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Summary:

The global virome is largely uncharacterized but is now being unveiled by metagenomic DNA
sequencing. Exploring the human respiratory virome, in particular, can provide insights into oro-
respiratory diseases. Here, we use metagenomics to identify a family of small, circular DNA
viruses—named Redondoviridae—associated with human diseases. We first identified two
redondovirus genomes from bronchoalveolar lavage samples from human lung donors. We then
queried thousands of metagenomic samples and recovered 17 additional complete redondovirus
genomes. Detections were exclusively in human samples and mostly from respiratory tract and
oro-pharyngeal sites, where Redondoviridae was the second most prevalent eukaryotic DNA virus
family.

Redondovirus sequences were associated with periodontal disease, and abundances decreased with
treatment. Some critically ill patients in a medical intensive care unit were found to harbor high
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levels of redondoviruses in respiratory samples. These results suggest that redondoviruses colonize
human oro-respiratory sites and can bloom in several human disorders.

eTOC blurb

Abbas and Taylor et al. report the discovery and characterization of a family of circular DNA
viruses subsequently named Redondoviridae. Redondoviruses are primarily found in the human
oro-respiratory tract and reach high levels in subjects with periodontitis and critical illness.
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Introduction

Viruses are the most abundant biological entities on Earth, but global viral populations (the
“virome”) are still mostly uncharacterized. Identifying novel viruses can be difficult if they
have limited sequence homology to viral genomes in reference databases. Recent advances
in sample preparation and sequencing techniques have uncovered a world of new viruses

(Paez-Espino et al., 2016, Simmonds et al., 2017, Rosario and Breitbart, 2011, Minot et al.,
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2013, Minot et al., 2011). However the majority of reads in most studies remain unclassified
(Aggarwala et al., 2017, Krishnamurthy and Wang, 2017), leaving our understanding of the
virome incomplete. Here we describe the identification of a previously unstudied viral
family, its localization in human oro-respiratory sites, and its association with disease states.

Methods for analyzing the virome are particularly efficient at recovering small circular DNA
viruses. Metagenomic sample preparation commonly involves multiple displacement
amplification (MDA) with a highly processive, strand-displacing DNA polymerase, which
enriches for small, circular, single-stranded DNAs (ssDNA) (Rosario et al., 2012, Labonté
and Suttle, 2013, Krupovic et al., 2016). Many ssDNA viruses encode a replication initiation
protein (Rep)—thus this group is collectively known as circular Rep-encoding single-
stranded DNA (CRESS) viruses (Rosario et al., 2012). Some aspects of genome architecture
and functional domains of viral Rep and Capsid proteins are detectably conserved among
CRESS viruses, though pairwise nucleotide identities are often low. A well-studied group of
animal CRESS viruses is the Circovirus genus within the Circoviridae family, which
includes pathogenic viruses of swine and birds (Ellis, 2014, Todd, 2000). The Circoviridae
family also contains the genus Cyclovirus, which consists of viruses identified by
metagenomic sequencing in samples from several mammalian species (Breitbart et al., 2017,
Li et al., 2010), including some sporadically identified in human disease states (Phan et al.,
2014, Smits et al., 2014). The recently identified Smacoviridae family has been detected in
mammalian feces, though the definitive hosts are unknown (Varsani and Krupovic, 2018).
Other CRESS families include viruses that infect plants, Geminiviridae and Nanoviridae
(Harrison et al., 1977, Fauquet et al., 2005), fungi, Genomoviridae (Krupovic et al., 2016,
Varsani and Krupovic, 2017), and additional apparent viruses detected as divergent
sequences for which hosts are unknown (Simmonds et al., 2017).

We and others have previously investigated the human respiratory tract virome in health and
disease. Typically anelloviruses, herpesviruses and bacteriophages dominate human
respiratory tract samples (Willner et al., 2009, Abeles et al., 2015, Wylie et al., 2012, Pérez-
Brocal and Moya, 2018, Young et al., 2015, Abbas et al., 2017, Abbas et al., 2018, Clarke et
al., 2017a). Recently, we identified short sequence reads with limited homology to a swine-
associated CRESS virus (Cheung et al., 2014) in bronchoalveolar lavage (BAL) from human
organ donors (Abbas et al., 2018, Abbas et al., 2017), raising the possibility that we had
detected a undescribed human virus.

Following up on this lead, we now report the identification of a group of CRESS viruses,
highly divergent from other viral families, present in human respiratory and oral samples.
These CRESS genomes are sufficiently different from previously described taxa that we
propose establishing a viral family, which we name Redondoviridae (redondo—Spanish for
“round”) containing the genera Vientovirus and Brisavirus (from the Spanish words for
“wind” and “breeze”, alluding to their discovery in the respiratory tract). A recently
described genome identified in upper respiratory secretions of a febrile individual (Cui et al.,
2017) also classified as a redondovirus, and we propose it as the type species for the
Brisavirus genus. Analysis of the distribution of redondoviruses showed that they were the
second most prevalent virus in human respiratory samples, after anelloviruses, in samples
from viral metagenomic studies. Analysis of redondovirus representation in numerous
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environmental and host-associated samples disclosed association of Redondoviridae with
periodontal disease and acute critical illness.

Results

Initial Discovery of Redondoviruses in Human Bronchoalveolar Lavage Fluid

In two previous studies of lung transplant recipients (Abbas et al., 2017, Abbas et al., 2018),
samples of BAL were enriched for viral particles, then RNA and DNA was purified and
subjected to metagenomic sequence analysis. DNA fractions were amplified using MDA.
Alignment of reads from two organ donor BAL samples to the NCBI viral genome database
showed modest (14%) coverage of Porcine stool-associated circular virus 5 (PoSCV-5)
isolate CP3 (GenBank: NC_023878) (Figure 1). PoSCV-5 is currently an unclassified and
unstudied member of the Circoviridae family.

After assembling reads from these samples into contigs, we found that sequences matching
PoSCV-5 were present in circular contigs of approximately 3,000 base pairs (bp). Thus,
whole viral genomes were present in the initial BAL samples, but only a small region of
these genomes resembled PoSCV-5. Several sets of nested primers (Table S1 and Figure S1)
were used to amplify overlapping fragments from the original BAL samples. These
fragments were sequenced using the Sanger method and assembled to construct two circular
genomes of 3,026 bp (Human lung-associated brisavirus RC; accession MK059757) and
3,056 bp (Human lung-associated vientovirus FB; accession MK059763) (Figure S1).

Contigs assembled from shotgun metagenomic reads of other BAL samples processed by
our group were then queried for DNA sequence similarity to the two genomes described
above. In total, seven complete Redondoviridae genomes were discovered and cloned from
independent BAL samples from organ donors and patients with sarcoidosis (Figure S1).
These genomes were then used as alignment targets to interrogate publicly available
datasets. Twelve more samples had sufficient coverage of redondovirus sequences to allow
assembly, yielding 19 complete genomes (Figure 1A, Table S2).

A danger is that small circular viruses may be derived from environmental contamination in
clinical or laboratory reagents (Naccache et al., 2013, Salter et al., 2014). We queried 144
contamination controls from seven studies analyzed by shotgun metagenomics, six of which
were from our laboratory (most viral metagenomic data sets in databases do not include
sequenced contamination controls). None of these negative controls had any reads aligning
to redondoviruses. This included 24 bronchoscopes prewashes, which consist of a sterile
saline solution passed through bronchoscopes before insertion into a patient. These were
processed at our site in parallel with virome preps of multiple positive BAL samples; control
samples were subjected to MDA, library preparation, and shotgun sequencing all in parallel
(Clarke et al., 2017a). In further tests, we used a gPCR assay targeting redondovirus
genomes to check the 24 bronchoscope prewashes and two additional DNA extraction
controls subjected to MDA. All were negative by gPCR analysis. As positive controls, we
detected robust gPCR signals in MDA-amplified DNA extracted from the original acellular
BAL samples from which these genomes were cloned (Figure S1C).
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To strengthen the notion that Redondoviridae are of eukaryotic origin, we investigated
whether they showed sequence signatures of bacteriophages. The presence of prokaryotic
ribosomal binding sites (RBS) upstream of viral open reading frames (ORFs) can provide
evidence for a prokaryotic host (Krishnamurthy and Wang, 2018) . We implemented the
algorithm described in Krishnamurthy and Wang and identified no prokaryotic RBS
proximal to any redondovirus protein coding sequence. These data support the idea that
redondovirus sequences were not derived from environmental contamination and are not
bacteriophages.

Redondovirus Genomes Contain Conserved Features of CRESS Viruses and a third
distinct ORF

Redondoviruses share some genomic features with other CRESS DNA viruses, but display
several unique characteristics (Table 1). Redondovirus genomes contain ambisense ORFs
(Figure 1B) encoding a 334-363 amino acid Rep and a 449-531 amino acid capsid (Cp),
which are only 10-15% identical to those of porcine circovirus-1 and -2, and 40-55% for
PoSCV-5 , which provided the initial database “hit”. All redondovirus genomes also contain
a third ORF (ORF3) overlapping the capsid gene, which is not found in either porcine
circoviruses or in PoSCV-5. ORF3 has no homology to any described protein family. Thus,
while POSCV-5 is the most closely related known virus to the redondoviruses, PoSCV-5 is
markedly divergent in genome architecture and protein identity and does not meet criteria
for a member of the Redondoviridae family.

Redondoviruses display considerable sequence divergence when comparing their Cp and
Rep proteins. The range of pairwise amino acid identities of capsid is 67.5-99.6% (median
82.3%) while the range of Rep amino acid identity is 36.6-99.7% (median 54%) (Figure
1B). Surprisingly, Cp is more conserved than Rep. One might have expected that the capsid
protein, which is presumably recognized by host antibodies, would be under stronger
diversifying (positive) selection. Part of Cp overlaps ORF3, and so could be constrained in
sequence drift for that reason, but even in the non-overlapping carboxy-terminal coding
region (Figure 1B) the variability is still lower than in Rep.

To clarify the phylogenetic relationships between viral proteins within the Redondoviridae
and other CRESS virus families, we built maximum-likelihood phylogenetic trees of Rep
and Cp protein sequences. Redondoviruses are more similar to each other than to other
CRESS families by protein identity and genome organization (Figure 2, Table 1). The capsid
and Rep protein phylogenies show different relationships between the isolates, suggesting
that recombination is common in redondoviruses, as in other circular ssDNA viruses (Ma et
al., 2007, Lefeuvre et al., 2009, Fahsbender et al., 2017, Leppik et al., 2007). Based on
previous definitions (Varsani and Krupovic, 2018) and analysis of the diversity of viral Rep
proteins, redondovirus genomes can be grouped in two genera, demarcated by 50% Rep
protein identity, which we propose to call Vientovirus and Brisavirus (Table S2).

The redondovirus Rep protein (Figure 3B) contains two domains found in many small DNA
and RNA viruses: one involved in rolling-circle replication (Pfam: PF00799) and a second
helicase domain within the P-loop NTPase superfamily (Pfam: PF00910) (llyina and
Koonin, 1992, Gorbalenya et al., 1990).
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Redondovirus capsids, like those of other ssSDNA viruses, contain a basic amino-terminus.
Protein modeling by PHYRE2 (Kelley et al., 2015) weakly predicted folds similar to coat
proteins of sSSRNA viruses that infect plants (Figure 3C; 58% confidence over 7% of
sequence).

Circovirus genomes typically contain a conserved motif (“NANTATTAC”) within a stem-
loop structure followed by short direct repeats, located in the intergenic region at the 5’ end
of Cpand Rep. Such sequences are candidates for the origin of replication (Mankertz et al.,
1997) where the viral-encoded Rep binds and cleaves, mediating replication by host
polymerases. Such stem-loops are found in other CRESS virus families. In the one previous
report of a single redondovirus genome (Cui et al., 2017), the authors suggested a hairpin in
the large intergenic region as the origin of replication. However, analysis of all 20 genomes
showed that a conserved, stable stem loop structure is predicted to form in the second
smaller intergenic region, partially overlapping Rep. Although the length of the stem, size of
the loops, and presence of downstream direct repeats vary, most redondovirus genomes
contain a nonanucleotide motif (“TATTATTAT”) (Figure 1B) similar but not identical to that
of other CRESS viruses. This structure is highly conserved among redondoviruses (Figure
3A), while the sequence of the alternative intergenic hairpin is not, suggesting that this is a
more likely candidate for the replication origin.

Redondovirus Genomes Identified in Shotgun Metagenomic Data

To investigate redondovirus distribution in the biosphere, we surveyed metagenomic
sequence datasets for homology to redondoviruses (Table S3 presents the datasets queried).
Studies were favored for analysis if they 1) biochemically enriched for viral nucleic acids, 2)
used MDA, which enriches for small circular viral genomes (Kim and Bae, 2011, Kim et al.,
2008), 3) reported detection of Circovirus-like sequences, and/or 4) included a diverse range
of sample types. In total, we queried 7,581 samples from 173 datasets covering 51 organisms
or environments. Within human metagenomes, 18 body sites or fluids were examined. A
positive hit was defined as 25% coverage of any redondovirus genome.

Redondoviruses were detected in metagenomic sequences from human oral cavity (3.8% of
samples), lung (3.3%), nasopharynx (0.95%), and gut (0.59%). The most frequent sites of
detection were the mouth and respiratory tract (Figure 4A). Redondovirus sequences were
rare in human gut (17 detections total). Redondoviruses were not found in other animals,
freshwater, marine, or soil samples (1,087 non-human biological samples), nor in laboratory
reagents (144 contamination control samples). Importantly, 24 of the contamination controls
analyzed were prepared side-by-side with redondovirus-positive samples and consist of
saline bronchoscope pre-washes performed immediately prior to BAL sampling, which
reflects the entire pipeline of specimen acquisition and nucleic acid processing. We thus
conclude that redondoviruses are authentically present in the human oro-respiratory tract.
Whether infrequent detection in gut samples reflects an authentic site of replication or
transient passage after swallowing is uncertain. We cannot rule out that redondoviruses
colonize other animal species, although thus far we have only identified hits in human
samples.
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Redondovirus Co-occurrence with Human DNA Viruses

Adeno-associated virus, a sSDNA virus of the Parvoviridae family, also encodes capsid and
Rep proteins, and is known to require coinfection with a helper virus such as adenovirus to
replicate. We thus asked whether redondoviruses co-occurred with any other eukaryotic viral
family suggestive of a helper virus. We analyzed a subset (20) of the 173 datasets we
previously screened for redondoviruses for the presence of common human DNA virus
families (Adenoviridae, Anelloviridae, Herpesviridae, Papillomaviridae, Parvoviridae and
Polyomaviridae). Redondoviridae was the second-most frequent human DNA virus family
detected, exceeded only by Anelloviridae, which are known to be ubiquitous in humans
(Spandole et al., 2015)—this high frequency is likely affected by use of MDA for virome
preps, which enriches for small circular DNAs. Figure 4C shows the representation of
additional human DNA viruses that co-occurred with redondoviruses in metagenomic
datasets. Only anelloviruses were found to co-occur significantly with redondoviruses
(Figure 4C, p=5.7x1077, Fisher’s Exact Test with Bonferroni correction). Anelloviruses are
small ssDNA viruses that seem unlikely to contribute helper functions to redondovirus
replication. We speculate that the inflammatory milieu known to favor anellovirus
replication (Maggi et al., 2001, Mariscal et al., 2002) may be similarly favorable for
redondoviruses. Alternatively, given the ubiquitous nature of anelloviruses in humans, this
association may reflect the fact that MDA enriches for both anelloviruses and
redondoviruses, resulting in their co-detection. Rarely, other human viruses were found in
redondovirus positive samples; these included Human mastadenovirus C and Epstein-Barr
virus.

Redondoviruses in the Respiratory Tract are Elevated in Abundance in Critical lliness

Several sample sets were further queried using metagenomic analysis and qPCR to assess
redondovirus abundance in the respiratory tract. We investigated 916 selected oro-respiratory
samples using metagenomic analysis of datasets described above, reflecting a mixture of
health and disease states, and found that redondoviruses were still the second-most frequent
DNA virus detected, after anelloviruses (Figure S3).

To investigate the presence of redondovirus in healthy subjects further, we tested DNA
isolated from oropharyngeal swabs from 60 adults using qPCR (Charlson et al., 2010). DNA
was subjected to selective whole genome amplification (SWGA) (Clarke et al., 2017b) to
enrich for redondovirus sequences over the human genome background, followed by
redondovirus gPCR. Nine of 60 healthy subjects were positive (15%), although quantities
even following SWGA amplification showed generally modest levels (Figure 5A).

We then tested samples from 69 critically ill individuals (44 male, 25 female) using SWGA
and gPCR (Figure 5A and B). Six (9%) had oropharyngeal samples positive for
redondovirus (3 male, 3 female), indicating relevance to both genders (male 7% vs female
12%:; p=0.66, Fisher’s Exact test). Post-SWGA quantities were, on average, 10* fold greater
than in healthy subjects, although the use of SWGA complicates quantitative comparisons
between groups. Four of these six critically ill subjects also had lung secretions
(endotracheal aspirates) available for testing; three were positive for redondovirus. In
subjects with serial samples, redondovirus was generally detectable over a period of 2-3

Cell Host Microbe. Author manuscript; available in PMC 2020 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Abbas et al.

Page 8

weeks, suggesting persistent colonization or infection. We conclude that redondoviruses are
found in both healthy and critically ill individuals, but levels are elevated in illness.
Furthermore, the upper and lower respiratory tracts appear to represent common niches with
stable redondovirus detection over time.

Redondovirus Sequence Reads are Associated with Periodontitis

The set of 97 metagenomic studies assessed for redondovirus sequences (Table S3)
contained samples from several disease states, allowing us to assess possible associations of
redondoviruses with human disorders. In addition to our initial detections in BAL from
organ donors and lung transplant recipients (Abbas et al., 2017, Abbas et al., 2018),
redondoviruses were found in 1) BAL from subjects with sarcoidosis and healthy adults
(Clarke et al., 2017a), 3) gingival samples from subjects with periodontitis (Wang et al.,
2013, Shi et al., 2015, Califf et al., 2017), 4) oropharyngeal and nasopharyngeal samples
from febrile subjects (Mokili et al., 2013, Wang et al., 2016), 5) oral samples from subjects
with rheumatoid arthritis (Zhang et al., 2015), 6) stool samples from healthy individuals, 7)
stool samples from subjects with inflammatory bowel disease (Norman et al., 2015) and 8)
stool samples from subjects with HIV-associated immunodeficiency (Monaco et al., 2016)
(Figure 4B).

A considerable proportion of redondovirus-positive samples were from studies of
periodontal disease (Figure 4B), so we analyzed these further. Three studies queried gingival
or oral samples from subjects suffering or recovered from periodontitis (detailed metadata in
Table S4). One study queried samples before and after corrective treatment by scaling and
root planing together with improved oral hygiene (Shi et al., 2015). Redondovirus
representation was high prior to treatment, and then fell substantially after treatment, as
measured by the number of reads aligning to the most broadly covered redondovirus genome
in each sample (Figure 5C). We averaged redondovirus reads across all individual tooth sites
sampled for each subject and found lower redondovirus prevalence after recovery (Figure
5C, p=0.014, Wilcoxon signed-rank test). The second study compared disease severity in
two groups with chronic periodontitis; one group received treatment with 0.25% sodium
hypochlorite rinse, while the other received a water rinse (Califf et al., 2017). We compared
redondovirus representation in sub and supra-gingival sites from subjects whose
periodontitis did or did not improve, and found that subjects that did not show improvement
had greater numbers of reads mapping to redondovirus genomes (Figure 5D, p=0.028,
Wilcoxon rank-sum test). A third study analyzed two patients with severe periodontal
disease, before and after treatment; both subjects were positive for redondovirus prior to
treatment but no detections were found in samples taken after successful treatment (Kumar
et al., 2018). Thus we conclude that redondoviruses are associated with periodontitis in
multiple studies, and that levels are reduced with effective treatment.

Discussion

Here we introduce Redondoviridae, a family of small, circular DNA viruses discovered in
metagenomic sequence data that is found selectively in human lung and oro-pharyngeal
samples. We first identified redondovirus genomes by aligning metagenomic sequences from
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lungs of two organ donors to a viral genome database, resulting in weak hits to PoOSCV-5.
Assembly of shotgun metagenomic reads yielded complete circular genomes, which were
then used to interrogate our collection of lung virome samples, allowing us to identify seven
genomes. We then used these genomes to interrogate 7,581 metagenomic samples from
diverse environmental sites, hosts, body sites, and disease states, detecting redondoviruses in
67 human samples and building 12 additional genomes. Independently, another group
reported a single genome (Cui et al., 2017) in a sample from the throat of a febrile patient
that we find is most closely related to Human oral-associated brisavirus YH (accession
MKO059758). Of the DNA viruses we surveyed in 20 human virome datasets, redondoviruses
were the second most abundant, exceeded only by anelloviruses. The prevalence of
redondoviruses was similar in cohorts of healthy subjects and critically ill subjects, although
higher genome quantities suggested higher absolute levels in the ill subjects. Analysis of
metagenomic samples revealed an association of redondoviruses with periodontal disease.

It is possible that redondovirus infection and replication may help maintain the
inflammatory state associated with periodontitis and contribute to disease progression. A
role in disease initiation seems less likely given the established roles of bacteria and oral
hygiene (Edlund et al., 2015, Costalonga and Herzberg, 2014). Previous studies have
tentatively implicated viruses in periodontitis based on alterations of subgingival
bacteriophage communities (Ly et al., 2014) and increased representation of some
eukaryotic viruses including HIV, HCMV and HSV-1 (Cappuyns et al., 2005, Li et al.,
2017). The role of redondoviruses in periodontitis warrants further study. Similarly, the role
redondoviruses play in diseases of the respiratory tract can now be investigated.

Do redondoviruses require helper viruses to replicate? The Dependoparvoviruses, which
include AAV, are small, linear ssSDNA viruses that require co-infection with larger DNA
viruses to condition cells for efficient replication. Samples containing redondoviruses were
scanned for other DNA viruses, but no large double stranded DNA viruses were consistently
identified. Anelloviruses, small, circular ssDNA viruses, did co-occur. While we do not rule
out that anelloviruses support redondovirus replication, it seems more likely that the
inflammatory states known to promote anellovirus replication may do the same for
redondoviruses, or alternatively, that the methods for virome sampling preferentially recover
both redondoviruses and anelloviruses.

The high level of sequence variation in redondovirus Rep proteins is intriguing. Viruses
encoding Reps are ubiquitous in both prokaryotes and eukaryotes. There are even transposon
families that mobilize via sSDNA intermediates using Rep-like enzymes (Grabundzija et al.,
2016). Cells have likely been opposing parasitism by Rep-encoding elements since the
origins of cellular life. We conjecture that Rep amino acid variation reflects an ongoing Red
Queen’s Race between host intrinsic immunity and Rep enzymes. If so, there should be
active host cell mechanisms targeting and inhibiting Rep proteins. The redondovirus Rep
enzymes reported here provide an entry point to investigating this possibility.
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STAR Methods
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Frederic Bushman (bushman@pennmedicine.upenn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Studies: Samples analyzed here obtained in the context of studies previously
reported were obtained with informed consent and under protocols approved by the
Institutional Review Board at their respective institutes as detailed in (Abbas et al., 2017,
Clarke et al., 2017a, Abbas et al., 2018, Charlson et al., 2011, Charlson et al., 2010). Human
subjects >18 years of age with varying critical illnesses were enrolled within 24 hours of
admission at the Hospital of the University of Pennsylvania medical Intensive Care Unit
(ICV). Individuals with an anticipated ICU length of stay <48 hours were excluded.
Informed consent was obtained under IRB protocol 823392. Subjects were not involved in
any other experimental procedures. Oropharyngeal swabs (n = 198), endotracheal aspirates
(n = 87), and stool (n = 16) from 69 (44 males and 25 females) subjects were available to be
queried by qPCR. Redondovirus positivity was similar in males and females, suggesting no
obvious influence of gender. DNA from oropharyngeal swabs was extracted in single-tube
DNeasy PowerSoil Kit (Qiagen; Hilden, Germany) and followed manufacturer’s protocol
except for two 50 L elutions with buffer C6. Endotracheal aspirate was extracted with a 96-
well format of the same kit. Due to sample availability limitations, a single biological
replicate was used for each sample. No estimation for optimal sample size to detect
statistical significance was performed for this initial survey. Additional metagenomic
sequence data (n = 7,581 human, animal, and environmental samples) were derived from
publically available data repositories or unpublished studies performed in our lab (n = 173
individual studies or datasets) (Table S3).

METHOD DETAILS

Discovery and Detection in Clinical Samples—Acellular bronchoalveolar lavage
(BAL) samples were obtained from prior studies of organ donors and lung transplant
recipients (Abbas et al., 2017, Abbas et al., 2018), subjects with sarcoidosis (Clarke et al.,
2017a) and healthy adults (Charlson et al., 2011). Virus-like particle purification,
preparation of shotgun DNA libraries, metagenomic sequencing, within-sample contig
assembly and annotation based on alignment to the NCBI viral database has been previously
described (Abbas et al., 2017, Clarke et al., 2017a, Abbas et al., 2018). Contigs found to
have homology to redondovirus genomes were amplified and cloned from 7 samples.

Primers (Table S1) were designed to amplify redondovirus genome sequences from DNA
extracted from BAL that underwent whole genome amplification with Illustra GenomiPhi
V2 DNA (GE Healthcare; Little Chalfont, UK). PCR was performed with AccuPrime™ Taq
DNA Polymerase System (ThermoFisher; Waltham, MA, USA) using 1 pL of whole-
genome-amplified product, 20 uM of forward and reverse primers and 0.2 uL Taq
polymerase in a total volume of 50 pL. Products were visualized on 1-1.5% ethidium
bromide agarose gels (Figure S1). Amplicons were cloned and validated by using the Sanger
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sequence method on an ABI 3730XL (Applied BioSystems; Waltham, MA, USA)
instrument. Full redondovirus genomes were either de-novo synthesized (BioBasic;
Markham, ON, CA) or cloned by Gibson assembly (NEB; Ipswitch, MA, USA) and also
verified by Sanger sequencing.

To detect redondovirus sequences in BAL samples, a TagMan-based gPCR assay (Table S1)
was designed targeting the genomic region encoding the capsid gene. For each sample,
triplicate 20 L reactions containing 4 pL of template DNA (depending on sample
availability), 0.33 uL forward and reverse primers (18 uM), 0.33 pL probe (5 uM), 10 uL
TagMan Fast Universal PCR Master Mix (Applied Biosystems; Waltham, MA, USA) and 5
pL water were analyzed on a QuantStudio 5 Real Time PCR System (Applied Biosystems;
Waltham, MA, USA) with the following cycling profile: 20 sec at 95°C for 1 cycle, and 40
cycles of 95°C for 3 sec and 60°C for 30 sec (signal collection). A linearized plasmid
containing the complete Human lung-associated brisavirus RC genome in a pUC57 vector
was used as a 7 point standard curve ranging from 75 to 30,000,000 copies/reaction.
Amplification signal was required in 2 out of 3 wells to be scored as positive.

Endotracheal aspirates (lung secretions), oropharyngeal swabs and stool were collected from
critically ill subjects and oropharyngeal swabs were collected from healthy volunteers,
following written informed consent, under protocols approved by the University of
Pennsylvania Institutional Review Board (protocols 823392 and 810987, respectively).

Extracted DNA was first subjected to SWGA using primers designed with the software
described in Clarke et al., 2017b. Each reaction contained 2 pL Phi29 10x Buffer (NEB;
Ipswich, MA), 1 uL Phi29 polymerase, 0.2 pL bovine serum albumin (10 mg/mL), 100 uM
total of 20 primers (final concentration of each primer was 2 M), 2 uL of 10mM dNTPs, and
1 uL of template DNA in a total volume of 20 pL. Reactions underwent a step-down
amplification process by incubating at 35°C for 5 min, 34°C for 10 min, 33°C for 15 min,
32°C for 20 min, 31°C for 30 min and th en 30°C for 16 hours, followed by a heat
inactivation step (65°C for 15 min) as previou sly described (Clarke et al., 2017b). After
SWGA, 4 uL of product was queried in duplicate using a more sensitive TagMan-based
gPCR assay (Table S1) that was designed targeting a conserved region of the Cp gene. A
linearized plasmid containing the complete genome of human lung-associated brisavirus RC
was used a 9-point standard curve ranging from 10 to 10° copies per reaction. Negative and
positive controls were included in each run to evaluate inter-assay variability. The positive
control was 10* copies of the standard curve plasmid containing the viral genome spiked
into DNA extracted from a redondovirus-negative endotracheal aspirate sample and also
subjected to SWGA.

Querying Viral Metagenomic Datasets—Reads from viral and other shotgun
metagenomic projects available in the Sequence Read Archive (SRA) (n = 146) or MG-
RAST (n = 23) or the Human Oral Microbiome Database (n = 1) and from 3 unpublished
datasets from the University of Pennsylvania (Table S4) were processed in the following
steps: 1) adaptor-trimmed single or paired-end reads were downloaded using fastg-dump
(Leinonen et al., 2011), 2) a sensitive local alignment of either single reads or read pairs to
redondovirus genomes was performed using Bowtie2 (Langmead and Salzberg, 2012); 3)
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alignments were processed and genome coverage was calculated with SAMtools (Li et al.,
2009) and BEDtools (Quinlan and Hall, 2010) and 4) alignments were visualized with a
custom R (version 3.2.3) script (Ihaka and Gentleman, 1996) (R packages used: magrittr,
ggplot2, reshape?2). Based on the sigmoidal relationship between aligning reads and genome
coverage (Figure S2), a minimum threshold of 25% genome coverage was used to determine
detection of a redondovirus.

Genome Assembly—Samples in which 25% of any redondovirus genome was covered
were further analyzed using the Sunbeam pipeline (Clarke et al., 2018) to process reads and
to build and annotate contigs using MEGAMit (Li et al., 2015) and BLASTn (Altschul et al.,
1990). Contigs were further refined by overlap consensus assembly using Cap3 (Huang and
Madan, 1999) and manually checked for circularity and presence of key genomic features
with CloneManager 9 (Scientific & Educational Software; Denver, CO).

DNA and Amino Acid Sequence Analysis—The EMBOSS einverted utility (Rice et
al., 2000), Mfold (Zuker, 2003) or CloneManager Professional 9 (Scientific & Educational
Software; Denver, CO) was used to predict and visualize energetically favorable DNA
structural features potentially important for replication. Forna was used to plot stem loop
structures (Kerpedjiev et al., 2015). Nucleotide and protein alignments were performed
using MUSCLE (version 3.8.31) (Edgar, 2004). Phylogenetic trees were built using PhyML
(Guindon et al., 2010) using the LG amino acid substitution model (Le and Gascuel, 2008)
with sequences from 2-3 representative species of established viral families and all full-
length protein sequences of novel redondoviruses. Branch support was quantified by the
approximate likelihood-ratio test (Anisimova and Gascuel, 2006) and visualized using
FigTree v1.4.3 (http://tree.bio..ac.uk/software/figtree/). Consensus motif logos were
generated using WebLogo (Crooks et al., 2004). Conserved domains within the Rep protein
were detected using NCBI’s CD-search against the Pfam database (v30.0, E-value < 1072).
Protein folding predictions were done using PHYREZ2 (Kelley et al., 2015) using default
parameters.

To predict prokaryotic ribosomal binding sites (RBS), we implemented the algorithm
described in Krishnamurthy and Wang, 2018 in Python (version 3.6). Briefly, we extracted
18 nucleotides in the untranslated region immediately upstream of start codons and searched
for prokaryotic ribosomal binding sites (full: AGGAGG; partial: AGGAG, GGAGG, AGGA,
GGAG, GAGG).

We performed an exploratory analysis of synonymous and non-synonymous substitution
rates, as dN/dS as a marker of selective pressure is untested in CRESS viruses and may be
confounded by overlap of unidentified coding sequence and/or functionally important DNA
secondary structure elements (Zanini and Neher, 2013, Mubhire et al., 2014). First, we
aligned protein sequences using MUSCLE (Edgar, 2004), and built phylogenetic trees with
PhyML (Guindon et al., 2010). We then generated codon alignments using PAL2NAL
(Suyama et al., 2006) and used HyPhy (Pond et al., 2005) to perform dN/dS analysis. We
used FUBAR (Murrell et al., 2013) to predict sites under positive selection. As dN/dS
analysis in overlapping genes is overwhelmed by pressure to maintain the amino acid
sequence of two genes, we only analyzed the portion of the Cp coding sequence that did not
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overlap with the ORF3 protein— overlapping coding regions were identified and excluded
using pyviko (Taylor and Strebel, 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

Co-occurrence of Redondoviridae and Animal-cell Viruses—Twenty datasets in
which redondovirus genomes were found or were comprehensive studies of the human DNA
virome were chosen for a targeted analysis of human viruses. Specifically, reads from these
datasets (n = 2,675 samples) were aligned to 133 vertebrate viruses from the Adenoviridae,
Anelloviridae, Herpesviridae, Papillomaviridae, Parvoviridae and Polyomaviridae families
(downloaded from NCBI RefSeq on 20 August 2018). Alignments were done using the hisss
pipeline as described above and analyzed in R (R packages used: tidyverse, reshape2,
Biostrings, taxonomizr, UpSetR). Samples were considered positive for small (<10 kb) DNA
viruses if greater than 25% of the target genome was covered. Samples were considered
positive for large DNA viruses (>10 kb genomes), if greater than 10% of the target genome
was covered (see Figure S3). The distribution of the frequency of Redondoviridae and other
viral family detection was tested using the Fisher’s exact test with Bonferroni correction for
multiple testing.

Association with Human Clinical Disease States—In studies of periodontitis, the
difference in number of redondovirus reads in disease versus non-disease states were tested
using non-parametric Wilcoxon signed-rank or rank-sum tests, depending on whether
samples were paired or not.

DATA AND SOFTWARE AVAILABILITY

The accession numbers for the viruses sequenced and reported in this paper are GenBank:
MKO059754-MK059772. Full details of each step of the Snakemake pipeline used in this
report are available at https://github.com/louiejtaylor/hisss. The script used for RBS analysis
is available at https://github.com/louiejtaylor/find-prok-rbs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. A family of human DNA viruses was identified and named Redondoviridae.
. Redondoviruses were the second most common virus in human respiratory
virome samples.
. Some subjects with periodontitis and critical illness had higher redondovirus

levels.
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Figure 1: Discovery of Redondovirus Genomes in Metagenomic Samples
A-Several hundred shotgun metagenomic reads from two organ donor BAL virome samples

were identified as having limited homology to Porcine stool-associated circular virus 5
(PoSCV-5). Reads from these samples were assembled into two contigs, which were then
cloned from multiple displacement amplified sample DNA using target specific primers and
Sanger sequenced. The complete circular genomes were used to query additional internal
and public microbial metagenomic datasets. Target-specific amplification, sequencing and
genome assembly was repeated for additional samples with sequences homologous to these
novel genomes if the original DNA was available. In cases where original samples were not
available, metagenomic contigs were checked for circularity and completeness. A total of 19
complete genomes were recovered from 67 human samples (bottom). See also Figure S1.
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B-The genomic architecture of redondoviruses shows ambisense open-reading frames
(ORFs) encoding a conserved capsid, Replication associated protein (Rep) and unknown
protein (ORF3). The average nucleotide identity of 20 Redondoviridae members (19
genomes discovered here and one genome previously reported (Cui et al., 2017)) is shown
on the inside of the genome map as a heatmap. A putative origin of replication stem-loop
structure with a conserved nonanucleotide motif is predicted to form in the 5’ end of the Rep
coding region. The height of the letter in the motif represents its frequency.
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Figure 2: Redondoviridae is a Distinct Virus Family Based on Capsid and Rep Identities
Phylogenetic trees of redondovirus Rep (A) and capsid (B) proteins from CRESS DNA

viruses. Collapsed viral genera or families are indicated by grey triangles. Branch likelihood,
determined by approximate likelihood ratio test, is shown by colored circles at each node
and the scale shows amino acid substitutions per site. The sample type of origin for each
redondovirus is shown as colored boxes next to each virus’ name, which is colored to reflect
genus designation. See also Table S2.
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Figure 3: Redondovirus Genomes Contain Conserved Motifs Implicated in Rolling-circle
Replication
A-The sequence and predicted structure of the putative replication origin of Human lung-

associated brisavirus AA is shown in the top left. The inverted repeat forming the stem is
shown in orange, the nonanucleotide motif within the loop is shown in green, and an
imperfect 6 bp direct repeat sequence is shown in purple. Individual predicted stem loop
sequences (threshold for stability: AG°<-5 kcal/mol) are shown to the right of the folded
sequence. The calculated AG® of melting for the predicted stem-loops ranges from 5.0 to
-9.45 kcal/mol.

B-Conserved rolling circle replication and superfamily 3 (SF3) helicase motifs were found
in redondoviruses. The positions for the motifs are given using the Human lung-associated
brisavirus AA genome sequence (Accession MK059754). The height of each letter
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represents its frequency. Amino acid positions identified as possibly under positive selection
pressure are marked by a red star.

C-The putative redondovirus capsid protein contains a basic amino-terminus and a predicted
virus coat protein-like fold. The positions for the motifs correspond to Human lung-
associated brisavirus AA, as above. Amino acid positions identified as possibly under
positive selection pressure are marked by a red star.
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Figure 4: Frequency of Redondovirus Detection and Co-occurrence with Human DNA Viruses
A-Reads from 173 metagenomic datasets encompassing different human and non-human

sample types were aligned to redondovirus genomes. A positive hit was determined based on
25% coverage of any redondovirus genome by short-read alignment. The percentage of
samples that were positive is plotted on the y-axis and human body sites and other sample
types are shown on the x-axis. The total number of samples analyzed in each category is
annotated above and the total number of positive samples is indicated within the bar. See
also Table S3.

B-The clinical status breakdown, if available, of redondovirus-positive samples is shown.
C-Reads from a subset of 20 datasets across 9 body sites (h = 2,675) were analyzed for
homology to 20 redondovirus genomes and 133 animal-cell DNA viruses from six viral
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families. The height of each column represents the total number of samples that had
detections of multiple viral families (rows). The viral families included in the co-detections
are depicted as filled dots connected with lines below. The length of the bars on the left
represents the total number of samples in which that viral family was detected. Cases where
redondoviruses were detected are indicated in blue. See also Figure S2 and S3.

IBD, inflammatory bowel disease
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Figure 5: Redondoviruses in the Oro-Respiratory Tract in Humans with Critical Iliness and
Periodontitis

A. Quantification of redondovirus genome sequences in post-SWGA DNA from
oropharyngeal swabs (oropharynx) from 60 healthy volunteers, and oropharyngeal swabs
and endotracheal aspirates (lung secretions) from 69 critically ill subjects. The average cycle
of threshold (Ct) value of technical replicates is plotted on the y-axis. Samples with
undetermined (i.e: no amplification) value in all 3 replicates are assigned an arbitrary value
above the Ct value of the limit of resolution of the assay (37) which corresponds to 11 target
copies per reaction. Samples below this value are counted as authentic detections. Negative
controls included extraction blanks, reagent blanks and no template controls. Positive
controls represent replicates of 10% copies of Human lung-associated brisavirus RC spiked
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into DNA extracted from a redondovirus-negative lung sample, subjected to SWGA, and
assayed by gPCR.

B gPCR was used for redondovirus detection in respiratory and/or stool samples from 69
subjects in the medical intensive care unit (ICU). Six total subjects, 3 males and 3 females,
were positive for redondoviruses. The time point and type of sample surveyed for these six
subjects is shown on the x- and y-axis, respectively. Positive samples are indicated by a
filled-circle and negative samples by an open circle.

C-Number of reads mapping to a redondovirus in periodontitis samples from (Shi et al.,
2015). Each point represents the average of all samples from a particular individual either
before treatment (red) or after disease resolution (blue). Points from the same subject are
connected by grey lines. The horizontal black line indicates the median. The Wilcoxon
signed-rank test was used to test for paired differences between groups. D-Each point
represents the number of reads mapping to a redondovirus in samples from (Califf et al.,
2017) from subjects with periodontitis whose disease either did (blue) or did not (red)
improve during the study. The horizontal black line indicates the median. The Wilcoxon
rank-sum test was used to test for differences between groups. See also Table S4.
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Comparison of genomic features between Redondoviridae and other CRESS-DNA viruses

Table 1:

Page 29

Origin location

(upstream) / in
Rep

(upstream) / in
Rep

Noncoding (upstream)

Noncoding (upstream)

Noncoding (upstream)

Feature Redondoviridae | Circoviridae Nanoviridae Geminiviridae Genomoviridae Smacoviridae

Size (kb) 3.0-3.1 1.7-2.0 1.0 * 6 segments 25-3.0 21-2.2 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
Noncoding Noncoding

Noncoding (downstream)
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