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Abstract. Coronaviruses are highly virulent and therefore important human and 

veterinary pathogens worldwide. This study presents the first natural hierarchical 

classification of Coronaviridae. We also demonstrate a “one-step” solution to 

incorporate the principles of binomial (binary) nomenclature into taxonomy of 

Coronaviridae. We strongly support the complete rejection of the non-taxonomic 

category “virus” in any future taxonomic study in virology. This will aid future 

recognition of numerous virus species, particularly in the currently monotypic 

subgenus Sarbecovirus. Commenting on the nature of SARS-CoV-2, the authors 

emphasize that no member of the Sarbecovirus clade is an ancestor of this virus, 

and humans are the only natural known host.  
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INTRODUCTION 

Coronaviridae is a virus family of the order Nidovirales (realm Riboviria) [1, 2]. 

According to the current summaries of the International Committee on Taxonomy of Viruses 

(ICTV), this family is divided into two subfamilies – Letovirinae and Orthocoronavirinae [1–
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7]. These two subfamilies circumscribe five genera: the monotypic genus Alphaletovirus of 

the subfamily Letovirinae (with the single species Microhyla letovirus 1), and four non-

monotypic genera of the subfamily Orthocoronavirinae, namely: 

1. genus Alphacoronavirus with 12 subgenera: Colacovirus, Decacovirus, 

Duvinacovirus, Luchacovirus, Minacovirus, Minunacovirus, Myotacovirus, Nyctacovirus, 

Pedacovirus, Rhinacovirus, Setracovirus, and Tegacovirus; 

2. genus Betacoronavirus with five subgenera: Embecovirus, Hibecovirus, Merbecovirus, 

Nobecovirus, and Sarbecovirus; 

3. genus Gammacoronavirus with two subgenera: Cegacovirus and Igacovirus; 

4. genus Deltacoronavirus with four subgenera Andecovirus, Herdecovirus, 

Moordecovirus and Buldecovirus (Table S1)[1–7]. 

The viruses of Coronaviridae, such as the severe acute respiratory syndrome (SARS-

CoV) and related Middle East respiratory syndrome (MERS-CoV), are highly virulent [8]. 

The recently discovered virus SARS-CoV-2, which is also a member of this family, causes 

the Coronavirus disease 2019 (COVID-19) that was declared a pandemic by WHO in March 

2020. About two years and seven months later, the total cases of COVID-19 was estimated to 

be 632,533,408; and cumulative deaths have exceeded 6,592,320 (www.who.int, accessed 

November 15, 2022). Thus, Coronaviridae is of considerable medical importance worldwide. 

Such importance has resulted in some urgency to further understand the relationships within 

the coronavirus family, and the viruses most closely related to SARS-CoV-2. 

On the motivations, goals, semantic frames and the novelty of the study 

In conjunction with the current coronavirus pandemic, interest towards virological 

literature has grown, especially among biologists from various non-virological fields. These 

include the authors of this paper. However, we, as well as many other scientists, often find 

published coronavirus-related texts, especially phylogenetic trees, almost unreadable and 

difficult to interpret. Thus, the objective of this paper is to help virologists effectively and 

efficiently resolve these issues. In other words, this study serves as feedback from a different 

part of the scientific community during the critical time of the global pandemic.  

We believe the main reasons for difficulties in both virologic texts and phylogenetic 

analyses to be: 

1.  Continually employing phylogenetic trees that are based on poor taxonomic sampling, 

which also typically lack basal rooting.  

2. Constant inconsistent usage of cumbersome abbreviations and trivial names of 

different coronaviruses by virologists (including members of the International Committee on 

Taxonomy of Viruses (ICTV) and Coronaviridae Study Group (CSG)) in various 

publications.  

3. Wide acceptance of the non-taxonomic category “virus” in different taxonomic studies 

in the field of virology.  

4. Attempts to incorporate the genomes of numerous viruses (and coronaviruses in 

particular) in analyses without having the proper taxonomic and phylogenetic framework, as 

well as having a natural classification of the family Coronaviridae.  

5. A strict focus on a single phylogenetic method – specifically, the Maximum 

Likelihood (ML) approach.  

Thus, in this study we argue that: 

1. Only basally rooted and well-taxonomic sampled trees should be used in any analyses 

of the Coronaviridae.  

2. We agree with authors who have already suggested that the creation of binomial 

nomenclature for viruses should not be difficult [9]. In particular, we demonstrate a “one-

step” solution to incorporate the principles of binomial nomenclature into the taxonomy of 

Coronaviridae.  

http://www.who.int/
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3. We strongly support the rejection of the non-taxonomic category “virus” in any future 

taxonomic study of Coronaviridae. This will aid in recognition of numerous undiscovered 

virus species, particularly, in the currently monotypic subgenus Sarbecovirus.  

4. The first Natural Classification of Coronaviridae has been established in this study 

(Figures 1–3). As described below, numerous genomes of different viruses from any clade of 

Coronaviridae can be used in separate clade-based phylogenetic analyses of the family. The 

obtained trees can be combined through the use of various supertree methods.  

5. In addition to the parametric (model-based) ML method, we have used the following 

three non-parametric cladistic approaches:  

1. Standard Maximum Parsimony (MP),  

2. Three-taxon statement analysis (3TA), and the  

3. Average Consensus (AC) analysis as applied to the array of the maximal relationships. 

The last two pattern-cladistic (or Cladistic) approaches have not previously been used to 

resolve the relationships within Coronaviridae, or within any other virus family. However, 

because much of the discussion within the field of taxonomy of viruses is actually focused on 

classification [1–7], methods of Cladistic analysis may be advantageous to virologists.  

We would like to stress that this study is not a standard taxonomic work in the field of 

virology. We have deliberately proposed no nomenclature changes within Coronaviridae. For 

several reasons (see above), we decided to establish an alternate perspective on this topic that 

may be beneficial to experts in virology. Once again, our paper does not describe new tribes, 

genera, or species. Rather, it is intended to present efficient and practical ways of doing so to 

virologists-taxonomists. The key ICTV and CSG solutions within Coronaviridae are 

summarized in our Table S1 and Figures 1–3 as well as throughout the paper. Based on this, 

we believe our paper fits the current ICTV taxonomic standards. 

The novelty of our work is a cladistic or purely comparative view of the nature of the 

recently discovered coronavirus SARS- CoV-2. We propose a completely novel statement of 

the endemism of SARS-CoV-2, as well as pointing out gross aggregated speculations 

regarding the bat or pangolin origins of this coronavirus, as fairly questionable. It is worth 

stressing that no member of the Sarbecovirus clade is an ancestor of SARS-CoV-2, and the 

notion of transition of this virus from animals such as bats, or pangolins to humans, is 

problematic.  

The sampling of phylogenetic studies of Coronaviridae and rooting of the obtained trees 

Coronaviridae is a virus family with a potentially high amount of undiscovered diversity 

at the species level [3, 10].  

Based on multiple comprehensive phylogenetic analyses of the ICTV-approved genomes 

of 39 different species of coronaviruses, we have tested the monophyly and relationships of 

all current subgenera of Coronaviridae, as well as critical proposals of the interrelationships 

of the subfamilies. 

Many previous phylogenetic analyses of Coronaviridae have included the use of unrooted 

or mid-point rooted trees, some include viruses from other families, and in many cases use a 

very limited taxonomic sampling [3, 11–14]. 

Basal rooting of cladograms is critical to resolving phylogenetic relationships accurately 

[15–17]. Within conventional phylogenetic frameworks, the root of the cladogram can be 

defined as the most basal taxon of the cladogram on which all characters were polarized [15]. 

Thus, rooting of a cladogram can be performed either a priori or a posteriori to the results of 

the analyses [15]. Basal rooting is a means of restructuring data to yield a more stable and 

rigorous hierarchical classification. By comparison, procedures such as mid-point rooting rely 

on the artificial assumptions of the molecular clock and are unnecessary if the outgroup taxon 

of some particular relationship is actually known or accurately assumed [15]. The simple 

presence of other viruses in the working matrices of Coronaviridae is not an assurance of the 

basal rooting of the resultant trees, and there is no guarantee that the trees will appear to be 
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rooted “automatically” if no distant relatives of coronaviruses have been included in the 

analyses [12, 13]. For example, in the application of phylogenetic methods to the molecular 

matrices of Coronaviridae and prospective relatives, the resultant tree(s) must still be rooted 

relative to one of the a posteriori selected outgroups. By operating this way, the shape of the 

final tree may be dramatically changed as compared to the initial outputs of the analysis. For 

Coronaviridae, suitable outgroup taxa are known and can be used for basal rooting, resulting 

in rooted trees that will represent a more stable hierarchical classification of the family. 

On the cladistic analyses of Coronaviridae 

Almost all phylogenetic studies of coronaviruses so far have been based on the parametric 

Maximum Likelihood method. In order to increase the veracity of representations of the 

relationships within Coronaviridae, in addition to the ML method, we have used the three 

non-parametric cladistic approaches mentioned above.  

The following provides some formal definitions to explain the relevance of the methods 

chosen in this study. “Phylogenetic tree” is a hypothesis of genealogical relationships among 

a group of taxa with specific connotations of common ancestry and a time axis [15]. Most 

trees that have been obtained in the phylogenetic studies of Coronaviridae are defined as 

“phylogenetic trees” [3, 11–14, 18].  

However, a more general term is a “cladogram”, which is a branching diagram specifying 

hierarchical relationship among taxa based upon homologies [15–17]. For simplicity, a 

cladogram can also be called a “tree” [15]. However, contrary to a phylogenetic tree per se, a 

cladogram includes no references to common ancestry and implies no time axis [15–17]. 

Within conventional cladistics analysis [15, 19], the cladogram may also be treated as a 

phylogenetic tree [19]. However, this is not necessary within the more general interpretation 

of cladistics [16, 17, 20–23] that is flexible for use in process-based explanations of the 

observed taxonomic patterns and its hierarchies. Maximum Parsimony may also be 

considered a method of classification that groups taxa hierarchically into nested sets, 

representing sets such as cladograms [15, 20, 22].  

The major goal of cladistic analysis is the search for a natural hierarchy of patterns: clades 

or monophyletic groups (relationships that are based solely on synapomorphies). Essentially, 

cladistics is just an extension of the comparative thinking that forms the heart of traditional 

biology (such as zoology or botany) [16, 17, 20–23].  

By comparison, as was clearly stated by Felsenstein, the ML estimation is an evolutionary 

model-based method of statistical inference that involves finding the phylogenetic tree that 

yields the highest probability of “evolving” the observed data [24, 25]. All data (characters), 

not solely synapomorphies (or homologies), are therefore used in ML analyses (and other 

phenetic procedures) [16, 26]. 

Monophyly and major hypothesis on hierarchical relationships within Coronaviridae 

The trees produced from these four methods enable testing of the monophyly of all genera 

and infrageneric taxa of Coronaviridae and  determine whether they are representative of a 

natural hierarchy.  

The first assessment of monophyly was that of the newly described monotypic genus 

Alphaletovirus (Table S1), a member of subfamily Letovirinae, as a sister group of the family 

Coronaviridae [11].  

The second monophyly assessment is the general relationship within the subfamily 

Orthocoronavirinae as the simple hierarchy: 

(((((Alphacoronavirus),(Betacoronavirus))(Gammacoronavirus))(Deltacoronavirus))) [27]. 

This relationship is named the ((((Α,Β)Γ)Δ)) hypothesis of the general relationship within 

the subfamily. 
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Thirdly, the subgenus Hibecovirus has been placed as a sister taxon of the presumably 

monotypic subgenus Sarbecovirus [3, 28]. This result is based on unrooted phylogenies, so 

here it has been tested with special attention to the placement of SARS-CoV-2. 

Fourthly, the close relationship of SARS-CoV-2 with bat coronaviruses RaTG13 and 

RmYN02, as well as with pangolin coronavirus, was tested [29–32]. 

Discussion points regarding virology nomenclature 

The current nomenclature for the family Coronaviridae was developed by the CSG and 

approved by the ICTV (see above). Around 2010 the CSG paused introduction of binomial 

nomenclatures for viral species to allow discussion. Revision of the nomenclature for viral 

species is likely to resume. It is therefore pertinent to consider how the principles of binomial 

nomenclature could be applied to Coronaviridae, and how this would impact future 

recognition of virus species, in particular those in the current monotypic subgenus 

Sarbecovirus. 

We strongly support the adoption of binomial nomenclature for viruses [6, 7, 9]. The 

binomial nomenclature would be relatively easy to implement and would be clear and 

practical to understand by people from a variety of fields [6, 7, 9]. We believe this would 

reduce difficulties in the interpretation and synthesis of results arising from the usage of 

cumbersome abbreviations and trivial names of different coronaviruses used by virologists in 

various scientific publications, past and present. 

We also suggest the rejection of the non-taxonomic category “virus” in any future 

taxonomic research in virology, even if in this study we use this term following the current 

rules of ICTV.  

Our suggestions herein do not seek to create conflict but to offer options for discussion to 

minimize conflict while providing clarity in the future. For example, we offer for discussion 

an introduction of the rank of tribe. Our paper does not formally describe new tribes, genera, 

or species, but aims to demonstrate the potential efficient and practical binomial virus 

nomenclature for consideration in the determination of future nomenclature decisions. 

MATERIALS AND METHODS 

Taxonomic sampling of the study 

39 ICTV-approved genomes of species of Coronaviridae have been used in this study, 

with essential information including virus names, corresponding abbreviations, suggested 

hosts (if any), GenBank numbers, etc., summarized in Table S1 as was previously done in 

[33]. 

In addition, the following were included with the final alignments: 

1. The published genome MN908947 of virus SARS-CoV-2 [14]. 

2. An unpublished genome of the same virus species (MN988713). 

3. The genome of bat SARS-like coronavirus (bat-SL-CoV-ZC45; MG772933) 

previously used in other published comparisons to SARS-CoV-2 [13, 14]. 

4. Bat coronavirus RaTG13 (MN996532), pangolin coronavirus (MT121216) and 

RmYN02 (GISAID: EPI_ISL_412977), previously established to be the closest known 

relatives of SARS-CoV-2 [29–32].  

5. An additional SARS related unpublished genome ZS-B (AY394996). 

6. The genome of Microhyla letovirus 1 or MLeV virus (subgenus Milecovirus), obtained 

upon courtesy request from Prof. B. W. Neuman (Texas A&M University-Texarkana, TX, 

US). 

7. The ICTV-approved genome of Torovirus (AY427798) (family Tobaniviridae, order 

Nidovirales)[34]. The later was assumed to be the best outgroup taxon of Coronaviridae [8]. 

The names of major relationships of Coronaviridae obtained from the trees produced in 

this study are frequently written in italics due to the strong congruence with different 
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taxonomic entities. Depending on the context, the names of the clades are provided in both 

square and/or curved brackets. As the utility of phylogenetic trees depends on their clarity, the 

use of abbreviations and trivial names of viruses has been avoided whenever possible. 

Alignments 

All genomic alignments have been performed using MAFFT following FFT-NS-I strategy 

with the command: mafft --inputorder --adjustdirection --anysymbol -- kimura 1 --maxiterate 

1000 --6merpair input [35–37]. 

To remove poorly aligned positions from the obtained genomic alignments, we used the 

simple, easy and efficient program G-block [38] as implemented in SeaView [39], thereby 

solving the saturation problem with the alignment of virus genomes [40] directly by exclusion 

of saturated sites from the molecular matrix. Moving these sites out of alignment makes 

future analyses relatively noise-less [38]. Based on the high accuracy and efficiency of this 

method, we focused on the G-Block-based whole genome alignment of Coronaviridae + 

Torovirus, rather than be limited to the codon-based alignment of the same group of taxa. 

Under the conditions of the “less stringent” strategy of the G-block algorithm [38, 39], the 

saturated positions have been successfully removed from 

1. the genomic alignment of Coronaviridae + Torovirus, and 

2. the genomic alignment of subfamily Orthocoronavirinae with no outgroups included 

[38, 39]. 

The G-block version of the genomic alignment of Coronaviridae + Torovirus was also 

established as a binary matrix using simple “presence – absence” coding with the future 

inclusion of the “all-plesiomorphic” (“all-zero”) artificial taxon. In short, G-block based 

genomic alignment of the family Coronaviridae + Torovirus was rewritten as a binary (01) 

matrix, where “zero” means “the absence of a nucleotide in this particular position of the 

alignment,” and “one” means “the presence of the nucleotide in this particular position of the 

same alignment.” For example, if the character-state of the character number 253 is equal to A 

(Adenine), this can be written as “1000”, where “1” means “the A is present in position 253”, 

and subsequent “0” indicates that U(T), G and C are simultaneously absent on the same 

position [15, 21]. 

Assuming the “absence of the nucleotide” (the character-state “zero”) is a plesiomorphic 

character-state, we can add to the binary matrix “all-plesiomorphic” or “all-zeros” outgroup. 

The binary matrix with an “all-zero” outgroup added was later used as an input into the script 

Forester v. 1.0 following the command ruby trees.rb path_to_matrix_file with future selection 

of the “Additional” forest of the maximal trees (relationships) for Average Consensus (AC) 

analysis [21, 41, 42]. 

Manipulations of matrices and the tree-files have been performed with Mesquite v. 3.70 

[43], PAUP* v. 4.0a 169 [44] and FigTree v. 1.4.4 [45]. 

Trees and analyses 

The G-block version of the molecular alignment of Coronaviridae + Torovirus was 

analyzed using MP (Fitch Parsimony) [reviewed in 15], and by 3TA with fractional weighting 

[15–17, 23, 46, 47]. 

Following the logic of Williams-Siebert (WS) representation of the unordered multistate 

data, 3TS permutations of the G-block-based alignment of Coronaviridae + Torovirus were 

conducted using TAXODIUM version 1 with the command: taxodium.exe 

input_file_name.csv –idna –ob –og –fw –nex and taking values of the operational outgroup as 

equal to the values of Torovirus [47, 48]. 

All MP analyses were performed using PAUP*; the resulting most parsimonious tree was 

a posteriori rooted relative to Torovirus [21, 44, 47]. 
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The AC of the array of maximal trees was calculated using the program Clann version 

4.1.5 as suggested in previous studies [21, 49, 50]. The distance optimality criterion for the 

AC analysis was specified in the simplest way as a “distance with non-weighted least 

squares” [41, 42, 44, 49]. 

Following others [18, 51], ML analysis of G-block alignment of Coronaviridae + 

Torovirus was conducted with W-IQ-TREE [52] with implemented automatic model selection 

procedure. The resulting most probable tree was a posteriori rooted relative to Torovirus. 

The MP Bootstrap support (BS) values have been calculated as described earlier [47]. In 

the case of the ML analysis, the Approximate Likelihood ratio Tests (aLRT) [53] support 

values have been calculated instead of the ML BS supports, as implemented W-IQ-TREE.  

The simplest “total” character difference (TCD) [25, 44] between the G-block modified 

aligned genome sequences of subfamily Orthocoronavirinae, as well as between three aligned 

genomes of bat coronaviruses RmYN02, RaTG13 and severe acute respiratory syndrome-

related coronavirus 2 (SARS-CoV-2) (MN908947) with no aligned positions excluded 

(Table S3), was calculated in PAUP* [44] under the default options. The TCD is the simplest 

expression of the pairwise distance between aligned molecular sequences and indicates solely 

the total number of different Single Nucleotide Positions (or SNPs) between them [44]. For 

example, the number 1138 in the Table S3 means that the aligned genomes of human 

coronavirus SARS Cov 2 (accession “a”) and the bat coronavirus RaTG13 are different from 

each other by 1138 SNPs. For instance, in position # 37 of the same molecular alignment, the 

value of SARS Cov 2 is equal to “C” and the value of RaTG13 is equal to “G”. The total 

number of such SNPs equals 1138. 

RESULTS 

The genomic alignment of Coronaviridae + Torovirus (outgroup) consists of 52,990 

molecular characters (base pairs (bp)); the G-block version of this alignment is of 22,489 

characters with 19,550 of those being parsimony-informative. This alignment was utilized in 

MP, 3TA, AC and ML analyses. 

The genomic alignment of subfamily Orthocoronavirinae with no outgroup included is 

49,881 bp. The G-block version of this alignment consists of 23,431 bp. This alignment was 

used to calculate TCD between all members of the subfamily included in the analyses (Table 

S2).  

The genomic alignment of bat coronaviruses RmYN02, RaTG13 and severe acute 

respiratory syndrome-related coronavirus 2 (SARS-CoV-2) (MN908947) is of 29,907 

molecular characters. This alignment with no characters excluded was used to calculate the 

TCD between newly discovered SARS-CoV-2 and two of its closest relatives (Table S3).  

All four trees have several major consistencies, as shown in the Strict Consensus (Figures 

1–3, S1–S4). 

The standard MP analysis of the 22,489 bp G-block alignment resulted in the single most 

parsimonious tree of 208,176 steps (CI = 0.2505, RI = 0.4954) (Figure S1). The 3TA 

representation of the same 22,489 bp G-block alignment resulted in 39,621,820 3TSs (binary 

characters), all parsimony-informative and fractionally weighted, with the most parsimonious 

fit of 20,786,459.7424 steps (RI = 0.5706) (Figure S2).  

For ML analysis of the 22,489 bp G-block matrix of Coronaviridae and outgroup 

(Torovirus), the GTR+F+R10 model was automatically selected by W-IQ-TREE as a best-fit 

model based on either corrected or non-corrected Akaike Information Criteria, as well as on 

Bayesian Information Criterion. The resulting single most probable (ML) tree has the best 

score (log likelihood) equal to –766940.2344 (Figure S4). 

All obtained alignments contain a huge number of variable characters and every 

Coronaviridae virus seems to be separate from the others sometimes by hundreds or (more 

commonly) thousands of SNPs (Tables S2 and S3). For example, the minimal relationship 
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{RmYN02 {RaTG13 + SARS-CoV-2}}, based on the 29,907 bp complete genomic alignment 

of three taxa (RmYN02, RaTG13 and SARS-CoV-2), implies 1,329 informative SNPs (or, 

respectively, 1,329 3TSs) from the total 2,467 variable characters. 
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 Fig. 1. Strict Consensus of four trees produced by three different methods of cladistic analysis as well as 

by the Maximum Likelihood method using genomic alignment of Coronaviridae + Torovirus drawn 

following standard virus names and abbreviations. Saturated sites have been removed from the genomic 

alignment before analyses. Standard virus names (not in bold) have been used only for a few viruses from 

subgenus Sarbecovirus. See Figures S1–S4 for more detail including the tree node support values. 
 

 

General patterns of relationships within Coronaviridae and the placement of Microhyla 

letovirus 1 

The results of all analyses have demonstrated that the hierarchy 

     (((({Alphacoronavirus},{Betacoronavirus}){Gammacoronavirus}){Deltacoronavirus}))  

with Microhyla letovirus 1 (subgenus Milecovirus, genus Alphaletovirus, subfamily 

Letovirinae), which has been defined as its sister taxon, form a general pattern of the 

relationship within the family. 

Hierarchical classification of Coronaviridae established as a simplified Strict Consensus 

of four trees (Figure 3) was produced by three different methods of cladistic analysis as well 

as by ML approach. 

Below, the individual clades and major relationships within the Coronaviridae are 

described. 
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Fig. 2. The same consensus tree as Figure 1, with the suggested changes in the nomenclature of family 

Coronaviridae. For simplicity, the names of prospective tribes have been spelled according to the names 

of the current genera (e. g. tribe Betacoronavirus). The names of the viruses such as SARS-CoV are given 

as binomials (e. g., Sarbecovirus sp. 1). 
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Fig. 3. Hierarchical classification of the coronaviruses (Riboviria, Nidovirales, Coronaviridae) given as 

simplified Strict Consensus of four trees produced by three different methods of cladistic analysis as well 

as by Maximum Likelihood method using modified genomic alignment of Coronaviridae + Torovirus 

(see Figure 1 for more details). 

{Alphacoronavirus} 

Within the clade {Alphacoronavirus}, all four trees show the following taxa as sisters: 

1. ferret coronavirus and mink coronavirus 1 (both taxa are from subgenus Minacovirus); 

2. porcine epidemic diarrhea virus and Scotophilus bat coronavirus 512 (both taxa are 

from subgenus Pedacovirus); 

3. human coronavirus NL63 and NL63-related bat coronavirus BtKYNL63-9b (both taxa 

are from subgenus Setracovirus);  

4. bat coronavirus HKU10 and Rhinolophus ferrumequinum alphacoronavirus HuB-2013 

(both taxa are from subgenus Decacovirus); 

5. Miniopterus bat coronavirus 1 and Miniopterus bat coronavirus HKU8 (subgenus 

Minunacovirus). 

The presence-absence re-coding of the genomic alignment of Coronaviridae + Torovirus 

resulted in a matrix of 73,258 binary characters from which 65,435 characters can be 
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established as rooted trees (maximal relationships). The AC analyses of the forest of these 

65,435 relationships resulted in a single AC tree of the score 0.00911 (Figure S3). 

Thus, within {Alphacoronavirus}, we were able to find five smaller clades (subclades): 

{Decacovirus}, {Minacovirus}, {Minunacovirus}, {Pedacovirus} and {Setracovirus} exactly 

corresponding to each of these clades with the previously established subgenera of 

Alphacoronavirus. 

From our results the following is clear: 

1. subgenus Colacovirus (bat coronavirus CDPHE15) is a sister to Pedacovirus clade in 

all of the trees; 

2. subgenus Duvinacovirus (human coronavirus 229E) is a sister to the Setracovirus 

clade in all of the trees; and 

3. subgenus Tegacovirus (alphacoronavirus 1) is a sister to the Minacovirus clade in all 

of the trees; 

The phylogenetic placement of monotypic subgenera Luchacovirus (Lucheng Rn rat 

coronavirus), Myotacovirus (Myotis ricketti alphacoronavirus Sax-2011) and Rhinacovirus 

(Rhinolophus bat coronavirus HKU2) depends on the method of the analyses. It should be 

strongly emphasized, however, that standard MP, as well as Cladistic methods, but not the 

ML method, have placed Luchacovirus as a sister of the {Alphacoronavirus}. 

{Betacoronavirus} 

All of the analyses argue in favor of the general simple hierarchical relationship within 

{Betacoronavirus}:  

({Embecovirus}({Merbecovirus}({Nobecovirus}(Hibecovirus,{Sarbecovirus})))). 

The relationships of four species of the subgenus Embecovirus (betacoronavirus 1, China 

rattus coronavirus HKU24, human coronavirus HKU1 and murine coronavirus), that formed a 

clade with the same name, the sister of the clade, that contains all the remaining subgenera of 

Betacoronavirus, depends on the method of the analysis and appeared as unresolved on the 

Strict Consensus.  

All four species of subgenus Merbecovirus form a same-name clade. In all trees, the 

hedgehog coronavirus 1 is a sister to the clade that contains three other members of the 

subgenus Merbecovirus: namely, Middle East respiratory syndrome-related coronavirus, 

Pipistrellus bat coronavirus HKU5, and Tylonycteris bat coronavirus HKU4. 

The Sarbecovirus clade corresponds to the subgenus Sarbecovirus and includes the 

viruses of severe acute respiratory syndrome-related coronavirus (SARS), the newly 

discovered monophyletic severe acute respiratory syndrome-related coronavirus 2 (SARS-

CoV-2) (two accessions have been included to the analyses, SARS-CoV-2a and SARS-CoV-

2b), as well as viruses CoV-ZC45 and SARS Cov ZS B. 

Clade {Sarbecovirus-SARS + SARS Cov ZS B} is a sister of the remaining species of 

Sarbecovirus. 

Depending on the analysis, either bat coronaviruses RmYN02 or RaTG13 have been 

placed as a sister of coronavirus SARS-CoV-2. The pangolin coronavirus (isolate MP789) has 

been defined as a sister of the clade {RmYN02 + RaTG13 + SARS-CoV-2} in all of the 

analyses. 

All trees define the monotypic subgenus Hibecovirus as a sister of {Sarbecovirus}. 

Two members of subgenus Nobecovirus, namely Rousettus bat coronavirus GCCDC1 and 

Rousettus bat coronavirus HKU9, are sister taxa. 

{Gammacoronavirus} 

Two subgenera of the genus Gammacoronavirus, namely subgenus Cegacovirus (with the 

single species beluga whale coronavirus SW1) and subgenus Igacovirus (with a single species 

avian coronavirus), formed a clade in all of the analyses. 
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{Deltacoronavis} 

Five subgenera of genus Deltacoronavis, namely subgenus Andecovirus (with single 

species wigeon coronavirus HKU20), subgenus Buldecovirus (with four species: bulbul 

coronavirus HKU11, coronavirus HKU15, munia coronavirus HKU13 and white-eye 

coronavirus HKU16), monotypic subgenus Herdecovirus (Night heron coronavirus HKU19) 

and monotypic subgenus Moordecovirus (with common moorhen coronavirus HKU21), have 

formed the {Deltacoronavis} clade in all of the analyses. Also, all of the analyses argue in 

favor of the simplest hierarchy of the relationships within this clade:  

(Andecovirus (Herdecovirus (Moordecovirus ({Buldecovirus})))). 

Within the clade {Buldecovirus}, coronavirus HKU15 and munia coronavirus HKU13 

appeared to be sisters in all of the analyses; the relationship between the other members of the 

{Buldecovirus} depends on the method of the analysis. Monotypic subgenus Andecovirus 

(wigeon coronavirus HKU20) is a sister of {Deltacoronavis}. 

Monophyly of non-monotypic taxa of Coronaviridae 

As demonstrated above, all four trees show that all four current genera of subfamily 

Orthocoronavirinae, namely Alphacoronavirus, Betacoronavirus, Deltacoronavirus, and 

Gammacoronavirus, are monophyletic (Figures 1–3, S1–S4). All non-monotypic subgenera of 

all four genera of Orthocoronavirinae are monophyletic in all of the analyses. 

DISCUSSION 

On the general relationships within Coronaviridae 

The basal rooted trees produced by the four methods herein allow for the effective testing 

of various suggestions regarding the relationships of viruses within the Coronaviridae. 

1.  This confirms that two subfamilies of Coronaviridae, namely subfamily Letovirinae 

(family Abyssoviridae) and subfamily Orthocoronavirinae, are sisters [11]. This solution, 

which was previously based on the unrooted trees and limited taxon sampling, is consistent 

with the familial rank of both taxa; we would recommend accepting the monotypic subfamily 

Letovirinae at the familiar rank [11]. 

2. Our results clearly argue in favor of the ((((Α,Β)Γ)Δ)) hypothesis of the general 

pattern of relationship within subfamily Orthocoronavirinae [27]. With basal placement of 

subgenus Milecovirus (MLeV), we can extend this pattern to the relationship: 

((((Α,Β)Γ)Δ),MLeV)). This natural hierarchy within family Coronaviridae is in principle 

congruent to the general pattern of their hosts: (((Mammals) Birds + Mammals) Amphibia)) 

(Table S1).  

3. Subgenus Hibecovirus has been treated as a sister taxon of the subgenus Sarbecovirus 

[28]. All four analyses (Figure S1–S4) validate the sister relationship of the subgenera 

Hibecovirus and {Sarbecovirus}. 

4. Due to particular interest in the virus SARS-CoV-2 across diverse scientific fields, 

comment on the relationship to SARS-CoV-2 are of interest. Contrary to some recent 

suggestions, all four methods of phylogenetic analysis place pangolin coronavirus as a sister 

to the relationship {RaTG13 + RmYN02 + SARS-CoV-2}(Figure S1–S4), confirming that bat 

coronaviruses RaTG13 or RmYN02, not pangolin coronavirus, are indeed the closest relatives 

of SARS-CoV-2 [29-32]. 

Differences in details within clade relationships do exist between the ML method and each 

of the cladistic methods newly applied to molecular sequence data of Coronaviridae. For 

example, the MP, AC and 3TA trees, but not ML trees, have placed Lucheng Rn rat 

coronavirus (genus Alphacoronavirus, subgenus Luchacovirus) as a sister taxon to the clade 

that contains all of the remaining members of genus Alphacoronavirus. 
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Similarly, both conventional phylogenetic methods (MP and ML) have defined bat 

coronavirus RmYN02 as a weekly supported sister of the SARS-CoV-2. However, both 

cladistic methods (3TA and AC, as applied to the array of the basal rooted trees, each 

corresponding to the binary representation of the standard molecular characters), in contrast, 

placed bat coronavirus RaTG13, but not RmYN02--as a sister of this newly discovered 

coronavirus. 

All four phylogenetic analyses are initially based on a common molecular matrix (22,489 

bp G-Block version of the 47-genomes alignment). Differences between analyses are likely to 

be the result of how each method deals with conflict when forming optimal trees. 

Nevertheless, the similarity between tree topologies suggests that, regardless of method, many 

of the nodes are ‘true’ summaries of the data and that the data themselves are relatively noise-

free. 

The obtained trees can be easily used for the future analyses of the massive molecular 

sequence data to clarify the relationships within Coronaviridae in greater detail. For example, 

as described in this paper, numerous genomes of different viruses from {Sarbecovirus} (or 

any other clade, such as {Merbecovirus} or {Decacovirus}) can be used in separate future 

phylogenetic studies, including the sister groups, clearly specified in this paper.  

Utilizing the trees resulting from our current analyses, all potentially obtainable basally 

rooted clade-based trees (e.g., the future multi-genomes phylogeny of {Sarbecovirus} with 

Hibecovirus specified as an outgroup, the future multi-genomes phylogeny of 

{Merbecovirus} with one of the genomes of the viruses from {Embecovirus} clade selected as 

an outgroup, etc.) can then be simply combined with each other in the following various 

available supertree methods. 

On origin and endemism of severe acute respiratory syndrome-related coronavirus 2 

(SARS-CoV-2) 

From the elementary comparative (or static) point of view, every currently recognized 

Coronaviridae species seems to be well defined, with each separated from the others by 

thousands of SNPs (Tables S2 and S3). The closely related viruses from the Sarbecovirus 

clade (including the newly discovered SARS-CoV-2, bat coronaviruses RaTG13 and 

RmYN02), are all remarkably different from one another from a comparative molecular 

standpoint [56] (Table S3). The same is true for every relationship within Coronaviridae 

recovered in these analyses.  

Such simple observations automatically exclude the possibility of a recombination-based 

origin of SARS-CoV-2, as well as other semantically similar propositions, such as the 

laboratory engineering theory of the origin of this virus [57, 58].  

Keeping in mind that the proximal origin of SARS-CoV-2 remains unknown [55, 56], and 

based on the data available to date [55], including the comprehensive trees produced herein 

(Figures S2, S3), the focus should shift to the static aspect of the problem.  

First it is worth stressing that arranging sister taxa as a sequence of ancestors and 

descendants goes against a cladistic way of thinking [16, 17, 21–23]. In conventional 

cladistics, an “ancestor” is a purely hypothetical entity, associated with the nodes of the 

cladogram, not any taxon included in the analysis [21]. Within the framework of pattern-

cladism, assuming ancestral taxa as nodes of a cladogram is simply unnecessary [16, 17, 21–

23]. Thus, from the cladistic viewpoint, no member of any clade of Coronaviridae is an 

ancestor of any given virus species. For example, either bat coronavirus RmYN02 or RaTG13 

can be treated as sister of SARS-Cov-2, but not as its ancestor. Following this logic, no 

member of the Sarbecovirus clade can be considered an ancestor of SARS-CoV-2. 

Next, the monophyly of all genera of Coronaviridae, of its non-monotypic subgenera, as 

well as the general relationship ((((Α,Β)Γ)Δ)) within the subfamily Orthocoronavirinaeis, can 

also be accurately demonstrated within a clear static analytical framework (Figures S2, S3). 
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This comparative view may be critical in discussing the general simple pattern in the hosting 

of SARS-CoV-2.  

Recent studies of SARS-related coronaviruses have suggested that bats harbor close 

relatives to SARS-CoV-2, and that pangolins may be natural hosts of this member of 

Betacoronavirus, leading to the hypothesis of animal-to-human transmission of SARS-CoV-2 

[13, 32, 55, 59, 60]. However, the search for other hosts, as well as related exotic ways of 

transmission of SARS-CoV-2 from these hypothetical hosts to humans, is based on a set of 

complicated assumptions (for example, "The sequence similarity in the spike receptor binding 

domain between SARS-CoV-2 and a sequence from pangolin is probably due to an ancient 

intergenomic introgression..." [60]) and ignores the simple possibility of original human-

based natural hosting of SARS-CoV-2. The last proposal is semantically similar to the 

propositions of original bat-based natural hosting of the severe acute respiratory syndrome-

related coronavirus (SARS-CoV), or its closest relatives (Table S1). 

In fact, the hosting of the viruses that are genetically related to SARS-CoV-2 by bats or 

pangolins is not, strictly speaking, an argument in favor of the animal hosting of  

SARS-CoV-2, especially as the latter virus has not yet been detected in animals such as bats 

or pangolins [59]. As was demonstrated, the spike glycoprotein of SARS-CoV-2 has a broad 

host tropism for mammalian ACE2 receptors, but bat and bird ACE2 proteins were the least 

efficiently used receptors, if compared to ACE2 proteins of dogs, cats and other mammals 

[61].  

The possibility of original human hosting of SARS-CoV-2, or, in other words, the 

endemism of recently discovered SARS-CoV-2, unfortunately has yet to be discussed in 

scientific literature. Furthermore, the extremely high contagiousness of SARS-CoV-2 is 

arguably unlikely to have arisen within ca. two years of transmission from animals to humans. 

The alternative is that a form of SARS-CoV-2 may have existed in some parts of the human 

population before the beginning of the pandemic of 2020 – 2022 (either within a 

geographically isolated group or a particular age group, such as infants) but was less 

pathological or, perhaps, more effectively suppressed by the human immune system for some 

time prior to the acquisition of increased virulency. 

Seven human coronaviruses have been identified to date [3, 62–68]. Examples of four 

common, human endemic coronavirus are: 

1. human coronavirus 229E from subgenus Duvinacovirus (genus Alphacoronavirus),  

2. human coronaviruses OC43 (HCoV-OC43) from subgenus Embecovirus (genus 

Betacoronavirus),  

3. human coronavirus HKU1 (HCoV-HKU1) from the same subgenus, and  

4. human coronavirus NL63 (HCoV-NL63) from subgenus Setracovirus (genus 

Betacoronavirus) (Table S1).  

These are globally distributed viruses where no animal hosts have ever been proposed that 

are frequently associated with severe pathogenesis in the lower respiratory tract, such as 

bronchiolitis or pneumonia [62–68].  

Animal-to-human (or vice versa) transmissions of SARS-CoV-2 can occur and can easily 

be considered secondary events [68]. Recent conclusions state that, so far, little is known 

concerning the role of pets and other animals (such as hamsters, minks, ferrets, lions, 

monkeys, tigers, and some others) in the transmission of COVID-19 [68, 69]. Thus, “as of 

now, there is no strong evidence for natural animal-to-human transmission or sustained 

animal-to-animal transmission of SARS-CoV-2” [68] and “animal-to-human transmission 

events of SARS-CoV-2 are considered rare” [69].  

With the information available to date, there is no direct evidence to suggest which 

hypothesis is true: animal-to-human transmission of SARS-CoV-2 (recent or less recent, with 

or without the involvement of intermediate hosts); or an endemism of SARS-CoV-2, as 

proposed in this paper. The direct evidence only informs as to how viruses, including SARS-

CoV-2, are related in a hierarchical classification.  
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On taxonomy, classification, naming, and binomial nomenclature of the coronaviruses 

Binomial nomenclature is the designation of living organisms species’ names in two Latin 

words: the first is the name of the genus, the second is the specific epithet (the name of the 

species). Ideally, the names of all virus species should be binomial. 

However, despite intensive discussions [1–7], the names of virus species have consistently 

remained non-binomial, even within the taxonomic statements of ICTV or CSG and 

comprehensive virological reviews and theoretical studies [3, 55, 56, 70](Figure 1, Table S1), 

including those focused on the recognition of virus species [70].  

Simultaneously, the current circumscriptions of the two largest genera of the 

Coronaviridae (Alphacoronaviruses and Betacoronaviruses) are very complicated. For 

example, current genus Alphacoronavirus circumscribes 12 subgenera, and current genus 

Betacoronavirus circumscribes five subgenera.  

Widespread use of non-binomial names, as well as the acceptance of a complicated sub-

generic structure of the current genera of coronaviruses, cause issues with the clear naming of 

viruses in the phylogenetic trees of Coronaviridae, as well as with the reading of these trees, 

especially by non-specialists. 

Herein we resolved these issues by using the ICTV summaries [1–7] of the subgeneric 

names of Coronaviridae as the basic units of our notation, where possible, in the analyses and 

trees. However, we partly avoided the nomenclature methods traditionally used by virologists, 

instead demonstrating the possibilities of a simple and clear binomial nomenclature of the 

coronavirus family (Figures 2, S1–S4).  

Accepting traditional monophyletic genera of the family at the rank of a tribe and, 

simultaneously, the current subgenera (that all are also monophyletic) at the generic rank is an 

easy, heuristic way to incorporate the Linnaean principles of the binomial nomenclature to the 

classification of the Coronaviridae literally “in one step” (Figure 2). 

This solution also implies the future recognition of numerous undiscovered or 

unrecognized viral species, particularly in the currently monotypic subgenus Sarbecovirus [3]. 

For instance, the intra-species variation within the severe acute respiratory syndrome-related 

coronavirus (SARS-CoV), the current single species of subgenus Sarbecovirus (the same-

name clade, subgenus Betacoronavirus) is actually comparable to inter-species variation 

within the other clades/subgenera of coronaviruses (e. g., within current subgenus/clade 

Merbecovirus) (Table S2).  

As a point for discussion, based on these suggestions, it may be valid to treat the newly 

discovered "severe acute respiratory syndrome-related coronavirus 2" as a prospective new 

species of Sarbecovirus. In doing so, the coronavirus SARS-CoV-2 might be named a 

Sarbecovirus sp. (Sarbecovirus species), where “sp.” or “species” is any available epithet 

(such as “ambiguous”, “vulgaris” etc.). The trivial name “severe acute respiratory syndrome-

related coronavirus 2” and correspondent abbreviation “SARS-CoV-2” could be listed in the 

description of Sarbecovirus sp. The same operations could be done with any other viruses of 

Coronaviridae (Figure 2).  

Presently, numerous strains or variants of SARS-CoV-2 have been discovered [18, 72]. 

Because these strains all can be, in principle, established as forms or varieties of the same 

species (Sarbecovirus sp.), the special “dynamic nomenclature” for the SARS-CoV-2 strains 

[18] is unnecessary, even if it was practically useful during pandemic time. 

Using such suggestions, the binary renaming of all of the species of the family, as well as 

other related viruses (either known or yet undiscovered), might not be a difficult task. In 

short, we believe that progress in virological taxonomy requires the complete rejection of the 

non-taxonomic category of “virus” in any future taxonomic studies. As in the well-developed 

traditional taxonomy of plants and animals, ranks such as “species”, should be used instead.  

Even from the conventional comparative standpoint, it is meaningless to lump two 

remarkably different viruses such as SARS and SARS-CoV-2 into the same species, the 
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“severe acute respiratory syndrome-related coronavirus” [70], in part due to the thousands of 

synapomorphic SNPs that clearly distinguish these two viruses from each other (Table S1). 

Such simple comparison may also be easily connected with the potential endemism of SARS-

Cov-2 as well as with clear morphological differences between SARS-Cov and SARS-CoV-2 

[71]. Thus, it seems to be more reasonable to establish the virus of severe acute respiratory 

syndrome-related coronavirus (SARS-CoV) under the binary name Sarbecovirus sp. 1 and the 

virus of severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) under the 

binary name Sarbecovirus sp. X (e. g., Sarbecovirus sp. 6) (Figure 2, Table S1). This implies 

an increase of the rank of the current subgenus Sarbecovirus to the rank of genus and 

therefore the rank of current genus Betacoronavirus to the rank of tribe.  

One may note that the viruses are the physical entities that therefore must be distinguished 

from species (concepts). In other words, a virus name such as “severe acute respiratory 

syndrome-related coronavirus 2” is not a synonym for a species name - but rather a name for 

a thing that belongs to an Aristotelian class. This suggestion is of course wrong because any 

trivial virus name (or its abbreviation, such as SARS-Cov-2) is still the name of the class that 

includes numerous individuals (virus particles).  

The typological approach has not yet received proper implementation in virology, 

although some initial precedents are known [e.g., 73]. Additionally, for the purpose of 

discussion, we suggest consistent use of the Type Method within the taxonomy of the viruses. 

As a simple example, we would like to suggest that the ICTV-approved GenBank Accession 

number (ideally the reference to the whole genome of the virus) be incorporated as a 

nomenclature type for any virus species. For example, the GenBank Accession number 

MN908947 could be treated as a nomenclature type of newly described SARS-CoV-2. Such a 

number implies the name/abbreviation of the biological isolate as well as other useful 

information.  

If adopted, the higher nomenclature categories (tribes, genera, families, etc.) could be 

typified by the names of the species (genera, etc.), in exactly the same manner as plant or 

animal names. The nomenclature classification of plants and animals has been developed over 

hundreds of years, and as such is robust and well tested. Adopting the Linnaean binomial 

nomenclature for viruses will increase the universality of the system, and thereby lead to more 

consistent information content and information exchange across and within disciplines. 

CONCLUSIONS 

Methods of cladistics will be beneficial to virologists. Treating these methods within 

comparative and classification contexts, we have demonstrated that all four current genera of 

subfamily Orthocoronavirinae (family Coronaviridae), namely Alphacoronavirus (Α), 

Betacoronavirus (Β), Deltacoronavirus (Δ), and Gammacoronavirus (Γ), are monophyletic 

and representative of a nature hierarchy ((((Α,Β)Γ)Δ)) [74]. This hierarchy is, in principle, 

congruent to the general pattern of their hosts.  

Using the same analytical approaches, we also confirmed that two subfamilies of 

Coronaviridae, namely monotypic subfamily Letovirinae and subfamily Orthocoronavirinae, 

are sisters, and as such, we would also confirm the accepting of Letovirinae as the previously 

proposed family Abyssoviridae.  

All non-monotypic subgenera of all four genera of Orthocoronavirinae are monophyletic. 

Monotypic Hibecovirus is as a sister of {Sarbecovirus}. Bat coronaviruses RaTG13 or 

RmYN02, but not the pangolin coronavirus, are the closest relatives of SARS-CoV-2.  

Accepting traditional genera of Coronaviridae at the rank of tribe and, simultaneously, the 

current subgenera of the same family at the generic rank, seems to be an easy and heuristic 

way to incorporate the Linnaean principles of the binnominal nomenclature to the 

classification of the family literally “in one step”. For example, coronavirus SARS-CoV-2 
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might be named a Sarbecovirus species (Sarbecovirus sp.), where “species” (abbreviation 

“sp.”) is any available epithet.  

Any trivial virus name (or its abbreviation such as SARS-CoV-2) is still the name of the 

class that includes numerous individuals (virus particles). The non-taxonomic category 

“virus” must be eventually rejected in any future taxonomic studies in virology and the clear 

categories such as “species” must be used instead. This will aid future recognition of 

numerous virus species, particularly in monotypic [3] subgenus Sarbecovirus.  

The Type Method must be widely used within the taxonomy of Coronaviridae, as well as 

any other virus family.  

No member of any clade of Coronaviridae is an ancestor of any given virus species; the 

same is true regarding SARS-CoV-2. Humans are the only natural known host.  
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