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This paper reports the establishment of a model for hantavirus host adaptation. Wild-type (wt) (bank
vole-passaged) and Vero E6 cell-cultured variants of Puumala virus strain Kazan were analyzed for their
virologic and genetic properties. The wt variant was well adapted for reproduction in bank voles but not in cell
culture, while the Vero E6 strains replicated to much higher efficiency in cell culture but did not reproducibly
infect bank voles. Comparison of the consensus sequences of the respective viral genomes revealed no differ-
ences in the coding region of the S gene. However, the noncoding regions of the S gene were found to be different
at positions 26 and 1577. In one additional and independent adaptation experiment, all analyzed cDNA clones
from the Vero E6-adapted variant were found to carry substitutions at position 1580 of the S segment, just 3
nucleotides downstream of the mutation observed in the first adaptation. No differences were found in the
consensus sequences of the entire M segments from the wt and the Vero E6-adapted variants. The results
indicated different impacts of the S and the M genomic segments for the adaptation process and selective
advantages for the variants that carried altered noncoding sequences of the S segment. We conclude that the

isolation in cell culture resulted in a phenotypically and genotypically altered hantavirus.

In common with other members of the Bunyaviridae, hanta-
viruses have a single-stranded, tripartite RNA genome, packed
in enveloped helical nucleocapsids. The negative-strand ge-
nome segments of approximately 6, 4, and 2 kb encode at least
four structural proteins: the RNA polymerase, a glycoprotein
precursor (GPC) cotranslationally processed into two envelope
proteins (G1 and G2), and a nucleocapsid protein (N) (for
reviews, see references 37 and 43). The 3" and 5’ termini of the
hantavirus RNA genome are complementary and thus capable
of forming panhandle structures, a hallmark of the family Bu-
nyaviridae (2). The panhandles of hantaviruses are thought to
serve as regulators of viral transcription and replication, simi-
larly to what has been demonstrated for Bunyamwera virus, the
only member of the Bunyaviridae studied in this respect (9), as
well as other negative-strand RNA viruses such as vesicular
stomatitis virus (50) and influenza viruses (12, 22, 47).

The mRNAs of hantaviruses, like those of all members of
the family Bunyaviridae studied, have 5’'-terminal capped ex-
tensions. They are of cellular origin and heterogeneous length
(less than 20 nucleotides [nt]) and are cleaved preferably after
a G residue (6, 13, 20). Different kinetics for the hantaviral N,
GPC, and L protein mRNA accumulation in Vero E6 cells
have been demonstrated, and different mechanisms for tran-
scription termination for each of the three viral RNAs have
been proposed (19). These data suggest complicated and most
probably gene-specific mechanisms of regulation for hantavi-
rus transcription and replication. Progress in this important
field, however, is hampered by the poor growth of hantaviruses
in cell culture (29).
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Small mammals, mainly rodents, are the natural reservoirs
of hantaviruses. Transmission to humans occurs via aerosol-
ized animal excreta. Hantaviruses are known to cause two
serious and often fatal human diseases: hemorrhagic fever with
renal syndrome (HFRS) and hantavirus pulmonary syndrome.
Hantaan (HTN), Seoul (SEO), Dobrava (DOB), and Puumala
(PUU) viruses cause HFRS, characterized by fever, renal fail-
ure, and, in severe cases, hemorrhagic manifestations (21, 25).
Sin Nombre (SN) virus and related viruses cause hantavirus
pulmonary syndrome, characterized by acute respiratory dys-
function (31). Prospect Hill (PH) virus, Tula (TUL) virus,
Khabarovsk virus, and other hantaviruses are thought to be
apathogenic for humans. Although little is known about the
basis of hantavirus pathogenicity, there is a connection to the
nature of the rodent host. Thus, HTN, SEO, and DOB viruses,
carried by mice and rats, cause more severe illnesses in humans
than PUU virus, carried by Clethrionomys voles, and no human
diseases have been associated with hantaviruses carried by
Microtus voles. However, the lack of an adequate animal model
has prevented intensive studies in this field, and genetic dis-
section of the infectivity and pathogenicity, as well as host
specificity, of hantaviruses is still at an early stage.

Previous studies have shown that experimental PUU virus
inoculation of the natural reservoir, the bank vole (Clethriono-
mys glareolus), efficiently results in prolonged or persistent
infection (52). Other studies have demonstrated that there are
major differences in PUU virus susceptibility in other rodent
species. Thus, although passaged three times in suckling ham-
ster brains for its adaptation, PUU virus strain K-27 did not
efficiently infect hamsters (5). In a recent study (27), a virus
challenge model for PUU virus was developed, and it was
found that colonized bank voles were highly susceptible to
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infection with wild-type (wt) PUU virus (designated strain Ka-
zan-wt, passaged only in bank voles) but not with cell culture-
grown PUU virus (strain Sotkamo). These results indicated
that there are differences in infectivity between wt and cell
culture-isolated variants of PUU virus or, alternatively, that
there are differences in the infectivity of various PUU virus
strains. Moreover, hantaviruses are usually most difficult to
isolate in cell culture, and many questions remain concerning
factors that influence their ability to replicate in different hosts.
To elucidate some of these questions, a model based on PUU
virus strain Kazan was established. wt (bank vole-passaged)
and cell culture-grown variants were analyzed for their viro-
logical properties in vitro and in vivo, and adaptation to cell
culture was monitored by sequence analysis of the S and M
genome segments.

MATERIALS AND METHODS

Virus strains. Strain Kazan-wt was passaged in colonized bank voles as de-
scribed previously (14, 26). The Kazan-wt stock used in this study originated from
pooled lung material of 10 infected bank voles. Strain Kazan-E6-I, originating
from the same Kazan-wt stock described above and previously adapted to growth
on Vero E6 cells (CRL 1586; American Type Culture Collection) (26), was
further cultured up to 11 passages in cell culture. One additional cell culture
isolation of Kazan-wt, yielding strain Kazan-E6-II, was performed as described
elsewhere (26). PUU virus Kazan-E6 strains, PUU virus strain Sotkamo (48),
and PUU virus strain Vindeln/83-L20 (16) were passaged on monolayers of Vero
E6 cells in Eagle’s minimal essential medium supplemented with 2% fetal calf
serum, 2 mM L-glutamine, and antibiotics. Virus stocks were kept at —70°C until
used.

Antibodies. Generation and characterization of PUU virus N-, G1-, and G2-
specific monoclonal antibodies (MAbs) have been described elsewhere (23, 24).
Large-scale MAb production was performed by culture of hybridomas in roller
bottles followed by purification on protein G-Sepharose as previously described
(23).

Animal models. To assess virus infectivity, 4- to 10-week-old bank voles,
derived from a PUU virus-free colony established several years earlier with
animals captured in Sweden, were inoculated subcutaneously with serial dilutions
of PUU virus Kazan strains. The animals were sacrificed at 21 days postinfection.
New Zealand White rabbits were inoculated with Kazan strains by the intranasal
route as previously described (32).

Immunoassays. Virus stocks were endpoint titrated by the focus reduction
neutralization test (FRNT) as previously described (32), and the amount of N
antigen was quantified by endpoint titrations in a hantavirus antigen enzyme-
linked immunosorbent assay (ELISA) (26). Virus strains were antigenically ex-
amined with a panel of 14 MAbs by immunofluorescence assay (IFA), essentially
as described previously (23). Serum antibody responses against PUU virus were
analyzed by IFA and FRNT. Lung samples from virus-challenged bank voles
were examined for the presence of PUU virus N protein by hantavirus antigen
ELISA (26).

RT-PCR, cloning, and seq ing. Reverse transcription-PCR (RT-PCR) of
the entire S segment was performed as described previously (34). In short, RNA
was purified from lung tissue of bank voles or from Vero E6 cells by guanidinium
thiocyanate-phenol-chloroform extraction (3). cDNA was prepared by using
specific oligonucleotide primer 5'-TAGTAGTAGAC-3' and random hexamers
(Pharmacia). PCR amplification was performed with primer 5'-TTCTGCAGT
AGTAGTAGACTCCTTGAAAAG-3' (48). M segments from viruses of rodent
and Vero E6 origin were amplified in three parts (nt 1 to 1150, 1129 to 2828, and
2775 to 3683) (sequences of all primers are available upon request). The PCR
products were purified with a Wizard PCR purification kit and cloned with the
pGEM-T Vector System (Promega). Plasmids were purified with a Wizard Mini-
preps kit (Promega) and sequenced with Sequenase version 2.0 (United States
Biochemicals). All sequences in the text and figures are given for genomic RNA.

Phylogenetic analysis. The PHYLIP program package (11) was used to make
200 bootstrap replicates of the sequence data (Seqboot). Distance matrices were
calculated by using Kimura’s two-parameter model (Dnadist) and analyzed by
the Fitch-Margoliash tree-fitting algorithm (Fitch) with the global arrangements
option set. The bootstrap support percentages of particular branching points
were calculated from these trees (Consense). All calculations were made with a
Macintosh Performa 6200.

For comparison, hantavirus sequence data were obtained from the Genome
Sequence Database. The M-segment sequence accession numbers for the indi-
cated viruses are as follows: PUU virus strain Sotkamo, X61034; PUU virus
strain Vindeln/83-1.20, Z49214; PUU virus strain Bashkiria/CG1820, M29979;
PUU virus strain Paris 90-13, U22418; PUU virus strain “Vranica”/Héllnds,
U14136; TUL virus strain Moravia/5302v/95, Z69993; PH virus strain PH-1,
7.55129; SN virus strain H10, L.25783; New York (NY) virus strain RI-1, U36801;
El Moro Canyon (ELMC) virus strain RM-97, U26828; Bayou (BAY) virus
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strain Louisiana, 1.36930; Black Creek Canal (BCC) virus, L39950; SEO virus
strain SR-11, M34881; HTN virus strain 76118, M14627; DOB virus, 1.33685; and
Thailand (THATI) virus strain 749, L08756. The S-segment sequences from the
following viruses were used, with the indicated accession numbers: PUU virus
strain Sotkamo, X61035; PUU virus strain P360, L.11347; PUU virus strain
Bashkiria/CG1820, M32750; PUU virus strain Vindeln/83-1.20, Z48586; PUU
virus strain Udmurtia/894Cg/91, Z21497; PUU virus strain Paris 90-13, U22423;
PUU virus strain “Vranica”/Héllnds, U14137; TUL virus strain Moravia/
5286Ma/94, Z48573; TUL virus strain Tula/76Ma/87, Z30941; PH virus strain
PH-1, Z49098; Isla Vista (ILV) strain MC-SB-1, U31534; SN virus strain H10,
1.25784; ELMC virus strain RM-97, U11427; BAY virus strain Louisiana,
1.36929; BCC virus, L.39949; SEO virus strain SR-11, M34882; HTN virus strain
76118, M146271; and DOB virus, L41916.

Nucleotide sequence accession numbers. The nucleotide sequences of the
genomic M and S segments have been deposited in the EMBL, GenBank, and
DDBJ Nucleotide Sequence Databases under accession no. Z84205 and 784204,
respectively.

RESULTS

Sequence, phylogenetic, and antigenic analyses of PUU vi-
rus strain Kazan. The PUU virus strain Kazan has not been
thoroughly characterized previously, and for this study we ini-
tially investigated its genetic and antigenic characteristics. The
genomic M segment was found to consist of 3,683 nt: 40 in the
5’ noncoding region (5'NCR) (in the plus-sense strand), an
open reading frame (ORF) for a G1-G2 precursor of 1148
amino acids (aa), and a 3'NCR of 196 nt. The S segment
contains a 5S'NCR of 42 nt, an ORF for the N protein of 433 aa,
and a 3'NCR of 483 nt. An additional small ORF encoding a
92-aa protein in the +1 frame was found in the S segment. All
these features were similar, or even identical, to those of other
PUU virus strains (1, 16, 35, 48, 51). On a phylogenetic tree
based on the M segment (Fig. 1), the Kazan-wt strain was
situated with other strains belonging to the PUU virus serotype
and closest to strains P360 and CG1820, which originate from
the neighboring region, Bashkiria (Russia), and share with
them a recent ancestor. These three strains share a more an-
cient ancestor with the Finnish strain Sotkamo but not with the
Swedish strains Vindeln/83-L20 and “Vranica”/Héllnds or
strain Paris 90-13, originating from the Ardennes. The tree
calculated for the S-segment sequences showed a similar to-
pography (data not shown). Thus, our data are consistent with
the view of geographical clustering of PUU virus genetic vari-
ants (16, 34, 35) and a proposed scenario of postglacial spread-
ing of PUU virus through Europe with separate glacial refugia
of infected bank voles (18, 37).

PUU virus has been previously reported to be serologically
distinct from other hantaviruses (4, 17, 44, 49). Only minor
antigenic differences between the PUU virus strains from dif-
ferent geographical regions have been found by using MAbs
and polyclonal rabbit antiserum (23, 32). In the present study,
Kazan-E6-I was analyzed by use of a panel of 14 MAbDs reactive
with 11 distinct epitopes in the N, G1, and G2 proteins (24).
No antigenic differences compared to PUU virus strains Sot-
kamo (the prototype strain) and Vindeln/83-L20 (the repre-
sentative of the Swedish branch of PUU virus) were found.
However, a cross-FRNT comparison with rabbit antiserum
raised against Kazan-wt showed 8- to 16-fold titer differences
between Kazan-E6-I and the heterologous strains (Table 1).
The antisera to strains Vindeln/83-L20 and Sotkamo showed
two- to fourfold titer differences between the homologous
strain and Kazan-E6-1. The data confirmed that the Kazan
strain belongs to the PUU virus serotype but also indicated
antigenic differences among the different PUU virus strains
within functional (i.e., neutralizing) sites.

Adaptation of Kazan-wt to cell culture. To investigate if cell
culture isolation alters the phenotype of PUU virus, a model
based on the Kazan strain was established. The adaptation
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FIG. 1. Phylogenetic tree of hantaviruses based on the M-segment nucleotide sequences (coding region). Vindeln, strain Vindeln/83-L20; Bash/CG1820, strain
Bashkiria/CG1820; Bash/P360, strain Bashkiria/P360; “Vranica,” strain “Vranica,” presumably Héllnds B1; Paris, strain Paris 90-13; TUL, TUL virus strain Moravia/
5302v/95; PH, PH virus strain PH-1; SN, SN virus strain H10 (L25784 and L.25783); ELMC, ELMC virus strain RM-97; BAY, BAY virus strain Louisiana; SEO, SEO
virus strain SR-11; HTN, HTN virus strain 76118; THAI, THAI virus strain 749. Bootstrap probabilities are given for PUU virus only.

process was followed by analysis of each cell passage for the
levels of N antigen (Fig. 2). In the first adaptation attempt
(Kazan-E6-I), detectable levels of N antigen were present al-
ready at the first passage (p1) (2 weeks after virus inoculation).
The quantity of N antigen (i.e., optical density values) reached
a plateau at p3, which indicated that a stable and maximal
reproduction of this virus in Vero E6 cells was achieved after
6 weeks. In the second experiment (Kazan-E6-1I), significant
levels of N antigen were not detected until 8 weeks after the

TABLE 1. Cross-neutralization of PUU virus strains

Titer with rabbit antiserum to PUU virus strain®:

Virus strain Sotkamo”
Kazan-wt 83-L.20¢
Serum 1 Serum 2
Kazan-E6-1 1,280 320 80 320
Sotkamo 160 640 160 640
83-1.20° 80 320 40 640

“ Reciprocal FRNT endpoint titers.
> Two different rabbit antisera to PUU virus strain Sotkamo were tested.
< 83-1.20, strain Vindeln/83-1.20.

inoculation (Fig. 2). The adaptation reached its optimum after
approximately 16 weeks (p7), in terms of high and stable levels
of expressed N antigen.

To compare growth rates of the wt and Vero E6-adapted
variants, serial dilutions of the Kazan-wt and Kazan-E6-I virus
stocks were inoculated on monolayers of Vero E6 cells, incu-
bated for 2 weeks, and subsequently analyzed by immunoper-
oxidase staining (FRNT). No visible foci could be detected in
any cells inoculated with the Kazan-wt strain, while the titers of
strains Kazan-E6-I (p5) and Kazan-E6-1I (p7) were deter-
mined to be 4.5 X 10° and 3.0 X 10° focus-forming units/ml,
respectively. Similar results were obtained when serial dilu-
tions of the virus stocks were inoculated on Vero E6 cells,
which were subsequently passaged (at dilutions of 1:4) every 2
weeks and examined for the presence of virus antigen by IFA.
After three passages (6 weeks), only low percentages (=30%)
of infected cells were found in the Kazan-wt-inoculated cells at
a maximum initial virus dilution of 10~2 (Table 2), while the
Kazan-E6-I-inoculated cells were infected to greater than 90%
with a virus dilution of 107°. The results showed that the
reproduction of Kazan-E6 strains in Vero E6 cells was much
greater than that of Kazan-wt, i.e., the Kazan-EG6 strains had
been adapted for growth in Vero E6 cells.
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FIG. 2. Adaptation of PUU virus Kazan-wt to Vero E6 cells monitored over time. Cell extracts of each passage were analyzed for the presence of virus N antigen

by hantavirus antigen ELISA. OD, optical density.

Comparison of infectivities in bank voles and rabbits. To
investigate the potential differences in infectivity between the
Kazan-wt and Kazan-E6 strains, colonized bank voles were
inoculated with serially diluted virus stocks. All animals in-
jected with Kazan-wt (diluted up to 10~ °) expressed significant
levels of N antigen in the lungs 3 weeks after inoculation
(Table 3). In contrast, animals injected with Kazan strain
adapted to cell culture and subsequently passaged five times
(Kazan-E6-1, pS5) rarely expressed detectable levels of N anti-
gen. To verify that the observed decrease in infectivity of cell
culture-adapted virus was reproducible, one additional cell cul-
ture adaptation of Kazan-wt (Kazan-E6-11, p7) was analyzed as
described above. Again, N antigen was only occasionally de-
tected (Table 3).

Rabbits were inoculated with Kazan-wt and Kazan-E6-1 by
the intranasal route. Sera were drawn 10 weeks postinfection
and examined for neutralizing antibodies by FRNT using the
Kazan-E6-I strain. Significant differences in endpoint titers
were detected (1:1,280 for the anti-wt and 1:80 and 1:20 for the
anti-E6 sera), indicating a more vigorous infection by the wt
strain.

To assess if the variation of the Kazan strains in their effi-
ciency to infect bank voles and rabbits could be explained by

TABLE 2. Infectivity of PUU Kazan strains in Vero E6 cells

Infectivity of virus at the indicated time postinoculation®

Virus
dilution Kazan-wt
Kazan-E6-1, 6 wk
2 wk 4 wk 6 wk

107! 20 30 30 >90
102 3 30 30 >90
1073 - - — >90
1074 - - — >90
1073 - - — >90
10 - - - -
1077 - - - -

“ Percent infected cells as determined by IFA. —, negative result.

quantitative differences, virus stocks were treated with deter-
gent (diluted 1:2 in RIPA buffer [23]) and subsequently titrated
by antigen ELISA. The results indicated that the differences in
amounts of N antigen were less than fivefold and thus could
not account for the observed differences in infectivity.

Taken together, the results showed that the wt virus is well
adapted for reproduction in bank voles but not in cell culture
and that the sometimes slow process of adaptation to cell
culture growth altered the phenotype of the virus, i.e., de-
creased its infectivity for the natural host.

Analysis of the M and the S genome segments during the
cell culture adaptation process. To compare M segments of
the virus variants of rodent and Vero E6 origins, their se-
quences were amplified in three parts (see Materials and
Methods). Three individual cDNA clones for each part were
sequenced. As the very termini of the M segment (nt 1 to 25
and 3665 to 3683) belonged to the annealing sites for the
amplification primers, they were not determined directly and
were therefore excluded from the comparison. The sequence
analysis revealed that the viral populations from both wt and
Vero E6 cell-grown virus were represented by mixtures of
closely related variants, i.e., quasispecies. No differences were

TABLE 3. Infectivity of PUU Kazan strains in bank voles

Virus Infectivity”
dilution Kazan-wt Kazan-E6-1, p5 Kazan-E6-11, p7
107! 3/3 0/3 0/3
1072 3/3 0/3 2/3
1073 3/3 0/3 1/3
1074 3/3 1/3 2/3
107° 3/3 1/3 0/3
107 3/3 0/3 0/3
1077 2/3 0/2 1/3

“ Number of antigen-positive animals/number of inoculated animals as deter-
mined by hantavirus antigen ELISA. Mean optical densities (450 nm) of dupli-
cate samples of >3 times the mean value obtained with two duplicate negative-
control antigen samples (from noninfected lungs) were defined as positive.
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FIG. 3. Distribution and frequencies of nucleotide replacements in the S segment of PUU virus strain Kazan during adaptation to Vero E6 cells. Horizontal lines
represent the S segment of individual cDNA clones prepared from the wt and p0, p3, p5, and p11 (five clones from each passage). Mutations in the noncoding region
at positions 26 and 1577 (triangles) and other mutations (circles) are indicated. The frequency of nucleotide substitutions (horizontal bars) was calculated with respect
to the consensus sequences deduced for each passage. The level of RT-PCR error (0.2 X 1073 nt) was determined in the control experiment, which, in addition to

reamplification and recloning of the S segment (35, 36), also included an RT step.

found in the consensus sequences of the entire M segments
from the wt and Vero E6-adapted (Kazan-E6-1, p11) variants,
suggesting preservation of both the noncoding regions of the
gene (at least outside the first 25 nt and the last 19 nt) and the
deduced sequences of G1 and G2 glycoproteins during the
adaptation process.

The entire S segment was amplified in one piece with a
single primer. Five individual cDNA clones containing the
entire nucleotide sequence of the S segment from Kazan-wt
and Kazan-E6-1, p0, p3, pS, and pl1, were sequenced and, as
expected, represented individual S-segment quasispecies (Fig.
3). For each set of cDNA clones, a consensus sequence of the
S segment was deduced. Three clones from the initial Ka-
zan-wt and one clone each from p5 and pll of Kazan-E6-I
were found to carry such consensus sequences. Otherwise, the
individual clones differed from the consensus sequences by at
least one nucleotide substitution.

Dynamics changed in the mutation frequencies calculated
for the S-segment quasispecies during the adaptation (Fig. 3).
After the virus was placed in cell culture, the mutation fre-
quency increased fivefold in p0, reached its maximum in p3
(eightfold), and then decreased. The mutation frequency cal-
culated for the proximal part of the M segment for Kazan-wt
(0.68 X 102 nt) and Kazan-E6-1, p5 (1.15 X 10> nt) and p11
(0.23 x 1073 nt), followed this pattern. The level of RT-PCR
errors, estimated in a control experiment, was 0.2 X 107> nt

and should therefore not be considered crucial for the inter-
pretation of the data.

Comparison of the consensus sequences from the Kazan-wt
strain and Kazan-E6-I, pl1, revealed no differences in the
coding region of the S gene, suggesting the preservation of the
N protein sequence during the adaptation. However, the non-
coding regions were found to be different at positions 26 and
1577. Notably, accumulation of mutants with the two substitu-
tions located in the noncoding regions (Fig. 3) became increas-
ingly pronounced. Whereas at p3 or pS only one cDNA clone
carried a G—U transversion at position 26, at p11 four such
clones were found. Similarly, all five p11 clones carried a trans-
version U—G at position 1577, versus only one p5 clone and
none of the wt, p0, and p3 clones. To check whether these
findings were dependent on the number of cDNA clones se-
lected, we analyzed several more clones from p5 and p11. The
ratios of G to U at position 26 were 8:2 for p5 and 4:4 for p11.
The ratios of U to G at position 1577 were 7:2 and 2:7 for p5
and pll, respectively. Thus, the consensus sequence, which
had been identical at all passages from the original Kazan-wt to
Kazan-E6-1, pS, was changed at p11, at least in position 1577.

A similar phenomenon was observed in the second adapta-
tion; nine cDNA clones (from Kazan-E6-II, p7) were se-
quenced, and all carried a C—U substitution at position 1580,
just 3 nt downstream from the substitution observed in the first
adaptation (position 1577). Interestingly, the identical muta-
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FIG. 4. Schematic illustration of the nucleotide substitutions observed during

the adaptation of Kazan-wt to Vero E6 cell culture. The numbers indicate the
percentages of the total number (72) of substitutions.

tion was observed in one of the p5 clones from the first set of
experiments (Fig. 3), but it did not become dominant. No
mutations, however, were found within the 5'NCR during the
second adaptation.

Most of the 72 nucleotide substitutions observed (Fig. 4)
were transitions (67%). Among them, U—C and A—G dom-
inated, while their counterparts, C—=U and G—A, as well as
transversions U—G and G—U, occurred less often. Thus, all
three substitutions described above, G,,—U, U,5,,—G, and
C,s50—U, belonged to neither the more prominent mutation
events nor the rarest ones. The mutations were evenly distrib-
uted among codon positions, indicating that there was no se-
lection operating at the protein level, similarly to what was
described earlier for S-segment quasispecies of another han-
tavirus, TUL (36).

Taken together, the genetic data supported altered pheno-
types for the Vero E6-adapted variants of the Kazan strain.
The results further indicated (i) different impacts of the S and
the M genomic segments for the adaptation process and (ii)
selective advantages for the variants carrying altered noncod-
ing sequences in the S segment.

DISCUSSION

Characterization of PUU virus strain Kazan. Hantaviruses
are usually difficult to isolate and grow in cell culture (29). This
has hampered the study of the viruses in the laboratory, and
many questions concerning the potential genetic changes
which influence the ability of hantaviruses to replicate in dif-
ferent hosts remain. In addition, previous experimental data
have indicated important differences in the infectivity of vari-
ous PUU virus strains (references 5, 23, 27, and 41, and un-
published data). There might be several possible explanations
for these observations, e.g., (i) cell culture-isolated strains are
less infective for animals than wt strains, (if) PUU virus strains
of different origins may vary in their infectivity, and (iii) some
of the earlier results may be partially explained by different
virus passage histories or the use of different rodent species,
different inoculation protocols, and different systems for anal-
ysis. There have also been reports suggesting that PUU virus
strains from western Russia may cause more severe clinical
symptoms in humans than those from Scandinavia (45). The
data for patients support the first alternative, since there are
several reports of acquired PUU virus infection in people who
captured or worked with infected animals, but to our knowl-
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edge, there are no reports of HFRS cases contracted from
work with cell-cultured PUU virus.

In order to address these questions, a model based on the
PUU virus strain Kazan was established. Strain Kazan was
originally isolated in colonized bank voles (14), and the wt
variant of this strain (Kazan-wt, passaged only in bank voles)
has previously been shown to efficiently infect bank voles and
was consequently selected for our virus challenge model (ref-
erence 27 and our unpublished data). However, PUU virus
strain Kazan has not previously been characterized in detail.
Our phylogenetic analysis placed the Kazan-wt strain with the
other strains belonging to the PUU virus serotype and close to
PUU virus strains originating from the same geographic re-
gion, pre-Ural Russia. Cross-neutralization data confirmed
that Kazan belongs to the PUU virus serotype. This was further
confirmed by an investigation with a panel of PUU virus MAbs
in which no antigenic differences were found. It should be
noted, however, that neutralization tests revealed antigenic
differences between the Kazan strain and the Finnish proto-
type strain Sotkamo and the Swedish strain Vindeln/83-L.20.
Whether PUU virus strains from certain geographical regions
could be regarded as distinct subtypes of PUU virus remains to
be discussed. The sequence data for the S and M genome
segments revealed characteristics that were similar, or even
identical, to those of other PUU virus strains (1, 16, 34, 35, 48,
51). Thus, the genetic and serologic data were in good agree-
ment.

Adaptation to Vero E6 cells attenuates PUU virus strain
Kazan for reproduction in its natural host. The virologic anal-
ysis of the Kazan-wt and Kazan-E6 strains revealed major
differences in their infectivity for bank voles. The Kazan-wt
strain infected the animals efficiently, in terms of detectable
levels of N antigen in the lungs, whereas the Vero E6-adapted
strains did not. The inoculated rabbits, although limited in
numbers, showed similar results. Titration experiments re-
vealed that there were no major differences in the total
amounts of N antigen between the different virus stocks used in
the study, indicating that the different characteristics observed
in vivo could not be explained by quantitative differences. This
was further confirmed by the relatively high titers observed for
the Kazan-E6 strains when used to inoculate cells (4.5 X 10°
and 3.0 X 10° focus-forming units/ml, respectively) and also by
the single animal infected by a 10~7 dilution of Kazan-E6-I1.

The opposite was observed in the cell culture experiments, in
which the E6 strains replicated to a much higher efficiency. The
results also indicated that the cell culture adaptation process
varies from one trial to another, although the same inoculum
was used: in the first Vero E6 adaptation, the reproduction
seemed to have reached an equilibrium already after 6 weeks,
in contrast to the second adaptation, in which a plateau was not
reached until 16 weeks after the first Vero E6 inoculation (Fig.
2). Taken together, the results showed that the wt virus is well
adapted for growth in bank voles but not in cell culture and
that the sometimes slow process of adaptation to cell culture
growth altered the phenotype of the virus, i.e., decreased its
infectivity for the natural host. The data are in agreement with
the reports of difficulties regarding isolation of many hantavi-
ruses (references 42 and 49 and our unpublished data). Al-
though not yet proven, the results may further explain why
there have been no reports of infections of humans, at least not
with clinical symptoms, caused by cell culture-adapted hanta-
viruses.

Genetic marker(s) of the adaptation. The sequence analysis
revealed, as expected, that the viral populations from both wt
and Vero E6-growing virus were represented by quasispecies.
Such a structure, in general, allows for a rapid evolution based
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FIG. 5. Multiple alignment of the S-segment sequences of PUU virus strains (nt 1551 to 1594 in the Kazan strain sequence). ., identical nucleotide; —, deletion.
Positions of base substitutions that accompanied adaptations of bank vole-originated viruses to Vero E6 cells are indicated (arrows). Group 1, strains originated from
pre-Ural Russia; group 2, strains from Finland; group 3, strains from Sweden. The strains are as follows: Kazan/Cg-1, strain Kazan-wt (passaged in C. glareolus in
Stockholm; GenBank accession no. Z84204); Kazan/Cg-2, strain Kazan, passaged in C. glareolus in Moscow by Irina Gavrilovskaya (our unpublished data); Kazan/E6-I,
strain Kazan-E6-I, p11 (Vero E6), from the first adaptation attempt; Kazan/E6-II, strain Kazan-E6-IL, p7 (Vero E6), from the second adaptation attempt; Udm338/Cg
to Udm894/Cg, strains Udmurtia/338Cg/92, -444Cg/88, -458Cg/88, and -894Cg/91, originated from trapped bank voles (34, 35) (accession no. Z21497 and Z30706 to
30708); Bash1820/E6, strain Bashkiria/CG1820 (46) (accession no. M32750); BashP360/E6, strain Bashkiria/P360 (42a); Sotk/Cg, strain Sotkamo, wt (our unpublished
data); Sotk/E6, strain Sotkamo passaged in Vero E6 cells (48) (accession no. X61035); Evo12/Cg to Evol5/Cg, strains Evo12/Cg/93, -13Cg/93, -14Cg/93, and -15Cg/93,
originated from trapped bank voles (35) (accession no. Z30702 to 30705); Puu/Cg, strain Puumala/1324Cg/79, originated from a trapped bank vole (35) (accession no.
746942); Virrat, strain Virrat/25Cg/95, originated from a trapped bank vole (38) (accession no. Z69985); VindL20/E6, strain Vindeln/83-L20 passaged in Vero E6 cells
(16) (accession no. Z48586); Vind81, Hund36/Cg, Mell47, and Mell/49, strains Vindeln/81Cg/94, Hundberg/36Cg/94, Mellansel/47Cg/94, and Mellansel/49Cg/94,
respectively, all originated from trapped bank voles (our unpublished data); and Vranica/E6, strain “Vranica”/Hillnds passaged in Vero E6 cells (39) (accession no.
U14137).

on the selection of variants preexisting in a mutant spectrum our adaptation experiments. In contrast to the S gene, no
(for reviews, see references 8 and 15). This mechanism has mutations were found in the noncoding regions of the M seg-
been demonstrated to be involved in the formation of antibody ment. There might be several explanations for this difference;
escape (28) or drug-resistant (40) virus mutants as well as e.g., any change in the M segment could result in nonviable
variants with altered virulence (10) or cell tropism (7, 33). variants, or the regulation of the two genes could be operating

Only a limited number of variants was observed within the via different mechanisms, as previously suggested for SN han-
viral population of bank vole origin (Fig. 3). In contrast, an tavirus (2, 19). It should be stressed that the very termini, nt 1
increased genetic heterogeneity of the viral population during to 25 and 3665 to 3683 of the M segment and nt 1 to 22 of the

the first phase of the adaptation process (p0 to p3) was ob- S segment, escaped our analysis. Also, variations in the L
served with respect to both of the studied genes, the M and S segment, which were not studied, could be important for ad-
genes. The data most probably reflected a change in the selec- aptation.

tive pressure when the virus suddenly was forced to reproduce Variants which carried mutations in the 5'NCR of the S
in a new host, Vero E6 cells, which also allowed more variants gene were observed only in the first adaptation experiment,
to evolve. which was more efficient than the second in terms of the high

No changes in the consensus sequences within the coding level of stable expression of viral N antigen obtained earlier
regions of either the Kazan S or M gene were observed during (Fig. 2). The mutated allele was even with the original allele
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(ratio, 4:4) but did not become dominant, at least not by p11.
The data indicated that during the adaptation, there was a
selection for the variants with a changed 5'NCR sequence(s)
(which probably carry regulatory elements, including a putative
promoter) and suggest that changes in the region might be
valuable for an efficient adaptation. This conclusion was fur-
ther supported by the finding of more mutations within this
region among the mutants from p5 and pll. For these two
passages, we were able to amplify the entire S segment, using
a shorter primer which contained only 18 terminal nt. One of
ten cDNA clones from p5 and two of eight clones from p11
carried identical transitions (U—C) at position 20.

Different kinetics for the hantaviral N, GPC, and L protein
mRNA accumulation in Vero E6 cells have been demon-
strated, and different mechanisms for transcription termina-
tion for each of the three viral RNAs have been proposed (19).
Also, by analogy to vesicular stomatitis virus, it was proposed
that the sequence peculiarities of the noncoding regions of
hantavirus RNA templates could determine the differential
rates of RNA segment transcription or replication (2). If so,
our findings could be interpreted in terms of a key position of
the S segment in the regulation of PUU virus genome expres-
sion. This hypothesis is supported by the observation, during
two independent adaptation attempts, of two closely located
mutations in the 3'NCR of the S segment. The observed mu-
tations located at positions 1577 and 1580 might belong to such
a motif. Multiple alignment of the surrounding sequences (Fig.
5) revealed a remarkably conserved stretch of 23 bases, of
which 21 were identical in most of the PUU virus strains.
Notably, all bank vole-derived sequences carry U at position
1577 and C at position 1580 (Fig. 5). In six of seven Vero
E6-derived sequences, one of these nucleotides is altered.
Moreover, identical C—U mutations were found in two pairs
of sequences, Kazan-wt versus Kazan-E6-II and wt Sotkamo
versus Sotkamo passaged in Vero E6 cells. Taken together,
these findings strongly support the idea of a functional nature
of the observed C—U mutations. However, the absence of
either of these substitutions in the Vind/L20/E6 sequence (Fig.
5) indicates that there might also be other mutations respon-
sible for the adaptation to Vero E6 cells. This explanation is in
line with the results observed for other RNA viruses suggesting
that an altered phenotype of a given mutation may vary sub-
stantially depending on the particular genetic background in
which it arises (30).

Our findings of phenotypic changes and the S-gene 3'NCR
nucleotide substitutions in PUU virus are somehow contradic-
tory to the previously published data of Chizhikov et al. (2)
suggesting that no genetic selection and adaptation took place
during growth of SN virus, first in experimentally infected deer
mice and subsequently in Vero E6 cells. The difficulty of iso-
lating SN virus in cell culture was explained by low concentra-
tions of infectious virus in the starting clinical or rodent-in-
fected material. Further nucleotide sequence analysis of paired
hantavirus isolates and their original wt counterparts will be
needed to determine whether the observed adaptation changes
are restricted to PUU virus.

ACKNOWLEDGMENTS

We express our sincere gratitude to Mari Gilljam, Leena Kosta-
movaara, and Anja Virtanen for excellent technical support.

This project was supported by the Swedish Medical Research Coun-
cil (project no. 12177) and by grants from the Medical Research
Council of the Academy of Finland and The Sigrid Jusélius Founda-
tion, Helsinki, Finland.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

J. VIROL.

REFERENCES

. Bowen, M. D., H. Kariwa, P. E. Rollin, C. J. Peters, and S. T. Nichol. 1995.

Genetic characterization of a human isolate of Puumala hantavirus from
France. Virus Res. 38:279-289.

. Chizhikov, V. E., C. F. Spiropoulou, S. P. Morzunov, M. C. Monroe, C. J.

Peters, and S. T. Nichol. 1995. Complete genetic characterization and anal-
ysis of Sin Nombre virus. J. Virol. 69:8132-8136.

. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation

by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156-159.

. Chu, Y.-K., C. Rossi, J. W. LeDuc, H. W. Lee, C. S. Schmaljohn, and J. M.

Dalrymple. 1994. Serological relationships among viruses in the Hantavirus
genus, family Bunyaviridae. Virology 198:196-204.

. Chu, Y.-K,, G. B. Jennings, and C. S. Schmaljohn. 1995. A vaccinia virus-

vectored Hantaan virus vaccine protects from challenge with Hantaan and
Seoul viruses but not Puumala virus. J. Virol. 69:6417-6423.

. Dobbs, M., and Y. Kang. 1994. Hantaan virus messenger RNAs contain

non-viral 5’ terminal sequences and no poly-A at the 3’ terminus, p. 82. In
Abstracts of Ninth International Conference on Negative Strand Viruses.

. Domingo, E., M. G. Mateu, M. A. Martinez, J. Dopazo, A. Moya, and F.

Sobrino. 1990. Genetic variability and antigenic diversity of foot-and-mouth
disease virus, p. 233-266. In E. Kurstak, R. G. Marusyk, F. A. Murphy, and
M. H. V. Van Regenmortel (ed.), Applied virology research, vol. 2. Plenum
Publishing Corp., New York, N.Y.

. Domingo, E., and J. J. Holland. 1994. Mutation rates and rapid evolution of

RNA viruses, p. 161-184. In S. S. Morse (ed.), The evolutionary biology of
viruses. Raven Press, New York, N.Y.

. Dunn, E., D. Pritlove, and R. Elliott. 1994. The S RNA genome segment of

Batai, Cashe Valley, Guaroa, Kairi, Lumbo, Main Drain and Northway
bunyaviruses: sequence determination and analysis. J. Gen. Virol. 75:597—
608.

Evans, D. M. A,, G. Dunn, P. D. Minor, G. C. Schild, A. J. Cann, G. Stanway,
J. W. Almond, K. Currey, and J. V. M. Maizel, Jr. 1985. Increased neuro-
virulence associated with single nucleotide change in a noncoding region of
the Sabin 3 poliovaccine genome. Nature 314:548-550.

Felsenstein, J. 1993. PHYLIP (Phylogeny Inference Package), version 3.5c.
Fodor, E., D. C. Pritlov, and G. G. Brownlee. 1995. Characterization of the
RNA fork model of virion RNA in the initiation of transcription in influenza
A virus. J. Virol. 69:4012-4019.

Garcin, D., M. Lezzi, M. Dobbs, R. M. Elliott, C. Schmaljohn, C. Y. Kang,
and D. Kolakofsky. 1995. The 5’ ends of Hantaan virus (Bunyaviridae) RNAs
suggest a prime-and-realign mechanism for the initiation of RNA synthesis.
J. Virol. 69:5754-5762.

Gavrilovskaya, I. N., M. P. Chumakov, N. S. Apekina, E. V. Rylceva, L. 1.
Martiyanova, E. A. Gorbachkova, A. D. Bernshtein, M. A. Zakharova, and
V. A. Boiko. 1983. Adaptation to laboratory and wild animals of the haem-
orrhagic fever with renal syndrome virus present in the foci of European
U.S.S.R. Arch. Virol. 77:87-90.

Holland, J. J., J. C. De La Torre, and D. A. Steinhauer. 1992. RNA virus
populations as quasispecies. Curr. Top. Microbiol. Immunol. 176:1-20.
Horling, J., Y. Cheng, A. Plyusnin, K. Persson, H. Lehvislaiho, A. Vaheri, B.
Niklasson, and A. Lundkvist. 1995. Nucleotide and deduced amino acid
sequences of the M and S genome segments of a Swedish Puumala virus
isolate. Virus Res. 39:321-330.

Horling, J., V. Chizhikov, A Lundkvist, M. Jonsson, L. Ivanov, A.
Del ko, B. Nikl T. Dzagurova, C. J. Peters, E. Tkachenko, and S.
Nichol. 1996. Khabarovsk, a phylogenetically and serologically distinct han-
tavirus isolated from Microtus fortis in Far East Russia. J. Gen. Virol.
77:687-694.

Horling, J., A Lundkvist, A. Plyusnin, M. Jaarola, H. Tegelstrom, K. Per-
sson, H. Lehvislaiho, B. Hornfeldt, A. Vaheri, and B. Niklasson. 1996.
Distribution and genetic heterogeneity of Puumala virus in Sweden. J. Gen.
Virol. 77:2555-2562.

Hutchinson, K. L., C. J. Peters, and S. T. Nichol. 1996. Sin Nombre virus
mRNA synthesis. Virology 224:139-149.

Jin, H., and R. M. Elliott. 1991. Expression of functional Bunyamwera virus
L protein by recombinant vaccinia viruses. J. Virol. 65:4182-4189.

Lee, H. W. 1996. Epidemiology and pathogenesis of hemorrhagic fever with
renal syndrome, p. 253-267. In R. M. Elliott (ed.), The Bunyaviridae. Ple-
num Press, New York, N.Y.

Lee, Y.-S., and B. L. Seong. 1996. Mutational analysis of influenza B virus
RNA transcription in vitro. J. Virol. 70:1232-1236.

Lundkvist, 1&., A. Fatouros, and B. Niklasson. 1991. Antigenic variation of
European haemorrhagic fever with renal syndrome virus strains character-
ized using bank vole monoclonal antibodies. J. Gen. Virol. 72:2097-2103.
Lundkvist, ;X., and B. Niklasson. 1992. Bank vole monoclonal antibodies
against Puumala virus envelope glycoproteins: identification of epitopes in-
volved in neutralization. Arch. Virol. 126:93-105.

Lundkvist, A., and B. Niklasson. 1994. Hemorrhagic fever with renal syn-
drome and other hantavirus infections. Rev. Med. Virol. 4:177-184.
Lundkvist, .&., J. Horling, S. Bjorsten, and B. Niklasson. 1995. Sensitive
detection of hantaviruses by biotin-streptavidin enhanced immunoassays




Vor. 71, 1997

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

based on bank vole monoclonal antibodies. J. Virol. Methods 52:75-86.
Lundkvist, 1&., H. Kallio-Kokko, K. Brus Sjolander, H. Lankinen, B. Niklas-
son, A. Vaheri, and O. Vapalahti. 1996. Characterization of Puumala virus
nucleocapsid protein: identification of B-cell epitopes and domains involved
in protective immunity. Virology 216:397-406.

Mateu, M. G., M. A. Martinez, E. Rocha, D. Andreu, J. Parejo, E. Giralt, F.
Sobrino, and E. Domingo. 1989. Implications of a quasispecies genome
structure: effect of frequent naturally occurring amino acid substitutions on
the antigenicity of foot-and-mouth disease virus. Proc. Natl. Acad. Sci. USA
86:5883-5887.

McKee, K. T., Jr., J. W. LeDuc, and C. J. Peters. 1991. Hantaviruses, p.
615-632. In R. B. Belshe (ed.), Textbook of human virology, vol. 2. The C. V.
Mosby Co., St. Louis, Mo.

McKhnight, K. L., D. A. Simpson, S.-C. Lin, T. A. Knott, J. M. Polo, D. E.
Pence, D. B. Johannsen, H. W. Heidner, N. L. Davis, and R. E. Johnston.
1996. Deduced consensus sequence of Sindbis virus strain AR339: mutations
contained in laboratory strains which affect cell culture and in vivo pheno-
types. J. Virol. 70:1981-1989.

Nichol, S. T., T. G. Ksiazek, P. E. Rollin, and C. J. Peters. 1996. Hantavirus
pulmonary syndrome and newly described hantaviruses in the United States,
p. 269-280. In R. M. Elliott (ed.), The Bunyaviridae. Plenum Press, New
York, N.Y.

Niklasson, B., M. Jonsson, A. Lundkvist, J. Horling, and E. Tkachenko.
1991. European isolates of viruses causing hemorrhagic fever with renal
syndrome compared by neutralization test. Am. J. Trop. Med. Hyg. 45:660—
665.

Novella, I. S., D. K. Clarke, J. Quer, E. A. Duarte, C. H. Lee, S. C. Weaver,
S. F. Elena, A. Moya, E. Domingo, and J. J. Holland. 1995. Extreme fitness
differences in mammalian and insect hosts after continuous replication of
vesicular stomatitis virus in sandfly cells. J. Virol. 69:6805-6809.

Plyusnin, A., O. Vapalahti, K. Ulfves, H. Lehvislaiho, N. Apekina, I
Gavrilovskaya, V. Blinov, and A. Vaheri. 1994. Sequences of wild Puumala
virus genes show a correlation of genetic variation with geographic origin of
the strains. J. Gen. Virol. 75:405-409.

Plyusnin, A., O. Vapalahti, H. Lehvislaiho, N. Apekina, T. Mikhailova, I.
Gavrilovskaya, J. Laakkonen, J. Niemimaa, H. Henttonen, M. Brummer-
Korvenkontio, and A. Vaheri. 1995. Genetic variation of wild Puumala vi-
ruses within the serotype, local rodent populations and individual animal.
Virus Res. 38:25-41.

Plyusnin, A., Y. Cheng, H. Lehvislaiho, and A. Vaheri. 1996. Quasispecies in
wild-type Tula hantavirus populations. J. Virol. 70:9060-9063.

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

Plyusnin, A., J. Horling, M. Kanerva, J. Mustonen, Y. Cheng, J. Partanen,
0. Vapalahti, S. K. J. Kukkonen, J. Niemimaa, H. Henttonen, B. Niklasson,
A. Lundkvist, and A. Vaheri. 1997. Puumala hantavirus genome in patients
with nephropathia epidemica: correlation of PCR positivity with HLA hap-
lotype and link to viral sequences in local rodents. J. Clin. Microbiol. 35:
1090-1096.

Reip, A., B. Haring, C. Sibold, R. Stohwasser, E. K. Bautz, G. Darai, H.
Meisel, and D. H. Kruger. 1995. Coding strategy of the S and M genomic

40.

41.

42.

PUU VIRUS PHENOTYPES 9523

segments of a hantavirus representing a new subtype of the Puumala sero-
type. Arch. Virol. 140:2011-2026.

Remington, K. M., B. Chesebro, K. Wehrly, N. C. Pedersen, and T. W. North.
1991. Mutants of feline immunodeficiency virus resistant to 3'-azido-3'-
deoxythymidine. J. Virol. 65:308-312.

Ruo, S. L., A. Sanchez, L. H. Elliot, L. S. Brammer, J. B. McCormick, and
S. P. Fisher-Hoch. 1991. Monoclonal antibodies to three strains of hantavi-
ruses: Hantaan, R22 and Puumala. Arch. Virol. 119:1-11.

Schmaljohn, A. L., D. Li, D. L. Negley, D. S. Bressler, M. J. Turell, G. W.
Korch, M. S. Ascher, and C. S. Schmaljohn. 1995. Isolation and initial
characterization of a newfound hantavirus from California. Virology 206:
963-972.

42a.Schmaljohn, C. Personal communication.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

Schmaljohn, C. S. 1996. Molecular biology of hantaviruses, p. 63-90. In
R. M. Elliott (ed.), The Bunyaviridae. Plenum Press, New York, N.Y.
Schmaljohn, C. S., S. E. Hasty, J. M. Dalrymple, J. W. LeDuc, H. W. Lee,
C.-H. von Bonsdorff, M. Brummer-Korvenkontio, A. Vaheri, T. F. Tsai, H. L.
Regnery, D. Goldgaber, and P. W. Lee. 1985. Antigenic and genetic proper-
ties of viruses linked to hemorrhagic fever with renal syndrome. Science
227:1041-1044.

Settergren, B., E. Leschinskaya, I. Zagidullin, I. Fazlyeva, D. Khunafina,
and B. Niklasson. 1991. Hemorrhagic fever with renal syndrome: compari-
son of clinical course in Sweden and in the western Soviet Union. Scand.
J. Infect. Dis. 23:549-552.

Stohwasser, R., K. Raab, G. Darai, and E. K. F. Bautz. 1991. Primary
structure of the large (L) RNA segment of nephropathia epidemica virus
strain Héllnds B1 coding for the viral RNA polymerase. Virology 183:386—
391.

Tiley, L.-S., M. Hagen, J. T. Matthews, and M. Kristal. 1994. Sequence-
specific binding of the influenza virus RNA polymerase to sequence located
at the 5" ends of the viral RNAs. J. Virol. 68:5108-5116.

Vapalahti, O., H. Kallio-Kokko, E.-M. Salonen, M. Brummer-Korvenkontio,
and A. Vaheri. 1992. Cloning and sequencing of Puumala virus Sotkamo
strain S and M RNA segments: evidence for strain variation in hantaviruses
and expression of the nucleocapsid protein. J. Gen. Virol. 73:829-838.
Vapalahti, O., A Lundkvist, S. K. J. Kukkonen, Y. Cheng, M. Gilljam, M.
Kanerva, T. Manni, M. Pejcoch, C.-H. von Bonsdorff, J. Niemimaa, A.
Kaikusalo, H. Henttonen, A. Vaheri, and A. Plyusnin. 1996. Isolation and
characterization of Tula virus, a distinct serotype in genus Hantavirus, family
Bunyaviridae. J. Gen. Virol. 77:3063-3067.

Wertz, G. W., S. Whelan, A. LeGrone, and L. A. Ball. 1994. Extent of
terminal complementarity modulates the balance between transcription and
replication of vesicular stomatitis virus RNA. Proc. Natl. Acad. Sci. USA
91:8587-8591.

Xiao, S.-Y., K. W. Spik, D. Li, and C. S. Schmaljohn. 1993. Nucleotide and
deduced amino acid sequences of the M and S genome segments of two
Puumala virus isolates from Russia. Virus Res. 30:97-103.

Yanagihara, R., H. L. Amyx, and D. C. Gajdusek. 1985. Experimental infec-
tion with Puumala virus, the etiologic agent of nephropathia epidemica, in
bank voles (Clethrionomys glareolus). J. Virol. 55:34-38.



