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ABSTRACT Redondoviridae is a newly established family of circular Rep-encoding single-
stranded (CRESS) DNA viruses found in the human ororespiratory tract. Redondoviruses
were previously found in ~15% of respiratory specimens from U.S. urban subjects; levels
were elevated in individuals with periodontitis or critical illness. Here, we report higher
redondovirus prevalence in saliva samples: four rural African populations showed 61 to
82% prevalence, and an urban U.S. population showed 32% prevalence. Longitudinal, lim-
iting-dilution single-genome sequencing revealed diverse strains of both redondovirus
species (Brisavirus and Vientovirus) in single individuals, persistence over time, and evi-
dence of intergenomic recombination. Computational analysis of viral genomes identified
a recombination hot spot associated with a conserved potential DNA stem-loop structure.
To assess the possible role of this site in recombination, we carried out in vitro studies
which showed that this potential stem-loop was cleaved by the virus-encoded Rep pro-
tein. In addition, in reconstructed reactions, a Rep-DNA covalent intermediate was shown
to mediate DNA strand transfer at this site. Thus, redondoviruses are highly prevalent in
humans, found in individuals on multiple continents, heterogeneous even within individu-
als and encode a Rep protein implicated in facilitating recombination.

IMPORTANCE Redondoviridae is a recently established family of DNA viruses predomi-
nantly found in the human respiratory tract and associated with multiple clinical condi-
tions. In this study, we found high redondovirus prevalence in saliva from urban North
American individuals and nonindustrialized African populations in Botswana, Cameroon,
Ethiopia, and Tanzania. Individuals on both continents harbored both known redondovi-
rus species. Global prevalence of both species suggests that redondoviruses have long
been associated with humans but have remained undetected until recently due to their
divergent genomes. By sequencing single redondovirus genomes in longitudinally
sampled humans, we found that redondoviruses persisted over time within subjects and
likely evolve by recombination. The Rep protein encoded by redondoviruses catalyzes
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multiple reactions in vitro, consistent with a role in mediating DNA replication and
recombination. In summary, we identify high redondovirus prevalence in humans across
multiple continents, longitudinal heterogeneity and persistence, and potential mecha-
nisms of redondovirus evolution by recombination.

KEYWORDS Redondoviridae, brisavirus, evolution, genetic recombination,
redondovirus, rep protein, vientovirus, CRESS viruses

edondoviridae is a recently identified family of small DNA viruses predominantly

found in the human ororespiratory tract (1-3). Redondoviruses were the second
most prevalent DNA virus family identified through metagenomic sequence analysis in
human airway samples (2). Elevated levels of redondovirus were observed in periodon-
titis, critical illness, and severe respiratory disease in humans (2, 4). The family
Redondoviridae falls in the newly established phylum Cressdnaviricota, which contains
CRESS (circular, Rep-encoding single-stranded) DNA viruses (5-7), and is the sole family
in the new order Recrevirales (3, 8).

Redondoviruses have not yet been grown in pure culture, so direct evidence for
their host is lacking. However, redondoviruses do not encode prokaryotic-type ribo-
some binding sites (2), and high-quality matches to redondovirus sequences have not
been detected in databases of CRISPR spacer sequences. Based on this evidence, we
infer that redondoviruses replicate either in human cells or in a human-associated eu-
karyotic organism.

The redondovirus genome is a covalently closed DNA circle of 3 kb encoding puta-
tive capsid (Cp) and replication-associated (Rep) proteins. Redondovirus Rep proteins
contain helicase and nuclease domains that likely mediate viral DNA replication (10—
12). Currently known redondoviruses can be classified into two species, Brisavirus and
Vientovirus, whose members are defined by 50% or greater identity in the Rep amino
acid sequence. All redondoviruses also encode a third open reading frame (ORF) of
unknown function, ORF3, which overlaps the Cp ORF. Redondoviral genomes also con-
tain a conserved stem-loop secondary structure proximal to the start codon of the Rep
ORF (2), which, by analogy to other CRESS viruses, may be the initiation site of DNA
replication (10, 11, 13, 14). Although this sequence differs between redondovirus spe-
cies, the structure is conserved in all redondoviruses and could be a target for Rep
cleavage to initiate DNA synthesis.

Redondovirus prevalence has been reported to be in the range of 2 to 15% in differ-
ent populations, locales, and ororespiratory sample types as assayed by qPCR (2, 4, 15).
These studies focused on industrialized populations from the United States and
Europe and tested a limited number of sample types, so the global prevalence of
redondovirus remains unclear. Redondovirus has been shown to persist in humans at
least over a period of weeks (2), but nothing is known about their long-term persist-
ence, genomic diversification, and evolution in humans over time.

Here, we investigated redondoviruses in U.S. urban and African rural populations
and found much higher prevalence, 32 to 82%, when larger volumes of saliva were
used as the analyte. We characterized redondovirus sequence diversity in different
locales and within subjects over time using whole genomic sequencing and so began
to define the global extent of redondovirus diversity. We identified signatures of
redondoviral evolution involving recombination at a prominent hot spot, which over-
laps the conserved DNA stem-loop structure. We demonstrated in vitro that purified
Rep is capable of DNA cleavage, covalent intermediate formation, and DNA strand
transfer localized at the stem-loop hot spot.

RESULTS

Redondovirus species are globally distributed and highly prevalent in four
African populations. Previous qPCR estimates of redondovirus prevalence in human
ororespiratory samples range from 2% to 15% (2, 4, 15). However, these samples repre-
sented populations in industrialized countries (United States and Europe) and were
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collected from various sites along the ororespiratory tract, complicating assessment of
global prevalence. Here, we performed qPCR screens for redondovirus DNA on saliva
samples from subjects presenting as healthy and living in rural regions of four African
countries (Botswana, Cameroon, Ethiopia, and Tanzania) and compared the results
with those from healthy urban U.S. subjects residing in the Philadelphia area. Saliva
was chosen as an analyte because of convenience of collection and because initial
studies revealed relatively high viral levels.

We found that 32% of saliva samples from U.S. individuals (n = 50) were positive for
redondovirus DNA. In contrast, the prevalence rates in African samples were 70% in
Botswana (n = 96), 82% in Cameroon (n = 93), 69% in Ethiopia (n = 87), and 61% in
Tanzania (n = 92) (Fig. 1A and Table 1). These samples were from hunter-gatherer
(n = 179) and agriculturist/agropastoralist (n = 189) groups; no difference in prevalence
was found between these two groups (70% and 71%, respectively). Overall, 70% of sa-
liva samples from the four African populations were positive for redondovirus DNA,
which was significantly greater than in the U.S. cohort (P < 0.00001 by chi-squared
test; U.S. versus all African samples).

To begin to define redondovirus genome sequence diversity in African subjects, we
performed limiting-dilution single-genome sequencing (SGS) on a subset of subjects.
Limiting-dilution analysis prevents recombination during PCRs, which can yield artefac-
tual composite sequences (16, 17). We sequenced 18 complete redondovirus genomes
from six individuals from Cameroon and Ethiopia (Fig. 1B; other samples failed to yield
amplification products suitable for sequencing). These genomes did not cluster sepa-
rately from previously sequenced genomes. Rep protein sequences are used to differ-
entiate the two species, and the inferred Rep protein sequences met the criteria for
membership in the species Vientovirus and Brisavirus (3).

The prevalence of redondovirus is substantially higher in the African individuals than
the U.S. individuals surveyed, but the redondovirus genomes sequenced do not repre-
sent undescribed genera or species. Together with redondovirus genomes sequenced
from additional countries (1, 2) (Fig. 1C and Table 1), these data indicate that the two
redondovirus species are distributed in humans over multiple continents.

Multiple redondovirus genotypes can simultaneously colonize human individuals,
and some persist over time. We previously reported that hospitalized, acutely ill indi-
viduals can be persistently positive for redondovirus DNA over several weeks at multi-
ple ororespiratory sites (2), but persistence and sequence diversity over longer times
remain unstudied. Humans are known to be stably colonized by another family of
small, circular DNA viruses, the anelloviruses (18-21). We therefore performed SGS on
longitudinal samples taken from two individuals from our previously described cohort
of critically ill patients (2), including a follow-up specimen obtained 2 years after initial
sampling.

Subject 1 was positive for redondoviral DNA in endotracheal aspirate and oropharyn-
geal swab samples at two time points separated by 2 years; subject 2 was positive for
redondoviral DNA in multiple endotracheal aspirate and oropharyngeal swab samples
over 20 days. Using SGS, we sequenced 43 genomes in total, 31 from subject 1 and 12
from subject 2. Sequencing single redondovirus genomes showed marked heterogeneity
of virus populations within each of the two subjects (Fig. 2A to C). We confirmed that
our limiting dilution captured authentic single genomes by comparing the results of
SGS, which yielded sequences aligning to only one redondovirus Rep sequence for each
sample, to bulk sequencing without limiting dilution, where sequences could be found
that aligned to multiple Rep types (data not shown).

We then analyzed redondovirus diversity over time within subjects. To query persist-
ence of individual genotypes, we defined a cutoff between genotypes by performing
pairwise alignments between all genomes identified from each subject and between all
complete redondovirus genomes from the NCBI nucleotide database. Multiple groups of
genomes within each subject exhibited extremely high (>99%) nucleotide sequence
identity. In contrast, no two database genomes were as much as 99% identical. Thus, we
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FIG 1 Redondoviruses are globally distributed and highly prevalent in multiple African countries. (A) DNA extracted from saliva samples collected from
subjects in different countries was subjected to redondovirus-selective whole-genome amplification, followed by qPCR. The proportion of samples positive
by qPCR for each country is shown on the y axis. (B) Phylogenetic tree of single-genome-derived redondovirus Rep protein amino acid sequences along
with sequences from databases. Rep proteins from SGS genomes are marked as circles, with colors representing the country of origin (purple for Cameroon
and yellow for Ethiopia), while database redondovirus Reps are shown as black squares. Colored circles at each node show branch likelihood as determined
by the approximate-likelihood ratio test. Clades representing the two redondovirus species are marked by colors: Vientovirus in cyan and Brisavirus in pink.
(C) Global distribution of redondovirus species. The fraction of sequenced genomes in each of the redondovirus species in a particular country is shown in
the pie charts. The number in parentheses after the country name represents the total number of redondovirus genomes sequenced from subjects in that
country.

used a cutoff of 99% identity to group redondovirus genome sequences within subjects
into genotypes.

Subjects were positive for multiple genotypes of redondovirus both at single time points
and over time (Fig. 2A to C). In subject 1, the same redondovirus genotype was present at
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TABLE 1 Global redondovirus prevalence determined by qPCR

No. (%) of samples

Reference(s) Country Site Total qPCR positive Condition

2,20 USA Lung, oropharynx 69 6(9) Critical illness

2,20 USA Oropharynx 60 9(15) Healthy

15 Spain Respiratory, multiple 100 2(2) Il (hospital patients)
4 Italy Respiratory, multiple 209 22(11) Il (hospital patients)
4 Italy Stool 105 1(0.9) Il (hospital patients)
This study USA Saliva 50 16 (32) Healthy

This study Botswana  Saliva 96 67 (70) Healthy

This study Ethiopia Saliva 87 60 (69) Healthy

This study Tanzania Saliva 92 56 (61) Healthy

This study Cameroon Saliva 93 76 (82) Healthy

time points separated by 2 years. Additionally, both redondovirus species could be simulta-
neously detected in both subjects. These data demonstrate that humans can be colonized
by multiple redondovirus species and genotypes of Brisavirus and Vientovirus and that
redondovirus genotypes can persist over time.

Redondovirus sequences are not found integrated in human cancers. Some
Rep-encoding viruses and transposable elements can become integrated into host
genomic DNA (22-24), potentially contributing to transformation and cancer. We
investigated whether redondovirus integration might contribute to human cancer by
surveying whole-genome shotgun sequence data from The Cancer Genome Atlas
(TCGA), an archive of genomic sequencing data from healthy and cancerous human
cells and tissues (25). This strategy has been employed to identify novel DNA viruses
integrated into the human genome (26). We queried 10,955 samples from 33 studies
corresponding to a variety of cancer types and aligned the reads against all sequenced
redondovirus genomes. As a positive control, we also aligned reads to human papillo-
mavirus type 16 (HPV-16), which integrates and causes cancer in multiple body sites
(27, 28). We found hits to HPV-16 in head-and-neck and cervical sites, but we did not
identify reads aligning to redondovirus genomes in any normal or cancerous sample
type tested (data not shown). These data do not support the idea that redondovirus
integration contributes to human cancer.

Redondovirus recombination as a contributor to genomic diversity. Within sub-
jects, highly similar Cp proteins were often paired with divergent Rep proteins (Fig. 2A
and Q). To investigate this further, we clustered Rep and Cp amino acid sequences
from SGS genomes at 99% amino acid sequence identity and plotted the pairings
between Cp and Rep proteins, including SGS from all time points within each subject
(Fig. 2C). This showed that the same Cp cluster was often paired with divergent Rep
proteins. In subject 1, two distinct Reps were paired with the same Cp, while in subject
2, four distinct Reps were paired with the same Cp protein (Fig. 2C). Taken together
with previous observations of discordance between redondovirus Cp and Rep protein
phylogenies (2, 3), these data suggest that recombination may be a major mechanism
contributing to redondoviral diversification. Recombination is known to be common in
some families of CRESS DNA viruses (29-32).

To investigate recombination within Redondoviridae, we performed a recombina-
tion breakpoint analysis of redondovirus genome sequences using RDP4 (33) (Fig. 3A
to C). We identified significant recombination hot spots in intergenic regions between
Cp and Rep (Fig. 3A and C). Additionally, testing for imbalanced coinheritance of nucle-
otide pairs (34) showed that the Cp coding region was frequently separated from the
Rep coding region by recombination breakpoints (Fig. 3C). Both of these observations
are consistent with the pattern of divergent Cp-Rep pairings observed within individu-
als. A lack of phylogenetic link between Cp and Rep was found whether or not
genomes were sequenced using single genome sequencing (SGS), indicating that
recombination during the sample amplification and sequencing procedures does not
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explain the observed phylogenetic discordance between Cp and Rep (Fig. 3B). The lack
of recombination breakpoints within Rep also parallels observations from some other
CRESS virus families (32).

The predicted recombination breakpoints are highly concentrated near a predicted
stem-loop secondary structure (Fig. 3A) that is conserved in redondovirus genomes (2).
Because stem-loop structures are often cleaved by Rep in other CRESS DNA viruses (10,
11) and free DNA ends can promote recombination (35-37), we hypothesized that
redondovirus Rep might have a role in recombination at the stem-loop hot spot identi-
fied in the genomic sequence data and so assessed potential mechanisms with reac-
tions using purified components in vitro.

Rep catalyzes DNA breaking and joining reactions potentially involved in
recombination. Reps carry out an ordered series of reactions to facilitate DNA replica-
tion (11, 12, 23, 38-40). Reps first bind to specific DNA stem-loops in the virus or ele-
ment genome and then nick the substrate to form a covalent Rep-DNA 5’ linkage,
which provides a free 3’ end for DNA polymerization. Reps also commonly contain an
ATP-dependent helicase that facilitates polymerization and possibly viral DNA packag-
ing (10, 41, 42). In some CRESS viruses, recombination hot spots have been located
near the Rep cleavage site (30).

To investigate whether redondovirus Rep plays a role in redondovirus evolution by
recombination, we first expressed and purified a representative redondovirus Rep pro-
tein from Vientovirus FB in Escherichia coli and investigated its activities in vitro with
model substrates (Fig. 4). We reacted the purified Rep protein with a 5 fluorescently la-
beled oligonucleotide stem-loop matching that of Vientovirus FB (Fig. 4A and B).
Vientovirus FB Rep catalyzed strand-specific, magnesium-dependent cleavage of the ol-
igonucleotide stem-loop (Fig. 4C). Coelectrophoresis of cleavage products with syn-
thetic standards mapped the cleavage site to a single location in the conserved loop
sequence (Fig. 4D). No cleavage activity was detected in assays containing an oligonu-
cleotide matching the complementary strand of the stem-loop (Fig. 4C).

To assess the specificity of the cleavage reaction, Vientovirus FB Rep was reacted
with a labeled Brisavirus stem-loop substrate (Fig. 4B). Little cleavage activity was
detected (quantified in Fig. 4C), indicating species-specific cleavage activity.

To probe specificity further, we purified a Brisavirus Rep and compared cleavage of
the Brisavirus and Vientovirus substrates (Fig. 5A and B). Vientovirus Rep showed robust
cleavage of the Vientovirus substrate, but only slight cleavage of the Brisavirus sub-
strate (quantified in Fig. 5A). Brisavirus Rep showed robust cleavage activity on
Brisavirus stem-loop substrate but undetectable activity on the Vientovirus substrate
(Fig. 5B). Thus, redondovirus Rep proteins catalyze sequence-specific DNA nicking
more efficiently on stem-loop oligonucleotides derived from their cognate species.

Several Rep proteins have been reported to form a covalent intermediate with viral
DNA, which then breaks down by a transesterification reaction with a 3" DNA hydroxyl
group late in replication to form circular molecules (13, 14, 43). To test for covalent in-
termediate formation, we reacted Vientovirus FB Rep with a 3'-end-labeled fluorescent

FIG 2 Legend (Continued)

position in a multiple-sequence alignment. Each gray horizontal line represents a sequenced redondoviral genome.
Sequences are grouped by subject and then by time point, shown to the left of the plot. Nucleotide positions in
each isolate that do not match the global consensus sequence are indicated by a red tick. Approximate positions
of redondovirus ORFs are displayed below the plot. N, amino-terminal coding region; C, carboxyl-terminal coding
region. The shapes to the right of the plot indicate the sample type: endotracheal aspirate (ET) or oropharyngeal
(OP). The colored boxes indicate, from left to right, the redondovirus species to which each genome belongs, the
genotype (cluster at 99% genomic nucleotide sequence identity) to which each sequence belongs, and the cluster
(at 99% amino acid sequence identity) to which the Rep and Cp proteins belong. (B) Phylogenetic tree of Rep
amino acid sequences from SGS redondovirus genomes sequenced from longitudinally sampled subjects, along
with database sequences. Sequences from subject 1 are shown in purple, sequences from subject 3 are in green,
and database sequences are in black. Colored circles at each node indicate branch likelihood as indicated by the
approximate likelihood ratio test. Colored boxes delineate the two redondovirus species, Vientovirus (cyan) and
Brisavirus (pink). (C) Schematic showing pairings between unique redondovirus Rep and Cp clusters. Each cluster is
indicated by a different color. The table to the right of the schematic indicates the number of genomes sequenced
at each time point belonging to each Cp-Rep pair.
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plot. N, amino-terminal coding region; C, carboxyl-terminal coding region. The black line indicates the count of breakpoints per 200-nt sliding window. The
dark and light gray shaded areas represent local 95% and 99% confidence thresholds, respectively, for recombination hot and cold spots. Recombination
hot spots (areas with more recombinants than expected by chance) are shaded in red; recombination cold spots (areas with fewer recombination
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FIG 4 Redondovirus Rep cleaves at the DNA stem-loop recombination hot spot. (A) Reaction schematic. Rep is shown in red. Rep nicks a DNA stem-loop,
which is shown fluorescently labeled on the DNA 5’ end (green ball). The cleavage reaction produces a shorter labeled oligonucleotide and a covalent
Rep-DNA intermediate. (B) (Top) Diagram of the DNA stem-loop sequences and reaction substrates. The Rep nick site is indicated by a red triangle.
(Bottom) Sequence of the Vientovirus FB stem-loop with boxes showing the regions included in each oligonucleotide. Fluorescent ATTO488 labels
(Integrated DNA Technologies) are indicated by green stars. All sequences are shown from 5’ to 3’ (left to right). (C) Results of electrophoresis on a TBE-
urea acrylamide gel showing fluorescent products after reacting Vientovirus FB Rep with the labeled stem-loop from Vientovirus FB. The expected products
are diagrammed to the left of the gel. “No Mg*"” indicates a complete reaction with magnesium omitted; “antisense” indicates a substrate that is
antisense in sequence compared to the expected correct orientation of the stem-loop. (D) Specificity of cleavage by the Vientovirus Rep protein. The
product of the complete reaction (left) was mixed with the hypothetical product (middle) to demonstrate coelectrophoresis. The hypothetical product
alone is shown in the right lane.

oligonucleotide and analyzed the products by SDS-PAGE (Fig. 6A). Reactions yielded a
fluorescent protein band consistent with covalent complex formation. The putative
covalent complex migrated at a molecular weight ~10 kDa greater that the size
expected for Rep alone (50 kDa versus 40 kDa) (Fig. 6A).

This led us to hypothesize that Rep could join a covalently bound genome in trans
to another genome within the same cell, potentially accounting in part for the
observed high level of recombination at the stem-loop target. To test this hypothesis,
we queried whether the Rep covalent complex was capable of joining the linked DNA
to a newly introduced DNA strand in vitro. We incubated Vientovirus FB Rep with a 3'-
end fluorescently labeled oligonucleotide to form a covalent intermediate, then chased
with an excess of a longer, unlabeled DNA strand (Fig. 6B). Electrophoresis of reaction
products showed accumulation of labeled DNA of a larger size than the input stem-
loop. Thus, we infer that Rep re-joined the covalently bound stem-loop DNA to the
newly introduced substrate, consistent with a role for Rep in intermolecular recombi-
nation at this site.

These data support a potential model for redondoviral DNA replication and

FIG 3 Legend (Continued)

breakpoints than expected by chance) are shown in blue. (B) Tanglegram showing relationships between Rep and Cp phylogenies. A Rep amino acid
phylogeny is shown on the left; Cp amino acid phylogeny is shown to the right. Rep and Cp proteins originating from the same virus are connected by
colored lines. The color code indicates whether each viral sequence was from a database (blue) or our SGS (orange). (C) Cp and Rep coding sequences are
frequently separated by recombination events. Recombination region count matrix showing the frequency (top) and P value (bottom) of a recombination
event separating any two nucleotide positions. In the top matrix, the color intensity represents the number of times each pair of nucleotides was
separated. The bottom matrix shows nucleotide pairs that are most (red) and least (blue) frequently separated. The positions of redondovirus ORFs are
displayed between the matrices.
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FIG 5 Specificity of cleavage by Vientovirus and Brisavirus Rep proteins. Quantification of cleavage
products produced in the presence of Vientovirus Rep (A) and Brisavirus Rep (B). Results with the two
substrates are color coded (Vientovirus substrate in blue, Brisavirus substrate in red). Time is on the x
axis, and the amount of cleavage product is on the y axis.

intragenomic recombination. Host DNA polymerase likely synthesizes the complemen-
tary strand of the redondoviral ssDNA genome. Nicking of this dsDNA replication inter-
mediate by Rep forms a covalent protein-DNA intermediate and exposes a 3'-OH,
allowing continued DNA extension by host DNA polymerase. After the viral genome
has been fully replicated, Rep performs a joining reaction. Joining in cis results in the
release of a circular, single-stranded-DNA (ssDNA) viral genome, which can then be
packaged or undergo further rounds of replication. Joining in trans to a different
redondovirus genome could link the edge of the Rep-encoding DNA to new sequen-
ces, accounting for the observed recombination hot spot. In this model, another DNA
break would then be required to complete strand transfer.

DISCUSSION

In this study, we investigated redondovirus diversity and dynamics at scales from
global to molecular. We demonstrated that redondoviruses are globally distributed
and highly prevalent in oral samples from four nonindustrialized African populations.
Use of saliva as an analyte revealed higher prevalence than was seen in previous stud-
ies, averaging 70% in rural African populations and 32% in a U.S. urban population.
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FIG 6 Redondovirus Rep forms a covalent DNA-protein intermediate and catalyzes re-joining to de novo-introduced DNA
strands. (A) (Top) Schematic of Rep-DNA covalent intermediate formation. Rep nicks a 3’-end-labeled oligonucleotide,
forming a fluorescently labeled protein-DNA covalent complex. (Bottom) Reaction products electrophoresed on an SDS-PAGE
gel and visualized by fluorescence detection (left); purified Rep visualized by Coomassie staining (right). Locations of Rep
and Rep-DNA are indicated on the far left. (B) (Top) Reaction schematic. Rep is mixed with 3’-end-labeled oligonucleotide
and, after 2 min, chased with a 100x molar excess of longer, unlabeled substrate. Rep joining activity in trans results in the
production of a longer, fluorescently labeled oligonucleotide species. (Bottom) The products of this reaction were

electrophoresed on a TBE-urea acrylamide gel and then visualized by fluorescence detection.
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Using limiting-dilution single-genome sequencing, we found that humans can be posi-
tive for multiple species and genotypes of redondovirus at a single time point. We also
identified redondovirus genotypes that persisted over time, including up to 2 years,
and identified signatures of recombination. Recombination break points were concen-
trated in or near intergenic regions, providing an explanation for the apparent phylo-
genetic independence of redondovirus Cp and Rep proteins. The highest frequency of
predicted recombination was near a DNA stem-loop, so we investigated possible Rep
cleavage and strand transfer at this site. We found that purified redondovirus Rep cata-
lyzed DNA nicking, covalent Rep-DNA intermediate formation and joining to a de novo
introduced DNA strand. These data support a role for Rep in redondovirus evolution
by facilitating recombination through stem-loop cleavage and DNA strand transfer.

Redondoviruses have been identified by us and others in samples from four conti-
nents: North America, Asia, Europe, and Africa (1, 2, 4, 15). The redondovirus preva-
lence of 70% found in saliva samples from the four rural African populations was
higher than in our urban U.S. saliva samples (32%). The reason for this difference is
unclear. Previously redondoviruses were reported to be elevated in samples from indi-
viduals with periodontitis (2), but we lack data on oral health for the subjects sampled
here, precluding further investigation. The African individuals sampled come from
hunter/gatherer and small-scale agriculturist/agropastoralist subsistence groups and
live in rural areas; the higher prevalence of redondoviruses may be linked to factors
such as diet, lifestyle, or other conditions. The finding of both redondovirus species in
samples from multiple continents indicates that both have likely colonized humans
long term.

In our longitudinally sampled individuals, we detected multiple species and geno-
types of redondovirus at a single time point, reminiscent of human colonization by
diverse anellovirus swarms (18-21). Furthermore, single redondovirus genotypes were
detected at multiple time points, including over 2 years, the longest interval investi-
gated. Although these were not healthy subjects, these data demonstrate that multiple
redondovirus lineages may persist in some individuals. Further longitudinal study of
healthy volunteers is necessary to determine whether redondoviruses establish persis-
tent infections in healthy humans.

Anelloviruses, the most common known human circular ssDNA viruses, share some
attributes with redondoviruses. Anelloviruses persistently colonize humans, with some
estimates of prevalence above 90% in healthy adults (44). Anelloviruses are found in
blood and multiple human tissues (20, 45-48). Redondoviruses also persistently colo-
nize humans but are predominantly present in the ororespiratory tract and have not
been found in blood (2, 4). Redondovirus prevalence based on quantitative PCR (qPCR)
detection varies from 2 to 82% in different locales and sample types. Multiple strains of
anellovirus can be present within individuals at a single time point, as shown here for
redondoviruses (19, 20, 49). However, a unique feature of redondovirus is the apparent
modular nature of genomes, with apparent frequent swapping of Cp and Rep regions,
suggesting that recombination plays a major role in diversification and evolution.

Our biochemical data provide evidence consistent with a role for redondovirus Rep
in intergenomic recombination. We demonstrate that Rep nicks the conserved stem-
loop, which is likely the viral replication origin, at the recombination hot spot. After
nicking, Rep forms a covalent protein-DNA intermediate and is capable of re-joining
the covalently bound DNA fragment to a newly introduced DNA 3’ end. These func-
tions are required activities for initiation and termination of DNA replication (12, 38,
50) and are also consistent with a role for Rep in recombination. Further DNA break-
ing-and-joining reactions would then be required to complete the recombination
reaction.

In summary, we report that redondovirus prevalence in saliva is approximately 70%
in four African countries, significantly higher than in a U.S. cohort (32%) and much
higher than in previous reports for other sample types in the United States and two
European countries (2 to 15%). We found that both species of redondovirus are
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present globally, that diverse redondovirus genotypes colonize humans, and that ge-
notypes can persist over at least 2 years. Comparing viral genome sequences sampled
globally, we found that recombination in intergenic regions, and especially at a hot
spot near a conserved stem-loop structure, commonly contributes to redondovirus
genomic diversity. Using in vitro assays with purified Rep protein, we demonstrate that
redondovirus Rep performs nicking and joining reactions consistent with a role for Rep
in mediating replication initiation and recombination at the observed hot spot. These
data thus specify redondoviruses as widespread human colonists that encode an
enzyme which drives their diversification.

MATERIALS AND METHODS

Ethics statement. Ororespiratory samples from U.S. subjects were collected after written informed
consent was obtained under protocols approved by the University of Pennsylvania Institutional Review
Board (protocols 842613 and 823392).

For all African study participants, written, informed consent was obtained and research/ethics appro-
vals were obtained from the following institutions prior to the start of sample collection: Institutional
Review Board of the University of Pennsylvania (protocol 807981), the Cameroonian National Ethics
Committee, the Cameroonian Ministry of Public Health, the Tanzanian Commission for Science and
Technology and National Institute for Medical Research in Dar es Salaam, the Ministry of Health in the
Republic of Botswana, the Federal Democratic Republic of Ethiopia Ministry of Science, and the
Technology National Health Research Ethics Review Committee of Ethiopia. All samples were coded
with an alphanumeric identifier to protect participant confidentiality.

A compilation of new genome sequences determined is in Table 2.

Sample collection and DNA isolation. Saliva samples were collected from participants across multi-
ple seasons of fieldwork in four sub-Saharan African countries: Cameroon (collection in 2015), Tanzania
(2011/2012), Ethiopia (2010), and Botswana (2012 to 2013). Within each country, participants were
sampled from hunting and gathering and agropastoralist subsistence groups. We sampled Baka hunter-
gatherers (n = 46) and Tikari agriculturists (n = 47) in Cameroon, Hadza hunter-gatherers (n = 46) and
Burunge agriculturists (n = 46) in Tanzania, Chabu hunter-gatherers (n = 39) and Amhara agriculturists
(n = 48) from Ethiopia, and Ju'Hoan hunter-gatherers (n = 48) and Tswana agropastoralists (n = 48) in
Botswana, for a total of 368 African saliva samples. Saliva samples from healthy Philadelphians (n = 50)
were collected in 2020. Negative controls consistently showed a cycle threshold (C,) of >40, so positive
samples were called as anything below this value. Median qPCR C; values for positive samples from each
country are as follows: Botswana, 30.1; Cameroon, 29.9; Ethiopia, 26.3; Tanzania, 30.3; United States, 21.9.

For Ethiopian populations, 2 ml saliva was collected using the Oragene kit. All other African popula-
tions had 2 ml of saliva collected and stored in 2 ml lysis buffer. Following collection, samples were kept
at room temperature until extraction.

DNA was extracted using the Qiagen DNeasy blood and tissue kit (Qiagen Ltd., West Sussex, United
Kingdom) with a user-developed protocol for saliva (https://www.qiagen.com/us/resources/download
.aspx?id=22471a48-832e-488d-8be6-2b308133b88a) with the following modifications: 250 ul saliva was
used as the starting input instead of 1 mlin step 1, 250 ul of ethanol was used instead of 200 ul in step
5, and a repeat elution step was done using the initial eluate to maximize DNA yield. DNA purity was
determined using a Nanodrop 2000/200C spectrophotometer (Thermo Fisher Scientific, USA) and DNA
yield was measured using PicoGreen (Affymetrix) quantification.

DNA oligonucleotides used in this study. All synthetic DNA oligonucleotides used in this study are
in Table 3.

Redondovirus SWGA and qPCR. Redondovirus selective whole-genome amplification (SWGA) and
qPCR were performed as previously described (2, 51). SWGA was carried out using the Phi29 DNA poly-
merase kit (New England Biolabs [NEB]) and a 100 uM primer pool consisting of 20 primers (Integrated
DNA Technologies [IDT]; Table 3) that encompass conserved segments of the redondovirus genome.
DNA extracted from samples was subject to SWGA using the following PCR conditions on a Veriti 96-
well thermocycler (Thermo Fisher Scientific, USA): 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, 30°C for 16 h, and a final extension at 65°C for 15 min.

To detect redondovirus, SWGA-amplified samples were run in duplicate in a real-time qPCR using
TagMan Fast universal PCR (2x) MasterMix (Applied Biosystems) and a combination primer/probe mix
(IDT) based on conserved segments of the redondovirus genome (F, 5'-GGATGCCATGAAACTTTGATAC-
3’; R, 5'-TCTTCCTCCTTATTTGTATGGC-3'; probe, 5'-CCCATACTTACGCCGGTTACCTGC-3'). Primers and
probe had final concentrations of 18 uM and 5 uM, respectively. To quantify positive samples, a stand-
ard curve made from serial dilutions of a plasmid containing the cloned genome of Brisavirus AA was
run in triplicate on every gPCR. gPCRs were run on a QuantStudio5 (Thermo Fisher) machine using the
“fast” mode and 45 cycles.

To be considered positive, samples had to show qPCR amplification in both technical replicates.
Nontemplate controls and extraction controls were included in qPCR assays; no negative controls
showed amplification.

Limiting-dilution single-genome amplification and sequencing. Positive sample DNA was diluted
from stock DNA concentrate across 96-well plates to achieve 1:5, 1:50, 1:100, 1:200, 1:400, 1:800, 1:1,600,
and 1:3,200 dilution technical replicates that were then subjected to SWGA and gPCR as described
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TABLE 2 Genomes sequenced in this study

GenBank no. Country Subject ID Internal ID
MZ405022 Ethiopia ET203 A203-9_polished
MZ405023 Ethiopia ET239 A239-2_polished
MZ405028 Ethiopia ET239 A239-11_polished
MZ405029 Ethiopia ET239 A239-12_polished
MZ405030 Ethiopia ET724 A724-2_polished
MZ405031 Ethiopia ET724 A724-6_polished
MZ405032 Ethiopia ET724 A724-7_polished
MZ405033 Ethiopia ET724 A724-8_polished
MZ405034 Ethiopia ET738 A738-6_polished
MZ405035 Ethiopia ET738 A738-12_polished
MZ405024 Ethiopia ET895 D895-8_polished
MZ405025 Ethiopia ET895 D895-9_polished
MZ405026 Ethiopia ET895 D895-10_polished
MZ405027 Ethiopia ET895 D895-11_polished
MZz405018 Cameroon CM207 E2_polished
MZ405019 Cameroon CM239 E6_polished
MZ405020 Cameroon CM239 E7_polished
MZ405021 Cameroon CM239 E8_polished
MZ405067 USA CORE0067 p67_d0_ET_B2
MZ405068 USA CORE0067 p67_d0_ET_C7
MZ405069 USA CORE0067 p67_d0o_OP_A5
MZ405070 USA CORE0067 p67_d0_OP_D2
MZ405071 USA CORE0067 p67_d0_OP_D5
MZ405072 USA CORE0067 p67_d0_OP_D6
MZ405073 USA CORE0067 p67_d0_OP_D7
MZ405074 USA CORE0067 p67_d0_OP_D9
MZ405075 USA CORE0067 p67_d8_ET_B10
MZ405076 USA CORE0067 p67_d8_ET_C1
MZ405077 USA CORE0067 p67_d15_ET_A1
MZ405078 USA CORE0067 p67_d20_ET_WGA_Rep1
MZ405079 USA CORE0067 p67_d20_ET_WGA_Rep2
MZ405036 USA CORE0048 p48_v1_ET_w2_c4
MZ405037 USA CORE0048 p48_v1_ET_wil_c2
MZ405038 USA CORE0048 p48_v1_ET_wil_c3
MZ405039 USA CORE0048 p48_v1_ET_wl_c4
MZ405040 USA CORE0048 p48_v1_ET_wil_c5
MZ405041 USA CORE0048 p48_v1_ET_w2_cl
MZ405042 USA CORE0048 p48_v1_ET_w2_c2
MZ405043 USA CORE0048 p48_v1_ET_w2_c3
MZ405044 USA CORE0048 p48_v1_ET_w4_cl
MZ405045 USA CORE0048 p48_v1_ET_w4_c2
MZ405046 USA CORE0048 p48_v1_ET_w4_c3
MZ405047 USA CORE0048 p48_v1_ET_w4_c5
MZ405048 USA CORE0048 p48_v1_ET_w5_cl
MZ405049 USA CORE0048 p48_v1_ET_w5_c2
MZ405050 USA CORE0048 p48_v1_ET_w5_c4
MZ405051 USA CORE0048 p48_v1_ET_w5_c5
MZ405052 USA CORE0048 p48_v2_ET_wé6_cl
MZ405053 USA CORE0048 p48_v2_ET_w6_c3
MZ405054 USA CORE0048 p48_v2_ET_w6_c4
MZ405055 USA CORE0048 p48_v2_ET_w6_c5
MZ405056 USA CORE0048 p48_v2_ET_w8_c2
MZ405057 USA CORE0048 p48_v2_ET_w8_c3
MZ405058 USA CORE0048 p48_v2_ET_w8_c4
MZ405059 USA CORE0048 p48_v2_ET_w8_c5
MZ405060 USA CORE0048 p48_v2_ET_w9_cl
MZ405061 USA CORE0048 p48_v2_ET_w9_c2
MZ405062 USA CORE0048 p48_v2_ET_w9_c4
MZ405063 USA CORE0048 p48_v2_ET_w10_c1
MZ405064 USA CORE0048 p48_v2_ET_w10_c4
MZ405065 USA CORE0048 p48_v2_ET_w10_c5
MZ405066 USA CORE0048 p48_v2_ET w1l _c2
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https://www.ncbi.nlm.nih.gov/nuccore/MZ405035
https://www.ncbi.nlm.nih.gov/nuccore/MZ405024
https://www.ncbi.nlm.nih.gov/nuccore/MZ405025
https://www.ncbi.nlm.nih.gov/nuccore/MZ405026
https://www.ncbi.nlm.nih.gov/nuccore/MZ405027
https://www.ncbi.nlm.nih.gov/nuccore/MZ405018
https://www.ncbi.nlm.nih.gov/nuccore/MZ405019
https://www.ncbi.nlm.nih.gov/nuccore/MZ405020
https://www.ncbi.nlm.nih.gov/nuccore/MZ405021
https://www.ncbi.nlm.nih.gov/nuccore/MZ405067
https://www.ncbi.nlm.nih.gov/nuccore/MZ405068
https://www.ncbi.nlm.nih.gov/nuccore/MZ405069
https://www.ncbi.nlm.nih.gov/nuccore/MZ405070
https://www.ncbi.nlm.nih.gov/nuccore/MZ405071
https://www.ncbi.nlm.nih.gov/nuccore/MZ405072
https://www.ncbi.nlm.nih.gov/nuccore/MZ405073
https://www.ncbi.nlm.nih.gov/nuccore/MZ405074
https://www.ncbi.nlm.nih.gov/nuccore/MZ405075
https://www.ncbi.nlm.nih.gov/nuccore/MZ405076
https://www.ncbi.nlm.nih.gov/nuccore/MZ405077
https://www.ncbi.nlm.nih.gov/nuccore/MZ405078
https://www.ncbi.nlm.nih.gov/nuccore/MZ405079
https://www.ncbi.nlm.nih.gov/nuccore/MZ405036
https://www.ncbi.nlm.nih.gov/nuccore/MZ405037
https://www.ncbi.nlm.nih.gov/nuccore/MZ405038
https://www.ncbi.nlm.nih.gov/nuccore/MZ405039
https://www.ncbi.nlm.nih.gov/nuccore/MZ405040
https://www.ncbi.nlm.nih.gov/nuccore/MZ405041
https://www.ncbi.nlm.nih.gov/nuccore/MZ405042
https://www.ncbi.nlm.nih.gov/nuccore/MZ405043
https://www.ncbi.nlm.nih.gov/nuccore/MZ405044
https://www.ncbi.nlm.nih.gov/nuccore/MZ405045
https://www.ncbi.nlm.nih.gov/nuccore/MZ405046
https://www.ncbi.nlm.nih.gov/nuccore/MZ405047
https://www.ncbi.nlm.nih.gov/nuccore/MZ405048
https://www.ncbi.nlm.nih.gov/nuccore/MZ405049
https://www.ncbi.nlm.nih.gov/nuccore/MZ405050
https://www.ncbi.nlm.nih.gov/nuccore/MZ405051
https://www.ncbi.nlm.nih.gov/nuccore/MZ405052
https://www.ncbi.nlm.nih.gov/nuccore/MZ405053
https://www.ncbi.nlm.nih.gov/nuccore/MZ405054
https://www.ncbi.nlm.nih.gov/nuccore/MZ405055
https://www.ncbi.nlm.nih.gov/nuccore/MZ405056
https://www.ncbi.nlm.nih.gov/nuccore/MZ405057
https://www.ncbi.nlm.nih.gov/nuccore/MZ405058
https://www.ncbi.nlm.nih.gov/nuccore/MZ405059
https://www.ncbi.nlm.nih.gov/nuccore/MZ405060
https://www.ncbi.nlm.nih.gov/nuccore/MZ405061
https://www.ncbi.nlm.nih.gov/nuccore/MZ405062
https://www.ncbi.nlm.nih.gov/nuccore/MZ405063
https://www.ncbi.nlm.nih.gov/nuccore/MZ405064
https://www.ncbi.nlm.nih.gov/nuccore/MZ405065
https://www.ncbi.nlm.nih.gov/nuccore/MZ405066
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TABLE 3 Oligonucleotides used in this study

Journal of Virology

Identifier Sequence (5'-3’) Description

LJT-011 CCTTTGGTCTCGAAATCTTCCTATACTGG Redondovirus whole-genome amplification F, set A (3-bp overlap with LJT-035)
LJT-035 AGGCCTCTCTCCCTTCCATITGG Redondovirus whole-genome amplification R, set A (3-bp overlap with LIT-011)
LJT-036 GGTTATCGTTCATTTGATCATGCATTAGTACC Redondovirus whole-genome amplification F, set B (3-bp overlap with LIT-037)
LJT-037 ACCAAGATGTTTAAGCCCTTTAGTTAATGTTTC Redondovirus whole-genome amplification R, set B (3-bp overlap with LJT-036)
HCRVswgal TACGAATATTA Redondovirus SWGA primer

HCRVswga2 TATCGTAATAT Redondovirus SWGA primer

HCRVswga3 GTAATAATCTAT Redondovirus SWGA primer

HCRVswga4 ATTATAATACG Redondovirus SWGA primer

HCRVswga5 TATTACGATAA Redondovirus SWGA primer

HCRVswga6 TAATAATACTAG Redondovirus SWGA primer

HCRVswga7 TAGTATAACTC Redondovirus SWGA primer

HCRVswga8 TTATCGTAATA Redondovirus SWGA primer

HCRVswga9 ATATTACGATA Redondovirus SWGA primer

HCRVswga10 GAGTTATACTA Redondovirus SWGA primer

HCRVswgal1 CAATATTACG Redondovirus SWGA primer

HCRVswgal2 CGTAATATTG Redondovirus SWGA primer

HCRVswga13 ATTAGTATTATG Redondovirus SWGA primer

HCRVswga14 ATATTATTGTAG Redondovirus SWGA primer

HCRVswga15 CTACAATAATAT Redondovirus SWGA primer

HCRVswgal16 CTAGTATTATTA Redondovirus SWGA primer

HCRVswgal17 GTATTATTAGAA Redondovirus SWGA primer

HCRVswgal8 CATAATACTAAT Redondovirus SWGA primer

HCRVswga19 TAATATTCGTA Redondovirus SWGA primer

HCRVswga20 GTTATTATATTG Redondovirus SWGA primer

Pan-HCRV-AA-Fwd ~ GCAGAGTTGTCAGCACATTT
Pan-HCRV-AA-Rev ATACCAGTATAGGAAGATTTCGAG

Redondovirus qPCR forward primer
Redondovirus qPCR reverse primer

above. Positive wells from rows with four or fewer positive wells were subjected to redondovirus whole-
genome PCR using primers landing back-to-back on the redondoviral genome. At that level of positivity,
each well had a >90% chance to contain only one redondoviral genome by the binomial distribution
(17). To recover complete redondovirus genomes, two whole-genome PCRs were performed with nono-
verlapping primer sets (set A F, 5'-CCTTTGGTCTCGAAATCTTCCTATACTGG -3’; set A R, 5'-AGGCCTCT
CTCCCTTCCATTTGG -3'; set B F, 5'-GGTTATCGTTCATTTGATCATGCATTAGTACC-3'; set B R, 5-ACCAAGAT
GTTTAAGCCCTTTAGTTAATGTTTC-3’) using the Phusion enzyme kit (New England Biolabs) and the fol-
lowing PCR settings: 98°C for 30 s, then 35 cycles of 98°C for 10 s, 55°C for 15 s, and 72°C for 1 min 30 s,
followed by a final extension of 10m at 72°C. The ~3-kb PCR products were visualized on a 1% agarose
gel and then excised and purified from gels using a Monarch gel elution kit (New England Biolabs) and
the manufacturer’s protocols with one modification of a 15-ul water final elution. After gel extraction,
libraries were prepared from PCR products using the Nextera XT library preparation kit (FC-131-1002;
lllumina). Libraries were sequenced using the Illlumina MiSeq platform (lllumina). We were able to
amplify genomes from Cameroon and Ethiopia (Table 2) but unable to amplify whole genomes from
Botswana and Tanzania, possibly due to issues of sample integrity after long-term storage.

Read processing and genome assembly. Genomes (Table 2) were built from FASTQ-formatted
reads processed using Sunbeam version 2.1 (52), a Snakemake-based pipeline (53), as follows.

(i) Quality control and host decontamination. Where applicable, reads were downloaded using
grabseqgs and sra-tools (54, 55). Quality control was performed as previously described (2, 52). Adapter
trimming was performed by Trimmomatic (56); quality control was performed using FastQC (57). Low-
complexity reads were filtered using complexity (52). Host reads were mapped to human and PhiX
genomes using bwa (58) and removed.

(ii) Genome assembly and polishing. Contigs were assembled from quality-controlled reads using
MEGAHIT (59) and annotated using BLAST against a database of 20 published redondovirus genome
sequences (2, 60). Using the sbx_select_contigs Sunbeam extension (https://github.com/ArwaAbbas/sbx
_select_contigs), contigs with homology to redondoviruses (as annotated by BLAST) were extracted and
overlap-assembled using CAP3 (61). The resulting contigs were manually inspected to identify draft
genomes, circularized based on the overlaps identified by sbx_select_contigs, and polished by aligning
quality-controlled reads to the draft genomes. Rare assembly errors were manually corrected by visual-
ization of alignments using Integrated Genomics Viewer (IGV) (62).

DNA and amino acid sequence analysis. Phylogenetic analyses were performed as previously
described (2). DNA and protein sequence alignments were performed using MUSCLE (version 3.8.31)
(63). Phylogenetic trees were constructed from sequence alignments using PHYML (64); branch support
was quantified by the approximate likelihood ratio test (65). Phylogenetic trees were visualized using
FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree). For genotype classification and protein cluster-
ing, full-length redondovirus genomes or redondovirus amino acid sequences were clustered using
VSEARCH (66). Analysis of recombination patterns in redondovirus genomes were carried out using
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RDP4 (33). as described by Lefeuvre et al. (34). All available genome sequences were used for this analy-
sis, but to avoid bias introduced from repeated isolation and sequencing of the same or highly similar
genomes in our limiting-dilution SGS, we included only one sequence per redondovirus genotype in the
recombination pattern analysis. The entangled Rep and Cp phylogeny was constructed using baltic
(https://github.com/evogytis/baltic) (67) as previously described (3), using one genome from each sub-
ject sampled.

Rep protein purification and biochemical assays. Codon-optimized Vientovirus FB and Brisavirus
AA Rep proteins with an N-terminal His-FLAG-SUMO tag (68) were expressed in HI-Control BL21(DE3)
cells (Lucigen). One-liter cultures in LB broth were grown to an optical density at 600 nm (ODy,,) of 0.6
to 0.8 at 37°C and then induced by adding 250 ul of 1 M IPTG (isopropyl-B-p-thiogalactopyranoside)
and incubating for 3 h at 37°C. After induction, bacterial pellets were resuspended in 30 ml chilled Ni-
binding buffer (20 mM HEPES [pH 7.5], 1 M NaCl, 20 mM imidazole) with cOmplete Mini protease inhibi-
tor (Roche), followed by addition of 100 ul of 100 mg/ml lysozyme and incubation on ice for 30 min. All
subsequent steps were performed at 4°C. Then, lysates were sonicated six times for 30 s each, followed
by centrifugation at 15,000 x g for 30 min. Cleared lysates were applied to 5 ml nickel-nitrilotriacetic
acid (Ni-NTA) columns (Qiagen) and then washed with 10 column volumes (CV) of Ni-binding buffer.
Protein was then eluted with Ni elution buffer (20 mM HEPES [pH 7.5], 1 M NaCl, 200 mM imidazole).
After elution, 50 ng His-SUMO protease (kindly provided by G. D. Van Duyne) was added to the eluate;
then the eluate was dialyzed into 20 mM HEPES (pH 7.5), 1 M NaCl, 10 mM B-mercaptoethanol (BME)
overnight at 4°C during tag cleavage. After dialysis, the sample was applied to a 5 ml Ni-NTA column to
remove the cleaved tag and SUMO protease, sized on a SuperDex column, and then concentrated to 1
to 2 mg/ml using 30,000-molecular-weight-cutoff (MWCO) Amicon spin columns (Millipore). Analytical
SDS-PAGE followed by Coomassie staining was performed to confirm protein purity, and gels were
visualized with a GelDoc XR system (Bio-Rad).

Oligonucleotides were ordered from Integrated DNA Technologies. For Rep nicking assays, oligonu-
cleotides labeled on the 5’ end with an ATTO488 fluorophore (IDT) were used; for covalent intermediate
formation and joining assays, 3'-end-labeled oligonucleotides were used. Reaction mixtures were incu-
bated at 37°C for the indicated times, in 20-ul amounts. The following buffer was used: 50 mM potas-
sium acetate, 20 mM Tris-acetate, 100 wg/ml bovine serum albumin (BSA), at pH 7.9, together with
1.5 ng of Rep and 5 pmol oligonucleotide per reaction. Reactions were performed with either 10 mM
magnesium acetate or 10 mM EDTA added as a negative control. Reactions were stopped with loading
dye containing an excess of EDTA. For cleavage and joining assays, 1 ug proteinase K was added, and
reaction mixtures were incubated at 50°C for 30 min prior to electrophoresis. Cleavage and joining assay
products were electrophoresed on Tris-borate-EDTA (TBE)-urea acrylamide gels and then visualized
using a GelDoc XR system (Bio-Rad). Covalent intermediate formation assays were electrophoresed on
SDS-PAGE gels and then visualized using a GelDoc XR system (Bio-Rad). Quantification and image analy-
sis was performed using ImageJ (69).

Data availability. Newly determined genome sequences described in this paper have been depos-
ited in GenBank under the accession numbers MZ405018 to MZ405079.
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