Maximum parsi-
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mony analysis (using a 4:1 weighting of transversions to
transitions) of the nt sequences placed LSC virus in a
highly supported (99% bootstrap support) monophyletic
clade with the two Reithrodontomys-associated hantavi-
ruses, ELMC and RIOS (Fig. 2A). The other Peromyscus-

FIG. 1. Primers used to extend Limestone Canyon (LSC) virus diagno
were designed on the basis of multiple sequence alignments of Sigm
termini of the viral segments. Primers SS1253R and SM123C target int
position of the primer in the multiple sequence alignment. These primer
above hatched boxes) for RT–PCR followed by either nested or hemine
to amplify the region joining the G1 and G2 diagnostic PCR fragmen
noncoding region; ORF, open reading frame.
associated hantaviruses (SN, MGL, and NY) occupied a
separate clade with 100% bootstrap support. Maximum
parsimony analysis of the deduced S segment aa se-
quences also showed two distinct and well-supported
clades, with one consisting of LSC virus and the Reithro-
dondomys viruses and the other clade containing the
other Peromyscus-borne viruses (Fig. 2B). Further sup-

R fragments. Hantavirus segments are shown in cDNA sense. Primers
nae-associated hantaviruses. Primers SS5, SM5, and SM3 target the

gions of viral segments; the number in the primer name denotes the
used in conjunction with specific LSC virus primers (denoted by arrows
CR. In addition, two sets of specific LSC virus primers were designed
sines within primer sequences are represented by the letter I. NCR,
stic PC
odonti

ernal re
s were
sted P
port of this topology was demonstrated by maximum
likelihood analysis of the nt sequences (Fig. 2C).
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M segment sequence

The primers SM5, SM123C, and SM3 (Fig. 1) were
used together with specific primers designed within the
G1 and G2 diagnostic fragments to obtain an almost
complete M segment sequence of 3489 nt, including 161
nt of the NCR after the glycoprotein precursor (GPC) stop
codon (rodent 68273). Unlike the results obtained with
the S segment data, pairwise comparison of the nt se-
quences (ORF portion) of virus M segments showed LSC

T

LSC Virus and Other Hantaviruses: Percentages

A. S

Virus LSC EMC RS SN MGL NY BAY

LSC — 19.7 22.0 23.2 23.4 23.2 25.6
EMC 9.1 — 20.5 23.7 23.7 23.0 23.7
RS 10.8 8.0 — 24.4 25.4 26.2 24.7
SN 14.8 15.3 16.6 — 16.4 15.9 23.2
MGL 14.6 15.8 17.3 6.3 — 14.7 22.9
NY 14.3 16.1 17.1 6.0 3.5 — 22.7
BAY 15.6 15.6 16.8 12.8 11.6 12.3 —
BCC 16.8 17.3 18.3 16.1 14.1 14.8 7.8
MUL 18.3 17.8 19.4 17.6 16.3 16.6 7.3
CD 19.7 18.4 20.2 16.8 16.5 16.5 18.4
RM 16.3 17.6 18.6 15.3 13.6 13.6 12.1
LN 17.3 18.1 19.4 14.8 13.6 13.1 12.8
AND 15.6 17.6 18.3 13.8 12.1 12.3 11.8
PUU 28.9 30.4 29.9 29.7 29.9 29.7 28.1
HTN 38.4 39.2 39.5 38.7 38.4 38.2 37.7

B. M

Virus LSC EMC SN NY BR BAY

LSC — 27.3 26.1 26.6 25.9 27.7
EMC 19.7 — 27.8 28.6 27.6 28.8
SN 16.9 19.7 — 19.2 19.6 27.1
NY 17.3 20.9 5.1 — 19.6 28.0
BR 17.6 20.1 6.7 6.8 — 27.8
BAY 20.8 22.1 18.3 20.3 19.8 —
BCC 20.8 22.5 19.4 20.8 20.4 11.3
LN 24.4 25.1 22.3 23.3 22.5 23.2
AND 24.0 25.4 20.8 22.4 21.6 22.8
LEC 23.6 25.3 20.9 22.0 21.5 23.5
ORN 24.4 26.1 21.6 22.4 22.0 23.5
PUU 32.2 32.4 32.4 32.5 32.2 34.4
HTN 41.7 42.8 44.6 44.9 43.8 44.3

a Values above the dashed lines represent the percentages of differ
ifference in amino acid identities. Values were calculated using th
bbreviations and GenBank Accession Nos.: LSC, Limestone Canyon,
egundo RMx-Costa-1, U18100; SN, Sin Nombre NM H10, L25784, L25
ayou, L36929, L36930; BCC, Black Creek Canal, L39949, L39950; MUL
l., 1997; RM, Rio Mamore OM-556, U52136; LN, Laguna Negra, AF0
echiguanas, AF028022; ORN, Oran, AF028024; PUU, Puumala Sotkam

b Percentages of difference for the S segment sequences were based
for differences from CD, which were based on 1146 nucleotide and 38

c Nucleotide comparisons were done on the open reading frame port
sequences were based on 3355 nucleotide and 1119 amino acid mult
virus to be slightly more related to the other Peromyscus-
associated hantaviruses BR, SN, and NY (25.9 to 26.6%
difference) than to the Reithrodondomys-borne ELMC
virus (27.3%) (Table 1B). A similar pattern was seen on
comparison of the deduced aa sequences, with the se-
quences of the Peromyscus-borne hantaviruses again
being the closest to that of LSC virus, albeit with sub-
stantial differences of 16.9 to 17.6% in identity. The next
closest viruses were ELMC (19.7% difference), followed
by the South American sigmodontine-associated hanta-
viruses [BAY, BCC, LN, AND, Lechiguanas (LEC), and
Oran (ORN)]. Although LSC virus demonstrated the clos-

rence in Nucleotide and Amino Acid Identitiesa

entb

CC MUL CD RM LN AND PUU HTN

4.6 24.6 26.8 24.7 25.3 24.8 32.1 39.6
4.8 24.7 24.1 23.8 25.7 23.7 32.8 39.0
6.6 27.5 26.2 25.8 25.3 26.0 30.2 40.9
4.5 24.9 23.9 23.8 23.8 23.7 32.4 38.8
4.3 24.5 23.9 23.5 25.2 21.5 32.2 38.4
4.3 23.5 24.0 23.0 23.8 22.8 30.9 39.3
8.5 19.1 24.4 22.2 22.4 23.4 30.1 36.8
— 19.1 26.4 23.2 22.8 23.7 31.8 37.3
0.3 — 25.0 23.0 24.2 23.1 31.4 37.9
9.2 18.6 — 24.0 25.5 22.6 32.8 39.3
3.3 14.1 16.5 — 17.5 20.6 31.6 37.8
4.6 15.1 16.8 7.0 — 20.8 30.9 36.4
3.8 14.6 15.7 9.3 9.8 — 32.4 37.4
7.9 27.6 29.5 29.2 28.9 28.1 — 39.2
6.9 38.4 40.1 37.2 37.4 36.9 40.9 —

entc

CC LN AND LEC ORN PUU HTN

7.3 29.8 28.7 29.5 30.1 34.0 39.6
8.2 30.0 30.8 31.2 30.6 34.9 40.5
6.6 28.8 28.1 27.9 28.7 33.5 41.6
7.2 28.5 28.6 29.7 29.3 34.2 40.8
6.6 27.7 28.7 28.4 28.4 33.4 40.5
2.3 29.5 28.6 29.3 29.4 34.8 40.8
— 28.3 28.3 29.7 29.4 35.2 40.9
3.2 — 24.4 24.1 24.0 33.8 41.2
3.5 12.7 — 21.3 21.2 34.4 41.1
3.5 12.9 6.4 — 18.9 35.7 41.6
3.6 13.2 7.6 4.6 — 34.7 42.1
3.9 33.4 32.5 32.5 32.7 — 41.4
4.9 44.5 44.2 43.4 44.2 45.5 —

nucleotide identities and those below represent the percentages of
TANCES program of the Genetics Computer Group software. Virus
22, AF307323; EMC, El Moro Canyon RM-97, U11427, U26828; RS, Rio
L, Monongahela-1, U32591; NY, New York RI-1, U09488, U36801; BAY,

shoe, U54575; CD, Caño Delgadito 574 and 757, AF000140, Fulhorst et
AF005728; AND Andes, AF004660, Padula et al., unpublished; LEC,

035, X61034; HTN, Hantaan 76-118, M14626, M14627.
5 nucleotide and 403 amino acid multiple sequence alignments except
o acid alignments.

he M segment sequence. Percentages of difference for the M segment
uence alignments.
ABLE 1
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ruses, it was still quite distant in comparison to the
relationship of the other Peromyscus-associated hanta-
viruses to one another (only 5.1 to 6.8% difference). If the
comparison is limited to the G1 aa coding region, LSC
virus is even more divergent from the other Peromyscus-
borne viruses (19.5% different from SN, BR, and NY).

The only M segment nucleotide sequence information
that is available for Caño Delgadito virus is that for the
139-nt diagnostic fragment. Comparison of this se-
quence region with that of LSC virus shows that they
differ by 28.8% and demonstrates that these M segments
are not closely related.

Phylogenetic analysis of hantavirus M segment nt and
deduced aa sequences provided less clear resolution of
the virus relationships than was obtained with the S
segment data. Maximum parsimony analysis (with 4:1
weighting of transversions to transitions) of the 3489-nt
sequence of LSC virus and that of other known hantavi-
ruses generated a well-supported (100%) monophyletic
clade that included all of the previously described Pero-
myscus-associated hantaviruses (BR, SN, and NY) (Fig.
3A). The analysis placed LSC virus in a separate clade
with ELMC, but with relatively weak bootstrap support
(60%). The maximum parsimony aa analysis also strongly
supported the monophyletic grouping of BR, SN, and NY
viruses (Fig. 3B). However, there was little support for the
monophyly of LSC virus and ELMC virus in this analysis,
but instead LSC virus was placed on a separate branch,
with some bootstrap support. A maximum likelihood
analysis of the nt sequences was then conducted to try
to more precisely resolve the phylogenetic relationship
of LSC virus relative to the other known Sigmodontinae-
associated hantaviruses (Fig. 3C). This analysis pro-
duced a tree topology similar to that seen with the nt and
aa maximum parsimony analyses, but placed LSC virus
on a separate individual branch as in the aa tree. Boot-
strap analysis using maximum likelihood was not possi-
ble due to the computationally intensive nature of the
analysis.

DISCUSSION

Previous studies have revealed a high prevalence of
SNV-reactive antibody in P. boylii populations in the
Southwest (Mills et al., 1999). A study of the population
dynamics and seropositivity patterns of these rodents
strongly suggested that these hantaviral infections did
not simply represent spillover infection from a different
host species. In a 35-month mark–recapture study of
rodent populations in Limestone Canyon in central Ari-
zona, eight different species of rodents were captured
and serologically tested for antibodies to SN virus (Ab-
bott et al., 1999). P. boylii was by far the predominant
species captured (70%), followed by P. truei (18%). P.

boylii also had the highest hantavirus antibody preva-
lence (20%), followed by P. truei (3%), with all other
captured rodent species being negative for the presence
of hantavirus antibody. These results, in addition to the
fact that the few seropositive P. truei were captured when
P. boylii densities were at their highest, are evidence that
P. boylii is a hantavirus primary reservoir host and that
these infections do not represent spillover infection in
the brush mice from another sympatric rodent. The
present study was aimed at determining the identity of
the virus for which P. boylii is apparently the distinct
rodent host.

Six representative P. boylii from the previous trapping
study were selected, and diagnostic PCR fragments
were amplified from the blood. All of the rodents were
infected with the same virus, as the nt sequences for the
virus partial N, G1, and G2 coding regions differed by
less than 2% among the rodents, and the deduced aa
sequences were all identical.

Extended sequences of the S and M viral segments
allowed us to gain insight into the identity of this partic-
ular virus. The S segment sequence provided the clear-
est picture. Unexpectedly, the closest relationship to the
P. boylii virus was shown to be the hantaviruses of
Reithrodontomys origin. The difference in aa sequence
was 9.1% to ELMC virus (R. megalotis) and 10.8% to RIOS
virus (R. mexicanus), suggesting that the P. boylii virus
was a quite distinct virus. Phylogenetic analysis of the S
segment using three different methods supports this
relationship by placing the P. boylii virus in a well-sup-
ported clade with the Reithrodontomys viruses, while the
other Peromyscus-borne viruses occupy their own highly
supported clade.

The unique nature of the P. boylii virus was further
demonstrated by the M segment sequence pairwise
comparisons. The closest known hantavirus aa se-
quence was 16.9% different, not to a Reithrodontomys-
associated virus but to SN virus (P. maniculatus). In fact,
the other Peromyscus-borne hantavirus sequences (NY
and BR) were also closer to the P. boylii virus sequence
than ELMC. Phylogenetic analysis of the M sequences
showed LSC virus to be distinct from the other Peromys-
cus-associated hantaviruses, but did not clearly resolve
the relationship of the virus relative to the Reithrodonto-
mys- and other Peromyscus-borne viruses. The maxi-
mum parsimony nt tree placed the P. boylii virus in a
monophyletic clade with ELMC. However, the maximum
parsimony aa tree and the maximum likelihood nt tree
both placed the P. boylii virus on a branch alone, sepa-
rated from both ELMC and the Peromyscus-borne han-
taviruses. However, poor bootstrap support was ob-
tained for the placement of the P. boylii virus on either of
the maximum parsimony-generated topologies.

Given the distinct nature of the P. boylii virus, we have
proposed the name Limestone Canyon (LSC) virus after the
geographic location of the initial detection of the virus. The

S segment analyses indicate a clear relationship of LSC
virus to the Reithrodontomys-borne viruses, which presum-
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ably means that a host species-jumping event must have
taken place during the long evolutionary history of these
viruses. Extensive studies of hantavirus genetic sequences
support a general scenario in which a single rodent spe-
cies or subspecies is found to host each genetically distinct
hantavirus, with occasional spillover infections occurring
from the primary rodent host into other species, which
result in only transient infections (Monroe et al., 1999; Ni-

hol, 1999). The finding of a small number of examples of
ctual host species-jumping events suggests that occa-
ionally these spillover infections may result in establish-
ent of a hantavirus in a new rodent reservoir and its

volutionary adaptation to that host (Monroe et al., 1999;
apalahti et al., 1999). A previous example of this in North
merica is the P. leucopus-borne NY virus, which appears

o be more phylogenetically related to the P. maniculatus
iruses than to other P. leucopus viruses (Morzunov et al.,
998). While this host-switching event appears to have

nvolved rodents of the same genus, the LSC virus example
escribed here suggests that virus host-switching can also
ccur between rodents of different genera. In the case of
SC virus, the switch likely involved an ancestor virus/

odent host of Peromyscus and Reithrodontomys, both
embers of the neotomine–peromyscine rodent group of
orth America (Engel et al., 1998). A similar transgenus

ump has also been recently suggested to explain the
inding of the Microtus fortis-borne Khabarovsk virus being
hylogenetically more closely related to viruses of lem-
ings and Clethrionomys voles than to other Microtus-

orne viruses (Horling et al., 1996; Vapalahti et al., 1999;
ichol, 1999).
Phylogenetic analysis of mtDNA sequences of Pero-

yscus species suggests that P. boylii is not particularly
nusual relative to the other Peromyscus species and is
ot more ancestral relative to P. maniculatus and P.

eucopus (Engel et al., 1998). Thus, even if the weakly
upported virus tree topologies (obtained by maximum
arsimony analysis of M segment deduced aa sequence
r maximum likelihood analysis of M segment nt se-
uence data) that depict LSC virus as not being mono-
hyletic with Reithrodontomys-borne hantaviruses are
orrect, the placement of LSC virus quite separate from
nd ancestral to the other Peromyscus-borne viruses
ould still be at odds with a strict virus–rodent coevolu-

ionary scenario. If the evolutionary history of the LSC
irus S and M segments are truly different, then the
ossibility of a segment reassortment event may also be
onsidered. This appears to be supported by the pair-
ise comparisons in which the opposite scenario is

een from the S segment analysis, where the LSC virus
segment sequence is seen to be closer to the ELMC

irus sequence than to those of the other Peromyscus-
orne viruses. However, analysis of additional hantavirus
equences may be necessary before the precise phylo-

enetic relationships of ELMC and LSC viruses relative

o other hantaviruses can be determined.
S
C

Finally, the RT–PCR detection of LSC virus RNA in blood
pecimens taken over an 8 month period from a naturally

nfected P. boylii is evidence of long-term infection and
urther supports the conclusion that P. boylii is the rodent
ost for this newly identified hantavirus. This rodent is

ound throughout much of the southwestern United States
nd down into central Mexico. Currently, there are no data

inking this virus to human infections, but further monitoring
nd surveillance of infected individuals throughout the

ange of P. boylii will be necessary to rule out this possi-
ility. Whether other unique Peromyscus-borne viruses ex-

st will also require further testing of other species. As part
f an HPS case investigation in Arizona, several hantavirus
ntibody-positive P. eremicus (cactus mice) were trapped
n a river landing less than 1 acre in size, which was
ordered by a high cliff wall on one side and the Colorado

iver on the other sides. No P. maniculatus were found
uring the trapping; however, the virus associated with the
. eremicus was shown by RT–PCR analysis to be a minor
ariant of Sin Nombre virus (Nichol, Ksiazek, Sanchez,
tevens, and Leslie, unpublished). While several hantavi-

uses have now been found to be associated with different
eromyscus species or subspecies, it is possible that not
ll of the 53 recognized Peromyscus species will harbor
nique hantaviruses.

MATERIALS AND METHODS

enetic testing and analysis

RNA extraction, RT–PCR, nested PCR, and product
urification were done as previously described, except
hen amplifying products between 1.5 and 2.0 kilobases

kb) where extension times were increased from 2 to 3
in for both first- and second-round PCR (Johnson et al.,

997, 1999).
Primers were used that amplified partial N and G1

rotein coding regions of Sigmodontinae-associated
antaviruses (Johnson et al., 1997). Primers designed to
etect a region of the G2-coding sequence of BAY virus
ere also used (Morzunov et al., 1995; Fulhorst et al.,

997). Once sequence was obtained for each of these
egions, specific RT-PCR primers were designed and
sed together or in various combinations with terminal
nd internal primers designed to target Sigmodontinae-
ssociated hantaviruses. These were used in either
ested or hemi-nested PCR formats to obtain larger

ragments (Fig. 1).
After purification of the PCR products, direct sequenc-

ng was done on an ABI 377 sequencer using the dye
ermination cycle sequencing technique (Applied Biosys-
ems, Inc., Foster City, CA). Sequencher version 3.1.1
Gene Codes Corp., Ann Arbor, MI) was used for initial
diting of the obtained sequences. These sequences
ere then compiled and analyzed with the Wisconsin

equence Analysis Package version 10.0 (Genetics
omputer Group, Inc., Madison, WI). Phylogenetic anal-
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ysis was done using the PAUP* version 4.0b4a Macin-
tosh computer software program (Swofford, 1998). Nu-
cleotide analyses included maximum parsimony employ-
ing a 4:1 weighting of transversions to transitions and
maximum likelihood. Amino acid sequence alignments
were analyzed by maximum parsimony using the step
matrix PROTPARS. For maximum likelihood analyses, an
unweighted parsimony tree was first generated, and cer-
tain parameters estimated from this analysis (transition:
transversion ratio, proportion of invariable sites, and
gamma distribution value for variable sites) were entered
into the maximum likelihood analysis to facilitate the run.

ACKNOWLEDGMENTS

We thank James Mills for his interest in this study, which would not
have been completed without his encouragement. We also thank Tom
Ksiazek for his support, Gary Reynolds for retrieval of rodent specimens
from storage, and Mira Leslie and Larry Stevens for P. eremicus
materials discussed. We are also grateful to Lisa Gelczis and Josh Keith
for fieldwork activities.

REFERENCES

Abbott, K. D., Ksiazek, T. G., and Mills, J. N. (1999). Long-term hantavirus
persistence in rodent populations in central Arizona. Emerg. Infect.
Dis. 5, 102–112.

Elliott, R. M., Schmaljohn, C. S., and Collett, M. S. (1991). Bunyaviridae
genome structure and gene expression. Curr. Top. Microbiol. Immu-
nol. 169, 91–141.

Engel, S. R., Hogan, K. M., Taylor, J. F., and Davis, S. K. (1998). Molecular
systematics and paleobiogeography of the South American sigmo-
dontine rodents. Mol. Biol. Evol. 15, 35–49.

Fulhorst, C. F., Monroe, M. C., Salas, R. A., Duno, G., Utrera, A., Ksiazek,
T. G., Nichol, S. T., de Manzione, N. M. C., Tovar, D., Tesh, R. B. (1997).
Isolation, characterization, and geographic distribution of Caño Del-
gadito virus, a newly discovered South American hantavirus (family
Bunyaviridae). Virus Res. 51, 159–171.

Hjelle, B., Chavez-Giles, F., Torrez-Martinez, N., Yates, T., Sarisky, J., Webb,
J., and Ascher, M. (1994). Genetic identification of a novel hantavirus of
the harvest mouse Reithrodontomys megalotis. J. Virol. 68, 6751–6754.

Hjelle, B., Anderson, B., Torrez-Martinez, N., Song, W., Gannon, W. L.,
and Yates, T. L. (1995a). Prevalence and geographic genetic variation
of hantaviruses of New World harvest mice (Reithrodontomys): Iden-
tification of a divergent genotype from a Costa Rican Reithrodonto-
mys mexicanus. Virology 207, 452–459.

Hjelle, B., Krolikowski, J., Torrez-Martinez, N., Chavez-Giles, F., Vanner,
C., and Laposata, E. (1995b). Phylogenetically distinct hantavirus
implicated in a case of hantavirus pulmonary syndrome in the north-
eastern United States. J. Med. Virol. 46, 21–27.

Horling, J., Chizhikov, V., Lundkvist, A., Jonsson, M., Ivanov, L.,
Dekonenko, A., Niklasson, B., Dzagurova, T., Peters, C. J., Tkachenko,
E., and Nichol, S. (1996). Khabarovsk virus: A phylogenetically and
serologically distinct Hantavirus isolated from Microtis fortis trapped
in far-east Russia. J. Gen. Virol. 77, 687–694.

Johnson, A. M., Bowen, M. D., Ksiazek, T. G., Williams, R. J., Bryan, R. T.,
Mills, J. N., Peters, C. J., and Nichol, S. T. (1997). Laguna Negra virus
associated with HPS in western Paraguay and Bolivia. Virology 238,
115–127.

Johnson, A. M., de Souza, L. T. M., Ferreira, I. B., Pereira, L. E., Ksiazek,
T. G., Rollin, P. E., Peters, C. J., and Nichol, S. T. (1999). Genetic
identification of novel hantaviruses causing fatal HPS in Brazil.

J. Med. Virol. 59, 527–535.

Mills, J. N., Ksiazek, T. G., Ellis, B. A., Rollin, P. E., Nichol, S. T., Yates, T. L.,
Gannon, W. L., Levy, C. E., Engelthaler, D. M., Davis, T., Tanda, D. T.,
Frampton, J. W., Nichols, C. R., Peters, C. J., and Childs, J. E. (1997).
Patterns of association with host and habitat: antibody reactive with Sin
Nombre virus in small mammals in the major biotic communities of the
southwestern United States. Am. J. Trop. Med. Hyg. 56, 273–284.

Mills, J. N., Ksiazek, T. G., Peters, C. J., and Childs, J. E. (1999). Long-term
studies of hantavirus reservoir populations in the southwestern
United States: a synthesis. Emerg. Infect. Dis. 5, 135–142.

Monroe, M. C., Morzunov, S. P., Johnson, A. M., Bowen, M. D., Artsob,
H., Yates, T., Peters, C. J., Rollin, P. E., Ksiazek, T. G., and Nichol, S. T.
(1999). Genetic diversity and distribution of Peromyscus-borne han-
taviruses in North America and comparison with other hantaviruses.
Emerg. Infect. Dis. 5, 75–86.

Morzunov, S. P., Feldmann, H., Spiropoulou, C. F., Semenova, V. A.,
Rollin, P. E., Ksiazek, T. G., Peters, C. J., and Nichol, S. T. (1995). A
newly recognized virus associated with a fatal case of hantavirus
pulmonary syndrome in Louisiana. J. Virol. 69, 1980–1983.

Morzunov, S. P., Rowe, J. E., Ksiazek, T. G., Peters, C. J., St. Jeor, S. C.,
and Nichol, S. T. (1998). Genetic analysis of the diversity and origin of
hantaviruses in Peromyscus leucopus mice in North America. J. Virol.
72, 57–64.

Nichol, S. T. (1999). Genetic analysis of hantaviruses and their host
relationships. In “Factors in the Emergence and Control of Rodent-
Borne Viral Diseases” (J.-F. Saluzzo and B. Dodet, Eds.), pp. 99–109.
Elsevier, Paris.

Nichol, S. T., Spiropoulou, C. F., Morzunov, S., Rollin, P. E., Ksiazek, T. G.,
Feldmann, H., Sanchez, A., Childs, J., Zaki, S., and Peters, C. J. (1993).
Genetic identification of a hantavirus associated with an outbreak of
acute respiratory illness. Science 262, 914–917.

Peters, C. J. (1998). Hantavirus pulmonary syndrome in the Americas. In
“Emerging Infections 2” (W. M. Scheld, W. A. Craig, and J. M. Hughes,
Eds.), pp. 17–64. Am. Soc. Microbiol., Press, Washington, DC.

Plyusnin, A., Vapalahti, O., and Vaheri, A. (1996). Hantaviruses: genome
structure, expression, and evolution. J. Gen. Virol. 77, 2677–2687.

Plyusnin, A., and Morzunov, S. P. (2000). Evolution and genetic diversity
of hantaviruses and their rodent hosts. Curr. Top. Microbiol. Immunol.
256, 47–75.

Ravkov, E. V., Rollin, P. E., Ksiazek, T. G., Peters, C. J., and Nichol, S. T.
(1995). Genetic and serologic analysis of Black Creek Canal virus
and its association with human disease and Sigmodon hispidus
infection. Virology 210, 482–489.

Rawlings, J. A., Torrez-Martinez, N., Neill, S. U., Moore, G. M., Hicks,
B. N., Pichuantes, S., Nguyen, A., Bharadwaj, M., and Hjelle, B. (1996).
Cocirculation of multiple hantaviruses in Texas, with characterization
of the small (S) genome of a previously undescribed virus of cotton
rats (Sigmodon hispidus). Am. J. Trop. Med. Hyg. 55, 672–679.

Rhodes, L. V., III, Huang, C., Sanchez, A. J., Nichol, S. T., Zaki, S. R.,
Ksiazek, T. G., Humphreys, J. G., Freeman, J., and Knecht, K. (2000).
Hantavirus pulmonary syndrome in Pennsylvania: Association with
Monongahela virus. Emerg. Infect. Dis. 6, 616–624.

Swofford, D. L. (1998). PAUP*: Phylogenetic analysis using parsimony
(* and other methods). Version 4.0b4a. Sinauer, Sunderland, MA.

Vapalahti, O., Lundkvist, A., Fedorov, V., Conroy, C. J., Hirvonen, S., Plyus-
nina, A., Nemirov, K., Fredga, K., Cook, J. A., Niemimaa, J., Kaikusalo, A.,
Henttonen, H., Vaheri, A., and Plyusnin, A. (1999). Isolation and charac-
terization of a hantavirus from Lemmus sibiricus: Evidence for host
switch during hantavirus evolution. J. Virol. 73, 5586–5592.

Vincent, M. J., Quiroz, E., Gracia, F., Sanchez, A. J., Ksiazek, T. G.,
Kitsutani, P. T., Ruedas, L. A., Tinnin, D. S., Caceres, L., Garcia, A.,
Rollin, P. E., Mills, J. N., Peters, C. J., and Nichol, S. T. (2000).
Hantavirus pulmonary syndrome in Panama: identification of novel
hantaviruses and their likely reservoirs. Virology 277, 14–19.

Yamada, T., Hjelle, B., Lanzi, R., Morris, C., Anderson, B., and Jenison, S.
(1995). Antibody responses to Four Corners hantavirus infections in the

deer mouse (Peromyscus maniculatis): Identification of an immunodom-
inant region of the viral nucleocapsid protein. J. Virol. 69, 1939–1943.


	INTRODUCTION
	RESULTS
	FIG. 1
	TABLE 1
	FIG. 2

	DISCUSSION
	FIG. 3

	MATERIALS AND METHODS
	ACKNOWLEDGMENTS
	REFERENCES

