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	Abstract of Taxonomy Proposal: 

	
Taxonomic rank(s) affected: Orthoflavivirus encephalitidis

Description of current taxonomy: Currently, the species Orthoflavivirus encephalitidis constitutes a paraphyletic group including at least four subtypes of tick-borne encephalitis virus (TBEV) and excluding louping ill virus (LIV). Besides, there are four unclassified isolates which are phylogenetically close to LIV: Spanish sheep encephalitis virus (SSEV), Spanish goat encephalitis virus (SGEV), Turkish sheep encephalitis virus (TSEV) and Greek goat encephalitis virus (GGEV).

Proposed taxonomic change(s):  To resolve the paraphyletic issue, we propose to rename Orthoflavivirus encephalitidis as Orthoflavivirus zilberi and to create a new species, Orthoflavivirus neudoerflense. According to our proposal, the demarcation threshold runs between the European subtype of TBEV (TBEV-EU) (Orthoflavivirus neudoerflense) and the other TBEV subtypes (Orthoflavivirus zilberi). Considering unclassified LIV-like isolates, we propose to fuse LIV, SSEV, SGEV in a single species, and TSEV together with GGEV should also be assigned as the separate species, Orthoflavivirus mediterranense to keep monophyly within the clade of TBEV+LIV+TSEV+GGEV.

Justification: Ee provided species delimitation analysis (278 complete open reading frame (ORF) amino acid sequences) and compared evolutionary protein distances of the surface antigenic determinants of the TBEV and LIV E gene (812 sequences) in silico. The results of both analyses show that TBEV-EU is significantly different from the other TBEV subtypes and LIV.
Our conclusion is also supported by the other species demarcation criteria for the genus Orthoflavivirus: disease associations (as well as tissue tropism, disease course, case fatality rate, pathogenicity for humans and animals), antigenic characteristics, geographic association, vector association and ecological characteristics.




	· Text of Taxonomy proposal:  

	
Taxonomic rank(s) affected:       
Orthoflavivirus encephalitidis

Description of current taxonomy:       
At the moment, the species Orthoflavivirus encephalitidis constitutes a paraphyletic group of viruses including at least four tick-borne encephalitis virus (TBEV) subtypes: Far-Eastern (TBEV-FE), European (TBEV-EU), Siberian (TBEV-Sib), and Baikalian (TBEV-Bkl). The paraphyly results from the exclusion of louping ill virus (LIV) clade from the common TBEV+LIV+LIV-like clade and considering LIV as a member of a separate species. Orthoflavivirus loupingi (Fig. 1). Besides, there are four unclassified isolates which are phylogenetically close to LIV (LIV-like): Spanish sheep encephalitis virus (SSEV), Spanish goat encephalitis virus (SGEV), Turkish sheep encephalitis virus (TSEV) and Greek goat encephalitis virus (GGEV). According to the ICTV Code, “A species is a monophyletic group of MGEs whose properties can be distinguished from those of other species by multiple criteria”. Besides the paraphyly issue, over several decades, a large body of data has been accumulated in the literature showing that TBEV-EU is different in its properties and phenotype from the other TBEV subtypes. Thus, the current taxonomic status of Orthoflavivirus encephalitidis needs to be revised.

Proposed taxonomic change(s):     
We suggest renaming Orthoflavivirus encephalitidis as and Orthoflavivirus zilberi (TBEV-FE+TBEV-Bkl+TBEV-S) and to create a new species, Orthoflavivirus neudoerflense (TBEV-E). According to our proposal, the demarcation threshold runs between the European subtype of TBEV (Orthoflavivirus neudoerflense) and the other TBEV subtypes (Orthoflavivirus zilberi). Considering unclassified LIV-like isolates, we suggest assigning LIV, SSEV, SGEV to the established species Orthoflavivirus loupingi, and TSEV together with GGEV should also be assigned as a separate new species, Orthoflavivirus mediterranense, to keep monophyly within the clade of TBEV+LIV+TSEV+GGEV.
. 
The names’ origins are listed below.
· Orthoflavivirus neudoerflense refers to the Neudörfl — a town in Austria, where the prototype strain “Neudörfl” was isolated. The genome of Neudörfl is also the first complete TBEV genome sequenced [19];
· Orthoflavivirus zilberi refers to Lev A. Zilber — the leader of the Soviet Far East expedition, which resulted in the discovery of TBEV in 1937 [29];
· Orthoflavivirus mediterranense refers to the Mediterranean as the GGEV and TSEV isolation territory.

Demarcation criteria:
We considered the demarcation criteria established by the ICTV Flaviviridae Study Group (https://ictv.global/report/chapter/flaviviridae/flaviviridae/orthoflavivirus):  
· Nucleotide and deduced amino acid (aa) sequence data;
· Antigenic characteristics;
· Disease association;
· Geographic association;
· Vector and host association;
· Ecological characteristics.

Justification:      
1. Analysis of nucleotide and deduced amino acid sequence data
To delimit species within the tick-borne orthoflavivirus group [2], we used three bioinformatic delimitation methods: GMYC, [10], ABGD [22], and PTP [28] (Fig. 2a). The data set structure is represented in Table 1. As part of our proposal, hereafter, we will consider only the TBEV+LIV clade (Fig. 2b). For species delimitation within this clade, we used 211 complete amino acid sequences of a polyprotein of TBEV, LIV, and LIV-like viruses. Despite discordance in the number of species within the TBEV+LIV clade (Fig. 2b), all three methods reject the hypothesis that the TBEV+LIV clade represents a single species, thereby distinguishing TBEV-EU from the other TBEV subtypes. 
We relied on the results of ABGD (Fig. 2b) as more parsimony and consistent with published data on the other species demarcation criteria (see the next sections). ABGD merged TBEV-FE+TBEV-B+TBEV-S into a single species unit but separated Himalayan isolates of TBEV into a separate species.  In the publications available, there is no additional reliable data on virus properties (e.g., vector and host association, tissue tropism, etc.) to separate TBEV-S from TBEV-FE, or split TBEV-S into multiple species or to delineate the Himalayan TBEV clade. Considering the TBEV-E and LIV+LIV-like clades, ABGD delimited those clades into three species.
Our results contradict the previous proposals to consider TBEV and LIV as one species [4, 13]. The weak point of both studies is that the authors, at that time, had a small number of TBEV and LIV samples (4 ORF sequences for TBEV and 4 ORFs for LIV in Grard, et al. [13]; 4 ORFs for TBEV and 9 E gene aa sequences for LIV in Charrel, et al. [4]).
Recently, Deviatkin, et al. [8] have offered a dN/dS (non-synonymous substitutions per nonsynonymous site/synonymous substitutions per synonymous site) threshold as a species criterion. The authors claimed that according to the criterion, TBEV (including all subtypes) and Omsk hemorrhagic fever virus (OHFV) belonging to the species Orthoflavivirus omskense should be considered as a single species. We provide the next counterarguments against this proposal:
· The major issue that should be addressed is the fact that the authors did not test their data on nucleotide substitution saturation, which drastically biases the calculation of the number of synonymous substitutions per synonymous site (dS) especially in the case of the third codon position, leading to dN/dS miscalculation. If the saturation of the third codon position is presented between a pair of taxa, then dS stops to increase, meanwhile, dN continues to grow, resulting in the rise of dN/dS itself (false positive evidence for positive selection). Therefore, in the presence of saturation, the more evolutionary distant taxa will have higher values of dN/dS than those observed in the study of Deviatkin, et al. [8]. For example, dN/dS for the pair of TBEV and OHFV is lower, than for TBEV and Langat virus (Figure 2 in Deviatkin, et al. [8]).
· Now dozens of papers demonstrate examples of natural selection affecting synonymous substitutions due to codon usage bias (10.1016/j.ympev.2015.08.026), secondary RNA structure (10.1016/j.ympev.2015.08.026), translational efficiency (10.1093/molbev/msq077), etc. These factors lead to synonymous substitution rate variation (SRV). The authors used the simple Nei-Gojobori method and PAML software, which do not take into account SRV across sites, which could bias dN/dS ration evaluation. It was shown [27] that even moderate levels of SRV produce very high false positive rates;
· The proposal of Deviatkin, et al. [8] ignores remarkable differences between TBEV and OHFV on the other demarcation species criteria. In particular, two different vectors (Ixodes spp. for TBEV and Dermacentor spp. for OHFV) occupy two different ecological niches (or follow two different evolutionary trajectories), which decreases interspecies competition and triggers the speciation process. This leads to viruses differing in clinical manifestation, virulence for humans, tissue tropism, and ecological characteristics. Thus, merging TBEV and OHFV based on the dN/dS ratio only is at least a one-sided approach.

2. Antigenic characteristics
2.1. Comparing evolutionary distances of E protein surface regions of TBEV and LIV in silico
In GenBank, we found 812 E protein aa sequences of TBEV (TBEV-FE, -E, -S, -B) and LIV and extracted surface regions determined by Rey, et al. [23]. The alignment obtained was used for the subsequent phylogenetic reconstruction in IQTREE (maximum likelihood inference) with 1,000 ultrafast bootstrap replicates (for technical details see our publication [2]). The analysis revealed that LIV statistically differed from all TBEV subtypes (Fig. 3a, h, i, j). TBEV-E was significantly distinguished from the other TBEV subtypes (Fig. 3c, g) with the exception of the Siberian subtype of TBEV (TBEV-S) — the case where the slightly credible interval overlap is observed, Fig. 3e.
Amino acid rate matrices for phylogenetic reconstruction were derived from pair‐wise substitution frequencies of amino acid residues, different structural environments of residues, and, among other things, physico‐chemical properties of residues. Thus, the revealed differences in evolutionary distances between surface amino acids of the E protein can be interpreted as differences in physicochemical properties defining tissue tropism and antigenic characteristics. Our calculations coincide with literature data on antigenic similarities  of TBEV and LIV [16] (see Section 2.2) and the other species demarcation criteria.
We will further consider the literature data only.
2.2. Antigenic relationships of TBEV-FE, TBEV-E, LIV, and LIV-like
Two geographic and antigenic variants of TBEV (Eastern and Western) have been known for 40 years [21]. First analyses of virus antigenic properties revealed two antigen subtypes: Eastern and Western [7] or ‘Persulcatus’ and ‘Ricinus’ antigen variants according to viral ecology [6].
Hubálek, et al. [16] applied indirect immunofluorescence tests and demonstrated a clear difference between isolates of TBEV-E and TBEV-FE (72% overall similarity in antigenic relationships). On the UPGMA tree, TBEV-E and LIV isolates formed a common clade with similarity ranging between 84.0% (TBEV-E to TSEV) and 96.6% (TBEV-E to SSEV); TBEV-FE (prototype strain Sofjin) played a role of an outgroup for the TBEV-E+LIV+LIV-like clade.
3. Disease association
3.1. Neuroinvasiveness and neurotropism of TBEV-FE and TBEV-E
In a number of studies, sheep received virus solution containing TBEV-FE and TBEV-E subcutaneously and by intracerebral infection (15 and 24 sheep for TBEV-FE and -E experiments on intracerebral infection, respectively) [26]. It was shown that subcutaneous infection of sheep with TBEV-E as well as infection via ticks did not yield transition of BBB but induced only meningitis. In the case of intracerebral infectious, TBEV-E showed a clear biphasic course with neurological signs (anisocoria, ptosis, myelitic paresis, tonic-clonic spasm) and a mortality rate of only 12,5%. The viral titer in the different parts of the brain (cortex, cerebellum, medulla, cervical, lumbar) during the first phase (fever phase) ranged from 1.2–2.8 lgLD50 (mean = 2.0) (Table 1). In the blood, virus titer averaged 2.5 lgLD50 and was higher than in the CNS. The morphological studies of the CNS showed glial nodes took 8.5–21.5% of microscope fields of view (FOV; mean – 14,6%). Neuronophagia took only 5.6–10.0% of FOV (mean – 7.4%). Damage to the neurons occurs only in some animals as a secondary inflammatory effect arising from infection of glial cells. In contrast, the intracerebral infection of sheep with TBEV-FE (the strain “198”) resulted in a mortality rate of 100%. The course of the disease was monophasic and severe and developed rapidly. Already on days 2–3, sheep rapidly developed signs of focal brain damage and fever. The viral titer in the CNS was on average 1.3 lgLD50 higher (1.2–1.8 lgLD50) than in the blood (for details, see Table 1). Primary degenerative CNS disorders prevailed. Neuronophagia took 32.5–42.5% of FOV (mean – 37.5%). Glial nodes ranged widely from 34.0–99.0% of FOV (mean – 56.1%). Results of those studies provide strong evidence of differences between neurotropism of TBEV-E and -FE at least in sheep infection.
Votiakov, et al. [25] (see also Gritsun, et al. [14]) in the experiments with monkeys and sheep also demonstrated that the European virus (TBEV-E) initially did not replicate in or damage neuronal cells even after intracerebral infection. Instead, the primary target of the European virus was lymphoid tissue and the virus subsequently appeared in the brains, 6–9 days after inoculation (in the cerebellum predominantly) of those animals that developed encephalitis. In turn, the Far-Eastern virus (TBEV-FE) directly infected and damaged neurons in the brain, resulting in severe encephalitis. These facts indicate that TBEV-FE is more neurotropic than TBEV-E.
3.2. Disease course and case fatality rate
A biphasic course is observed in 74% of tick-borne encephalitis (TBE) patients infected with TBEV-E [18], but TBEV-FE and -S infections are mostly monophasic, in only a small fraction of cases demonstrating a biphasic pattern [20]. Importantly, TBEV-FE infections in most cases cause an illness with a gradual onset, more severe course, and higher rates of severe neurologic sequelae compared to TBEV-E infections [1].
Case fatality rate (CFR) for TBEV-E ranges between 1% and 2% [1, 15]. The case-fatality rate for TBEV-FE infections is approximately 20%, compared with 1–2% for the European form [9].
3. Vector association and ecological characteristics
TBEV-FE and TBEV-S are predominantly associated with Ixodes persulcatus ticks, TBEV-E — I. rinicus. I. persulcatus inhabits mainly coniferous forests of Asia and Eastern Europe, while I. Ricinus inhabits deciduous and mixed forests in the British Isles, in Continental Europe, and Western Asia. Thus, the spatial distribution of TBEV subtypes is determined mainly by the habitats of these tick species and reservoir hosts. 
In Northern and Central Europe, the seasonal activity of I. ricinus often has 2 peaks, the first one in spring (May–June) and the second one at the end of summer (September-October) [5]. I. persulcatus tick activity is characterized by 1 peak in May-June [3]. It potentially causes the number of virus replications per year for TBEV-E to increase, as well as that for TBEV-FE and TBEV-S.
TBEV prevalence in I. persulcatus generally is higher compared to those in I. ricinus which could be caused by the ecology or biology of the individual vectors [5].
Experimental studies [24] showed that three TBEV subtypes (TBEV-FE, -E, -S) are able to induce encephalitis in bank voles (Myodes glareolus) but cause neuronal death in this natural host in very rare cases. However, RNA of TBEV-FE was detected significantly more often than RNA of the other two subtypes in all organs studied. Moreover, TBEV-FE also induced prolonged viremia which can be a potential maintenance factor and may suggest a different transmission pattern as compared to TBEV-E.
All of the differences described indicate that TBEV-E and TBEV-FE occupied distinct ecological niches.
4. Discrepancy between LIV and TBEV
As mentioned above, we disagree with the hypothesis on the merger of TBEV and LIV. In this section, we additionally review the remarkable differences between these viruses. 
LIV induces encephalitis in sheep annually, with morbidity and mortality rates ranging from 5 to 60% [9]. The mortality rate for red grouse is even higher (78%) [7]. In contrast, TBEV seems to show nonvirulence for livestock (there are no reports of mass epizootics in Eurasia), and, apparently, persists in wild rodents asymptomatically.
The modern study of immune response to LIV and TBEV-E (subcutaneous infection) in sheep demonstrated the detection of virus-specific neutralising antibodies in both cases, but only antibodies against TBEV-E showed the control of infection, whereas LIV progressed to a febrile infection which is followed by neuroinvasion [11]. In other words, TBEV is less pathogenic for sheep than LIV.
In the case of human LIV infection, only 1 lethal case was described [16]. This is opposite to TBEV-E and the other TBEV subtypes with lethal cases reported annually.
Regarding reservoir transmission hosts, LIV once again shows a clear difference from TBEV. Unlike all TBEV subtypes, LIV is mainly found in red grouses and sheep inducing encephalitis with a high mortality rate in both (78% in red grouses [12], 5–60% in sheep [17]), but not in small rodents. Although rodents such as field voles (Microtus agrestis), bank voles (M. glareolus) and wood mice (Apodemus sylvaticus) raised an antibody response to infection, they could not produce a substantial viremia and did not support non-viraemic transmission between co-feeding ticks [11]. Furthermore, red grouses tend not to feed adult I. ricinus and are not therefore able to maintain the transmission cycle without the aid of another host that feeds adult ticks (e.g. deer, so-called “reproduction hosts” [12]). This leads to LIV’s patchy spatial distribution with different mixtures of reservoir hosts occurring. This is the opposite of the TBEV transmission patterns and natural foci structure formed by primarily small rodents.
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	Tables, Figures:  


Table 1. Results of virological and pathoformological studies of various parts of the central nervous system in sheep after intracerebral infectious with the European and Far-Eastern variants of TBEV
	Disease phase
	CNS part
	European variant (-E)
	Far-Eastern variant (-FE)
	How many times -FE greater than -E

	
	
	Virus titer (lg LD5)
	Glial nodes (FOV, %)
	Neuronophagia (FOV, %)
	Virus titer (lg LD50)
	Glial nodes (FOV, %)
	Neuronophagia (FOV, %)
	Difference between virus titre (lg LD50)
	Glial nodes
	Neuronophagia

	The first phase (fever phase)
	The whole CNS
	2.0
	15.7
	5.6
	3.2
	56.1
	37.5
	1.2
	1 : 3.5
	1 : 7.0

	
	Cerebral cortex
	1.8
	15.5
	X
	3.0
	67.5
	X
	1.2
	1 : 4.0
	X

	
	Cerebellum
	1.2
	7.0
	X
	3.2
	34.0
	X
	2
	1 : 5.0
	X

	
	Medulla
	X
	21.5
	5.8
	X
	99.0
	42.5
	X
	1 : 5.0
	1 : 8.0

	
	Cervical spinal cord
	2.2
	8.5
	8.3
	3.6
	40.0
	37.5
	1.8
	1 : 5.0
	1 : 3.5

	
	Lumbar
	2.8
	19.5
	10.0
	3.3
	40.0
	32.5
	1.5
	1 : 2.0
	1 : 3.0

	
	Mean value
	2
	14.6
	7.4
	3.3
	56.1
	37.5
	1.3
	1 : 3.2
	1 : 5.0

	
	Blood
	2.5
	–
	–
	1.9
	–
	–
	–
	–
	–

	The second phase (encephalitis phase)
	Blood
	0.4
	–
	–
	–
	–
	–
	–
	–
	–

	
	CNS
	1.2
	–
	–
	3.6
	–
	–
	2.4
	–
	–
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Fig. 1. The fragment of a maximum clade credibility tree (MCCT) of tick-borne encephalitis virus (TBEV, 181 samples), louping ill virus (LIV, 30 samples). The entire phylogeny of tick-borne orthoflavivirus (see Figure 2) was reconstructed in v.2.6.3 using complete 278 amino acid polyprotein sequences (3414 aa) available as of July 2021.
[image: ]
Fig. 2 a — Maximum clade credibility tree of tick-borne orthoflaviviruses reconstructed in BEAST v.2.6.3 using complete 278 amino acid sequences (3414 aa) of a polyprotein, 181 of which are related to TBEV and 30 to LIV and LIV-like viruses (Spanish goat encephalitis virus (SGEV), Spanish sheep encephalitis virus (SSEV), Turkish sheep encephalitis virus (TSEV), Greek goat encephalitis virus (GGEV)). For better visualization, some of the wide clades were collapsed. The vertical bars to the right of tree tips indicate official classification (brown), unclassified isolate of LIV-like viruses (empty brown squares), our taxonomy proposal (orange), and delimitation results (light blue, dark blue, green). The internal nodes with posterior probability = 1 are marked as white circles, otherwise support values are shown by numbers ranging from 0 to 1; b — TBEV+LIV+LIV-like clade. Curly braces indicate our taxonomic proposal with appropriate species names.
[image: ]
Fig. 3. Pairwise comparison of the evolutionary protein distances (in aa substitutions per site, Y-axis) of the E protein surface regions of TBEV and LIV (812 sequences with length of 224 aa) calculated via maximum likelihood trees from 1,000 ultrafast bootstrap replicates inferred with IQTREE software. The upper and lower boundaries of violin plots are 95% credible intervals; black vertical bars within plots are standard deviation, white circles are mean values. The grey violin plots are intergroup distance distributions, the white plots are intragroup distances. Dashed pink lines indicate non-overlapping inter- and intragroup distances; solid bars show the overlap inter- and intragroup distances.
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