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Abstract

Crimean Congo hemorrhagic fever virus (CCHFV) is one of the most severe viral zoonozes.

It is prevalent throughout Africa, Asia and southern Europe. Limited availability of sequence

data has hindered phylogeographic studies. The complete genomic sequence of all three

segments of 14 Crimean Congo hemorrhagic fever virus strains isolated from 1958–2000 in

Russia, Central Asia and Africa was identified. Each genomic segment was independently

subjected to continuous Bayesian phylogeographic analysis. The origin of each genomic

segment was traced to Africa about 1,000–5,000 years ago. The virus was first introduced

to South and Central Asia in the Middle Ages, and then spread to China, India and Russia.

Reverse transfers of genomic segments from Asia to Africa were also observed. The Euro-

pean CCHFV genotype V was introduced to Europe via the Astrakhan region in South Rus-

sia 280–400 years ago and subsequently gradually spread westward in Russia, to Turkey

and the Balkans less than 150 years ago. Only a few recombination events could be sug-

gested in S and L genomic segments, while segment reassortment was very common. The

median height of a non-reassortant phylogenetic tree node was 68–156 years. There were

reassortment events within the European CCHFV lineage, but not with viruses from other

locations. Therefore, CCHFV in Europe is a recently emerged zoonosis that represents a

spillover from the global gene pool.

Introduction

Crimean-Congo hemorrhagic fever (CCHF) is a tick-borne zoonosis that is prevalent in

Africa, Asia and Europe. Case-fatality rates range from 5 to 30% [1]. CCHFV virus belongs to

the genus Nairovirus, family Bunyaviridae. The negative-sense RNA genome has three seg-

ments. The small (S) segment is about 1.7 Kb long and encodes a nucleoprotein. The medium

(M) segment is approximately 5.3 Kb long and encodes a single ORF that is cleaved into two

envelope glycoproteins and a hypervariable protein of ca. 250 amino acids known as a mucin-
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like domain. The large (L) segment is approximately 12.1 Kb long and encodes a single protein

that contains a polymerase domain [2]. All segments contain short 5’ and 3’ untranslated

regions of 55–170 bases.

CCHFV has several distinct lineages, also termed genotypes (Gt), which have their prefer-

ential prevalence regions [3, 4]. Due to segment reassortment [5], there are differences in the

lineage pattern in different genome segments. Five to seven genotypes are traditionally desig-

nated with Roman numerals. An alternative designation of the same lineages refers to the pref-

erential geographic location [6]. The most ancient lineages (branching close to the tree root in

phylogenetic reconstructions) are generally found in Africa, with the exception of strain Ap92,

which was isolated in Greece. Most of the European isolates belong to GtV and are much more

conserved than CCHFV circulating elsewhere [3, 7, 8]. Strains related to Ap92 (GtVI) are also

occasionally found in Europe [7].

CCHFV is relatively poorly represented in sequence databases, partially due to the high bio-

safety level required to investigate the pathogen. Most of the nucleotide sequences deposited in

Genbank correspond to a partial S segment sequence. There are less than 100 complete S seg-

ment sequences. There were 39 viruses with complete genomic sequence available for all three

genome segments prior to this study. We identified the complete coding sequence of 14

genomes of CCHFV strains that were isolated from 1958–2012 in Russia, Central Asia and

Africa and represent several of the genetic lineages.

Phylogeographic studies of CCHFV have been hindered not only by a limited sample, but

also by an uneven representation of geographic regions among sequenced viruses. The sample

coverage for Europe is better than for Asia and much better than for Africa. Discrete phylogeo-

graphy may be more robust in this case, and indeed such study based on a partial S segment

sequence was published recently [8]. On the other hand, discrete phylogeography relies on

arbitrary assignment of location categories, which may be subjective. Continuous phylogeo-

graphy is less subjective, although certain bias is inevitable because only approximate sampling

coordinates were available for most strains. We did a continuous phylogeography analysis

independently for three complete genome segments to provide an alternative image of

CCHFV evolution.

Materials and Methods

The viruses were obtained from the collection of the Chumakov Institute of Poliomyelitis and

Viral Encephalitides, Moscow, Russia (Table 1). Viruses were stored as lyophilized brain sus-

pensions. RNA was extracted by Trizol reagent (Invitrogen) from mouse brain suspensions.

Reverse transcription was carried out using random hexamer primers and Maxima reverse

transcriptase (Thermo Scientific). PCR primers were designed to amplify ca. 1,000 nucleotide

(nt) fragments of the CCHFV genome overlapping by about 100 nt (S1 Table). Primer specific-

ity was aimed to allow amplification of all known virus genotypes. PCR was carried out using

Platinum Taq (Invitrogen) with 2 mM MgCl2 and the following cycle: 95˚C– 5 min; 10 touch-

down cycles (95˚C 15”– 65˚C to 55˚C 20”– 72˚C 1 min); 40 amplification cycles (95˚C 15”–

55˚C 20”– 72˚C 1 min); 72˚C– 5 min. PCR products were sequenced in both directions by

Sanger sequencing. Genomic termini were not sequenced.

The resulting sequences were assembled using the SeqMan module of Lasergene package

(DNAStar, Inc.). Full or near-full segment CCHFV sequences were extracted from Genbank.

Information on date and location of isolation was derived from Genbank records, original

papers and previous studies [9]. Detailed sampling locations were available for strains isolated

in China, Russia, Iran and India. When a precise sampling location was not known, it was

approximated to the country’s location according to the Google country location list (https://
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developers.google.com/public-data/docs/canonical/countries_csv) or to the endemic Xinjiang

region for Chinese isolates. Geographic coordinates used for calculations are available in S2

Table. Sequences that shared over 99.7% identity or did not have a known isolation date/loca-

tion were omitted.

Phylogenetic analysis was done using the Beast 1.7.5 package [10]. Complete ORF

sequences of S and L segments were used for analysis. In the M segment, only sequences

encoding glycoproteins were included, while the hypervariable mucin-like domain was

excluded. Although inclusion of this domain did not significantly affect the substitution rates

in previous studies [9, 11] and in our preliminary runs, its presence destabilized the calcula-

tions, resulting in much lower ESS values. The final datasets were thus 1,446, 4,335 and 1,1835

nt long and included 79, 68 and 54 sequences for S, M and L segments, correspondingly. Strain

Ap92 isolated in Greece is a highly divergent CCHFV [12]. It was excluded after preliminary

analysis to avoid dichotomy of the phylogeny. Continuous phylogeographic calculations were

done as previously described [13] using recommended parameters (http://beast.bio.ed.ac.uk/

Continuous-phylogeographic-analysis). Computations were run for 60 million (S segment) or

100 million (M and L segments) generations, and trees were sampled every 10,000 generations.

ESS values above 200 were achieved for all parameters. Trees were annotated with a 10% burn-

in by Tree Annotator provided in the Beast package. Phylogeography was visualized in Google

Earth using SPREAD [14]. KML files are available as S1–S3 Files.

Reassortment analysis was done on 53 CCHFV genomes with known complete sequence

for all genomic regions. Bayesian phylogenetic trees were constructed as described above with

a relaxed lognormal clock and the SRD06 substitution model for 25, 30 and 100 million gener-

ations for S, M and L segments, accordingly.

Preliminary recombination analysis was done with the RDP 4.0 package [15]. Bootscan

graphs were created with Simplot 3.5.1 [16].

Results

Complete coding sequences were obtained for 14 CCHFV genomes (Table 1). The genotype of

the viruses was identified according to a previous study [3]. Eight viruses belonged to the Euro-

pean genotype V in all genomic segments (Fig 1). Strain Nakiwogo isolated in Uganda in 1958

was very similar to strain Semunya, which was also isolated in Uganda in 1958. However, these

Table 1. CCHFV strains used in this work and their assignment to virus lineages [3].

Strain Isolation date Sampling Location S segment lineage M segment lineage L segment lineage Genbank No.

Nakiwogo 1958 Uganda II I II KX013483—KX013485

IbAn 7620 1965 Nigeria IV III III KX013450—KX013452

Hodzha 1967 Uzbekistan IV III IV KX013447—KX013449

Saf 1968 Rostov-on-Don, Russia V V V KX013486—KX013488

Min 1968 Rostov-on-Don, Russia V V V KX013480—KX013482

Mamon 1968 Rostov-on-Don, Russia V V V KX013477—KX013479

Gaib 1969 Tajikistan IV III IV KX013444—KX013446

K128–76 1971 Kazakhstan IV III IV KX013453—KX013455

K168–125 1973 Turkmenistan IV III IV KX013459—KX013461

K229–243 1984 Astrakhan, Russia V V V KX013465—KX013467

K229–194 1989 Astrakhan, Russia V V V KX013462—KX013464

K315–14 2000 Stavropol Region, Russia V V V KX013468—KX013470

K323–27 2000 Stavropol Region, Russia V V V KX013471—KX013473

K340–6 2000 Stavropol Region, Russia V V V KX013474—KX013476

doi:10.1371/journal.pone.0166744.t001
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viruses differed by 0.4%, 0.8% and 1.9% in S, M and L segments, respectively, and may be

regarded as distinct strains. Five strains belonged to the Asian genotype IV in the S segment.

Four of them were typical members of this genotype, while isolate IbAn7620 (isolated in Nigeria

in 1965) was very similar to strain Bangui BT-958 from the Central African Republic, an outlier

within genotype IV. In the M segment, four of these five viruses were genotype III, while strain

Gaib isolated in Tajikistan in 1969 was a member of genotype IV and branched close to the

genotype’s root. In the L segment, four of the five members of the S segment type IV belonged

to the Asian genotype IV; however, strain IbAn7620 belonged to the African genotype III.

Bayesian phylogenetic analysis implied substitution rates of 1.3x10-4 substitutions/site/year

(ssy), a 95% HPD (high probability density) range [0.62–2.0 x 10−4] for the S segment, 1.0 x

10−4 [0.65–1.4 x 10−4] for the M segment and 0.8 x 10−4 [0.6–1.1x10-4] for the L segment (Fig

1). These values were in concordance with previously reported rates of 1.09 x 10−4, 1.52 x 10−4

and 0.58 x 10−4 ssy in the S, M and L segments [9] and 1.71 x 10−4 [1.25–2.30 x 10−4] ssy within

GtV [7]. Lower substitution rates reported previously in the L segment were suggested to have

Fig 1. Bayesian phylogenetic trees for complete S, M and L segment sequences. Names of strains sequenced here are indicated in bold. Roman

numerals at tree nodes indicate genotypes. The scale bar shows time in years. Nodes with posterior probabilities > 0.95 are marked with black dots. Height

and height 95% HPD are indicated for selected nodes.

doi:10.1371/journal.pone.0166744.g001
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resulted from a small sample size [9]. Indeed, a larger sample size in our study might explain

slightly higher substitution rates in the S and L segments. In general, substitution rates esti-

mated upon full-segment analysis of different segments and in different studies were very simi-

lar. Much higher substitution rates (2.96 x 10−4 [1.6–4.7 x 10−4] ssy and 1.7–5.7 x 10−4 ssy)

have been previously reported for partial (ca. 300 or 500 nt) S segment sequences [7, 8]. When

we ran the analysis using the same sequences as in the full-segment dataset, but using only the

S segment fragment used by Sherifi et al. (2014) the substitution rate was 3.4 x 10−4 [1.76–5.51

x 10−4] instead of 1.3 x 10−4 [0.62–2.0 x 10−4] for the full S segment. Therefore, shorter S seg-

ment fragments indeed produce higher substitution rates than the complete S segment.

Phylogenies of distinct segments were largely discordant due to reassortment, which is typi-

cal for CCHFV [5]. There is no reason for reassortment to affect phylogenetic dating; there-

fore, reassortant sequences were not excluded. Consistent with previous reports [17],

recombination evidence was identified in few sequences (see below). Exclusion of these

sequences did not affect the tree topology, substitution rates or other run parameters (data not

shown); therefore, they were not omitted from the final runs.

The tree root of all three segments mapped to Central or West Africa. However, 95% HPDs

of tree roots were extremely wide: 4˚S– 19˚N and 20˚W– 27˚E for S segment; 1˚S– 29˚N and

21˚W– 35˚E for M segment; 10˚S– 40˚N and 11˚E– 71˚E for L segment; therefore, it is likely

that CCHFV originated in Africa; however no more precise conclusions on viral origin could

be made. The root age was 1902 [949–3023], 3915 [2588–5537] and 2253 [1572–3026] years

for S, M and L segments, respectively. Interestingly, while the lowest substitution rate was pre-

dicted for the L segment, the M segment root had a much older age estimate. This may imply

that some L and S segment lineages were extinct, or were not sampled yet. The root ages were

comparable with those reported previously: 3,138, 3,560 and 7,358 years for the S, M and L seg-

ments, respectively [9]. More recent root ages in our study are concordant with higher esti-

mated substitution rates and could be affected by increased sample size. It is likely that further

increases of the sample size would result in even more recent root dates.

The patterns of viral spread suggested by phylogeographic analysis were plotted for each

segment (Fig 2). Routes of viral spread in Africa included many long distance jumps and

branches with a duration exceeding one thousand years, and were generally discordant in the

three genomic segments. Obviously, the current sample of African strains is not sufficient to

analyze viral spread in Africa.

The virus was introduced to Central and South Asia in the Middle Ages. The most recent

common ancestor (MRCA) of all three segments of Asian CCHFV lineages maps to Middle

and Central Asia (Turkmenistan and Afghanistan). The Asian MRCA dates back 1,738

[1,146–2,465] years in the M segment (node posterior probability 1) and 1,509 [1,058–2,31]

years in the L segment (node posterior probability 1). Analysis of the S segment phylogeny sug-

gested two independent introductions to South Asia 847 [441–1377] years ago (node posterior

probability 0.84) and to South Russia 248 [126–400] years ago (node posterior probability 1).

However, this pattern may be an artifact and could be explained by a single ancient introduc-

tion and a reverse transfer of virus from Asia to Central Africa. Indeed, long-distance transfers

of virus could be suggested for all genome segments according to the topology of the phyloge-

netic tree, and have been also discussed previously [18, 19].

Complex virus networks were predicted in South Asia, mostly in Afghanistan and Pakistan

(not shown of Fig 2). From this ancient focus, the virus was introduced to China, India, Cen-

tral Asia, South Russia, Iran, Iraq and the Arabian Peninsula. Phylogenetic analysis of three

genome segments unanimously points to a single introduction of GtV to Europe. The MRCA

of the European GtV (always supported by posterior probability 1) dated back 280 [133–485]

years in the S segment, 396 [238–500] years in M and 402 [289–538] years in L segment. This
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node was dated 1930 [1890–1960] in another study that relied upon partial S segment

sequences [7]. Both the use of a full S segment and the inclusion of additionally sequenced

viruses could result in a three times older age of this node in our study. Indeed, one of the

viruses sequenced in our work (K229-243 Astrakhan RUS 1984) was an outlier within GtV in

the S and L segments, which could increase the MRCA age and complement to the signal for

mapping the GtV root to Astrakhan.

For all three segments, the predicted introduction point of GtV to Europe was the Astrakhan

region including the Volga River Delta. This location is a major virus biodiversity area because

Fig 2. Schematic maps of CCHFV segment spread projected by Bayesian phylogeographic analysis. Panels indicate spread

patterns inferred for S, M and L segments. Time of transfers (defined by age of a recipient node) is indicated by line color and style. The

draft map was obtained at Wikimedia commons.

doi:10.1371/journal.pone.0166744.g002
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many migratory birds make a stop-over or reside there [20]. In addition, this region is geograph-

ically closest to Central Asia; therefore, there was an ecological background for both gradual

virus spread by the coast of the Caspian Sea and for introduction by migrating birds. The branch

leading to GtV has a length of 867, 1,328 and 688 years in the S, M and L segments, so any sug-

gestion on the mechanism of virus introduction to South Russia would be highly speculative.

From the Astrakhan region, GtV spread westward in Russia towards the Black Sea to Rostov

and Stavropol regions, to Turkey and to the Balkans. Analysis of S segment phylogeny sug-

gested that the virus spread to the Balkans via Turkey, while the M and L segments implied an

independent virus introduction from Astrakhan to Europe and to Turkey. The first hypothesis

seems more plausible because the sample of S segment sequences is larger and because it was

concordant with the previous estimates [18]. A larger sample of sequences of European viruses

is available for a 536-nt fragment of the S segment. Unfortunately, the resolution was relatively

low in the partial S segment dataset and did not allow reliably inferring viral spread in Europe

on a relatively short time scale [21].

The phylogenies of the three segments were largely discordant. Full segments provided very

good resolution (robust bootstrap support) even among closely related viruses; therefore, we

could analyze reassortment dynamics in detail. For this purpose, a dataset of 53 viruses with

complete sequences in all three segments was used. Bayesian phylogenetic analysis revealed

only eight tree nodes that were identical and reliably supported (posterior probability

values> 0.95) in all three segments (Fig 3). The median age of non-reassortant viruses (dis-

tance from a non-reassortant node to strain isolation) was 68, 156 and 77 years in S, M and L

segments, respectively. These numbers may be further reduced upon sample increase in the

future. There was apparently no limit on the compatibility of segments, because reassortment

could involve distantly related viruses that branched close to the tree root. There have been

reports on reassortment between the S and L segments [9], but also suggestions of S and L seg-

ment co-evolution [22, 23]. In our dataset, there was no evidence that reassortment between

the S and L segments was less frequent than that between the L and M segments. One distinct

group that was apparently not involved in reassortment included three viruses from DRC and

Uganda (GtII in S and L segments). This group branched from other CCHFV lineages over a

thousand years ago. Further sampling is required to confirm its involvement in reassortment

events. Noteworthy, the genetic distance between the Nakiwogo and Semunya strains was five

times higher in the S than in the L segment (see above), which could imply reassortment

within the group with unidentified partners. Within the 17 GtV viruses there was evidence of

reassortment events (best exemplified by strain K229-243 Astrakhan RUS 1984), but none of

them involved introduction of genomic segments from other genotypes.

Recombination within CCHFV genome segments was reported previously [17] and con-

firmed in subsequent studies [3]. CCHFV sequences were analyzed for recombination using

the RDP 4.0 package, which utilizes a panel of algorithms. The detected cases were then visual-

ized using bootscan graphs. Consistent with previous reports, several cases of significantly sup-

ported recombination events were found within the S segment (Fig 4A and 4B). In the L

segment, only GtII (M-I) viruses isolated in DRC and Uganda displayed evidence of recombi-

nation. Interestingly, the pattern was highly mosaic and implied multiple exchanges within

that group (Fig 4C). These recombination events were identified in the middle of individual

chromatograms of the Nakiwogo strain sequenced in this work, ruling out experimental error

(amplification of fragments of different genomes from a mixture of viruses). No reliably sup-

ported recombination events could be detected in the M segment; however, a few sequences

had evidence of introduction of very short highly divergent sequences of unknown origin, sug-

gestive of sequencing errors. In general, in CCHFV there were significantly fewer suggested

recombination events than reassortment cases.
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Discussion

Phylogenetic analysis of all three genome segments suggested that CCHFV emerged in Africa

only several thousand years ago. This value could be reproducibly obtained for different

genome segments in this and other studies [9]. Dating of evolutionary events that occurred

thousands of years ago can be questionable. While Bayesian phylogenetic inference is now the

standard methodology, there have been concerns that dating of ancient nodes can be wrong by

up to five orders of magnitude [24]. One of the main factors that could compromise ancestral

node dating is the saturation of synonymous sites. For the poliovirus, it was estimated that

mutation saturation could be achieved in approximately 100 years [25]. However, poliovirus

has substitution rates of approximately 10−2 ssy, and CCHFV was estimated to have rates of

approximately 10−4 ssy. Polioviruses of the same type may contain up to 25% nucleotide

sequence differences in the VP1 genomic region commonly used for dating [26]. In the

CCHFV sequences used here, the mean nucleotide sequence distance was 10%, and the maxi-

mum was 18%. Therefore, it is unlikely that mutation saturation had a critical impact on

molecular dating. Nevertheless, until more incite is obtained in this field, the dates of ancestral

nodes have to be treated with caution.

Virus introduction to Central and South Asia dated back to the Middle Ages. This was com-

patible with historical references describing a disease, which is now believed to have been

CCHF, around 1100 in Middle Asia [27]. Then, CCHFV GtV was apparently introduced to

Europe via the Volga Delta region only a few hundred years ago, and spread to the Balkans

even more recently, supporting its classification as an emerging zoonosis. This relatively fast

dynamics implies that CCHFV in Europe likely did not reach an ecological balance, and that

the further spread of CCHFV is very likely. Unfortunately, no complete segment sequences

were available for lineage VI (Europe 2), which was apparently introduced to Europe, probably

via Turkey, also approximately 100 years ago [7]. It is surprising that the virus, which emerged

in Africa several thousand years ago, was introduced and got established in Europe only so

recently, given a proven capacity of migratory birds to carry ticks infected with African

CCHFV variants [28] and the occasional detection of non-conventional CCHFV genotype var-

iants in Europe [12, 29]. Moreover, it is surprising that only two virus introductions to Europe

were successful, while numerous infected nymphs might have been transferred each year

between continents by migratory birds. Currently there is no comprehensive data on the num-

ber of nymphs of competent tick species and the fraction of infected nymphs on migratory

birds of different species. It is only known that many bird species are not efficient carriers of

infected nymphs [28]. Further studies are necessary to understand the barriers to establish-

ment of CCHF foci in nature.

Segment reassortment in CCHFV was first described over a decade ago [5] and has been

confirmed in subsequent studies [3, 6, 22]. An increase of sequence samples over time pro-

vided evidence of more and more common reassortment. A recent study reported that 10 of

15 South African isolates were reassortant [22]. Another study used 30 complete genomes and

identified 16 reassortment events [19]. Our analysis confirmed that reassortment is not a

Fig 3. Non-reassortant CCHFV genomes. A Bayesian phylogenetic tree was built for the L segments of 53

CCHFV genomes with available complete coding sequences of all three segments. Poorly supported

(posterior probability < 0.95) nodes are indicated in gray. For nodes that were reliably supported in L segment,

the conservation of the node in S and M segments is indicated by the left and the right circle, respectively.

Tree nodes that were conserved are marked with a blue “+”. Nodes with a reliably supported conflicting

phylogeny observed in the S or M segments are marked with a red “-“. Nodes that were not reliably supported

in the S or M segments, but were not obviously reassortant, are indicated with a yellow “*”. Nodes that were

ancestral to a reassortant node were not analyzed.

doi:10.1371/journal.pone.0166744.g003
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possibility, but a regular event, and the median half-life time of a non-recombinant virus was

just 68–156 years in different segments. It is noteworthy that two of the non-reassortant nodes

with the highest ages (257–834 years in different segments) included viruses of GtII (M I),

which was represented by just three sequences. It is likely that the global sample was too small

to detect reassortment within this group. Moreover, near-identical sequences were excluded

from the analysis, thus pushing up the median half-life of a non-reassortant virus. Therefore,

the suggested median rate of reassortment, which can be approximated to “once in 100 years”,

may be regarded as a conservative estimate, and further studies may produce yet higher reas-

sortment frequency estimates.

Due to reassortment, CCHFV genome segments generally had independent evolutionary pat-

terns confined by ecological barriers to virus exchange (e.g., in the European GtV), but not by

molecular limitations of segment compatibility, as reassortment between very distantly related

viruses was observed. Natural reassortment is an established species criterion in the genera Ortho-
bunyavirus and Hantavirus of the family Bunyaviridae, but not in the genus Nairovirus [30]. The

frequent natural reassortment among CCHFV, but not with any other nairoviruses, implies that

natural reassortment can also be considered as a species criterion in the genus Nairovirus.
Absence of segment reassortment between the European GtV and CCHFV from other

regions contrasts with common gene transfer between Asian and African strains. It suggests

that GtV could represent a spill-over from the main CCHFV gene pool, which then became

reproductively isolated (not involved in gene transfer). This observation also supports the con-

clusion that CCHFV introduction to Europe was an exceptional event in the evolutionary his-

tory of the virus.

It is believed that RNA viruses existed on the eve of the cellular world [31]. The ecological

niche occupied by ticks and small mammals have been likely present for a very long time.

Therefore, it is surprising that CCHFV has such a recent evolutionary history. While dating of

ancient evolutionary events may be arguable, the recent introduction of the virus to Europe is

well supported by data. Therefore, arboviruses, deemed one of the most evolutionarily stable

groups of RNA viruses because of strict constraints that accompany their capacity to replicate

in two host systems [32], are an important potential source of emerging viruses.

Supporting Information

S1 File. KML file for visualization of S segment phylogeographic analysis.

(KML)

S2 File. KML file for visualization of M segment phylogeographic analysis.

(KML)

S3 File. KML file for visualization of L segment phylogeographic analysis.

(KML)

S1 Table. Oligonucleotides used to amplify CCHFV genome fragments.

(DOCX)

S2 Table. Coordinates of strain isolation locations. Coordinates were approximated to a

country according to the Google country list table (https://developers.google.com/public-data/

Fig 4. Bootscan analysis of exemplary CCHFV genomes. The Y axis shows the percentage of

phylogenetic trees with a reliably supported grouping of a query sequence with sequences indicated in the

legend in a sliding window that corresponds to the x axis. A. S segment, window 400 bp, step 20 bp. B. S

segment, window 500 bp, step 20 bp. C. L segment, window 400 bp, step 50 bp.

doi:10.1371/journal.pone.0166744.g004

Phylogeography of Crimean Congo Hemorrhagic Fever Virus

PLOS ONE | DOI:10.1371/journal.pone.0166744 November 23, 2016 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166744.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166744.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166744.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166744.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166744.s005
https://developers.google.com/public-data/docs/canonical/countries_csv


docs/canonical/countries_csv) or to a province/administrative region center for strains origi-

nating from Russia, China and Iran.

(XLSX)

Acknowledgments

The study was supported by Russian Scientific Foundation grant 14-15-00619. The funding

source did not play any role in study design, collection, analysis and interpretation of data, in

the writing of the report, and in the decision to submit the article for publication.

Author Contributions

Formal analysis: ANL ASK APG.

Investigation: ANL ASK.

Project administration: ANL JFD.

Resources: SSE TKD.

Supervision: ANL.

Writing – original draft: ANL APG JFD.

Writing – review & editing: ANL APG JFD.

References
1. Bente DA, Forrester NL, Watts DM, McAuley AJ, Whitehouse CA, Bray M. Crimean-Congo hemor-

rhagic fever: history, epidemiology, pathogenesis, clinical syndrome and genetic diversity. Antiviral

research. 2013; 100(1):159–89. doi: 10.1016/j.antiviral.2013.07.006. PMID: 23906741.

2. Elliott RM, Schmaljohn CS. Bunyaviridae. In: Knipe DM, Howley PM, editors. Fields Virology, 6th ed. 1.

Philadelphia: Lippincott Williams & Wilkins; 2013. p. 1244–82.

3. Deyde VM, Khristova ML, Rollin PE, Ksiazek TG, Nichol ST. Crimean-Congo hemorrhagic fever virus

genomics and global diversity. Journal of virology. 2006; 80(17):8834–42. doi: 10.1128/JVI.00752-06.

PMID: 16912331; PubMed Central PMCID: PMC1563879.

4. Hewson R, Chamberlain J, Mioulet V, Lloyd G, Jamil B, Hasan R, et al. Crimean-Congo haemorrhagic

fever virus: sequence analysis of the small RNA segments from a collection of viruses world wide. Virus

research. 2004; 102(2):185–9. doi: 10.1016/j.virusres.2003.12.035. PMID: 15084400.

5. Hewson R, Gmyl A, Gmyl L, Smirnova SE, Karganova G, Jamil B, et al. Evidence of segment reassort-

ment in Crimean-Congo haemorrhagic fever virus. J Gen Virol. 2004; 85(Pt 10):3059–70. PMID:

15448369. doi: 10.1099/vir.0.80121-0

6. Anagnostou V, Papa A. Evolution of Crimean-Congo Hemorrhagic Fever virus. Infection, genetics and

evolution: journal of molecular epidemiology and evolutionary genetics in infectious diseases. 2009; 9

(5):948–54. doi: 10.1016/j.meegid.2009.06.018. PMID: 19560561.

7. Sherifi K, Cadar D, Muji S, Robaj A, Ahmeti S, Jakupi X, et al. Crimean-Congo hemorrhagic fever virus

clades V and VI (Europe 1 and 2) in ticks in Kosovo, 2012. PLoS neglected tropical diseases. 2014; 8

(9):e3168. doi: 10.1371/journal.pntd.0003168. PMID: 25255381; PubMed Central PMCID:

PMC4177860.

8. Zehender G, Ebranati E, Shkjezi R, Papa A, Luzzago C, Gabanelli E, et al. Bayesian phylogeography of

Crimean-Congo hemorrhagic fever virus in Europe. PloS one. 2013; 8(11):e79663. doi: 10.1371/

journal.pone.0079663. PMID: 24223988; PubMed Central PMCID: PMC3817137.

9. Carroll SA, Bird BH, Rollin PE, Nichol ST. Ancient common ancestry of Crimean-Congo hemorrhagic

fever virus. Molecular phylogenetics and evolution. 2010; 55(3):1103–10. doi: 10.1016/j.ympev.2010.

01.006. PMID: 20074652.

10. Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST

1.7. Molecular biology and evolution. 2012; 29(8):1969–73. doi: 10.1093/molbev/mss075. PMID:

22367748; PubMed Central PMCID: PMC3408070.

Phylogeography of Crimean Congo Hemorrhagic Fever Virus

PLOS ONE | DOI:10.1371/journal.pone.0166744 November 23, 2016 12 / 14

https://developers.google.com/public-data/docs/canonical/countries_csv
http://dx.doi.org/10.1016/j.antiviral.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23906741
http://dx.doi.org/10.1128/JVI.00752-06
http://www.ncbi.nlm.nih.gov/pubmed/16912331
http://dx.doi.org/10.1016/j.virusres.2003.12.035
http://www.ncbi.nlm.nih.gov/pubmed/15084400
http://www.ncbi.nlm.nih.gov/pubmed/15448369
http://dx.doi.org/10.1099/vir.0.80121-0
http://dx.doi.org/10.1016/j.meegid.2009.06.018
http://www.ncbi.nlm.nih.gov/pubmed/19560561
http://dx.doi.org/10.1371/journal.pntd.0003168
http://www.ncbi.nlm.nih.gov/pubmed/25255381
http://dx.doi.org/10.1371/journal.pone.0079663
http://dx.doi.org/10.1371/journal.pone.0079663
http://www.ncbi.nlm.nih.gov/pubmed/24223988
http://dx.doi.org/10.1016/j.ympev.2010.01.006
http://dx.doi.org/10.1016/j.ympev.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/20074652
http://dx.doi.org/10.1093/molbev/mss075
http://www.ncbi.nlm.nih.gov/pubmed/22367748


11. Chen S. Molecular evolution of Crimean-Congo hemorrhagic fever virus based on complete genomes.

The Journal of general virology. 2013; 94(Pt 4):843–50. doi: 10.1099/vir.0.049379–0. PMID: 23255625.

12. Papa A, Chaligiannis I, Kontana N, Sourba T, Tsioka K, Tsatsaris A, et al. A novel AP92-like Crimean-

Congo hemorrhagic fever virus strain, Greece. Ticks and tick-borne diseases. 2014; 5(5):590–3. doi:

10.1016/j.ttbdis.2014.04.008. PMID: 24953797.

13. Lemey P, Rambaut A, Welch JJ, Suchard MA. Phylogeography takes a relaxed random walk in continu-

ous space and time. Molecular biology and evolution. 2010; 27(8):1877–85. doi: 10.1093/molbev/

msq067. PMID: 20203288; PubMed Central PMCID: PMC2915639.

14. Bielejec F, Rambaut A, Suchard MA, Lemey P. SPREAD: spatial phylogenetic reconstruction of evolu-

tionary dynamics. Bioinformatics. 2011; 27(20):2910–2. doi: 10.1093/bioinformatics/btr481. PMID:

21911333; PubMed Central PMCID: PMC3187652.

15. Martin DP, Murrell B, Golden M, Khoosal A, Muhire B. RDP4: Detection and analysis of recombination

patterns in virus genomes. Virus Evolution. 2015;(1: ):vev003. doi: 10.1093/ve/vev003 PMID:

27774277

16. Ray SC. SimPlot for Windows 95/98/NT. 2.5 ed1999.

17. Lukashev AN. Evidence for recombination in Crimean-Congo hemorrhagic fever virus. The Journal of

general virology. 2005; 86(Pt 8):2333–8. doi: 10.1099/vir.0.80974–0. PMID: 16033981.

18. Mild M, Simon M, Albert J, Mirazimi A. Towards an understanding of the migration of Crimean-Congo

hemorrhagic fever virus. The Journal of general virology. 2010; 91(Pt 1):199–207. doi: 10.1099/vir.0.

014878–0. PMID: 19812264.

19. Zhou Z, Deng F, Han N, Wang H, Sun S, Zhang Y, et al. Reassortment and migration analysis of Cri-

mean-Congo haemorrhagic fever virus. The Journal of general virology. 2013; 94(Pt 11):2536–48. doi:

10.1099/vir.0.056374–0. PMID: 23939975.

20. L’Vov D K, Kovtunov AI, Iashkulov KB, Gromashevskii VL, Dzharkenov AF, Shchelkanov M, et al. [Cir-

culation of West Nile virus (Flaviviridae, Flavivirus) and some other arboviruses in the ecosystems of

Volga delta, Volga-Akhtuba flood-lands and adjoining arid regions (2000–2002)]. Voprosy virusologii.

2004; 49(3):45–51. PMID: 15188655.

21. Kalaycioglu AT, Durmaz R, Uyar Y, Unaldi O, Aksekili E, Ozkul A, et al. Lack of genetic diversity in Cri-

mean-Congo hemorrhagic fever viruses in Turkey: assessment of present and future patterns of dis-

ease. Journal of medical virology. 2012; 84(3):471–8. doi: 10.1002/jmv.22224. PMID: 22246834.

22. Goedhals D, Bester PA, Paweska JT, Swanepoel R, Burt FJ. Next-generation sequencing of southern

African Crimean-Congo haemorrhagic fever virus isolates reveals a high frequency of M segment reas-

sortment. Epidemiology and infection. 2014; 142(9):1952–62. doi: 10.1017/S0950268814000818.

PMID: 24786748.

23. Chamberlain J, Cook N, Lloyd G, Mioulet V, Tolley H, Hewson R. Co-evolutionary patterns of variation

in small and large RNA segments of Crimean-Congo hemorrhagic fever virus. The Journal of general

virology. 2005; 86(Pt 12):3337–41. doi: 10.1099/vir.0.81213–0. PMID: 16298979.

24. Duchene S, Holmes EC, Ho SY. Analyses of evolutionary dynamics in viruses are hindered by a time-

dependent bias in rate estimates. Proceedings Biological sciences / The Royal Society. 2014; 281

(1786). doi: 10.1098/rspb.2014.0732. PMID: 24850916; PubMed Central PMCID: PMC4046420.

25. Jorba J, Campagnoli R, De L, Kew O. Calibration of multiple poliovirus molecular clocks covering an

extended evolutionary range. J Virol. 2008; 82(9):4429–40. doi: 10.1128/JVI.02354-07. PMID:

18287242; PubMed Central PMCID: PMC2293050.

26. Oberste MS, Maher K, Kilpatrick DR, Pallansch MA. Molecular evolution of the Human enteroviruses:

correlation of serotype with VP1 sequence and application to picornavirus classification. Journal of

Virology. 1999; 73:1941–8. PMID: 9971773

27. Hoogstraal H. The epidemiology of tick-borne Crimean-Congo hemorrhagic fever in Asia, Europe, and

Africa. J Med Entomol. 1979; 15(4):307–417. PMID: 113533.

28. Lindeborg M, Barboutis C, Ehrenborg C, Fransson T, Jaenson TG, Lindgren PE, et al. Migratory birds,

ticks, and crimean-congo hemorrhagic fever virus. Emerging infectious diseases. 2012; 18(12):2095–7.

doi: 10.3201/eid1812.120718. PMID: 23171591; PubMed Central PMCID: PMC3557898.

29. Estrada-Pena A, Palomar AM, Santibanez P, Sanchez N, Habela MA, Portillo A, et al. Crimean-Congo

hemorrhagic fever virus in ticks, Southwestern Europe, 2010. Emerging infectious diseases. 2012; 18

(1):179–80. doi: 10.3201/eid1801.111040. PMID: 22261502; PubMed Central PMCID: PMC3310114.

30. Plyusnin A, Beaty BJ, Elliott RM, Goldbach R, Kormelink R, Lundkvist Å, et al. Family Bunyaviridae. In:

King AMQ, Adams MJ, Carstens EB, Lefkowitz EJ, editors. Virus Taxonomy Classification and nomen-

clature of viruses Ninth report of the International Committee on Taxonomy of Viruses: Elsevier; 2012.

p. 725–41.

Phylogeography of Crimean Congo Hemorrhagic Fever Virus

PLOS ONE | DOI:10.1371/journal.pone.0166744 November 23, 2016 13 / 14

http://dx.doi.org/10.1099/vir.0.049379&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/23255625
http://dx.doi.org/10.1016/j.ttbdis.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/24953797
http://dx.doi.org/10.1093/molbev/msq067
http://dx.doi.org/10.1093/molbev/msq067
http://www.ncbi.nlm.nih.gov/pubmed/20203288
http://dx.doi.org/10.1093/bioinformatics/btr481
http://www.ncbi.nlm.nih.gov/pubmed/21911333
http://dx.doi.org/10.1093/ve/vev003
http://www.ncbi.nlm.nih.gov/pubmed/27774277
http://dx.doi.org/10.1099/vir.0.80974&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/16033981
http://dx.doi.org/10.1099/vir.0.014878&ndash;0
http://dx.doi.org/10.1099/vir.0.014878&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/19812264
http://dx.doi.org/10.1099/vir.0.056374&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/23939975
http://www.ncbi.nlm.nih.gov/pubmed/15188655
http://dx.doi.org/10.1002/jmv.22224
http://www.ncbi.nlm.nih.gov/pubmed/22246834
http://dx.doi.org/10.1017/S0950268814000818
http://www.ncbi.nlm.nih.gov/pubmed/24786748
http://dx.doi.org/10.1099/vir.0.81213&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/16298979
http://dx.doi.org/10.1098/rspb.2014.0732
http://www.ncbi.nlm.nih.gov/pubmed/24850916
http://dx.doi.org/10.1128/JVI.02354-07
http://www.ncbi.nlm.nih.gov/pubmed/18287242
http://www.ncbi.nlm.nih.gov/pubmed/9971773
http://www.ncbi.nlm.nih.gov/pubmed/113533
http://dx.doi.org/10.3201/eid1812.120718
http://www.ncbi.nlm.nih.gov/pubmed/23171591
http://dx.doi.org/10.3201/eid1801.111040
http://www.ncbi.nlm.nih.gov/pubmed/22261502


31. Koonin EV, Dolja VV. A virocentric perspective on the evolution of life. Current opinion in virology. 2013;

3(5):546–57. doi: 10.1016/j.coviro.2013.06.008. PMID: 23850169; PubMed Central PMCID:

PMC4326007.

32. Coffey LL, Forrester N, Tsetsarkin K, Vasilakis N, Weaver SC. Factors shaping the adaptive landscape

for arboviruses: implications for the emergence of disease. Future microbiology. 2013; 8(2):155–76.

doi: 10.2217/fmb.12.139. PMID: 23374123; PubMed Central PMCID: PMC3621119.

Phylogeography of Crimean Congo Hemorrhagic Fever Virus

PLOS ONE | DOI:10.1371/journal.pone.0166744 November 23, 2016 14 / 14

http://dx.doi.org/10.1016/j.coviro.2013.06.008
http://www.ncbi.nlm.nih.gov/pubmed/23850169
http://dx.doi.org/10.2217/fmb.12.139
http://www.ncbi.nlm.nih.gov/pubmed/23374123

