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Tula virus (TUL) is a recently detected hantavirus carried by European common voles. Reverse transcriptase
PCR cloning was used to study TUL S segment/N protein quasispecies. Both the distribution and character of
mutations observed in three mutant spectra indicated limited selection at the protein level. At least 8% of the
mutations were neutral or well tolerated; fixation of such mutations may play a role in TUL evolution in its
natural host.

Hantaviruses (family Bunyaviridae) are worldwide-distrib-
uted agents carried by persistently infected rodent or insecti-
vore hosts. Some hantaviruses are human pathogens, and oth-
ers are thought to be apathogenic. Their RNA genome is of
negative polarity and consists of three segments, large (L),
medium (M), and small (S), which encode a viral polymerase,
surface glycoproteins (G1 and G2), and a nucleocapsid protein
(N), respectively (for a review, see reference 19). Both genetic
drift (8, 15–18, 22, 23) and genetic shift (5, 7, 11) seem to be
involved in the evolution of hantaviruses, similar to that of
other members of the Bunyaviridae family (10). The evolution
of hantaviruses follows that of their natural carriers (1, 15, 16,
24), which should be regarded as the evolutionary scene for
these agents.
Tula hantavirus (TUL) was recently detected in European

common voles (Microtus arvalis) (16). Populations of wild-type
TUL and Puumala hantavirus (PUU) from individual animals
are represented by complex mixtures of different but closely
related variants (16, 17). Thus, hantaviruses resemble other
RNA viruses existing in the form of quasispecies that allows for
rapid evolution, via selection from preexisting variants, result-
ing in the establishing of altered mutant spectra with a higher
fitness to a new environment (for reviews, see references 4 and
6). The aim of this study was to investigate in detail the nature
of nucleotide (nt) and deduced amino acid (aa) substitutions in
the S segment encoding the N protein (S/N reference) of three
closely related TUL strains. These strains, which were in cir-
culation within the same local rodent population, are desig-
nated TUL/23Ma/87 (or T23, for short), TUL/53Ma/87 (T53),
and TUL/175Ma/87 (T175) (16).
Reverse transcriptase PCR of total RNA isolated from lung

tissue was performed as described earlier (16, 18). PCR am-
plicons corresponding to the entire S segment (about 1,800 bp)
were cloned by using the pGEM-T cloning system (Promega).
Altogether, 117 clones were selected as follows: 19 from strain
T23, 40 from T53, and 58 from T175. Sequencing (Sequenase
version 2.0; United States Biochemical) was carried out to
obtain partial sequences of the S segment (nt 801 to 1530). The
program suite Genetic Data Environment (21) was used to
analyze the sequence data.
Mutation frequency and distribution of substitutions in

TUL S/N quasispecies. The part of the S segment selected for

our analysis (Fig. 1A) included nt 801 to 1335 from the coding
region and 195 bases of the 39 noncoding region. TUL strains
T23, T53, and T175 differ by 6 to 19 nt within this region, giving
an opportunity to compare closely related RNA sequences. As
for the N protein, its C-terminal part (aa 249 to 430) is even
more conserved and contains only two sites of substitutions. In
the quasispecies analysis, a total of 81.9 kb were sequenced,
and 74 nucleotide mutations that corresponded to 45 deduced
amino acid substitutions were found (Fig. 1B). The distribution
of nucleotide substitutions varied from strain to strain, and no
obvious correlation to the distribution of the S segment genetic
variability calculated for TUL master sequences (Fig. 1A) was
observed. No identical mutations were found in the virus pop-
ulations from different animals, suggesting rarity of the events.
Nevertheless, there were four sites where substitutions in more
than one mutant spectrum were found. The first site was
formed by nt 898 to 900 (strain T53, clone 33 [T53/33] and
T175/48). The second site consisted of nt 913 to 915 (T175/40,
T175/21, and T23/14). Variants with mutated nt 1312 to 1313
were found in mutant spectra of strains T23 and T53 and those
with mutated nt 1092 were found in mutant spectra of strains
T23 and T175. These “hot spots” might be related to peculiar-
ities of the template RNA (G1C content or secondary struc-
ture, etc.).
The mutation frequency in TUL quasispecies (;1 3 1023)

(Table 1) is comparable to the corresponding values calculated
for the PUU S nucleotide quasispecies (3 3 1023) (17) and
also for TUL and PUU M nucleotide quasispecies (our un-
published observations). These frequencies are well within the
range estimated for other RNA viruses, i.e., 1023 to 1025 (4),
reflecting similar misincorporation capacities of viral RNA
polymerases responsible for the appearance of mutated RNA
molecules in the absence of proofreading and repair mecha-
nisms. The frequencies of nucleotide substitutions calculated
for the coding and noncoding regions were equal, and the
frequency of deduced amino acid substitutions was approxi-
mately twice as high as that of nucleotide substitutions. These
data, taken together with an even distribution of mutations
between codon positions and an absence of any specific pattern
in deduced amino acid substitutions (see below), suggest that
selection operating at the protein level in the mutant spectra is
limited.
The frequencies of nucleotide substitutions calculated for

three studied virus populations (Table 1) were four- to fivefold
higher than the level of AmpliTaq polymerase misincorpora-
tion, 0.23 1023, previously determined for our system by using
the PUU S segment (17). Control experiments with reampli-
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fication and recloning of the TUL S segment (strain T175)
showed the same average level of misincorporation for nt 800
to 1530, with the exception of a short region, nt 1205 to 1267,
(Fig. 1B) where mutations appeared with an approximately
20-fold higher frequency. Eight of 74 (11%) mutations ob-
served were located within this region: one in T23, four in T53,
and three in T175 mutant spectrum. These particular muta-
tions seem most likely to originate from PCR errors. Other-
wise, the level of PCR error in our experiments should not be
considered crucial.
Character of mutations. Most nucleotide mutations (Table

2) were transitions (51 of 74, or 69%). Within transitions,
substitutions A3G and U3C occurred more often than oth-
ers (G3A and C3U), correlating with the data reported for
some other RNA viruses (2, 13). Although the total numbers
of clones obtained from the three populations of wild-type
TUL were different, the dominance of a master sequence was
observed in all of them: about half of the clones carried a
master S nucleotide sequence, and master N protein sequences
could be deduced for an even higher proportion of the clones.
Master sequences might often represent just a minority in the
population of viral molecules (3). However, as here for TUL,
a similar dominance of the master sequence was reported for
an NS3 quasispecies of hepatitis C virus (12). Most TUL mu-
tants were represented by a single clone, but several were

represented by two clones each (e.g., clones T53/32 and T53/
37). The mutants of the second type were not found in strain
T23 (most probably because of the smaller number of clones)
but occupied substantial proportions of mutant spectra from
strains T53 and T175 (16 and 19%, respectively). Notably, no
mutations were observed more than once in our control ream-
plification and recloning experiments.
Six nucleotide substitutions (identified in the footnotes to

Table 2) are of special interest. They were found both within
the mutant spectra from T23, T53, and T175 strains, where
they were in minority, and in master sequences of other TUL
strains. Therefore, these substitutions should be considered as
quasineutral or well tolerated. Five of these six nucleotide
substitutions were located within the coding region; three of
them were silent, and the other two led to amino acid substi-
tutions which were conservative in both cases. These mutations
appeared at a frequency of 7.3 3 1025 and represented a
substantial part (8%) of all registered nucleotide substitutions.
It seems highly unlikely that such mutations might represent
PCR artifacts.
Random fixation of quasineutral mutations in TUL evolu-

tion? Within the coding region nucleotide substitutions were
distributed evenly between the 1st, 2nd, and 3rd codon posi-
tions, inducing all possible variants of amino acid changes and
an even appearance of defective genomes (Table 2). Thus,
some highly unfit mutants which are expected to be subjected
to negative selection are nevertheless present in the mutant
spectrum. Such a presence might be favored by dominance of
the TUL master S/N sequences: mutants could survive behind
the master virus that has the highest fitness to a defined envi-
ronment. Alternatively, the unfit mutants could belong to a
young population, i.e., only a few replication cycles from the
initial infection. However, this scenario looks less probable
because all three animals showed old immunity to TUL (our
unpublished observations).
It is impossible to trace directly the fate of any particular

mutant by studying populations of wild-type hantaviruses from
trapped animals. Nevertheless, by comparing sequences be-
longing to the mutant spectrum of one TUL strain with master
sequences of other strains, one could approach the question of
whether newly appeared nucleotide and amino acid substitu-
tions are tolerable for the virus. More than half (25 of 45) of
the amino acid substitutions deduced for mutant spectra of
three TUL strains (Table 2) are nonconservative ones. On the
other hand, two amino acid substitutions, which should be
regarded as neutral or well tolerated (Leu-2793Pro, Ile-
2863Val) (Table 2), are conservative. Thus, amino acid mu-
tations, which have higher chances to be fixed in a master
sequence, are preferably (or even exclusively) conservative.
Such a conclusion correlates with the neutralist view on RNA
virus evolution (9) concerning the rarity of advantageous mu-
tations and the deleterious nature of most of the nonneutral
ones. The fact that as a result of such evolution, hantavirus
variants which differ within antigenically important regions
might appear (7, 15, 17) does not seem to be unique for
hantaviruses. This correlates with the data observed for other
RNA viruses suggesting antigenic variation without immune
selection (for a review, see reference 3).
Taken together, our data on S/N quasispecies propose that

the random fixation of quasineutral mutations may play a role
in TUL evolution. On the other hand, as for other RNA viruses
(4), there is no evidence to suggest that this mechanism con-
tributes disproportionally more than selection. Limited nega-
tive selection at the protein level in TUL quasispecies does not
exclude the possibility that negative selection may operate at
the RNA level, for example, by preserving functionally impor-

FIG. 1. (A) Distribution of nucleotide replacements in the S segment of TUL
(strains T23, T53, T76, T175, and T249; the window size was 101). The region
selected for sequencing is framed. 39NCR, 39 noncoding region. (B) Nucleotide
substitutions that were found in quasispecies of strains T23 (10 substitutions),
T53 (26 substitutions), and T175 (38 substitutions). Arrows indicate region (nt
1205 to 1267) where high frequency of Taq polymerase misincorporation was
registered.

TABLE 1. Mutation frequencies in the S/N quasispecies

Strain No. of nucleotides
sequenced (kb)

Frequency of substitutions (1023)a

Coding region
39NCR

nt aa

T23 13.3 0.79 1.5 0.78
T53 28.0 0.89 2.2 1.23
T175 40.6 1.06 2.3 0.67

a The mean frequencies 6 standard errors of substitutions for the nt and aa
coding region and the 39 noncoding region (39NCR) were 0.91 6 0.08, 2.00 6
0.25, and 0.896 0.17, respectively. The level of Taq polymerase misincorporation
was 0.2 3 1023 nt (with the exception of nt 1205 to 1267).
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tant stem-loop structures, similar to what has been reported for
picornaviruses (14, 20). Also, selection should be involved at
the stage of virus transmission from one rodent to another,
when randomly sampled aliquots of virus population are dis-
tributed into another environment. However, this selection
might operate preferably against changes in master geno- and
phenotypes, with the result that nucleotide substitutions be-
tween master genotypes are mostly silent and deduced amino
acid substitutions are mostly synonymous.
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TABLE 2. Mutations in the TUL S/N quasispecies (nt 801 to 1500/
aa 249 to 430)

Strain and
clone(s)

Positiona nt substitution (aa)

nt aa Master
sequence

Mutant
sequenceb

T23 (19 clones)
14 914 291 TCA (Ser) TTA (Leu)
18 924 294 CCT (Pro) CCG (Pro)
22 1058 339 ATG (Met) ACG (Thr)
14 1092 350 GGA (Gly) GGG (Gly)
15 1101 353 GAA (Glu) GAG (Glu)c

4 1150 370 ACT (Thr) GCT (Ala)
10 1264 408 AGA (Arg) GGA (Gly)
18 1312 424 AAC (Asn) GAC (Asp)
10 1405 39NCR A G
12 1462 39NCR C A

T53 (40 clones)
41 801 253 CCC (Pro) CCT (Pro)d

5 895 285 TTG (Leu) ATG (Met)
33 900 286 ATT (Ile) ATC (Ile)
41 991 317 CCT (Pro) TCT (Ser)
32, 37 1022 327 GCA (Ala) GTA (Val)
1 1038 332 TTT (Phe) TTC (Phe)e

43 1096 352 GCA (Ala) ACA (Thr)
20 1105 355 AAG (Lys) GAG (Glu)
28 1169 376 CAA (Gln) CGA (Arg)
5 1200 386 ATG (Met) ATA (Ile)
8 1245 401 GAT (Asp) GAA (Glu)
26 1262 407 CTC (Leu) CCC (Pro)
16, 19 1267 409 ACA (Thr) TCA (Ser)
17, 18 1295 418 AAG (Lys) ATG (Met)
41 1313 424 AAC (Asn) AGC (Ser)
38 1325 428 TTA (Leu) T–Af

41 1341 39NCR A G
29 1347 39NCR T C
10 1386 39NCR G T
38 1406 39NCR A G
14,21 1432 39NCR C T
22 1441 39NCR T Cg

T175 (58 clones)
58 825 261 GTG (Val) GTA (Val)
44 826 262 AGC (Ser) GGC (Gly)
36 842 267 CTA (Leu) CCA (Pro)
39 852 270 AGA (Arg) AGG (Arg)
37 863 274 CTC (Leu) CCC (Pro)
58 866 275 CGA (Arg) CAA (Gln)
45 873 277 TCA (Ser) TCT (Ser)
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48 898 286 ATT (Ile) GTT (Val)i

40 913 291 TCA (Ser) CCA (Pro)
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12 1241 400 GGT (Gly) GAT (Asp)

Continued

TABLE 2—Continued

Strain and
clone(s)

Positiona nt substitution (aa)

nt aa Master
sequence

Mutant
sequenceb

42 1328 429 AAA (Lys) AGA (Arg)
34 1351 39NCR T C
48 1412 39NCR G A
30, 54 1425 39NCR A G
18 1476 39NCR G A

a 39NCR, 39 noncoding region.
bMutated nucleotides are in boldface type and those from the coding se-

quence are underlined.
c GAG (Glu) was found in master sequence of TUL strains M5286, M5292,

M5293, M5294, and M5302 (15).
d CCT (Pro) was found in master sequence of TUL strains T23, T76, T175,

T249, M5286, M5293, M5294, and M5302 (15, 16).
e TTC (Phe) was found in master sequence of TUL strains T76 and T175 (16).
f Deletion, appearance of TAA (termination codon).
g C was found in master sequence of TUL strain T76 (16).
h CCG (Pro) was found in master sequence of TUL strain T249 (16).
i GTT (Val) was found in master sequence of TUL strain T76 (16).
j Termination codon.
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Lehväslaiho, and A. Vaheri. 1995. Genetic variation in Tula hantaviruses:
sequence analysis of the S and M segments of strains from Central Europe.
Virus Res. 39:237–250.

16. Plyusnin, A., O. Vapalahti, H. Lankinen, H. Lehväslaiho, N. Apekina, Y.
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