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Introduction

Metagenomic analysis, have uncovered numerous small, circular DNA viruses in diverse environments1–3. New families of circular, Rep-encoding single-strand (CRESS) DNA viruses, including Genomoviridae4 and Smacoviridae5, were recently discovered through metagenomic approaches. Here, we propose the establishment of a new family of CRESS DNA viruses called Redondoviridae, which have been identified mostly in human oral and respiratory tract samples through metagenomic sequencing, and validated by targeted genome amplification from human samples6.

Discovery of 19 new genomes and prevalence across organisms and sample types

In two studies focusing on the viral microbiome of lung transplant donors and recipients7,8, we identified metagenomic sequence reads from two samples that aligned with limited coverage (<20%) of an unclassified CRESS DNA virus, porcine stool-associated circular virus 5 (PoSCV-5)9, NCBI nucleotide accession number KJ433989. After building contigs with reads from those samples, we recovered complete or near-complete circular genomes, suggesting that the limited coverage of the reference sequence resulted from low homology between the viruses. We confirmed both genome sequences by PCR and Sanger sequencing. We used them to query additional metagenomic sequences from bronchoalveolar lavage (BAL) samples from human subjects previously analysed by our group, resulting in the identification and cloning of five additional genomes. Thus, a total of seven novel genomes were identified and used in subsequent searches.
A danger is that small circular viruses may be derived from environmental contaminants in laboratory reagents10,11. We thus used qPCR targeting these novel genomes to test 24 negative controls that reflect the entire sample procurement and specimen processing pipeline, sterile saline solution that had passed through bronchoscopes prior to use for bronchoscopy—and failed to detect these sequences. Additionally, 132 contamination controls generated in metagenomics sequencing studies by ourselves and others were interrogated for these sequences by alignment of reads; no positives were found.
To identify more of these divergent viruses and assess their abundance in different niches, we aligned reads from more than 6000 publicly available metagenomic samples from different human body sites, animals, environments, and reagent controls to the novel genomes. We identified more than 60 positive samples (using a threshold of >25% genome coverage) including 12 samples with sufficient coverage to construct additional complete genomes. This group appears to be specific to the human oro-respiratory tract. Positive hits were primarily found in human oral, lung, and nasopharyngeal samples, with fewer hits in human gut samples. We identified no positives in other human body sites, other animals, environmental metagenomes, or reagent controls. Concurrently, another group independently published a single similar genome sequence identified in respiratory samples from a febrile human patient12: human respiratory-associated brisavirus (HRAPLV) isolate LC (proposed name), NCBI nucleotide accession number KY052047, consistent with our detections in the human respiratory tract. Two additional similar genomes have been deposited in the NCBI database by another independent group (NCBI nucleotide accession numbers KY244146.1 and KY349925.1). Thus, a total of 22 novel genomes fall within the family proposed in this report.

Evidence for a new family by comparison to existing families

To determine whether these genomes belong in an existing viral family, we compared genomic features including genome size, open reading frames and orientation, nucleotide and protein sequence, and predicted replication origin sequence and location, between this group and other CRESS DNA virus families including Circoviridae, Smacoviridae, Geminiviridae, Genomoviridae, and Nanoviridae. A detailed comparison is shown in Table 1 and a genome map showing nucleotide identity across all 22 genomes is shown in Figure 1. While some families share one or two features with our novel group, no existing family matches more than two of the above attributes. Additionally, no currently characterized family includes the presence of a conserved ORF, overlapping the capsid gene in this new group. This ORF displays no homology to any known protein.

Assessment of both replication-associated protein (Rep) and capsid (Cp) phylogenies (Figures 2 and 3, protein alignment by MUSCLE, phylogeny built using PhyML and visualized using FigTree13–15) reveals that this group forms a clade distinct from other CRESS DNA virus families. Based on the above, we propose the creation of a new family named Redondoviridae, which includes all of our 19 virus strains and the three strain discovered by others. This name refers to the circular nature of the genomes—redondo is the Spanish word for “round”.

Species demarcation criteria; nomenclature

Based on feedback from the ICTV on the initial submission of this proposal, we propose that the members of the Redondoviridae family proposed here should consist of two species within a single genus. In Figure 4, we show the distributions of pairwise identities across Rep and Cp protein and genome sequences. Pairwise identities were calculated by the global Needleman–Wunsch algorithm in R using the Biostrings package16. The Rep pairwise identities show a distribution with a valley at 50% identity, which is similar to the 40% threshold used to divide Smacoviridae genera5. Based on feedback from the ICTV EC, we use this cutoff as our species demarcation criterion. A 50% identity cut-off results in two robust species, which we propose to be named Vientovirus and Brisavirus. Viento means “wind” and brisa means “breeze” in Spanish, alluding to the prevalence of these viruses in the respiratory tract. We propose the name Torbevirus for the genus containing these species, from the Spanish torbellino, meaning “whirlwind”, as this incorporates both the circular nature of redondovirus genomes, plus the prevalence of redondoviruses in the respiratory tract.

Genome identity is often used for species and type demarcation4,5. In the case of Redondoviridae, the process of choosing a genome identity cutoff is complicated by the fact that redondovirus Rep and Cp phylogenies do not show the same relationship between viral genomes (Figures 2, 3, and 5), potentially due to recombination found common in other CRESS viruses17. Additionally, most of the 3 kb genome is coding—thus, the genomic nucleotide sequence phylogeny is likely an intermediate between the Rep and Cp trees. Given these difficulties and the current lack of published characterization supporting biologically-relevant type-level differences, we do not currently propose a type cutoff, but show potential options for such in Figure 5.

Using these criteria, we propose the creation of 2 redondovirus species from the 22 genomes identified. Table 2 enumerates all members of this proposed new family with associated references and metadata. We selected the human respiratory-associated brisavirus LC (GenBank acc. KY052047; formerly HRAPLV) as the exemplar member of a new species Brisavirus, and selected Brisavirus as the type species of the proposed genus Torbevirus as this was the first redondovirus genome described. We designate human lung-associated vientovirus FB (GenBank acc. MK059763) as the exemplar member of the other presently proposed species Vientovirus, as it was the first vientovirus we discovered.

In the case of PoSCV-59, we do not recommend any classification presently. While the Rep protein identity and genome size fall within the bounds of other proposed Redondoviridae family members, the Cp protein is much less similar (~40-50% identity with members of Redondoviridae). (This value is >70% identity among the Cp proteins of the proposed members of Redondoviridae). Additionally, PoSCV-5 lacks an open reading frame overlapping Cp, whereas all members of Redondoviridae possess this ORF. Based on these observations, we do not think there is a strong case for proposing an official taxonomy for PoSCV-5 currently—future genomes discovered may provide evidence for or against including PoSCV-5 in the family Redondoviridae.

Figures and Tables

Figure 1: Genome map of members of Redondoviridae
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Genome organization of members of Redondoviridae (outer ring) with percent nucleotide identity after multiple sequence alignment by MUSCLE13 (inner ring). The conserved nonanucleotide motif is shown as a sequence logo above the stem loop. Redondoviruses encode three proteins: Rep, Cp, and an ORF3 of unknown function.




Figure 2: Redondoviridae Rep protein amino acid sequence phylogeny and identity matrix
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A. Phylogenetic tree of Rep proteins from CRESS DNA viruses (2-3 representatives per family), compared with PoSCV-5 and all 22 redondoviruses. Amino acid sequences were aligned with MUSCLE13, trees built using PHYML with branch support determined by approximate likelihood ratio test14 and visualized using FigTree15. B. Pairwise identity matrix of redondovirus Rep proteins showing segregation into two distinct groups. Pairwise alignment performed by global Needleman–Wunsch algorithm as implemented in the Biostrings R package16.

Figure 3: Redondoviridae Cp protein amino acid sequence phylogeny
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Phylogenetic tree of Cp proteins from CRESS DNA viruses (2-3 representatives per family) and redondoviruses. Amino acid sequences were aligned with MUSCLE13, trees built using PHYML with branch support determined by approximate likelihood ratio test14, and visualized using FigTree15. Redondovirus Cp phylogeny shown in inset at larger scale.



Figure 4: Distribution pairwise identities of genomic nucleotide and Cp/Rep protein sequence identities
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Pairwise identities of 22 Redondoviridae Rep and capsid amino acid sequences, and genomic nucleotide sequences. Pairwise alignment performed by global Needleman–Wunsch algorithm as implemented in the Biostrings R package16. The red arrow above the Rep plot denotes the proposed species demarcation cutoff. The black arrow above the genome plot indicates a potential type cutoff.



Figure 5: Comparative phylogeny between redondovirus Rep and Cp proteins

[image: C:\Users\Louis\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Fig5_CombinedPhylogeny_v3.png]

Comparative phylogeny of redondovirus Rep (left) and Cp (right) proteins exemplifying potential type demarcation cutoffs. Phylogenetic trees of redondovirus proteins generated as in Figures 2 and 3 were compared using baltic (https://github.com/evogytis/baltic)18. Colored boxes denote isolates that fall within example type demarcation cutoffs (91% or 95%); each color designates a possible different type. Isolates that would be members of the same type at a 91% genome identity cutoff are boxed with a light background; isolates of the same species at a 95% genome identity cutoff are boxed in a darker background.
Table 1: Comparison of genomic features between Redondoviridae and other CRESS-DNA viruses

	Feature
	Redondoviridae
	Circoviridae
	Nanoviridae
	Geminiviridae
	Genomoviridae
	Smacoviridae

	Size (kb)
	3.0-3.1
	1.7-2.0
	1.0 * 6 segments
	2.5-3.0
	2.1-2.2
	2.6-2.9

	ORFs
	Cp, Rep, ORF3
	Cp, Rep, ORF3/4
	Cp, Rep, others
	Cp, Rep, others
	Cp, Rep
	Cp, Rep

	ORF orientation
	Ambisense
	Ambisense
	Segmented
	Ambisense (or segmented)
	Ambisense
	Ambisense

	Origin sequence
	TATTATTAT
	TAGTATTAC
	TATTATTAC
	TAATATTAC
	TAATATTAT
	NAGTATTAC

	Origin location
	Noncoding (upstream) / in Rep
	Noncoding (upstream) / in Rep 
	Noncoding (upstream)
	Noncoding (upstream)
	Noncoding (upstream)
	Noncoding (downstream)




Table 2: List of redondovirus genomes and metadata

	Genus
	Species
	Representative virus
	Strain/ isolate
	GenBank Accession
	Country

	Torbevirus
	Brisavirus
	Human respiratory-associated brisavirus, isolate LC
	LC
	KY052047
	China

	Torbevirus
	Brisavirus
	Human respiratory-associated brisavirus, isolate II
	II
	MK059755
	USA

	Torbevirus
	Brisavirus
	Human lung-associated brisavirus, isolate RC
	RC
	MK059757
	USA

	Torbevirus
	Brisavirus
	Human lung-associated brisavirus, isolate AA
	AA
	MK059754
	USA

	Torbevirus
	Brisavirus
	Human lung-associated brisavirus, isolate MD
	MD
	MK059756
	USA

	Torbevirus
	Brisavirus
	Human gut-associated brisavirus, isolate VW
	VW
	MK059759
	USA

	Torbevirus
	Brisavirus
	Human oral-associated brisavirus, isolate YH
	YH
	MK059758
	USA

	Torbevirus
	Vientovirus
	Human lung-associated vientovirus, isolate FB
	FB
	MK059763
	USA

	Torbevirus
	Vientovirus
	Human lung-associated vientovirus, isolate DC
	DC
	MK059761
	USA

	Torbevirus
	Vientovirus
	Human gut-associated vientovirus, isolate MW
	MW
	MK059772
	UK

	Torbevirus
	Vientovirus
	Human lung-associated vientovirus, isolate JY
	JY
	MK059765
	USA

	Torbevirus
	Vientorvirus
	Human lung-associated vientovirus, isolate ES
	ES
	MK059762
	USA

	Torbevirus
	Vientorvirus
	Human lung-associated vientovirus, isolate JB
	JB
	MK059764
	USA

	Torbevirus
	Vientorvirus
	Human lung-associated vientovirus, isolate AL
	AL
	MK059760
	USA

	Torbevirus
	Vientorvirus
	Human lung-associated vientovirus, isolate LT
	LT
	MK059766
	USA

	Torbevirus
	Vientovirus
	Human oral-associated vientovirus, isolate EC
	EC
	MK059768
	USA

	Torbevirus
	Vientovirus
	Human oral-associated vientovirus, isolate XM
	XM
	MK059771
	China

	Torbevirus
	Vientovirus
	Human oral-associated vientovirus, isolate AV
	AV
	MK059767
	Spain

	Torbevirus
	Vientovirus
	Human oral-associated vientovirus, isolate MC
	MC
	MK059770
	USA

	Torbevirus
	Vientovirus
	Human oral-associated vientovirus, isolate LZ
	LZ
	MK059769
	USA

	Torbevirus
	Vientovirus
	Human oral-associated vientovirus, isolate 15040
	15040
	KY244146.1
	USA

	Torbevirus
	Vientovirus
	Human respiratory-associated vientovirus, isolate 15278
	15278
	KY349925.1
	USA



The type species for the genus is in bold; the exemplar viruses for both proposed species are underlined.
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