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SUMMARY

Redondoviruses are circular Rep-encoding single-stranded DNA (CRESS) viruses of high
prevalence in healthy humans. Redondovirus abundance is increased in oro-respiratory samples
from individuals with periodontitis, acute illness, and severe COVID-19. We investigated potential
host cells supporting redondovirus replication in oro-respiratory samples and uncovered the oral
amoeba Entamoeba gingivalis as a likely host. Redondoviruses are closely related to viruses

of Entamoebaand contain reduced GC nucleotide content, consistent with Entamoeba hosts.
Redondovirus and £. gingivalis co-occur in metagenomic data from oral disease and healthy
human cohorts. When grown in xenic cultures with feeder bacteria, £. gingivalis was robustly
positive for redondovirus RNA and DNA. A DNA proximity-ligation assay (Hi-C) on xenic
culture cells showed enriched cross-linking of redondovirus and Entamoeba DNA, supporting £.
gingivalis as the redondovirus host. While bacteria are established hosts for bacteriophages within
the human virome, this work shows that eukaryotic commensals also contribute an abundant
human-associated virus.

eTOC

Redondoviruses are widely present in human samples and are positively associated with several
disease states. Keeler et al. report that redondoviruses are highly associated with Entamoeba
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gingivalis and appear to replicate within this commensal amoeba. Thus, a commensal eukaryote

can serve as a host for members of the human-associated virome.

Graphical Abstract
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Redondoviruses
are highly
prevalent in the
human mouth
and airway.

Redondovirus
and Entamoeba
gingivalis co-occur
across multiple
human cohorts.

Redondoviruses
are produced in a
xenic E. gingivalis

culture lacking
human cells, and
viral and protozoan
DNA are co-localized.

The human commensal
E. gingivalis is the
host cell for
human-associated
redondovirus.

INTRODUCTION

Redondoviruses were first identified as metagenomic “dark matter” in studies of human
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respiratory virome samples2. In samples from lung transplant donors and recipients?, a
few virome sequence reads were initially found to align to porcine stool-associated circular

virus 5, an uncharacterized viral genome identified in pig stool. Sequence assembly of

the lung transplant samples yielded circular genomes of ~3 kb, with open reading frames
(ORFs) distantly similar to capsid (Cap) and replication-associated (Rep) proteins of known
CRESS viruses. The genomes recovered were ultimately classified into a newly-established

family of viruses34 termed Redondoviridae, (from “redondo”; Spanish for circle), with

two species, Vientovirusand Brisavirus (from “viento” and “brisa”, Spanish for wind and
breeze). Redondoviruses were further confirmed to be CRESS viruses by demonstrating that
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purified Rep protein displayed the expected enzymatic activities in reconstructed reactions /n
vitroe.

Use of redondovirus genome sequences as alignment targets to query published
metagenomic data revealed that redondoviruses are present almost exclusively in human
samples from the oro-respiratory tract. Redondoviruses were found in healthy people from
North America, Africa, Europe, and Asia, with prevalence ranging from 2% to >80%,
depending on cohort and sample typel:2°-7. Redondoviruses were detected at elevated
levels in subjects with multiple conditions, including lung transplant donors and recipients,
febrile patients, and individuals with periodontitis, rheumatoid arthritis, inflammatory
bowel disease, HIV infection, respiratory and oropharyngeal disease, critical illness, and
COVID-1916-9,

Here we investigated the cell type responsible for hosting redondovirus replication.
Redondoviruses do not appear to replicate in prokaryotic cells because i) redondovirus
genomes do not contain the Shine-Dalgarno translation initiation sequence that is
characteristic of bacteriophages!? and ii) redondovirus sequences are have not been

found in arrays of prokaryotic CRISPR spacerst1112, Additionally, redondoviruses are
phylogenetically distant from ssDNA bacteriophages (Figure S1A; Table S1). Given that
redondoviruses have only been consistently detected in human samples, a simple model
would be that redondoviruses replicate in human cells. However, evidence presented below
identifies the human-associated amoeba Entamoeba gingivalis as the likely organism hosting
redondovirus replication.

Redondovirus phylogeny and GC content are consistent with an Entamoeba host

A detailed phylogeny was recently proposed for CRESS viruses313, including
Redondoviridae. To investigate Redondoviridae further, we updated this phylogeny to
include three CRESS virus families recently described in 13 and generated a maximum-
likelihood tree of 441 Rep protein sequences (Table S1) from members of the
Cressdnaviricota phylum, annotated with probable host organisms (Figure 1A). A close
neighbor to the Redondoviridae family is Naryaviridae, whose members have recently been
proposed to replicate in Entamoeba parasites!3, suggesting that an Entamoeba species could
be a candidate host of redondovirus replication as well.

Redondovirus DNA sequences are highly represented in sequencing data from samples of
the gingival crevice of periodontitis patients!® and the amoeba £. gingivalis contributes the
second most abundant ribosomal RNA (rRNA) detected in such samples, after human?4.
Thus E. gingivalisis a candidate for the cell hosting redondovirus replication.

The GC content (% GC) of DNA viruses, including CRESS viruses, often mimics that

of their hosts3:15, We compared the GC content of CRESS virus lineages against those

of known or proposed hosts using linear regression (Figure 1B; Table S2). This analysis
confirmed the relationship between virus and host GC content (R2 = 0.63, Pearson’s
Correlation Test p-value = 5.44e-10). The median GC contents of the two Redondoviridae
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species, Vientovirusand Brisavirus, are 34.6% and 33.9%, respectively. The genome of

E. gingivalis has not been sequenced, thus redondovirus GC content was compared to

that of the five Entamoeba species with complete publicly available genome sequences (£.
histolytica, E. dispar, E. nuttalli, E. invadens, E. moshkovskii). Similar to redondovirus
genomes, Entamoeba sequences are of low GC content, ranging from 24.1 to 30.3%
depending on the species. In contrast, the GC content of the human genome is 40.9%%6. This
our analysis of GC content points to £ntamoeba as a more likely host cell for redondovirus
replication than human cells. Based on these findings, we investigated £. gingivalis as a
candidate host for redondovirus replication.

Redondovirus and E. gingivalis co-occur in metagenomic data from subjects with oral
disease and healthy controls

We quantified whether redondoviruses and £. gingivalis co-occurred over a variety of
human-derived sample types, as would be expected if E. gingivalisis the host cell

for redondovirus replication. We queried 58 metagenomic datasets encompassing 7,869
samples from diverse human body sites and disease states for the presence of redondovirus
sequences, and then assessed the presence of £. gingivalis DNA (Table S3). For this,

81 complete redondovirus genomes and 28 E. gingivalis small subunit 18S rRNA genes
were used as alignment targets (Table S4; because the genome of E. gingivalis has not
been fully sequenced, we used the 18S rRNA gene in our queries). Four datasets (NCBI
BioProject IDs: PRIEB4270117, PRINA55229418 PRINA50838518, PRINA54771719) were
positive for redondovirus DNA. The studies all described metagenomic analysis of samples
from the oral cavity of healthy individuals and patients with peri-implantitis, mucositis, or
periodontitis.

In metagenomic sequence studies of submucosal and subgingival plaque of healthy controls
and patients with peri-implantitis or mucositis'®, a distribution was seen of samples that
were positive and negative for both £. gingivalis and redondovirus sequences, allowing
statistical analysis of co-occurrence. In each case, redondoviruses occurrence was found to
be highly correlated with that of £. gingivalis (Table 1, top three rows).

For samples from periodontitis patients, two datasets were positive for redondovirus DNA
and analyzed furtherl”:18, £, gingivalis was detected in all samples in both datasets,
precluding analysis of co-occurrence. We instead compared the maximum coverage of a
redondovirus genome to the maximum coverage of an £. gingivalis 18S rRNA gene (Figure
2), revealing a strong positive association (R? = 0.493, Pearson’s Correlation Test p-value =
2.501e-9, n = 130).

Redondovirus and E. gingivalis co-occur in critically ill patients, COVID-19 patients, and
healthy controls when analyzed by quantitative PCR

We next investigated co-occurrence of redondovirus and £. gingivalis DNA in disease states
previously found to be associated with elevated redondovirus prevalence using quantitative
PCR (gPCR) (Table 1, bottom three rows). The PCR amplicons targeted the £. gingivalis
18S rRNA gene and a conserved region of the redondovirus Cap ORF.
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Previously we reported that redondovirus levels were increased in upper respiratory
samples from hospitalized patients with acute illnesst. Here we surveyed oropharyngeal,
nasopharyngeal, and endotracheal aspirate samples from 38 medical intensive care unit
patients (Table S5). Where multiple samples were available per subject, if any one sample
was positive for redondoviruses or E. gingivalis, we scored the patient as positive. Of the
38 patients, three were positive for redondoviruses, all of which were also positive for £.
gingivalis (Table 1, row 4; Fisher’s Exact Test p-value = 0.00012).

We also revisited a cohort of 88 subjects hospitalized with COVID-19, where we
previously reported an association between redondoviruses and disease severity (Table
S5)8. Quantification of £. gingivalis prevalence showed a positive association between
redondoviruses and £. gingivalis (Table 1, row 5; Fisher’s Exact Test p-value = 3.3e-8).

Lastly, we compared redondovirus and E. gingivalis prevalence in human saliva samples
from 50 healthy volunteers in Philadelphia (Table S6). These samples were previously
characterized for redondovirus prevalence®. Here we tested the samples for the presence of
E. gingivalis DNA. Of the 16 samples that were positive for redondovirus DNA, 15 were
also positive for £. gingivalis DNA, again showing co-occurrence (Table 1, row 6; Fisher’s
Exact Test p-value = 9.85e-7).

Redondovirus and E. gingivalis co-occur in metatranscriptomic data derived from
periodontitis patients

We reasoned that the cells hosting redondovirus replication should contain redondovirus
RNA, and thus queried 18 publicly available RNA-seq datasets encompassing 1,879 samples
from diverse human body sites (Table S7). We first screened for redondovirus sequences

and then asked whether E. gingivalis sequences were detectable in the redondovirus-positive
datasets. The alignment targets were those described above (Table S4). Two datasets 20:21,
both of which contained samples from the gingival crevice of periodontitis patients, were
positive for redondovirus RNA and were analyzed further.

The first study sequenced the metatranscriptome of matched healthy and diseased gingiva
from three individuals with aggressive periodontitis?0. All six samples (from both diseased
and healthy sites) were positive for £. gingivalis RNA. Only the three samples from diseased
sites were also positive for redondovirus RNA (Figure 3A-C). Substantially more RNA
reads mapped to the E. gingivalis alignment targets in the diseased, redondovirus-positive
samples (3,486.58 reads per kilobase per million (RPKM)) compared to the healthy,
redondovirus-negative samples (33.25 RPKM).

The second study analyzed the metatranscriptome of pooled gingival tissues from
periodontitis patients and healthy controls?L. Both the healthy and diseased pools were
positive for E. gingivalis RNA, while redondovirus RNA was only detected in the diseased
pool (Figure 3D). As before, more RNA reads mapped to the E. gingivalis 18S rRNA gene
in the diseased, redondovirus-positive sample than in the healthy, redondovirus-negative
sample (19.46 RPKM and 11.14 RPKM, respectively).
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We then assessed the correlation between the maximum coverage to a redondovirus genome
and an E. gingivalis 18S rRNA gene across both sequencing studies, which revealed a

trend toward positive association (R2=0.57, Pearson’s Correlation Test p-value = 0.137; not
shown).

Detection of redondovirus nucleic acids in a xenic E. gingivalis culture

E. gingivalis has not yet been grown in pure culture but can be grown in the presence of
feeder bacteria. Such a xenic culture was obtained from ATCC and analyzed (£. gingivalis
ATCC-30956). The culture contained cells with the morphology expected for Entamoeba
trophozoites (Figure 4A) and the presence of £. gingivalis RNA and DNA was confirmed
by gPCR (Figure 4B). The culture was also robustly positive for redondovirus nucleic
acids, with 2.06e8 DNA copies/mL and 530.17 RNA copies/mL of culture fluid (Figure
4B). Quantitative PCR analysis targeting human GAPDH yielded no detectable signal,
confirming the absence of human cells in the xenic culture. This finding implies that
redondoviruses replicate in one of the unicellular organisms present in the xenic culture and
not in human cells.

A complete redondovirus genome was recovered from the xenic culture by PCR and DNA
sequencing (Figure 4C-E). This genome, named RV-30956, is 3,162 bp in length and
encodes the expected Cap, Rep, and ORF3 proteins. To compare redondovirus RV-30956 to
previously determined redondovirus sequences, we integrated the RV-30956 Rep sequence
into a maximum-likelihood tree of 36 reported redondovirus Rep sequences. This indicated
that the redondovirus isolate from the xenic culture is a member of the Vientovirus species
(Figure 4E). RV-30956 is close in sequence to redondoviruses that have been identified in
other human specimens. For instance, RV-30956 Rep and its nearest relative, KY328746.1
Rep, which was isolated from a human respiratory specimen’, share 71.4% amino acid
identity (Figure S1B).

Analysis of the redondovirus host using Hi-C

The detection of redondoviruses in a xenic £. gingivalis culture suggests that redondoviruses
are capable of replication in the absence of human cells. However, given that the xenic
culture was a mixture of cell types, it does not definitively establish £. gingivalis as the

host cell. Metagenomic analysis showed that overall, the xenic culture was dominated by
bacteria (Figure 4F). E. gingivalis ribosomal rRNA gene sequences were detectable (96.1%
coverage), but not human rRNA gene sequences. Theoretically, one of the bacteria in the
xenic culture might serve as the host for redondovirus replication, though as mentioned
above, the lack of Shine-Dalgarno sequences in the redondovirus genome and absence of
redondovirus sequences among bacterial CRISPR spacers argue against a bacterial host.

To investigate the identity the redondovirus host cell, we performed /n situ DNA cross-
linking using Hi-C22, Cells from the xenic £. gingivalis culture were partially permeabilized
and then exposed to a DNA cross-linking agent to physically link DNA sequences in close
proximity, such as redondovirus DNA and genomic DNA from the same cell. By this
means, extrachromosomal DNA such as viral replication intermediates can be cross-linked
to cellular genomic DNA. Following DNA cleavage and ligation, linked DNA fragments
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formed chimeric molecules that can be analyzed by paired-end sequencing, permitting the
recovery of chimeric sequences containing extrachromosomal DNA (e.g., the redondovirus
genome) linked to the host cell chromosome (Figure 5A). Although CRESS viruses are
inferred to package single-stranded DNA in viral particles, replication inside host cells is
thought to involve a double-stranded DNA intermediate?3:24,

A total of 114 Hi-C sequence reads matched redondoviruses and had mates that could be
identified via BLASTn against the NCBI nucleotide database (Figure 5B). Of those, 101
were linked to mate pairs that also corresponded to redondovirus sequences. In 6 cases,
redondovirus reads were paired with reads annotated as £ntamoeba (Table S8), significantly
more than would be expected by chance (in 10,000 random draws, only 10 contained one

E. gingivalisread, none had more; Permutation test p-value <0.00001). Two reads were
identified as linking to bacteria in the genus Parabacteroides. No other taxa were identified
with more than one read linked to a redondovirus sequence and no reads were found linking
redondovirus DNA to human DNA. The degree of enrichment of redondovirus- Entamoeba
and redondovirus-redondovirus pairs is quantified in Figure 5C. Reads linking redondovirus
sequences to bacteria may either arise due to artifactual ligation during sequence library
preparation or possibly reflect the presence of bacterial DNA inside £. gingivalis cells
associated with predation?. As a positive control for the Hi-C data, reads aligning to
abundant bacterial species were analyzed and shown to be enriched in mate pairs aligning
to the same bacterial species (Figure S2). These findings support £. gingivalis as a host for
redondovirus replication.

DISCUSSION

Sequence analysis of viral particles isolated from human samples commonly yields a
majority of reads that do not closely match any known viruses — the virome “dark
matter.” Extensive efforts are under way to understand the origin and nature of the full
human virome26-29, Here we present evidence that a newly annotated family of human-
associated viruses, Redondoviridae, in fact appear to replicate in the human-associated
amoeba Entamoeba gingivalis.

While considerable attention has focused on human virome constituents that infect the
bacterial microbiome (i.e., bacteriophages), viruses of human eukaryotic commensals
remain understudied. Viruses are known that infect a few eukaryotic parasites of

humans, including Leishmania, Giardia, Trichomonas, Cryptosporidium, Plasmodium, and
Entamoebat330-40_ |n rare cases these viruses have been detected in metagenomic samples
from humans. For instance, the CRESS virus family Naryaviridae has been proposed to
infect Entamoeba species and its members have been detected in human stool samples?3.
One of the viral endosymbionts of Leishmania, Leishmania RNA virus-1, is reported to
enhance Leishmania virulence by promoting parasite persistence in the host#1; it is unknown
whether redondovirus infection influences E. gingivalis pathogenesis. Given the widespread
distribution and high prevalence of redondoviruses in some surveysl®>=7, these findings
underscore that, like viruses of the bacterial microbiome, viruses of human-associated
eukaryotic commensals are potentially significant contributors to the human virome. This
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work further establishes that a virus of the human oro-respiratory tract can be traced to a
eukaryotic commensal host.

Redondoviruses have been previously associated with several human disease states, such
as periodontitis, critical illness, and COVID-1918:9, These earlier observations suggested
possible roles for redondoviruses in pathogenesis, but results reported here suggest that
redondoviruses may instead be markers for £. gingivalis colonization or infection. It is
increasingly appreciated that bacteriophages can have direct effects on human cells despite
those cells not serving as hosts for infection and are even targets of immune recognition
42-44- it remains unclear whether redondoviruses have analogous direct effects on human
cells.

Studies of periodontitis have previously reported an association of £. gingivalis with
diseasel445-48 and results presented here based on tracking with redondovirus DNA raise
the question of possible participation in additional disorders. £. gingivalisis a common
inhabitant of the human oral cavityl445-48 and has been detected, though infrequently, in
the lungs*®. Redondoviruses similarly have been commonly found in the oral cavity:>°
and respiratory tract 168, While it is possible that £. gingivalis may have a broader
habitat in humans than has been recognized, it is also plausible that both £. gingivalis

and redondoviruses translocate from the oral cavity to the lung during disease. Increased
detection of redondoviruses and E. gingivalis in upper respiratory specimens in some
conditions could also result from treatments that affect oral and oropharyngeal drainage,
such as endotracheal intubation or alterations in oral hygiene in severe illness. Nevertheless,
the importance of E£. gingivalis colonization and infection in this setting is uninvestigated.
Possibilities range from E. gingivalis being a benign transient or nonpathogenic colonizer
of the respiratory tract to it being a contributor to pathogenesis and/or inflammation.

E. gingivalis has been documented to ingest human cells#8:50, and £. gingivalis can kill
live epithelial cells by trogocytosis®l, suggesting pathogenic potential. Our qPCR analysis
supported an association of £. gingivalis and endotracheal intubation in COVID-19. Thus,
it will be useful to investigate the importance of E. gingivalis in acute lung injury and
respiratory failure more fully.

This study has several limitations. £. gingivalis has not been grown in pure culture,

thus it was not possible to study redondovirus growth with experimental infections. The
inability to grow E. gingivalis axenically has also hindered efforts to sequence the parasite
genome, which considerably complicated our Hi-C analysis — despite this, we were able
to find sufficient numbers of redondovirus sequences linked to recognizable Entamoeba
sequences to make the association unlikely to be a result of chance. Within our study,
difficulties working with the xenic £. gingivalis culture precluded further investigation such
as fluorescence /n situ hybridization to colocalize redondovirus and E. gingivalis sequences.
So far, we have evidence for growth of redondoviruses in cells of £. gingivalis only, but

our data do not rule out the possibility that redondoviruses may infect additional Entamoeba
species or other hosts.

In summary, this study provides evidence that the widely prevalent, human-associated
redondoviruses replicate in £. gingivalis cells. Most studies of the human virome report
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abundant viruses replicating in human-associated bacteria, but not viruses of eukaryotic
commensals — thus our data focus attention on a little studied part of the human virome.
Here we emphasize that human-associated eukaryotes can also contribute commonly
encountered members of the human virome. These eukaryotic commensal viruses, in
turn, can then be markers for the presence of their hosts, allowing investigation of virus/
commensal/human interactions and microbe-disease associations, and may even allow for
viral modulation of the eukaryotic microbiome in a manner analogous to phage therapy.

Note added in proof

While this work was under review Kinsella et al. reported based on bioinformatics analysis

of published data that presence of redondoviruses correlated with presence of E. gingivalis
52

STAR methods
RESOURCE AVAILABILITY

Lead contacts—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).

Materials availability—This study did not generate any unique reagents.

Data and code availability

. The metatranscriptomic and metagenomic screens used publicly available
datasets (NCBI BioProject accessions are listed in Table S3 and Table S7,
respectively). The redondovirus sequence obtained from the xenic £. gingivalis
culture (RV-30956) has been deposited in GenBank under the accession
ON986208. Metagenomic and Hi-C raw reads have been deposited in NCBI
under the BioProject accession PRINA858476.

. This study does not report original code and all computational resources used are
publicly available as of the date of publication and are listed in the key resources
table.

. Any additional information required to reanalyze the data reported in this paper

is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human studies—Saliva samples were collected as previously described in ® from

healthy volunteers in Philadelphia following written informed consent under protocol
#842613 approved by the institutional IRB. Endotracheal aspirate samples, oropharyngeal
swab samples, and nasopharyngeal swabs were collected as previously described in 8

from patients in the medical intensive care unit of the Hospital of the University of
Pennsylvania following written or verbal informed consent from patients or surrogates under
protocol #823392 approved by the institutional IRB. Specimens were stored at —80°C until
processing. Clinical data were extracted from the electronic medical record.
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E. gingivalis xenic culture conditions—TYGM-9 medium (ATCC Medium 1171) was
purchased from ATCC or prepared in-house according to the manufacturer’s instructions
(ATCC). To prepare a rice starch solution (a media component), 0.5 g of rice starch (Sigma-
Aldrich) was suspended in 9.5 mL of sterile phosphate buffered saline solution (pH 7.4).
Undissolved rice starch was removed through centrifugation (100 x g for 5 min). Sterile
TYGM-9 medium and starch solution were stored at 4°C.

Culture of E. gingivalis was carried out as instructed by staff at ATCC. A xenic E. gingivalis
culture (ATCC-30956) was obtained from ATCC and upon arrival incubated at a 15°
horizontal slant at 35°C for 3 hr. The tube was then gently inverted and centrifuged at

500 x g for 5 min to pellet E. gingivalis cells. To generate bacterized medium, 250 uL of the
supernatant (containing bacteria) was removed from the culture and added to another tube
containing 10 mL of fresh TYGM-9 medium. All but ~1 mL of the remaining supernatant
was divided among eight 16 x 125 mm screw-capped tubes and fresh TYGM-9 medium
was added to increase the volume of each tube to 8 mL. The remaining culture material (a
cell pellet and ~1 mL of supernatant) was stored on ice for 5 min, inverted 20 times, and
transferred as 0.1-mL aliquots to the eight tubes. The ratio of rice starch and bacterized
medium was varied among subcultures in an effort to optimize growth. All subcultures, in
addition to the tube of bacterized TYGM-9 medium, were incubated a 15° horizontal slant at
35°C. Every 24-48 hr, the procedure described above was repeated on all subcultures.

E. gingivalis culture viability was confirmed every 72 hr using trypan blue staining. After
inverting each sub-culture 10 times, a 1-mL aliquot was centrifuged for 500 x g for 5

min, and the cell pellet was resuspended in 100 uL of PBS. 10 uL of 0.4% trypan blue
(Sigma-Aldrich) was mixed with 10 uL of the cell suspension. After a 3 min incubation at
room temperature, 10 uL of the mixture was deposited on a microscope slide and a coverslip
was applied. An inverted binocular microscope was used to view the sample and permit the
enumeration of viable (unstained) and non-viable (stained) £. gingivalis cells.

To image the xenic E. gingivalis culture, 500 uL of culture material was pelleted at 500
x g for 10 min and resuspended in 500 uL of sterile saline. Next 10 uL was deposited
onto microscope slides using a Cytopro cytospin (ELITechGroup Inc) (1,000 x g for 5
min). Slides were air-dried, fixed in methanol, and stained using a Kwik Diff staining kit
(Methylene blue and eosin) (Fisher Scientific) following the manufacturer’s instructions
(Epredia) prior to being viewed under a microscope at 40X and 100X magnification (oil
immersion lens).

METHOD DETAILS

DNA isolation—DNA was extracted from human specimens (e.g., saliva, oropharyngeal
swabs, nasopharyngeal swabs, endotracheal aspirates) using the DNeasy Blood and Tissue
Kit (Qiagen). When saliva was used as the starting material, the following modifications to
the manufacturer’s protocol were made: 250 uL of saliva were used as the starting input in
Step 1, 250 uL of ethanol were used in Step 5, and a repeat elution step was performed using
the initial eluate to maximize DNA yield. When an aliquot of £. gingivalis xenic culture
material was used as the starting material, the following modifications to the manufacturer’s
protocol were made: 200 uL of liquid culture were used as the starting input in Step 1 and
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a repeat elution step was performed using the initial eluate to maximize DNA vyield. When
human peripheral blood mononuclear cells or human 293T cells were used as the starting
material, the protocol was followed with no modification. DNA purity was determined using
a Nanodrop 2000/200C spectrophotometer (Thermo Fisher) and DNA yield was measured
using PicoGreen (Affymetrix) quantification. Isolated DNA was stored at —20°C.

RNA isolation—RNA was extracted using the RNeasy Mini Kit (Qiagen). When an
aliquot of £. gingivalis culture was used as the starting material, the following modification
to the manufacturer’s protocol was made: 300 uL of liquid media were used as the starting
material and 300 uL of Buffer RLT were used for Step 1. The optional on-column DNase
digestion referenced in Step 5 was performed using DNase | Reaction Buffer (10X, 1X final
concentration) (New England Biolabs, NEB) and RNase-free H,O. RNA purity and yield
were determined using an Eppendorf BioPhotometer D30 (Eppendorf). Isolated RNA was
stored at —80°C.

Multiple displacement amplification and quantitative PCR—For redondovirus
detection (presence/absence), extracted DNA was subjected to multiple displacement
amplification (MDA), which is sequence-unbiased but preferentially amplifies circular
DNA, followed by gPCR; for quantification, extracted DNA was subject to g°PCR without
prior MDA. MDA and qPCR were performed as previously described?:5%.60,

In brief, MDA was carried out using Phi29 Buffer (10X, 1X final concentration) (NEB),
BSA (20 mg/mL, 0.1 mg/mL final concentration) (NEB), Phi29 DNA Polymerase (10
units/uL, 10 units final concentration) (NEB), random hexamers (50 uM, 2 uM final
concentration) (Invitrogen), dNTPs (10 mM, 1mM final concentration) (NEB), and
molecular grade H>O. MDA used the following conditions on a Veriti 96-well thermocycler
(Thermo Fisher): 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.

For the detection and quantification of redondovirus DNA, MDA-amplified and unamplified
DNA samples were run in duplicate in a real-time gPCR assay using TagMan Fast Universal
Master Mix (2X, 1X final concentration) (Thermo Fisher), primer-probe mix (Integrated
DNA Technologies (IDT)) based on conserved segments of the redondovirus genome (F: 5’-
GGATGCCATGAAACTTTGATAC-3’; R: 5’-TCTTCCTCCTTATTTGTATGGC-3’; probe:
5’-CCCATACTTACGCCGGTTACCTGC-3’), and molecular grade H,0. The following
conditions were used for the PCR reaction: 50°C for 2 min, 95°C for 10 min; 40 cycles

of 95°C for 15 sec and 60°C for 1 min; and a final extension at 4°C.

For the detection and quantification of redondovirus RNA, RNA samples were run in
duplicate in a real-time RT-gPCR assay using TagMan Fast Virus 1-Step Master Mix (4X,
1X final concentration) (Thermo Fisher), primer-probe mix (IDT) targeting the Cap ORF
(F: 5’-GGATGCCATGAAACTTTGATAC-3’; R: 5’-TCTTCCTCCTTATTTGTATGGC-3’;
probe: 5’-CCCATACTTACGCCGGTTACCTGC-3’), and molecular grade H,O. Reverse
transcription was carried out at 50°C for 5 min. The following conditions were used for the
PCR reaction: 95°C for 20 sec; 40 cycles of 95°C for 3 sec and 60°C for 30 sec; and a final
extension at 4°C.
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For redondovirus qPCR and RT-gPCR, a standard curve was generated from serial dilutions
of a plasmid (pUC57) containing the cloned genome of brisavirus AA. gPCRs were run

on a QuantStudio5 (Thermo Fisher) machine using the “Fast” mode. Negative controls
consistently showed a cycle threshold (CT) of >40 cycles, so positive samples were defined
as samples with any CT value <40 cycles. Non-template controls and extraction controls
were included in gPCR assays; no negative controls showed amplification. In cases where
multiple samples were queried per patient, if one sample was found to be positive for
redondoviruses, the patient was scored as positive.

E. gingivalis qPCR was performed as previously described in 47. For £,

gingivalis DNA detection, samples were run in duplicate in a real-time gPCR

assay using PowerUp SYBR Green Mix (2X, 1X final concentration) (Thermo

Fisher), MgCl, (25 mM, 3 mM final concentration), primer mix (IDT) targeting

the 18S rRNA gene (F: 5’-TACCATACAAGGAATAGCTTTGTGAATAA-3’; R: 5°-
ACAATTGTAAATTTGTTCTTTTTCT-3’), and molecular grade H,0. The following
conditions were used for the PCR reaction: 50°C for 2 min, 95°C for 2 min; 40 cycles

of 95°C for 15 sec, 60°C for 15 sec, 72°C for 1 min; 95°C for 15 sec, 66°C for 1 min, 40°C
for 30 sec; and a final extension at 4°C. Isolated RNA was reverse transcribed into cDNA
using a SuperScript Il First-Strand Synthesis System Kit (Invitrogen). For E. gingivalis
RNA detection and quantification, the gPCR protocol described above was used with cDNA
as the template.

For E. gingivalis gPCR, a standard curve made from serial dilutions of a synthetic gene
block (IDT) encoding an £. gingivalis 18S rRNA gene (NCBI accession: KX027295.1)
was included in each run. gPCRs were run on a QuantStudio5 (Thermo Fisher) machine.
Negative controls consistently showed a cycle threshold (CT) value of =40 cycles, so
positive samples were defined as samples with any CT value <40 cycles. Non-template
controls and extraction controls were included in gPCR assays. In cases where multiple
samples were queried per patient, if one sample was found to be positive for £. gingivalis,
the patient was scored as positive.

For the detection of human DNA, DNA samples were run in triplicate in a real-time

gPCR assay using TagMan Fast Universal Master Mix (2X, 1X final concentration)
(Applied Biosystems), primer-probe mix (IDT) targeting the GAPDH gene (F:
5-GGTGGTCTCCTCTGACTTCAACA-3’; R: 5’-CCAGCCACATACCAGGAAATG-3’;
probe: 5’-CTGGCATTGCCCTCAACGACCAC-3’ 1), and molecular grade H,0. The
following conditions were used for the PCR reaction: 50°C for 2 min, 95°C for 10 min;

40 cycles of 95°C for 15 sec and 60°C for 1 min; and a final extension at 4°C. Two standard
curves were generated from serial dilutions of DNA isolated from human peripheral blood
mononuclear cells and human 293T cells. Negative controls consistently showed a CT value
of =40 cycles, thus positive samples were defined as samples with any CT value <40 cycles.

Redondovirus whole-genome sequencing from the xenic culture

To recover the complete redondovirus genome from the xenic
culture, two whole-genome PCRs were performed with nonoverlapping
primer sets (Set A F: 5’-CCTTTGGTCTCGAAATCTTCCTATACTGG-3’;
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Set AR: 5’-AGGCCTCTCTCCCTTCCATTTGG-3’; Set B

F: 5’GGTTATCGTTCATTTGATCATGCATTAGTACC-3’; Set BR: 5’-
ACCAAGATGTTTAAGCCCTTTAGTTAATGTTTC-3’) using the Phusion PCR Kit (NEB)
and the following PCR settings: 98°C for 30 sec, then 35 cycles of 98°C for 10 sec, 55°C
for 15 sec, and 72°C for 1 min 30 sec, followed by a final extension of 10 min at 72°C.

The ~3-kb PCR products were visualized on a 1% agarose gel, excised, and purified from
gels using a Monarch DNA Gel Extraction Kit (NEB). The manufacturer’s protocol was
used with the modification of a 15-uL H,O final elution. After gel extraction, libraries were
prepared from PCR products using the Nextera XT DNA Library Preparation Kit (Illumina).
Libraries were sequenced using the Illumina MiSeq platform (Illumina).

Read processing and genome assembly

Sunbeam (v2.1)62, a Snakemake-based pipeline®3, was used for quality control, host
decontamination, and contig assembly as previously described?:62. Trimmomatic (v0.39)64
and FastQC (v0.11.9) were used for adapter trimming and read quality control, respectively.
Contigs were assembled from quality-controlled reads using MEGAHIT (v1.2.9)%

and annotated using BLAST against a database of published redondovirus genome
sequences?58, A Sunbeam extension (sbx_select_contigs, https://github.com/ArwaAbbas/
shx_select_contigs ) was used to extract contigs with homology to redondoviruses (as
annotated by BLAST). Extracted contigs were overlap-assembled using CAP3 (v3.0)66,
circularized based on the overlaps identified by sbx_select_contigs, and polished by aligning
quality-controlled reads to the draft genomes. Visualization of alignments in Integrated
Genomics Viewer (IGV) (v2.9.0)%7 permitted the manual correction of assembly errors,
which were rare.

Phylogenetic analysis

For the ssDNA virus phylogenetic tree (Figure S1), we used ViPTree (v3.1) to generate

a “proteomic tree” of 2,164 viral genome sequences (10 redondovirus genomes and 2,154
genomes of eukaryotic and prokaryotic viruses in the ViPTree sSDNA database; Table S1)
based on genome-wide sequence similarities computed by tBLASTx88. iTOL (v6) was used
for tree visualization and clade collapsing (based on average BRL (>0.4))°°.

For the Cressdnaviricotatree (Figure 1A), alignments of CRESS virus Rep sequences were
performed using MUSCLE (v3.8.31)%3. From the alignments, trees were constructed using
RAXML (v8.2)>* and visualized using iTOL (v6)°°.

For the Redondoviridae tree (Figure 4E), redondovirus Rep amino acid sequences were
aligned using MUSCLE (v3.8.31)%3. Phylogenetic trees were constructed from sequence
alignments using PhyML (v3.0)°6 and visualized using iTOL (v6)2°.

Hi-C and shotgun library generation and sequencing

A chromatin interaction (Hi-C) library was generated using the Proximo Hi-C (Microbe) Kit
(Phase Genomics). After starting with DNA from 200 uL of £. gingivalis culture material,
the ProxiMeta Hi-C protocol (v4.0) was followed without modification using proprietary
materials supplied with the kit. Cells were partially permeabilized and exposed to a DNA
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crosslinker. Cells were lysed to release the crosslinked DNA into the supernatant and enable
DNA recovery by centrifugation. Endonucleases were then used to fragment the crosslinked
DNA. Fragmented DNAs were biotinylated and ligated to create chimeric junctions between
adjacent sequences (i.e., sequences that originated from the same cell). Crosslinks were then
reversed and the DNA was purified using a streptavidin bead pull down. Streptavidin-bound
DNA was quantified using Qubit dsSDNA HS, which was used to determine the subsequent
adapter dilution and number of PCR cycles. Next a Hi-C library was prepared and on-bead
amplification was performed using the Nextera XT DNA Library Preparation Kit (Illumina).
In addition, a standard shotgun library of total DNA isolated from the E. gingivalis culture
was prepared using the Nextera XT DNA Library Preparation Kit (I1lumina) and sequenced
to compare to the Hi-C library. Both were sequenced using the Illumina NextSeq 500
platform (lllumina), generating 150 bp paired-end reads. Proximity-ligated reads were
mapped against shotgun sequencing data to inform in-cell DNA interactions. 29,415,700
and 109,616,621 reads were obtained from sequencing the shotgun and Hi-C libraries,
respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Querying public sequence data for redondovirus and E. gingivalis DNA and
RNA—To investigate the presence of redondovirus DNA, we queried 58 metagenomic
datasets (Table S3). 81 redondovirus virus genomes and 28 E£. gingivalis 18S rRNA genes
downloaded from GenBank (NCBI) were used as local alignment targets (Table $4)59.70,
Alignments were performed using the hisss pipeline (https://github.com/louiejtaylor/hisss)
1 which uses Bowtie 2 (option, —very-sensitive-local)’! to align reads to target genomes,
SAMtools’2 and BEDtools’3 to calculate the coverage of the reads to the target genomes,
and ggplot2 in R (v3.3.6) to visualize the alignments. Positive identification was defined as
>5% coverage to any redondovirus genome or 18S rRNA gene sequence.

To investigate the presence of redondovirus RNA, we queried 18 metatranscriptomic
datasets (Table S7) for redondovirus and £. gingivalis RNA (Table S4). The hisss pipeline
was used as described above to perform alignments, calculate read coverage to target
sequences, and visualize alignments. Positive identification was prospectively defined as
>0.05 fractional coverage (=5% coverage) to a redondovirus genome or an E. gingivalis 18S
rRNA gene.

Analysis of xenic culture metagenome—Taxonomic assignment of the quality-
controlled reads was performed with Kraken2 (v2.1.2)°7 using the Standard database
(archaea, bacteria, viral, plasmid, human, UniVec_Core) and the PlusPF database
(standard database plus protozoa and fungi) (https://benlangmead.github.io/aws-indexes/
k2). To supplement the Kraken2 results and capture low-abundance taxa of interest
(Redondoviridae, Entamoeba), we performed BLASTn on 10 million reads before
estimating relative abundance®8.

We used 18S rRNA genes belonging to E. gingivalis and Homo sapiensto query of the
metagenomic data obtained from the £. gingivalis culture. The hisss pipeline was used
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as described above to align the sequencing reads to the alignment targets and calculate
coverage of the target sequences.

Hi-C analysis—To assess whether redondovirus genomes resided in the same cells

as the £. gingivalis genome, we assessed Hi-C crosslinking between redondovirus and
Entamoeba sequences. We created a custom BLASTn database of all available redondovirus
genomes from the NCBI nt database>8. All Hi-C reads were aligned to this database,
identifying 246 forward or reverse reads classified as Redondoviridae. The read mate pairs
for each Redondoviridae read were then aligned via BLASTn to the complete nt database
(downloaded January 2022). Because there is no whole genome sequence available for
Entamoeba gingivalis, we accepted alignments to any member of the Entamoeba genus.
We identified 6 chimeric reads indicative of Entamoeba-redondovirus cross-linking (Figure
5; Table S8). To determine the probability of 6 reads aligning to Entamoeba by chance in
our data, we took 100,000 random draws of 246 reads and counted Entamoeba reads using
the same BLASTNn search. As a positive control, reads were identified matching the most
abundant bacterial genera in the xenic culture, and mate pairs verified to be highly enriched
in sequences aligning to the same bacterial genus (Figure S2). Alignments were carried out
using BLAST querying the NCBI database.

Statistical tests—Co-occurrence of redondoviruses and E. gingivalis was assessed using
Fisher’s Exact Test (Table 1). Association of virus and host GC content was assessed

using Pearson’s Correlation Test (Figure 1). Association of redondovirus and £. gingivalis
relative abundance was assessed using Pearson’s Correlation Test (Figure 2). The probability
of identifying Hi-C mate pairs by chance was calculated by a permutation test based on
100,000 random draws of 246 reads and counting Entamoeba reads using a BLASTn search.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Redondoviruses are highly prevalent in human respiratory samples.

. Redondoviruses are associated with periodontitis, critical illness, and
COVID-19.

. In human samples, redondoviruses co-occur with the amoeba Entamoeba
gingivalis.

. Redondoviruses are found in £. gingivalis cultures, specifying amoebas as
hosts.
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Figure 1.

Investigating the host cell supporting redondovirus replication. (A) Phylogenetic maximum-
likelihood tree of Rep amino acid sequences from 441 members of the Cressdnaviricota
phylum (Table S1). Rep sequences were aligned with MUSCLE®3, followed by tree
construction using RaxML>* and visualization using iTOL5®, Clade coloring denotes the
proposed host of the respective CRESS virus family. (B) Comparative analysis of GC
content (% GC) of representative CRESS viruses and their hosts. Virus GC content
positively correlates with host GC content (R2 = 0.63, Pearson’s Correlation Test p-value =
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5.442e-10, n = 41). The Entamoeba arrows denote (from left to right): £. dispar (24.1%), E.
histolytica (24.95%), E. nuttalli (25.1%), E. moshkovskii (26.5%), and E. invadens (30.3%).
The dotted horizontal line represents the median GC content of Redondoviridae (34.25%).
Figures adapted from Kinsella and coworkers 13,
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Figure 2.
Redondovirus and £. gingivalis abundance are positively associated in metagenomic

DNA sequence data. Redondovirus relative abundance (measured using the maximum
redondovirus genome coverage per sample) positively correlates with £. gingivalis relative
abundance (measured using the maximum E£. gingivalis 18S rRNA gene coverage per
sample) in metagenomic data (NCBI BioProject IDs: PRIEB4270117, PRINA55229418,
PRINA50838518) (R? = 0.49, Pearson’s Correlation Test p-value = 2.501e-9, n = 130).
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Figure 3.
Detection of redondovirus and £. gingivalis RNA in metatranscriptomic datasets.

Alignments show RNA reads from two datasets derived from the gingival crevice of
periodontitis patients (NCBI BioProject IDs: PRINA22162020, PRINA31979021). Panels
(A)-(D) represent individual samples from the datasets. The left side of each panel

shows reads aligned to a redondovirus genome, with ORFs indicated at the bottom;

the right side of each panel shows reads aligned to the £. gingivalis 18S rRNA gene.
Panels (A)-(C) show samples from diseased gingival crevices of three patients sequenced

Cell Host Microbe. Author manuscript; available in PMC 2024 January 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Keeler et al.

Page 25

in PRINA221620%0, and panel (D) shows pooled gingival tissues from periodontitis
patients sequenced in PRINA3197902, Plots were generated using the hisss pipeline
(https://github.com/louiejtaylor/hisss). Query targets for alignment were (A) redondovirus
NCBI accession MK059756.1 and £. gingivalis accession KX027290.1; (B) redondovirus
NCBI accession MT482429.1 and E. gingivalis accession KX027290.1; (C) redondovirus
accession MK059758.1 and E£. gingivalis KX027293.1; (D) redondovirus accession
MT482430.1 and E£. gingivalis accession MG601094.1. Other samples from these datasets
did not contain detectable redondovirus sequences and thus are not shown.
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Figure 4.
Detection of redondovirus DNA and RNA in a xenic E. gingivalis culture. (A) Image of the

xenic E. gingivalis culture (ATCC-30956) at 100X magnification stained using Kwik-Diff.
Scale bar measures a cell (~20 um) that is morphologically consistent a £. gingivalis
trophozoite (arrows). No cells with morphology expected for human cells were observed.
(B) Detection of redondovirus and £. gingivalis DNA and RNA in the E. gingivalis culture
by gPCR and RT-qPCR. (C) Agarose gel electrophoresis showing redondovirus genomic
DNA amplification product of the expected size (~3 kb), generated by PCR of DNA from
the xenic culture with “back-to-back” PCR primers targeting the circular redondovirus
genome. (D) Genome map of the Vientovirus sequenced from the xenic E. gingivalis culture
(RV-30956). The largest ORF (violet) encodes the putative capsid (Cap) protein, the second
largest (salmon) encodes the Replication-associated (Rep) protein, and the third (grey)
encodes a protein of unknown function (ORF3). (E) The RV-30956 sequence placed in a
Redondovirigae phylogeny. Rep amino acid sequences from 37 redondoviruses were aligned
with MUSCLE®3. The tree was built using PhyML with branch support determined by
approximate likelihood ratio test® and visualized using iTOL®®. (F) Metagenomic sequence
analysis of the £. gingivalis xenic culture. Taxa were identified using Kraken257 and
BLASTN®8. Only results with reads that could be assigned taxonomically are shown.
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Figure 5.

Linking of redondovirus and £. gingivalis DNA in a xenic culture using DNA crosslinking
and high-throughput sequencing (Hi-C). (A) Schematic diagram of the Hi-C chromatin
conformation capture method (Phase Genomics). (B) Numbers of reads in cross-linked
Hi-C pairs from the xenic culture where one read annotates as redondovirus, and the

other annotates as redondovirus, Entamoeba, or bacteria. (C) Quantifying the degree of
enrichment of Entamoeba reads among Hi-C reads linked to redondovirus sequences. The
percentage of Hi-C reads linked to redondovirus mate pairs was compared to shotgun
sequencing reads in total DNA from the xenic culture assigned to redondovirus, Entamoeba,
and bacteria. Enrichment or depletion was determined by dividing the Hi-C percentage by
the whole genome shotgun percentage and then applying a log10 transformation. Only
0.005% of total metagenomic reads in the culture could be identified as Entamoeba
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sequences using BLASTN; in contrast Parabacteroides represented 20% of all identifiable
metagenomic reads in the culture.
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Table 1.

Co-occurrence of redondoviruses (RV) and E. gingivalis (EG) in human clinical specimens.

Page 29

. Number . - .
Subject t Redondovirus E. gingivalis ; Detection
status sub(jz cts Sample type status status p-value Reference method

EG* EG"
_ Peri- Subgingival + Ghensi et al Metagenomic
implantitis 41 i RV 10 11 0.003626 2020 .
patients plaque RV- 1 19 sequencing
Mucositis Subgingival RV* 7 4 Ghensi et al., Metagenomic
patients 37 plaque RV- 1 25 0.0002265 2020 sequencing
Healthy 35 Subgingival RV* 7 2 4.02E-5 Ghensi et al., Metagenomic
volunteers plaque RV- 1 25 ' 2020 sequencing
Merenstein et
ICU patients 38 OP, NP, ETA RV* 3 0 0.00012 al., 2021; this gPCR
RV~ 0 35 study
Merenstein et
covin 1 88 OP, NP, ETA RV : 1 330E-8 | al, 2021; this gPCR
p RV- 73 study
Healthy . RV* 15 1 Taylor et al.,
volunteers 50 Saliva RV- 7 27 9.85E-7 2021; this study gPCR

fOP, oropharyngeal; NP, nasopharyngeal; ETA, endotracheal aspirate.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Saliva samples from healthy humans Taylor et al., 2021 N/A
Oropharyngeal, nasopharyngeal, and endotracheal

aspirate samples subjects hospitalized with Merenstein et al., 2021 N/A
COVID-19

Oropharyngeal, nasopharyngeal, and endotracheal aspirate samples from .

medical intensive care unit patients This study NIA
Chemicals, peptides, and recombinant proteins

Phi29 polymerase New England BioLabs Cat#M0269
Critical commercial assays

TagMan Fast Universal PCR Master Mix Thermo Fisher Cat#4352042
TagMan Fast Virus 1-Step Master Mix Thermo Fisher Cat#5555532
PowerUp SYBR Green Mix Thermo Fisher Cat#A25741
DNeasy Blood and Tissue Kit Qiagen Cat#69504
QlAamp DNA Mini Kit Qiagen Cat#51304
SuperScript First-Strand Synthesis System Kit Thermo Fisher Cat#18080051
Scientific Kwik-Diff™ Staining Kit Thermo Fisher Cat#9990700
Phusion High-Fidelity PCR Kit New England BioLabs Cat#E0553S
Monarch DNA Gel Extraction Kit New England BioLabs Cat#T1020S
Nextera XT DNA Library Preparation Kit Illumina Cat#FC1311024
Deposited data

Raw metagenomic sequencing reads NCBI Accession #: PRINA858476
Raw shotgun sequencing reads NCBI Accession #: PRINA858476
Redondovirus (RV-30956) genome GenBank Accession #: ON986208
Experimental models: Organisms/strains

E. gingivalis ATCC ATCC-30956
Oligonucleotides

gPCR, redondovirus Cap ORF

(F: 5’-GGATGCCATGAAACTTTGATAC-3’; R: Integrated DNA N/A

5’ TCTTCCTCCTTATTTGTATGGC-3’; probe: 5°- Technologies
CCCATACTTACGCCGGTTACCTGC-3’)

qPCR, E. gingivalis 18S rRNA gene

(F: 5-TACCATACAAGGAATAGCTTTGTGAATAA-3"; R: 5'- 'Tgtgﬁggﬁ%d DNA N/A
ACAATTGTAAATTTGTTCTTTTTCT-3’) 9

Whole-genome PCR, redondovirus (Set A F:

5'CCTTTGGTCTCGAAATCTTCCTATACTGG-3’; Set AR: Integrated DNA
5’-AGGCCTCTCTCCCTTCCATTTGG-3’; SetB F: 5’- Te cr?n ologies N/A
GGTTATCGTTCATTTGATCATGCATTAGTACC-3’; Set BR: 5’- 9
ACCAAGATGTTTAAGCCCTTTAGTTAATGTTTC-3’)

gPCR, human GAPDH (F: 5’-GGTGGTCTCCTCTGACTTCAACA-3’; Intearated DNA

R: 5’CCAGCCACATACCAGGAAATG-3’; probe: Tecr?nolo ies N/A
5’CTGGCATTGCCCTCAACGACCAC-3’) 9

Recombinant DNA

pUC57 BioBasic Addgene 4509
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

BLASTNn v2.9.0

Altschul et al., 1990

https://www.ncbi.nlm.nih.gov/books/
NBK279690/

https://github.com/stephaneguindon/

PhyML v3.0 Guindon et al., 2010 phyml
. https://github.com/stamatak/standard-

RaxML v8.2 Stamatakis et al., 2005 RAXML.
MUSCLE v3.8.31 Edgar, 2004 https://github.com/rcedgar/muscle
iTOL v6 Letunic and Bork, 2019 https://itol.embl.de/
VipTree v3.1 Nishimura et al., 2017 https://www.genome.jp/viptree/
hisss v3.0 Abbas et al., 2019 https://github.com/louiejtaylor/hisss

. https://software.broadinstitute.org/
IGV v2.9.0 Robinson et al., 2011 softwarefigv/
CAP313.0 Huang and Madan, http://doua.prabi.frisoftware/cap3

1999

MEGAHIT v1.2.9

Lietal., 2015

https://github.com/voutcn/megahit

FastQC v0.11.9

Andrews, 2010

https://github.com/s-andrews/FastQC

Trimmomatic v0.39

Bolger et al., 2014

https://github.com/usadellab/
Trimmomatic

Sunbeam v2.1.0

Clarke et al., 2019

https://github.com/sunbeam-labs/
sunbeam

Kraken2 v2.1.2

Wood et al., 2019

https://github.com/Derrick\Wood/
kraken2

R version v4.0.4

lhaka and Gentleman,
1996

https://www.r-project.org/

Snakemake v7.16.0
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