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Nucleotide sequences were determined for the complete M genome segments of two distinct hantavirus
genetic lineages which were detected in hantavirus antibody- and PCR-positive white-footed mice (Peromyscus
leucopus) from Indiana and Oklahoma. Phylogenetic analyses indicated that although divergent from each
other, the virus lineages in Indiana and Oklahoma were monophyletic and formed a newly identified unique
ancestral branch within the clade of Sin Nombre-like viruses found in Peromyscus mice. Interestingly, P.
leucopus-borne New York virus was found to be most closely related to the P. maniculatus-borne viruses, Sin
Nombre and Monongahela, and monophyletic with Monongahela virus. In parallel, intraspecific phylogenetic
relationships of P. leucopus were also determined, based on the amplification, sequencing, and analysis of the
DNA fragment representing the replication control region of the rodent mitochondrial genome. P. leucopus
mitochondrial DNA haplotypes were found to form four separate genetic clades, referred to here as Eastern,
Central, Northwestern, and Southwestern groups. The distinct Indiana and Oklahoma virus lineages were
detected in P. leucopus of the Eastern and Southwestern mitochondrial DNA haplotypes, respectively. Taken
together, our current data suggests that both cospeciation of Peromyscus-borne hantaviruses with their specific
rodent hosts and biogeographic factors (such as allopatric migrations, geographic separation, and isolation)
have played important roles in establishment of the current genetic diversity and geographic distribution of Sin
Nombre-like hantaviruses. In particular, the unusual position of New York virus on the virus phylogenetic tree
is most consistent with an historically recent host-switching event.

Hantaviruses are rodent-borne members of the family Bun-
yaviridae (34). They possess a single-stranded, negative-sense
RNA genome contained within three separate segments re-
ferred to as the small, medium, and large (S, M, and L) seg-
ments. The S segment (1.7 to 2.0 kb) codes for the nucleocap-
sid (N) protein, the M segment (3.6 kb) codes for the
glycoprotein precursor of two viral glycoproteins (G1 and G2),
and the L segment (6.5 kb) codes for the viral RNA polymer-
ase (14). The number of known distinct hantavirus serotypes
and genotypes has grown significantly during the last 5 years
and currently totals 16 (44).

Each hantavirus appears to be primarily associated with a
specific rodent species, causing a persistent, asymptomatic,
life-long infection in that species. They are thought to be pri-
marily transmitted via infectious aerosol generated by contam-
inated urine and feces, and possibly via saliva during bites.
Most of the current data appears consistent with cospeciation
of hantaviruses and their rodent hosts being the predominant
pattern in the long-term evolution of this group of viruses (2,
37, 43, 52, 62). This is certainly true at the higher levels,
hantaviruses carried by species in the rodent subfamilies Muri-
nae, Arvicolinae, and Sigmodontinae falling into three phylo-
genetically distinct groups, irrespective of their global geo-
graphic locations (22, 39, 44).

Many hantaviruses are pathogenic for humans. Well-char-
acterized Old World hantaviruses which cause diseases collec-
tively known as hemorrhagic fever with renal syndrome include
Hantaan, Dobrava, Seoul, and Puumala viruses, associated

with the striped field mouse, Apodemus agrarius, the yellow-
necked field mouse, A. flavicollis, the Norway rat, Rattus nor-
vegicus, and the bank vole, Clethrionomys glareolus, respectively
(for reviews see references 22 and 44).

Sin Nombre (SN) virus was identified as the causative agent
in an outbreak of severe pulmonary disease (hantavirus pul-
monary syndrome) in the southwestern United States in 1993
(10, 12, 13, 40, 52). The deer mouse (Peromyscus maniculatus),
an indigenous North American rodent of the subfamily Sigmo-
dontinae, was shortly identified as the primary natural reser-
voir for SN virus (9). Subsequently, additional distinct hanta-
viruses associated with rodents of other sigmodontine genera
were discovered in North and South America. Some, like
Bayou (BAY), Black Creek Canal (BCC), Juquitiba, Andes,
and Laguna Negra viruses (associated with Oryzomys palustris,
Sigmodon hispidus, unknown, Oligoryzomys longicaudatus, and
Calomys laucha rodents, respectively) have already proven to
be pathogenic for humans (28, 31, 36, 39, 46, 47, 55, 59).
Others, such as El Moro Canyon (ELMC) virus (from the
harvest mouse, Reithrodontomys megalotis) (20, 21) and several
hantaviruses from the Prospect Hill (PH) virus group (found in
several different North American Microtus species) (42, 48,
51), have not been associated with human disease.

An extensive study of SN virus throughout North America
revealed high genetic diversity as well as geographic clustering
of genetic variants (18, 30, 35, 39, 40, 52), both of which may be
connected with the genetic diversity of its natural rodent host,
P. maniculatus (37). Adding further complexity to the picture,
several other SN-like hantaviruses have been detected and
genetically characterized. These include the P. leucopus-borne
New York (NY) virus (23, 24) and Monongahela (MGL) virus
(50), which was originally found in a morphologically distinct
subspecies of P. maniculatus, P. maniculatus nubiterrae (cloud-
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land deer mouse), in the Appalachians. These findings lead
one to consider (i) how many hantaviruses are associated with
Peromyscus rodents in North America, (ii) how many of them
are capable of causing hantavirus pulmonary syndrome, and
(iii) how hantavirus detection and differential diagnostics can
potentially be improved. To begin to address such questions, a
broad study of the genetic variability of different hantavirus
strains, their geographic distribution, and their mode of main-
tenance in nature has been initiated. The pivotal component of
such a study is investigation of the association and possible
cospeciation of SN-like viruses with particular Peromyscus taxa.

To attempt to clarify these issues for P. leucopus-borne han-
taviruses, the nucleotide sequences of the entire hantavirus M
genome segments were determined for two previously unre-
ported highly divergent SN-like virus lineages detected in P.
leucopus from Indiana and Oklahoma. In parallel, intraspecific
phylogenetic relationships of P. leucopus were also deter-
mined, based on the amplification, sequencing, and phyloge-
netic analysis of the mitochondrial DNA (mtDNA) fragment.

MATERIALS AND METHODS

Sample selection and origin. Rodent blood and tissue samples were selected
from an extensive collection at the Special Pathogens Branch, Centers for Dis-
ease Control and Prevention, Atlanta, Ga. This collection is supported with
voucher specimens deposited at the Museum of Southwestern Biology, Albu-
querque, N.Mex. Rodent samples from West Virginia were kindly provided by
Richard Yanagihara.

P. leucopus samples used for amplification of the entire hantavirus M RNA
genome segments were collected in La Porte County, Indiana (11), and Murray
County, Oklahoma. DNA samples used for reconstructing rodent phylogeny
included 49 P. leucopus samples from Arkansas, District of Columbia, Georgia,
Illinois, Indiana, Iowa, Kansas, Kentucky, Maine, Maryland, Massachusetts, Mis-
souri, New York, North Carolina, North Dakota, Ohio, Oklahoma, Pennsylvania,
Rhode Island, South Carolina, Tennessee, Texas, Virginia, West Virginia, and
Wisconsin.

RNA and DNA preparation. Total RNA used for the recovery of the hanta-
virus genetic sequences was extracted from whole blood or lung tissue by using
a standard guanidinium isothiocyanate-acid phenol extraction procedure as de-
scribed previously (40). Total DNA from rodent blood or tissue samples was
purified by proteinase K digestion followed by phenol-chloroform extraction and
ethanol precipitation (7).

Oligonucleotide primer design. A standard nested set of generic primers
specific to the G2 region of the hantavirus M RNA genome segment (40) was
used for the original recovery of the hantavirus genetic sequences (35). A variety
of oligonucleotide primers were used to generate overlapping DNA fragments
for the entire hantavirus M genome RNA segments. Nine sets of nested primer
sequences were designed from conserved regions between SN (strains NMh10
and CC107), ELMC, BAY, BCC, and PH published sequences. These provided
sufficient sequence for each virus that specific primers could be designed to fill
gaps in the sequence. The virus sequences are reported in GenBank, and specific
primer sequences are available from the authors upon request.

To identify highly variable genetic sequences suitable for the determination of
the phylogenetic relationship among Peromyscus rodents, the GenBank sequence
database and existing literature were examined, and the noncoding region of
rodent mtDNA surrounding the origin of replication (D-loop-containing region)
was chosen for study. Known mtDNA sequences of Norway rat (R. norvegicus)
(15), house mouse (Mus domesticus) (6), and human (1) were aligned by using
the LINEUP program of the Genetics Computer Group (Madison, Wis.) soft-
ware package. Three pairs of generic primers (named CB1, CB2, CB3, 12S1,
12S2, and 12S3) were designed (Fig. 1; Table 1) and used in different combina-

tions to amplify a replication control region of Peromyscus mtDNA. The mtDNA
sequences obtained were aligned by using the LINEUP program. Then two P.
leucopus/P. maniculatus-specific primer pairs were designed for amplification of
the variable parts of the rodent mtDNA (Fig. 1; Table 1).

RT-PCR amplification and sequencing. Extracted total RNA was assayed for
the presence of hantavirus RNA by using nested reverse transcriptase PCR
(RT-PCR) as described previously (40). Amplifications were performed on a
TwinBlock system thermocycler (Ericomp, Inc., San Diego, Calif.). Peromyscus
mtDNA fragments were amplified in a simple PCR using 40 cycles of 93°C for
30 s, 48°C for 30 s, and 72°C for 120 s. Synthesized DNA products were separated
on agarose gels, purified by using a MERMaid kit (Bio 101, La Jolla, Calif.), and
sequenced directly, using the DyeDeoxy cycle sequencing technique (Applied
Biosystems, Foster City, Calif.). The exact sequences of 39 and 59 termini of the
M genome segment of Indiana (IN) virus were determined by ligation of the
individual RNA segment termini, followed by RT-PCR amplification and nucle-
otide sequence analysis through the ligation site (33).

Phylogenetic analyses. Phylogenetic analyses of nucleotide sequence differ-
ences between different hantavirus strains, as well as between subspecies of P.
leucopus, were performed by using both the distance-based neighbor-joining
(NJ) method (MEGA software [29]) and the maximum-parsimony (MP) method
(PAUP software [54]). Both analyses were carried out by using different algo-
rithms and weighting schemes.

In the NJ method, different distance corrections including Jukes-Cantor and
Tamura models, and gamma distance for the Tamura-Nei model, were used.
Since the rate of transitional substitutions is known to be higher than the rate of
transversional substitutions in the hantavirus genetic sequences (52), and fre-
quencies of the four different nucleotides deviate from 25%, the Tamura model
was selected for the final phylogenetic analysis of the hantavirus data set. This
model includes estimations for the frequencies of different nucleotides in the
analyzed sequences and for differences in the rate of transitional and transver-
sional substitutions. For Peromyscus mtDNA sequences, the Jukes-Cantor model
and gamma distances for the Tamura-Nei model were used in the analysis. The
former algorithm is generally recommended when the Jukes-Cantor estimate of
the number of nucleotide substitutions per site between different sequences is
about 0.05 or less (29), as it was in our data set. However, since the variable
region of the mammalian mtDNA is known to have extreme bias in the frequen-
cies of the four nucleotides and in the rate of nucleotide substitutions among
different sites, and a higher rate of transitional over transversional substitutions,
the latter algorithm was also applied.

For the MP analysis, the transition/transversion ratio was estimated by using
MacClade software (32) analyses of unweighted trees generated from nucleotide
sequence differences detected among hantavirus strains (transition/transversion
ratio of 4:1 [reference 52 and this report]) or among Peromyscus rodents (tran-
sition/transversion ratio of 7:1 [this report]). Such weighting is predicted to
improve the effectiveness of the MP method for estimation of the correct phy-

FIG. 1. Linear map of the P. leucopus 1.8-kb mitochondrial genome fragment containing the replication control region. Directions of primers used are shown with
arrows. Grey bars represent fragments selected for amplification, sequencing, and phylogenetic analyses.

TABLE 1. Oligonucleotide primers used to amplify mtDNA
sequences of P. leucopus

Name Sequence (59339)

CB1 ....................GGCCAACCAGTAGAACACCCATTTAT
CB2 ....................CTTTACTGAATCCTAGTAGCCAACCT
CB3 ....................GA(T/C)GTTCT(C/A)GGAGACCCAGACAATTA
CBT....................CCGCCATCAACACCCAAAGCTG
CBTR.................CAGCTTTGGGTGTTGATGGTGG
MD1...................GTCTAGCTGGACTTTTCAATTCAAGC
MR1 ...................CCCTGAAGTAAGAACCAGATGCCTG
12ST ...................GCATTTTCAGTGCTTTGCTTTATTG
12S1....................TAATTATAAGGCCAGGACCAAACCTTT
12S2....................CGTATGACCGCGGTGGCTGGCACGA
12S3....................ACCGCCAAGTCCTTTGAGTTTTAAGC
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logeny (19). Phylogenetic trees were obtained by using the branch-and-bound
(hantavirus sequence data set) or heuristic (rodent mtDNA sequence data set)
search method. Bootstrap confidence limits were calculated by 1,000 heuristic
search repetitions of the analyses.

Nucleotide sequence accession numbers. The nucleotide sequences reported
in this article can be obtained from GenBank. The accession numbers for the IN
and Oklahoma (OK) hantavirus lineages are AF030551 and AF030552, respec-
tively. The accession numbers for P. leucopus mtDNA fragments are AF031710
to AF031807.

RESULTS

Genetic characterization of the M RNA segments of the
virus lineages present in P. leucopus samples from Indiana and
Oklahoma. Earlier analysis of PCR fragments amplified from
P. leucopus samples from Indiana and Oklahoma indicated the
existence of two previously unrecognized hantavirus lineages
(35). Two individual rodents containing the representative IN
and OK virus lineages were chosen for further virus sequence
analysis. The complete sequences of the M segments of the IN
and OK virus lineages were determined to be 3,664 and 3,662
nucleotides in length, respectively. The terminal nucleotides
(28 bases at the 39 end and 31 bases at the 59 end) of the OK
virus lineage M genome segment were not determined directly
but inferred from primers used for cDNA synthesis. The single
open reading frame (ORF) (nucleotides 52 to 3472) for the
glycoprotein precursor (GPC) was found to potentially encode
an unprocessed GPC 1,140 amino acids in length. Percentage
identity of both the nucleotide and amino acid sequences of
the entire M segments and encoded proteins of IN and OK
virus lineages compared with previously published sequences
of other hantaviruses are shown in Table 2. The M RNA
genome segments of IN and OK virus lineages show 84.3%
nucleotide identity and 95.8% amino acid identity of encoded
GPCs. As expected, they also display a high degree of nucle-
otide identity with SN (79.9 and 80.5% for IN and OK, respec-
tively), MGL (81.2 and 80.6%), and NY (80.0 and 80.4%)
viruses. The distribution of nucleic and amino acid substitu-
tions found in IN and OK lineage M segments correlates well
with the pattern of conserved and variable areas described for
other hantaviruses (14, 42, 52).

The GPCs of IN and OK lineages possess a number of

common structural features which are conserved among han-
taviruses. These include conserved potential N-glycosylation
sites, cysteine residues, locations of transmembrane regions of
G1 and G2 (36, 49, 52), and the five amino acids preceding the
proposed site for cotranslational cleavage of GPC (14, 36, 52).
The major conserved type-specific linear epitope, reported to
be located at amino acid positions 58 to 88 in the SN virus G1
protein (27), contains four amino acid substitutions in IN and
OK virus lineages, with three of them being shared and one
being unique for each virus. Whether these substitutions lead
to the change of the immunological specificity of this epitope
remains to be determined.

Phylogenetic relationship of the IN and OK viruses to other
hantaviruses. To clarify the phylogenetic relationship of IN
and OK viruses to other SN-like hantaviruses, NJ and MP
phylogenetic analyses of a 1,141-nucleotide fragment of the G2
ORF (positions from 2330 to 3470 of the IN sequence) were
performed. The NJ tree and the single MP tree obtained dis-
play very similar topologies (Fig. 2). Although divergent from
each other, IN and OK viruses group together and form a new,
unique branch which diverges at a node that is ancestral to the
node containing the clade including the other Peromyscus-
borne hantaviruses. Interestingly, P. leucopus-borne NY virus
appeared to be most closely related to the P. maniculatus-
borne viruses, SN and MGL, and diverges from the same
ancestral node as MGL virus. Bootstrap analysis of both NJ
and MP trees provides good support for these clades, as well as
for other major clades on the trees. The NJ and MP phyloge-
netic analyses of the complete virus M segments (data not
shown) revealed a similar well-supported topology within the
clade containing Peromyscus-borne SN-like viruses (except that
the complete MGL virus M segment sequence was not avail-
able for inclusion in this analysis).

Amplification and sequencing of the mtDNA replication
control region of P. leucopus and P. maniculatus. All three pairs
of generic primers used (Fig. 1) produced amplicons of rodent
mtDNA. However, the most efficient amplifications were ob-
tained with primers CB3 and 12S2. A 1.8-kb fragment of
mtDNA containing the replication control region was gener-
ated for P. leucopus, P. gossypinus, P. maniculatus, and P. po-

TABLE 2. M segment nucleotide and amino acid sequence identitiesa

Virus (strain)

Sequence identity (%)a

SEO
(SR-11) THAI HTN

(76-118) DOB PUU
(cg18-20)

TUL
(Moravia)

PH
(PHV-1)

ELMC
(RM-97) BAY BCC SN

(NMh10)
NY

(NY-1)
BR
(IN)

BR
(OK)b

SEO (SR-11) 73.5 71.7 70.1 58.1 58.7 58.4 58.6 59.0 59.4 58.1 57.7 57.8 58.1
THAI 82.1 70.7 71.1 58.2 58.5 58.2 58.6 58.9 58.9 58.4 58.8 58.7 58.2
HTN (76-118) 77.0 77.2 70.4 58.9 58.4 58.3 58.6 59.7 59.1 58.1 58.8 59.8 58.6
DOB 77.6 77.0 77.4 58.1 57.8 57.7 58.3 58.8 58.8 58.8 58.8 59.3 58.0
PUU (cg18-20) 53.9 54.1 54.1 53.7 71.9 70.2 63.5 64.0 65.0 66.2 65.3 65.9 65.6
TUL (Moravia) 54.8 54.5 55.3 55.1 78.6 72.2 66.2 64.6 64.8 66.2 65.7 66.3 66.6
PH (PHV-1) 54.5 54.2 54.6 53.8 75.7 80.4 64.6 64.5 64.1 65.2 66.2 65.5 65.8
ELMC (RM-97) 54.2 55.8 56.4 55.0 66.3 68.6 66.5 69.2 69.7 71.2 70.8 70.8 70.4
BAY 54.8 55.2 55.4 54.9 65.6 68.3 66.6 76.9 77.0 71.6 71.1 70.7 70.7
BCC 53.7 53.7 54.7 54.2 65.9 68.4 65.4 76.7 88.5 72.1 71.8 70.8 72.1
SN (Nmh10) 53.2 53.9 55.2 54.6 67.3 69.5 67.6 79.6 81.1 80.1 81.3 79.9 80.5
NY (NY-1) 53.5 54.3 55.2 55.2 68.1 69.5 67.7 79.2 79.9 79.5 95.7 80.0 80.4
BR (Indiana) 53.2 54.2 56.0 55.3 67.2 69.1 67.5 78.8 79.9 78.8 93.8 94.1 84.3
BR (Oklahoma) 53.5 55.0 56.1 55.5 67.5 68.8 68.0 79.2 79.6 79.1 93.4 94.0 95.8

a Values above spaces are percent identical nucleotides, and those below spaces are percent identical amino acids. All values were calculated by using the GAP
program of the Genetics Computer Group software. Abbreviations: SEO, Seoul virus; THAI, Thailand virus, HTN, Hantaan virus; DOB, Dobrava virus; PUU, Puumala
virus; TUL, Tula virus, PH, Prospect Hill virus; ELMC, El Moro Canyon virus; BAY, Bayou virus; BCC, Black Creek Canal virus; SN, Sin Nombre virus; NY, New
York virus; BR, Blue River virus.

b Twenty-eight nucleotides from the 39 end and 31 nucleotides from the 59 end of the M segment genome of OK virus were not determined directly and therefore,
were not included in comparisons.
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lionotus (species identification supported by analysis of respec-
tive voucher specimens). Two variable fragments of mtDNA
surrounding the replication control region were identified
(fragments 1 and 2 in Fig. 1). Changes among the rodent
species mentioned above included numerous nucleotide sub-
stitutions, a 75-nucleotide duplication in fragment 2 in all P.
polionotus samples compared with P. leucopus and P. manicu-
latus samples, and a 9-nucleotide duplication in some P. gos-
sypinus samples. Intraspecies variability appeared to be lower
(up to 4.3% in P. leucopus), with most changes being transi-
tional nucleotide substitutions.

Based on these data, P. leucopus/P. maniculatus-specific
primers were designed and used to amplify variable 384- and
427-nucleotide mtDNA fragments (333 and 380 nucleotides in
length, respectively, after exclusion of primer sequences) sur-
rounding the replication control region (using primer pairs
MD1-12ST and CBT-MR1, respectively [Fig. 1]). These frag-
ments were successfully amplified for 49 P. leucopus samples
from different regions of its geographic distribution (see Ma-
terials and Methods).

Phylogenetic relationship of white-footed mice from differ-
ent geographic areas. To determine the phylogenetic relation-
ship of geographically distant populations of P. leucopus, data
obtained by sequencing two variable mtDNA fragments were
combined and aligned. The original data set was 717 nucleo-
tides long and contained 49 sequences of P. leucopus, with two
sequences of P. gossypinus used as the outgroup. Redundant
taxa were omitted in the final phylogenetic analyses, which
were performed by NJ and MP methods. Despite extreme bias
in nucleotide composition and a high transition/transversion
ratio in the mtDNA data set, the two models used in the NJ

analysis produced very similar phylogenetic trees. The phylo-
genetic tree based on the Jukes-Cantor model is shown in Fig.
3. All MP trees obtained in both unweighted and weighted
(7:1) analyses also displayed the same major clades of P. leu-
copus mtDNA sequences (data not shown). In both NJ and MP
analyses, the bootstrap estimates provide good support for all
these major clades.

P. leucopus mtDNA haplotypes appear to form four genet-
ically distinct clades, referred to here for simplicity as the
Eastern, Northwestern, Central, and Southwestern groups of
haplotypes (Fig. 3 and 4). It is noteworthy that the P. leucopus
from Indiana, from which IN virus lineage sequence was ob-
tained, belongs to the Eastern group, while the P. leucopus
from Oklahoma, which carries OK virus lineage, belongs to the
Southwestern group.

DISCUSSION

To gain a better understanding of the genetic variability,
geographic distribution, and association (and potential cospe-
ciation) of SN-like viruses with particular species and subspe-
cies of P. leucopus, the complete M RNA genome segment
sequences were determined for two divergent hantavirus lin-
eages detected in P. leucopus from distant geographic areas
(35). As expected, nucleotide sequences of the entire M RNA
genome segments of IN and OK virus lineages possess all of
the specific features (i.e., overall structure, imperfectly com-
plementary ends of the genome, length of the GPC ORF and
nontranslated regions, features of encoded proteins, etc.)
known for other hantaviruses (24, 36, 46, 49, 52).

Analysis of virus sequence difference by both NJ and MP

FIG. 2. Phylogenetic relationships of the IN and OK hantavirus lineages to previously known hantaviruses, based on sequence differences of the 1,141-nucleotide
fragment of the M genome RNAs. Sequences were aligned with BR IN and OK M genome RNA sequences and then edited to match the length of the shortest sequence
which was the partial-length sequence of MGL. (A) NJ analysis was performed with MEGA, using the Tamura algorithm with options of using both transversional and
transitional changes and complete deletion of gaps. Bootstrap values were calculated by 1,000 replicates of the analysis. (B) MP analysis was performed with PAUP,
version 3.1.1, using the branch-and-bound search option and a 4:1 weighting of transversions over transitions. Bootstrap analysis was carried out by using 1,000 heuristic
search replicates with the aforementioned weighting of transversions. Numbers above horizontal branches indicate distances (NJ) or nucleotide step differences (MP).
The percentage of bootstrap support exceeding 50% is indicated by numbers in parentheses below corresponding branches near the appropriate branching point.
Vertical branches are for visual clarity only. Previously published hantavirus sequences (for abbreviations not provided below, see the text and Table 2, footnote a) used
in the analysis include the following: HTN virus strain 76118 (49), GenBank accession no. M14627; SEO virus strain SR-11 (3), M34882; PH virus strain PHV-1 (42),
X55129; TUL virus strain Moravia (43), Z66538; PUU virus strain CG1820 (16), M29979; BAY virus (36), L36930; BCC virus (46), L39950; ELMC virus strain RM-97
(56), U26828; NY virus strains RI1, NY-1, and NY-2 (24), U36801, U36802, and U36803, respectively; SN virus strains New Mexico h10 (NMh10) (52), L25783; Convict
Creek 74 (CC74) and Convict Creek 107 (CC107) (30), L33684 and L33474; and MGL virus strain Monongahela-2 (50), U32653.
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phylogenetic methods showed that (i) the IN and OK virus
lineages form a new, unique ancestral branch within the clade
of SN-like viruses and (ii) although placed together, IN and
OK viruses are still relatively divergent, with the evolutionary
distance being almost as great as that between two SN-like
viruses currently recognized by others as distinct, i.e., NY and
MGL (Fig. 2). Surprisingly, another P. leucopus-borne hanta-
virus, NY virus, is phylogenetically placed within the clade
containing the P. maniculatus-borne hantaviruses and appears
to be most closely related to the MGL virus. Considering that
all well-known hantaviruses are each primarily associated with
a single rodent species, a possible explanation for these results
might lie in the phylogenetic relationship and history of the
rodent hosts of these SN-like hantaviruses.

The two closely related species of Peromyscus rodents, P.
maniculatus (about 60 named subspecies) and P. leucopus (17
subspecies), are widespread and abundant on the North Amer-
ican continent (4, 17, 25, 26, 41) (Fig. 4). Despite considerable
efforts, intraspecific phylogenetic histories of both species re-
main unclear (reviewed in reference 8). In the case of P. leu-

copus, the existence of two distinct chromosomal races has
been well documented during the last two decades (5, 38, 53,
57) (Fig. 4), supporting the earlier morphological subdivision
of the P. leucopus species (41). White-footed mice belonging to
both races were shown to hybridize easily along the contact line
in Oklahoma, forming a geographically stable narrow hybrid
zone (38, 53, 57). Chromosomal, allozymic, and mtDNA re-
striction pattern data suggest different phylogenetic histories
for the two chromosomal races and an allopatric origin of the
contact zone (38, 53). Presumed allopatric subdivision of the
parental types took place between 20,000 and 250,000 years
ago (53). Secondary contact took place approximately 9,000
generations ago (i.e., at less than 9,000 years, and, probably,
less than half that time) (53). These estimates are in agreement
with the hypothesis that the Wisconsin glaciation, which elim-
inated plant and animal life from a large section of North
America for about 30,000 years, was responsible for splitting
the range of this species (53). It is likely that during the Wis-
consinian time the eastern population survived glaciation in
the southern Appalachians (58), while the second (southwest-
ern) population was probably located somewhere in the region
of Texas, New Mexico, or Mexico.

The data presented here identify not two but four phyloge-
netically distinct mtDNA haplotypes of P. leucopus (Fig. 3 and
4). Since the geographic distribution of the previously defined
Northeastern chromosomal race of P. leucopus (5) covers areas
shown in this study to be inhabited by P. leucopus possessing
the Eastern, Northwestern, and Central mtDNA haplotypes
(Fig. 4), these mtDNA haplotypes probably represent P. leu-
copus populations which survived the Wisconsin glacial period
in the southern Appalachians, while the Southwestern haplo-
type originated from another glacial age refuge (or, alterna-
tively, represents an earlier division of P. leucopus). Unfortu-
nately, the current analysis, which allowed us to clearly identify
four distinct mtDNA haplotypes, cannot unambiguously re-
solve the phylogenetic relationships between them.

The data discussed above lead us to the conclusion that the
two divergent SN-like hantavirus lineages from Indiana and
Oklahoma are associated with two distinct contemporary chro-
mosomal races and phylogenetically distinct mtDNA haplo-
types of the white-footed mouse. The OK virus lineage is
clearly associated with the Southwestern chromosomal race
(and the Southwestern mtDNA haplotype) of P. leucopus. The
IN virus lineage is associated with the Northeastern race but
may not truly belong to P. leucopus of the Eastern mtDNA
haplotype. Based on absence of IN hantavirus lineage in sam-
ples from the rest of the geographic range of P. leucopus of the
Eastern mtDNA haplotype (Appalachians and coastal areas
[Fig. 4]) (24, 35, 50), it seems likely that this virus lineage is
predominantly associated with P. leucopus of the Northwestern
mtDNA haplotype (which inhabits areas west from Indiana)
and invaded border populations of P. leucopus of the Eastern
mtDNA haplotype.

When discussing the association and possible cospeciation of
closely related SN-like hantaviruses with their closely related
Peromyscus rodent hosts, one could consider three possible
hypotheses. (i) Cospeciation of hantaviruses with their specific
rodent hosts remains a critical factor in the fine scale, short-
term evolution (i.e., closely related Peromyscus-borne SN-like
hantaviruses undergo cospeciation with their specific rodent
hosts, genetically distinct forms of P. maniculatus and P. leu-
copus). (ii) At such a fine temporal scale, there is no cospecia-
tion of closely related Peromyscus-borne SN-like hantaviruses
with their rodent hosts: SN-like hantaviruses are able to be
maintained in both P. maniculatus and P. leucopus, and only
biogeographic factors (such as allopatric migrations, geo-

FIG. 3. Phylogeny of P. leucopus inferred from NJ analysis of combined 333-
and 380-nucleotide fragments of the mtDNA replication control region. NJ
analysis was performed with MEGA, using the Jukes-Cantor model. Bootstrap
values were obtained by 1,000 repetitions of the analysis. The standard error test
support numbers and bootstrap support numbers (in parentheses) for major
clades are indicated below the corresponding branches near the appropriate
branching point. The horizontal scale bar indicates a distance of 0.01. Vertical
branches are for visual clarity only. Prefixes: Pl, P. leucopus; Pg, P. gossypinus.
States of origin are indicated by two-letter postal code. Four clades or haplotypes
are indicated. The first clade contains mtDNA sequences from the eastern
United States including East Coast (Maine, Massachusetts, New York, Pennsyl-
vania, Rhode Island, Maryland, and District of Columbia), Appalachian Moun-
tain region (West Virginia, Virginia, Tennessee, Kentucky, South Carolina, and
Georgia), and areas between the Appalachians and Great Lakes (Indiana and
Ohio). The second clade is comprised of mtDNA sequences from the northern
region of the Central Plains (Illinois, Wisconsin, Iowa, Missouri, and North
Dakota). The third clade contains mtDNA sequences from Kansas and Arkan-
sas, while the fourth clade is comprised of mtDNA sequences from Texas and
Oklahoma.
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graphic separation, and isolation) and founder events in nat-
ural infections of rodents have led to the current divergence
and geographic distribution of SN-like hantaviruses. (iii) Both
factors mentioned above play an important role: cospeciation
of Peromyscus-borne SN-like hantaviruses with their specific
rodent hosts remains an important factor, although biogeo-
graphic factors are equally important, and host-switching
events can occur when closely related rodent species are sym-
patric.

Our current data taken together with those from previously
published studies are most consistent with the last hypothesis.
There is ample evidence of cospeciation occurring at the ro-
dent and virus species level. For instance, although P. manicu-
latus and P. leucopus are sympatric almost everywhere in the
Central Plains (including Indiana and Oklahoma), the IN and
OK virus lineages have not been detected in P. maniculatus
captured in this region despite analysis of numerous specimens
(35). At the subspecies level, the association of genetically
distinct IN and OK virus genotypes with two genetically dis-
tinct chromosomal forms of P. leucopus, and the association of
SN and MGL viruses with two genetically distinct forms of P.
maniculatus (37, 50), are consistent with cospeciation.

However, the position of the P. leucopus-borne NY virus on
the virus phylogenetic tree inside the clade of the P. manicu-
latus-borne SN-like hantaviruses (Fig. 2) suggests that one or
more host-switching events may have occurred in the past.
There are several possible scenarios which include multiple
host-switching events. Nevertheless, from both historical and
phylogenetic perspectives, the most likely and parsimonious
explanation for the unusual position of NY virus on the han-
tavirus phylogenetic tree is a single historically recent host-

switching event. Both P. maniculatus nubiterrae and P. leucopus
are known to inhabit the Appalachian Mountain region, often
sharing common habitats (4, 17, 60, 61). This situation is
thought to have existed since the Wisconsin glacial period,
when this region served as an ice age refuge for both species
(58). Most likely an ancient MGL-like virus originally was
associated with P. maniculatus, based on virus position on the
phylogenetic tree and its current association solely with P.
maniculatus in Quebec and Ontario, outside the geographic
range of P. leucopus (35). At present, this virus can be found in
the southern Appalachians predominantly in P. maniculatus
nubiterrae but also in P. leucopus (35), suggesting that MGL
virus may have become well adapted to both closely related
rodent species during the ice age. After the glacial ice sheet
retreated from New England more than 10,000 years ago,
ancient populations of both species expanded northward along
the Appalachian Mountain chain (P. maniculatus, which gen-
erally follows higher elevations) and coastal plains (P. leuco-
pus, which generally follows lower elevations) (58). It seems
likely that cospeciation of the ancient MGL-like virus strain
with such coastal populations of P. leucopus resulted in the
constitution of the SN-like hantavirus, now known as NY virus.

Data presented here once again demonstrate the great ge-
netic complexity of the group of SN-like hantaviruses in North
America. Considering the significant geographic variation
among hantaviruses of a single species, it is not easy to deter-
mine whether the IN and OK virus lineages described here
constitute true hantavirus species or whether they should be
considered divergent strains of a single novel virus. It has been
proposed that combination of three major pieces of evidence
must be considered when one evaluates new hantavirus species

FIG. 4. Geographic distribution of mtDNA haplotypes of P. leucopus and P. leucopus-borne hantaviruses. The shaded area represents the geographic distribution
of P. leucopus according to Hall (17). White, dotted, grey, and black mouse figures designate localities containing Eastern, Northwestern, Central, and Southwestern
mtDNA haplotypes, respectively. Black squares, triangles, and diamonds indicate localities containing northeastern, southwestern, and “hybrid” karyotypes, respec-
tively, according to Baker et al. (5). White virion figures indicate localities where IN and OK hantavirus lineages were recovered from P. leucopus. The grey virion figure
shows NY hantavirus. Mice from northern Ohio, southwestern Kentucky, and Colorado were assigned to mtDNA haplotype groups based on phylogenetic analysis of
the fragment 1 only and therefore were not included in Fig. 3.
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(20). (i) The first is immunologic evidence, with a four-fold or
greater two-way difference between viruses in plaque reduction
neutralization assays. This is a problem in the case of hanta-
viruses, which are known to be generally difficult to adapt to
cell culture. (ii) The second is ecological/physiological evi-
dence, with a clear association of a new hantavirus with a
different rodent host. “Different rodent host” usually means
different rodent species. However, analysis of the mammalogi-
cal literature (for instance, reference 25; for a review, see
reference 8) shows that in some cases such a definition is
limited due to uncertainties in rodent taxonomy. We propose
to adopt the definition of a different rodent host as a repro-
ductively and/or ecologically and/or geographically separated
rodent species or subspecies, which carries a phylogenetically
distinct hantavirus and which is capable of being the sole car-
rier of this virus in a rodent community. (iii) Finally, one must
consider molecular evidence, with significant nucleotide and
amino acid differences from previously characterized hantavi-
ruses. Commonly, a hantavirus is considered to be a new spe-
cies if it has more than a 25% nucleotide difference in the GPC
ORF. Nucleotide differences of 15 to 25% usually are consid-
ered a “grey area” where the significance of sequence differ-
ences cannot be properly evaluated without phylogenetic anal-
ysis. At the amino acid level, a threshold of 5 to 6% difference
in the nucleocapsid protein sequence has been proposed to
distinguish new hantavirus species (45).

Viruses of the IN and OK lineages have not been isolated in
cell culture, and so immunological criteria cannot be used.
They are associated with two phylogenetically distinct chromo-
somal races (and mtDNA haplotypes) of their rodent host.
However, since these two groups of P. leucopus are in contact,
and hybridize easily, it is hard to characterize this situation as
a true separation. Finally, 16% nucleotide difference of the
virus M genome segments and 4.2% amino acid difference of
the corresponding GPC proteins are insufficient to constitute
the IN and OK lineages as separate virus species. Based on
these criteria, we consider these virus lineages to be two diver-
gent strains of a new SN-like hantavirus for which we propose
the name Blue River (BR) virus, after a geographic feature
near the location of rodent capture in Oklahoma.

The average nucleotide and amino acid sequence differences
between SN, NY, MGL viruses, which are currently recognized
by others as distinct virus species (23, 24, 50, 52), and BR virus
are still in the same grey area (Table 1). However, the genetic
distance between these SN-like viruses is greater than that
between the IN and OK lineages of BR virus (Fig. 2), and most
of them are associated with reproductively isolated, phyloge-
netically distinct and/or geographically separated rodent hosts
(9, 24, 50). Immunological comparisons for SN-like viruses
have not yet been done, since only SN and NY viruses so far
have been adapted to cell culture. Therefore, further studies
are needed to determine whether SN, NY, MGL, and BR
viruses are taxonomically distinct entities or divergent strains
of SN virus and whether we should adopt the group name “Sin
Nombre-like viruses” or “Sin Nombre group.”
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