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Abstract

Orthohantaviruses are zoonotic pathogens of humans, unique among the bunyaviruses in not being transmitted by an arthropod vec-
tor. Tula orthohantavirus (TULV) is an old-world hantavirus, of yet unclear human pathogenicity, with few reported cases of clinically
relevant human infection. So far, phylogeographic studies exploring the global pathways of hantaviral migration are scarce and gener-
ally do not focus on a specific hantavirus species. The aim of the present study was to reconstruct the dispersal history of TULV lineages
across Eurasia based on S segment sequences sampled from different geographic areas. Maximum-likelihood and Bayesian inference
methods were used to perform the phylogenetic analysis and phylogeographic reconstructions. Sampling time and trapping localities
were obtained for a total of 735 TULV S segment sequences available in public databases at the time of the study. The estimated sub-
stitution rate of the analyzed partial S segment alignment was 2.26 x 103 substitutions/site/year (95 per cent highest posterior density
interval: 1.79 x 1073 to 2.75 x 107%). Continuous phylogeography of TULV S segment sequences placed the potential root and origin of
TULV spread in the Black Sea region. In our study, we detect a single-lineage introduction of TULV to Europe, followed by local viral
circulation further on.
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1. Introduction Saaremaa are found in Europe, causing mild-to-severe forms of
HERS.

Tula virus (TULV) is an old-world hantavirus considered to be
non-pathogenic (Gligic et al. 1988; Vapalahti et al. 2003; Papa
2012). Up to now, the knowledge regarding the human pathogenic-
ity of TULV has been rather sparse, with few reports of human
infection (Vapalahti et al. 1996; Schultze et al. 2002; Clement
et al. 2003). However, cases of clinically relevant human infec-
tion by TULV have recently been reported, highlighting its role
as an emerging human pathogen (Zelena et al. 2013; Reynes
et al. 2015; Hofmann et al. 2021). Indeed, considerable serologic
cross-reactivity between PUUV and TULV could be the underlying
reason for the underestimated TULV prevalence and pathogenicity

Orthohantaviruses are among the most important human
zoonotic pathogens, associated with a number of different ani-
mal host species including rodents, shrews, moles, and bats (de
Oliveira et al. 2014; Chen et al. 2019). The members of the fam-
ily Hantaviridae, order Bunyavirales, are enveloped three-segmented
negative-sense RNA viruses. Hantavirus genomic segments are
large—L, medium—M, and small—S, coding for viral polymerase,
viral glycoprotein precursor of two envelope glycoproteins (Gn
and Gc), and viral nucleocapsid protein, respectively (Plyusnin
et al. 1996a). Unlike most bunyaviruses that are arthropod-borne,
hantaviruses are transmitted to humans in direct contact with

persistently infected reservoir species.

Pathogenic hantaviruses are known to be the etiological agents
of two clinical syndromes: hemorrhagic fever with renal syn-
drome (HFRS) in Eurasia and hantavirus pulmonary syndrome
(HPS) in the Americas. Mortality rates of these zoonotic diseases
vary, reaching up to 18 per cent for HFRS and 60 per cent for HPS
(Gligic 2008; Jonsson et al. 2010; Papa 2012). Over forty hantavirus
species are circulating in different natural reservoirs worldwide, of
which Dobrava-Belgrade, Seoul, Puumala (PUUV), Hantaan, and

(Clement and Van Ranst 2016).

The evolution and diversification of hantaviruses are consid-
ered to have been largely influenced by the migration patterns
of both viruses and their hosts. The geographic distribution and
ecology of hantaviruses are directly related to the distribution of
their natural hosts (Jonsson et al. 2010). Hence, hantaviruses are
commonly divided into two groups: old-world hantaviruses, which
circulate in Europe and Asia and are carried by species of five
different rodent genera (Apodemus, Microtus, Myodes, Rattus, and
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Arvicola) and two insectivore families (Soricidae and Talpidae), and
new-world hantaviruses, which circulate in the Americas and are
mostly associated with the members of the rodent subfamilies
Neotominae and Sigmodontinae.

The first reports of TULV isolation date from the mid-nineties,
from Microtus arvalis and Microtus rossiaemeridionalis captured in
Tula region in Russia (Plyusnin et al. 1994) and from M. arvalis
(Sibold et al. 1995) captured in west Slovakia, followed by TULV
detection in various European countries further on (Plyusnin et al.
1995; Bowen et al. 1997; Sibold et al. 1999; Heyman 2002). A retro-
spective analysis of the archived samples revealed TULV presence
in much earlier rodent samples, including a Serbian isolate from
Microtus subterraneus, captured in 1987, which remains among the
oldest TULV sequences at present, along with the initial ones from
Russia (Song et al. 2002).

So far, studies of hantaviral geographic distribution have found
an association of different hantaviruses with landscape and geo-
graphic features of their host habitat. This association has clearly
been observed at the local level in both new- and old-world han-
taviruses (Torres-Perez et al. 2011; Korva et al. 2013; Laenen
et al. 2016). However, studies using phylogeographic approach to
explore the global pathways of hantaviral migration are rather
few and do not focus on a particular hantavirus—the existing
ones are performed at the level of the whole viral family or genus
(Bennett et al. 2014; Souza et al. 2014), with the exception of
some insight regarding insectivore-borne hantaviruses and, more
recently, PUUV (Ling et al. 2018; Castel et al. 2019; Laenen et al.
2019). In particular, no study has so far explored the spatial spread
of TULV.

Despite the increasing number of viral sequences deposited
in the National Center for Biotechnology Information (NCBI)
database, TULV remains less represented, with just over a thou-
sand available sequences in total, of any length. Moreover, it has
been shown that the most robust results are obtained if the input
datasetis made of full-length genomic sequences (Dudas and Bed-
ford 2019). However, in view of the segmented nature of their
genome, the number of complete TULV genome sequence sets,
especially of all the three genetic segments from the same source,
is still even scarcer, whereas the S genomic segment has been
sequenced the most often.

In the present study, we took advantage of a comprehensive
dataset made of S segment sequences isolated from different geo-
graphic areas to apply a Bayesian phylogeographic framework
with the aim to reconstruct the dispersal history of TULV lineages
across the Palearctic region.

2. Methods
2.1 Study dataset

A detailed NCBI database search performed in April 2022
revealed 764 TULV S segment sequences of different length and
genomic position (http://www.ncbi.nlm.nih.gov/nuccore), which
were included in the initial alignment by ClustalW algorithm
implemented in MEGA X software package (Kumar et al. 2018).
Upon manual editing and inspection of the resulting alignment,
735 sequences were selected for the study, based on the optimal
alignment length with maximal number of available sequences.
The resulting alignment was of 543 nucleotides (nt) in length, cor-
responding to nt positions 418-960 of TULV S segment reference
sequence. Of note, the dataset encompassed a range of the S seg-
ment that has been most commonly used for TULV studies so far
(Saxenhofer et al. 2017; Jeske et al. 2021; Schmidt et al. 2021).

One sequence was excluded upon screening for recombination by
using methods implemented in the RDP4 program (Martin and
Rybicki 2000); hence, the alignment for the initial phylogenetic
tree reconstruction contained 734 TULV S segment sequences. Fur-
ther on, based on zero genetic distance, 322 identical sequences
were removed, resulting in the final dataset of 412 TULV S seg-
ment sequences. The dataset comprised sequences of both animal
and human origin sources, collected between 1987 and 2018 1in 188
different locations across 17 countries within Europe and central
Asia. Latitude and longitude coordinates for each sample were
retrieved from the sampling locations, as reported in the NCBI
database or directly from the related publications.

2.2. Phylogenetic analysis

jModeltest 0.1.1 software was used to select the best-fitting sub-
stitution model using all eighty-eight proposed models (Posada
2008). Based on the best Akaike information criterion score,
the best-fitting model for the present dataset was general time
reversible with gamma-distributed rates among sites and pro-
portion of invariant sites (GTR + G +I). Maximum-likelihood (ML)
and Bayesian statistical approaches were employed to infer the
evolutionary relationship of analyzed sequences, using MEGA X
and BEAST 1.10.4, respectively (Kumar et al. 2018; Suchard et al.
2018).

We used the likelihood-mapping method implemented in the
program TreePuzzle (Strimmer and von Haeseler 1997) to first
explore the phylogenetic signal associated with the sequence
alignment.

Temporal signal was examined by the root-to-tip regression
approach implemented in the program TempEst (Rambaut et al.
2016). ML phylogenetic tree previously generated in MEGA X using
the GTR + 1+ G substitution model was used as an input for this
analysis. To further assess the extent of temporal structure, we
employed a Bayesian date-randomization test (DRT), in which
sampling dates are randomly reassigned to the sequences and the
analysis of the data is repeated a number of times in order to gen-
erate a set of rate estimates from date-randomized data (Ramsden
et al. 2009).

The amount of phylogenetic information contained in a
sequence alignment may be influenced by base substitution sat-
uration to the level of disrupting analyses involving deep phy-
logeny. The level of substitution saturation in the dataset was
assessed using the substitution saturation test implemented in
the software package DAMBE6 (Xia 2018). The results were pre-
sented as scatter plots of pairwise nt transition (s) and transver-
sion (v) substitutions against the Tamura and Nei 1993 genetic
distance.

2.3 Molecular clock and phylogeographic
analyses

The estimation of substitution rate and phylogeographic history
was performed using the software package BEAST 1.10.4 (Suchard
et al. 2018). A molecular clock-based phylogenetic analysis was
performed, using the best-fitting nt substitution model identi-
fied earlier, an uncorrelated lognormal relaxed molecular clock
model, and a Bayesian skygrid tree prior. The Markov Chain Monte
Carlo (MCMC) algorithm was run for more than 2.5 x 10® gener-
ations, sampling every 70,000 generations. Moreover, we used a
codon partition (the ‘codon positions 1, 2, and 3’ option), so that
each codon position had its own evolutionary rate. Statistical sup-
port for specific clades was obtained by calculating the posterior
probability of each monophyletic clade. MCMC convergence was
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assessed with Tracer v 1.7 on the basis of the effective sampling
size (>200) estimated for each parameter (Rambaut et al. 2018).
Finally, the maximum clade credibility (MCC) tree was generated
with TreeAnnotator 1.10.4 (Suchard et al. 2018).

The BaTS program (http://evolve.zoo.ox.ac.uk/Evolve/BaTS.
html) was used to investigate the strength of the spatial associ-
ation with the dispersal history of TULV lineages. This program
provides an appropriate method to calculate the degree of correla-
tion, using different statistics including the association index (AI)
and parsimony score (PS) (Parker, Rambaut, and Pybus 2008). Both
statistics were calculated based on posterior sets of trees, obtained
through earlier Bayesian MCMC analysis. The parameters for this
analysis were the number of states (in our case 188) and the num-
ber of replicates (100). If the obtained P-value was less than 0.05,
the null hypothesis was rejected.

Continuous phylogeographic inference was performed using
the relaxed random walk (RRW) diffusion model implemented
in BEAST 1.10.4 and with the BEAGLE library (Ayres et al.
2012) to improve computational performance. The Cauchy RRW
model was the best-chosen model to reconstruct the dispersal
history along time-scaled genealogies. Spatiotemporal informa-
tion embedded in inferred phylogenetic trees was subsequently
extracted with the R package ‘seraphim’ (Dellicour, Rose and
Pybus 2016a; Dellicour 2016b). We then used the ‘spreadGraphic2’
function of that package for visualizing the outcome of the con-
tinuous phylogeographic reconstruction and the ‘spreadStatistics’
function to estimate the mean and weighted lineage dispersal
velocity.

3. Results and discussion

ML phylogenetic analysis based on the dataset comprising 734
TULV S segment sequences inferred mostly yet not exclusively
geographically related clustering (Fig. 1). Samples from Russia
are the most basal in the tree, whereas sequences from central
(Austria, the Czech Republic, Slovakia, Croatia, and Slovenia) and
Western Europe (Germany, Switzerland, Luxembourg, France, and
the Netherlands) tend to cluster together. The tree was rooted with
PUUV reference strain NC005224.

A distinct clade was formed by four strains previously already
described as recombinants: two recombinant sequences were
from eastern Slovakia (Sibold et al. 1999), where the host animals
(M. arvalis) had been trapped in 1995 in Kosice region, and two from
Serbia: one from M. subterraneus captured in 1987 in west Serbia
and the other from M. arvalis captured in 2007 in central Serbia
(Song et al. 2002; Nikolic et al. 2014). In view of the same pattern of
recombination and considerable time span between animal trap-
ping of 20 years, we speculated that this TULV variant has become
a stable circulating compartment of virus population, justifying
their inclusion into the analysis.

The assessment of phylogenetic noise of the studied dataset of
TULV S segment sequences, through investigation of 10,000 ran-
domly chosen quartets by means of likelihood mapping, showed
that only 0.3 per cent fell in the central area of the likelihood map
and 99.7 per cent were at the corners of the triangle, implying
sufficient phylogenetic information (Supplementary Fig. S1A). The
assessment of the temporal signal associated with the sequence
alignment through root-to-tip regression analysis revealed a cor-
relation coefficient of 0.24. However, DRT results implied that the
temporal signal in the analyzed TULV S segment data is suffi-
cient to reliably estimate the substitution rate of the given data,
considering the fact that the 95per cent highest posterior den-
sity (HPD) of the substitution rate did not overlap between the
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true and randomized data. The saturation analysis plot indicated
no saturation for closely related sequences compared to slight
saturation for more distantly related sequences (Supplementary
Fig. S1B). This resultimplied that the molecular clock analysis may
underestimate the real age of the deepest splits of the phylogeny.
In view of this finding, the obtained estimated time to the most
recent common ancestor of >190years ago (1,826.9, 95 per cent
HPD =[1,752.2-1,887.5]) may reflect saturation among the dis-
tantly related sequences. The obtained estimate of a substitution
rate of 2.26 x 107% substitution/site/year (95 per cent HPD inter-
val: 1.79 x 1073 to 2.75 x 107) is in line with the previous studies,
which ranged from 1.99 x 1072 to 8.87 x 1073 substitutions/site/year
(Ramsden et al. 2008). Hantaviruses have long been considered
to had cospeciated with their rodent and insectivore hosts, ever
since these mammals shared their last common ancestor approx-
imately 100 million years ago (Ramsden et al. 2009). This notion
was based on the phylogenetic inference of the Hantavirus genus
members that revealed three constantly well-defined clades, each
associated with one of the three subfamilies of Muroid rodents:
Arvicolinae, Murinae, and Sigmodontinae (Plyusnin 1996b). How-
ever, after the inclusion of hantavirus sequences from insectivores
into analyses, the overall phylogenetic inference of both rodent-
and insectivore-borne hantaviruses seemingly showed that nei-
ther of these formed monophyletic clade (Arai 2008). Following the
assumption of codivergence, the rate of molecular evolutionary
change in hantaviruses had initially been estimated at approx-
imately 107 nt substitutions/site/year (Hughes and Friedman
2000; Sironen et al. 2001), which is several orders of magnitude
lower compared to the substitution rates obtained for other RNA
viruses (107 to 10~ substitutions/site/year; Jenkins 2002; Hanada,
Suzuki, and Gojobori 2004). Substitution rate in hantaviruses is the
consequence of many factors regarding the viral life cycle, such as
mutation rate, generation time, transmission, and natural selec-
tion (Duffy, Shackelton, and Holmes 2008). Hantaviruses possess
RNA-dependent RNA polymerase for replication, which lacks the
proofreading and repair mechanisms and operates with an error
rate of ~1 mutation/replication/genome (Drake 1999). The time
span of 31years covered in our study is also an important fac-
tor for estimation of the long-term evolutionary rates of viruses
since sampling over longer time period allows for more accurate
substitution rate estimation.

Herein, a spatially explicit phylogeographic approach was used
to reconstruct the dispersal history and dynamics of TULV lin-
eages. We used the RRW model implemented in BEAST 1.10.4
(Lemey et al. 2010) to gain a realistic picture of the dispersal
routes of TULV lineages (Fig. 2), a method of choice that has pre-
viously been applied to other zoonotic RNA viruses such as rabies
virus and West Nile virus (Pybus et al. 2012; Kuzmina et al. 2013;
Zehender 2017). The strength of the spatial association with the
TULV transmission pattern throughout Europe and Asia has also
been estimated using Al and PC statistics. The analysis showed a
very strong geographic clustering of phylogenetically related sam-
ples (P=0.000 for both Al and PS statistics) and a high degree of
spatial signal. Our analysis estimated the geographic origin of the
analyzed viral lineages in the region of north—east Black Sea coast,
with a single introductory pathway toward central Europe; upon
entry, viral dispersal led to the local circulation of viral lineages,
toward the south, to the Balkans, northwards in the direction of
the North Sea, and toward the west. In parallel with a within-
Europe spread, a dispersal pathway from the initial origin led
to east, toward central Asia and Russia. Notably, our phylogeo-
graphic analysis highlighted a single-lineage introduction event
of TULV to central Europe, with the ensuing complex pattern
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Figure 1. ML phylogenetic tree generated by MEGA X software based on 543 nt S segment of 734 examined TULV sequences. In order to get better
visibility of the tree, each branch was colored in accordance with the respective country. Clades consisting of three or more sequences originating
from the same country are compressed. The numbers in bifurcations indicate bootstrap values (a value of >65 per cent was considered as strong nodal
support). The tree was rooted with the PUUV reference strain NC005224.
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Figure 2. Reconstructed spatiotemporal diffusion history of TULV in Europe and Asia; mapped MCC tree and 80 per cent HPD regions based on 1,000
trees regularly sampled from the post-burn-in posterior distribution of continuous phylogeographic analysis. Nodes of the MCC tree are colored

according to their time of occurrence.

of local viral circulation within Europe (Fig. 2, Supplementary
Fig. 52).

In general, data regarding the origin and dispersal history of
different hantaviruses are limited. Previous studies of the general
hantaviral phylogeography mostly placed the putative origin of
potential hantavirus spread in eastern Asia, with further local
and global viral spread, e.g. independent spread to Americas sep-
arately in shrews and rodents (Bennett et al. 2014). It has been
hypothesized that, initially, these hantaviruses had probably been
adapted to the Myodes genus and gave rise to viral spread toward
northern Europe and further evolution of viruses such as PUUV
(Souza et al. 2014).

Factors, such as host behavior and environmental and climate
determinants, may affect the geographic distribution, abundance,
and dynamics of the carrier rodent species and therefore change
the ecology of hantaviruses. Notably, TULV phylogeographic range,
as obtained in our study, coincides with the distribution range
of M. arvalis, considered the main TULV host (https://mol.org/
species/Microtus_arvalis). However, TULV is known to be the
most ‘promiscuous’ of hantaviruses, as numerous small mammal
species have been implicated as its putative reservoirs, includ-
ing M. arvalis, M. subterraneus, M. rossiaemeridionalis, M. agrestis,
M. gregalis, A. amphibius, and L. lagurus (Schmidt-Chanasit et al.
2010; Schlegel et al. 2012). Broadly, geographic range and phylo-
geographic structure of TULV reflect those of evolutionary trajec-
tory of its main natural reservoir, common vole (M. arvalis), for
which speciation processes are commonly linked to the last glacial
maximum (Tougard et al. 2008; Braaker and Heckel 2009).

Common voles are subterrestrial mammals that can be found
in a variety of habitats including forests, meadows, pastures, and
farming areas from sea level up to around 2,000m altitude in the
Alps (Heckel 2005; Braaker and Heckel 2009; Yigit et al. 2016).

Voles tend to build subterraneus burrows in their natural habitats,
which serve as shelters for colonies of voles during the winter time
(Heckel 2005). This type of complex social behavior may increase
the possibility of direct TULV transmission among these small
rodents, particularly in short distances (Deter 2008). Previous
studies implied complex connection between hantavirus natural
reservoirs and environmental and climate changes (Dearing and
Dizney 2010). Small mammals are very sensitive to climate and
habitat changes. Climate changes influence food availability and
alter winter conditions, which in turn may affect the distribution
of small mammals. The seasonal changes of home range sizes
were also observed, resulting in larger home ranges in summer
(Wang 2012). Based on a modeling and observational approach,
home range size of common voles has been estimated to around
195m? in males and 140m? in females (Jacob 2000). Seeing that
this species is characterized by limited dispersal ability and small
local effective population sizes, the strong genetic structuring
among populations at regional and local scales was also observed
(Heckel 2005; Schweizer et al. 2007). Of note, opposite to the very
restricted home range of common vole and contrary to the the-
ory of geographical barriers separating different evolutionary lin-
eages, the presence of genetically identical mitochondrial DNA on
the northern and southern slopes of the Alps has been described
(Braaker and Heckel 2009). Yet, a restricted dispersal capacity of
voles influences the reduction in the opportunity of TULV dis-
semination on long distance. Here, we estimated a relatively low
mean lineage velocity with a median value of 27.1km/year (95 per
cent HPD =[20.9-46.7]) and a weighted lineage dispersal velocity
of 9.1km/year (95 per cent HPD = [7.4-11.3]). Furthermore, a recent
comparative phylogenetic study at a fine geographical scale sug-
gested the existence of a strong barrier for the effective TULV
transmission between local host populations in a geographical
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region in which two distinct evolutionary lineages in the com-
mon vole interact and interbreed (a hybrid zone) (Saxenhofer et al.
2019).

4, Conclusion

In conclusion, we present the first phylogeographic analysis of
TULYV, performed on a dataset of 412 TULV S segment sequences
sampled from 188 locations. We focus on the evolutionary and dis-
persal history of TULV lineages in Eurasia using Bayesian inference
methods. Phylogeographic analysis included all publicly available
unique TULV S segment sequences of the specified region present
in the NCBI database at the time of the analysis. Dispersal routes
of the studied viral lineages appear to be strongly shaped by geo-
graphic distances and highlight a single migration event, leading
to lineage introduction to central Europe.

Data availability

Sequence data are available in Supplementary Table S1, which has a
list of accession numbers together with the year of collection of
sequences used in the study.
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Supplementary data are available at Virus Evolution online.
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