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SUMMARY
Anelloviruses are a ubiquitous component of healthy human viromes and remain highly prevalent after being
acquired early in life. The full extent of ‘‘anellome’’ diversity and its evolutionary dynamics remain unexplored.
We employed in-depth sequencing of blood-transfusion donor(s)-recipient pairs coupled with public
genomic resources for a large-scale assembly of anellovirus genomes and used the data to characterize
global and personal anellovirus diversity through time. The breadth of the anellome is much greater than pre-
viously appreciated, and individuals harbor unique anellomes and transmit lineages that can persist for
several months within a diverse milieu of endemic host lineages. Anellovirus sequence diversity is shaped
by extensive recombination at all levels of divergence, hindering traditional phylogenetic analyses. Our find-
ings illuminate the transmission dynamics and vast diversity of anelloviruses and set the foundation for future
studies to characterize their biology.
INTRODUCTION

Viruses make up the most abundant component of the

biosphere, yet the human virome remains largely understudied

despite improved sequencing methods for detecting and

analyzing viral sequences (Stulberg et al., 2016). Anelloviruses

are the major eukaryotic virus constituents of the human vi-

rome, detectable in the blood throughout life (Tyschik et al.,

2018), as well as in many biological samples, such as saliva,

urine, and bile, suggesting broad tropism (Kaczorowska and

van der Hoek, 2020; Hijikata et al., 1999; Okamoto et al.,

2000; Takahashi et al., 2000). Since their discovery in 1997

(Nishizawa et al., 1997), numerous studies have surveyed

anellovirus presence accompanying various diseases, but

the scientific consensus is that there is no association be-

tween these viruses and human disease (Koonin et al.,

2021). Anelloviruses cause chronic low-level viremia that is

believed to be controlled by competent host immune systems

(Freer et al., 2018) with titers that have been observed to in-

crease in the blood of patients on immunosuppressive drugs

(Görzer et al., 2014), prompting their emergence as a potential
Cell Host & Microbe 29, 1305–1315, Au
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biomarker of immune status and organ transplant rejection

(De Vlaminck et al., 2013).

Most healthy humans are infected with anelloviruses and co-

infections with multiple unique lineages are common (Bal et al.,

2018; Moustafa et al., 2017; Rani et al., 2016; Young et al.,

2015); these lineages make up one’s ‘‘personal anellome.’’ The

Anelloviridae family contains three genera of human anellovi-

ruses: Alphatorquevirus (torque teno viruses [TTVs]), Betator-

quevirus (torque teno mini viruses [TTMVs]), and Gammatorque-

virus (torque teno midi viruses [TTMDVs]), which share an

average of �35% pairwise identity at the nucleotide level within

a genus. Their single-stranded circular DNA genome (ranging

from �2.0–3.9 kb) contains a non-coding region (with a

conserved�150-base section) and a coding regionwith overlap-

ping open reading frames (ORFs), the largest of which, ORF1

(�700–800 aa), is the predicted viral capsid protein (Takahashi,

1998). Genome replication occurs via a rolling-circle mechanism

common to other circular DNA viruses and employs host poly-

merases. The full extent of anellovirus diversity across humans,

the ‘‘global anellome,’’ and the mechanism(s) that contribute to

their diversification, however, remain largely uncharacterized.
gust 11, 2021 ª 2021 The Authors. Published by Elsevier Inc. 1305
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Major questions also remain concerning how the anellome per-

sists in healthy individuals, how individual lineages are acquired

and lost over time, and the determinants of transmission through

routes such as blood transfusions. Previous studies have shown

a marked increase in anellovirus abundance after transfusions

(Kapoor et al., 2015), indicating that blood transfusions could

alter one’s personal anellome, but the nature and duration of

these fluctuations are poorly understood.

To investigate the diversity, transmission, and evolution of

the human anellome over time, we developed a targeted anel-

lovirus sequencing method that allows for high-scale profiling

of anelloviruses directly from human samples and used it to

study longitudinal samples from a blood-transfusion cohort

consisting of donor(s)-recipient pairs. We assembled a large-

scale sequence dataset and investigated the kinetics and

transmissibility of the anellome within and between individuals.

Our findings reveal the enormity of human anellovirus diversity

globally and within individuals, such that anelloviruses occupy

most of their potential evolutionary space with limited con-

straints on diversity and transmission. We show that complex

and uniquely individual anellomes can transmit and persist for

months in human individuals and that the transmission of

anellovirus lineages is independent of sequence similarity to

pre-existing resident anellovirus populations. Finally, we show

evidence for extensive recombination in anelloviruses, pointing

to a mechanism that may account for the immense diversity in

this virus family.

RESULTS

Generation of a vastly expanded anellovirus genomic
dataset
Unbiased metagenomic sequencing studies have consistently

identified anelloviruses as a major component of the human

blood virome (Moustafa et al., 2017; Tisza et al., 2020) and

have attempted to describe the anellome despite low to moder-

ate yields of anellovirus sequences. We sought to comprehen-

sively uncover the vastness and diversity of both the global

and personal anellome by developing a targeted enrichment

method to improve sequencing yields. To detect and trace trans-

mission of anellovirus lineages and explore the evolutionary

characteristics of these viruses, we screened blood and serum

samples from the National Heart, Lung, and Blood Institute’s

(NHLBI) longitudinal Transfusion-Transmitted Viruses Study

(TTVS). We found a rich landscape of anelloviruses, recovering

tens to hundreds of unique lineages from each subject.

To increase our ability to obtain high-coverage anellovirus ge-

nomes, we designed a targeted rolling-circle amplification (RCA)

enrichmentmethod, Anelloscope, utilizing degenerate amplifica-

tion primers (Table S1) that covered conserved regions of the

genome. We validated yield gains by measuring the difference

in anellovirus genomic sequences recovered between standard

RCA (Niel et al., 2005) and Anelloscope. We found that Anello-

scope led to a 1,046- to 52,812-fold increase in coverage

when benchmarked on serum samples from the TTVS cohort

(Table S2).

To exhaustively identify unique anellovirus sequences in the

TTVS cohort, we applied Anelloscope to 67 individuals

comprising 128 samples, 53 from donors and 75 from recipients
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across five time points (one pre-transfusion, four post-transfu-

sion; Table S3). In total, we produced 501.5 Gbp of sequence

data, of which 152.9 Gbp were derived from anelloviruses (Table

S4). The remaining sequences were identified as human se-

quences and removed during decontamination steps. We

assembled 1,656 high-quality anellovirus contigs (median

length = 2,916 bp, min length = 2,190 bp, max length =

4,917 bp) from the generated data. Additionally, we curated pub-

licly available anellovirus genomes to create a supplementary

dataset of 445 sequences. In total, we produced a dataset con-

taining 2,101 anellovirus sequences for further downstream

analysis, nearly tripling the number of known anellovirus

sequences.

Anelloviruses occupy an expansive evolutionary space
We performed both phylogenetic and multidimensional scaling

(MDS) analyses on our dataset to assess the overall diversity

of human anelloviruses, putting the anelloviruses identified in

this study in the context of those previously discovered. We

found that our sequences from the TTVS cohort greatly

expanded on known diversity within the anellovirus family.

We first examined whether our dataset altered the previously

established phylogenetic relationships or taxonomic classifica-

tions of anelloviruses. We constructed a maximum-likelihood

phylogeny of all 2,101 ORF1 sequences and found that those

derived from the TTVS cohort clustered into the three previously

established genera (Lefkowitz et al., 2018) (Figure 1A). Further-

more, we observed growth in sequences in each of the genera,

Alphatorque-, Betatorque-, and Gammatorqueviruses, by 28%,

27%, and 15%, respectively. Moremarkedwas the phylogenetic

branch length contribution per new sequence we added in the

Betatorque- (0.114 substitutions per amino acid site per

sequence) andGammatorque- (0.148) genera compared withAl-

phatorqueviruses (0.039) (branches colored black in Figure 1A).

These findings indicate that the latter’s diversity is mostly

explored, whereas each Betatorquevirus and Gammatorquevi-

rus sequence, on average, adds substantial previously unseen

diversity to the phylogenetic tree.

Given the significant anellovirus diversity we observed, we

next sought to formally compare anelloviruses with other viruses

by usingmultidimensional scaling (MDS) analysis. We usedMDS

to avoid the clonal evolutionary assumptions made by phyloge-

netic analysis (Nei and Kumar, 2000) and account for previously

hypothesized recombination (Fahsbender et al., 2017; Lefeuvre

et al., 2009; Leppik et al., 2007; Martin et al., 2011; Worobey,

2000) in anelloviruses. We selected eight representative viruses,

including examples of viruses that are well known for their capsid

diversity (de Villiers et al., 2004), ability to recombine (Dudas and

Rambaut, 2016; Holmes et al., 1999b; Smyth et al., 2012; Woro-

bey et al., 1999), or important vectors for gene therapy (Colella

et al., 2018), and analyzed their surface proteins alongside our

anellovirus dataset (Figure 1B). By quantifying the area occupied

by all sequences projected inMDS space we generated a simple

diversity metric that reflects total sequence diversity and shows

the relationships between sequences without relying on

methods like phylogenetic trees that cannot accommodate

recombination. The distance between the two furthest points in

each MDS plot will be approximately proportional (as much as

stress, the differences between pairwise and MDS distances,
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Figure 1. Mapping the extent of anellovirus diversity

(A) Maximum-likelihood phylogeny of anellovirus ORF1 amino acid sequences (n = 2,101). Tips are colored according to agglomerative clustering of pairwise

amino acid distances to produce ten arbitrary clusters that are colored to ease navigation between the tree and (B). Gray branches connect previously published

sequences to the root, and black branches represent sequences reported in this study. Triangles to the right of the tree indicate reference sequences retrieved

from RefSeq. Black dashes to the right of the tree indicate the positions and volume of new sequences. The gray bar to the right displays the total amount of

sequences derived from study samples as a proportion of the entire dataset used in the analysis.

(B) Multidimensional scaling (MDS) analysis of 1,575 anellovirus ORF1 amino acid sequences (points are colored as in A) compared with eight other viral surface

proteins: 2,627 human papillomavirus (HPV) L1, 86 adeno-associated virus (AAV) capsid, 3,000 human immunodeficiency virus 1 (HIV1) env, 3,000 dengue virus

envelope, 425Middle East-associated respiratory syndrome coronavirus (MERS-CoV) Spike, 3,000 influenza A virus HA (group 2, subtypes H3, H4, H7, H10, and

H14), 64 homologous filovirus (encompassing genera Ebolavirus, Dianlovirus, Marburgvirus, and Cuevavirus) GP, and 632 Lassa fever virus GPC protein se-

quences. MDSplots are shown on the same scale; the scale bar represents 0.2 aa substitutions per site inMDSprojection space. Numbers presented above each

facet indicate the area occupied by the outermost points of the MDS projection. See also Figure S1.
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can be minimized) to the proportion of amino acid sites at which

the two most distantly related sequences differ. In anelloviruses,

we found that this computed measurement was three to four

times larger than any of the eight viruses we compared against

(Figure 1B, number above each facet), lending support to the hy-

pothesis that extraordinary diversity is a hallmark of anellovi-

ruses (Kaczorowska and van der Hoek, 2020).

Next, to investigate the anellovirus evolutionary space at amino

acid sites, we determined how many of the possible amino acid

states are occupied byORF1 sequences.We tabulated the num-

ber of unique amino acids occurring at each position in an align-

ment of all ORF1 sequences and compared thesemeasurements

against those from the surface proteins of the eight viral families

that were selected for MDS analysis. As expected, we observed
the highest amounts of amino acid diversity in anelloviruses,

concentrated in the hypervariable regions (HVRs) (Figure S1,

left column, residues �300 to �500) of the ORF1 protein that is

hypothesized to be involved in host immune evasion (de Villiers

and zur Hausen, 2009). Yet, we found that the average unique

amino acids per site were also elevated across the entire ORF1

sequence, in all three genera, suggesting that the diversity

observed is widespread over the entire protein and not just local-

ized to the HVRs. In comparisons against other viruses, only HIV-

1 env exhibited equal or greater diversity than anelloviruses, pri-

marily driven by its hypervariable loops (Figure S1, right column).

Together, these findings offer a detailed picture of the extent of

anellovirus diversity and indicate that sources of the diversity

observed may be widespread across the entire genome.
Cell Host & Microbe 29, 1305–1315, August 11, 2021 1307
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Figure 2. Characterization of the personal anellome

(A) Overview of study design. Fifteen recipients paired with one ormore donors received a blood transfusion after surgery. Donor pools were unique to each of the

recipients receiving a blood transfusion. Samples were collected both before and after transfusion over a period of 280 days. The corresponding rows from the left

panel (donors) are paired with the corresponding row in the right panel (recipients) to define donor pools and their recipients. Pan-anellovirus PCR-positive

samples are colored in red, whereas PCR-negative samples are in blue.

(B) The number of unique anellovirus lineages identified per individual. Each donor time point where lineages were isolated is included to indicate the levels of

anellovirus in each sample. All five recipient time points are aggregated to show the total number of lineages in each recipient.

(C) Anellovirus diversity per transfusion recipient. MDS analysis demonstrates within-subject anellovirus diversity that spans the space of overall known anel-

lovirus diversity. Convex hulls depict the amount of the diversity space encompassed in each subject set. Numbers presented above each facet indicate the

fraction of area occupied by the convex hull (outermost points) of the patient’s anelloviruses in comparison with the area of the convex hull of all anelloviruses

sampled. See also Figures S2 and S3.
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Blood-transfusion donors and recipients reveal an
abundance of anellovirus lineages
Our sequencing data allowed us to determine the diversity of

personal anellomes. To identify and approximate the number

of lineages in each anellome, we surveyed the 128 donor and

recipient samples. We found that all blood donors and transfu-

sion recipients had diverse infections with multiple co-circulating

anellovirus lineages.

To detect the presence of anellovirus DNA in specimens from

the TTVS cohort, we conducted pan-anello PCR assays (Nino-

miya et al., 2008) (Figure 2A) on all donor and recipient samples.

We detected anelloviruses in 53%of donors (33/53 samples) and

86% of recipients (65/75 samples) and found at least one posi-

tive sample in each donor-recipient set. We observed anellovirus

presence as far out as 260 days post-transfusion (Figure 2A, re-

cipients 13–15), and one of these lineages was identified as

donor derived via sequencing data (Figure 3).

To estimate the number of distinct anellovirus lineages in each

anellome, we used our Anelloscope method to recover anellovi-

rus sequences from each subject of the TTVS cohort. We used

anellovirus ORF1 sequences as a unique marker that could be

easily identified with length filters and a well-conserved motif in

theN22 region (Nishizawa et al., 1997) (Figure S2A).Weobserved

a median of six distinct lineages in all subjects from the TTVS

cohort, with three individuals containing over 100 lineages across

their five associated time points (Figure 2B). We also found that

the median number of distinct lineages increased over 4-fold to
1308 Cell Host & Microbe 29, 1305–1315, August 11, 2021
27 when we examined just recipients, suggesting that increasing

numbers of lineagesweremost likely elevated by the introduction

of donor-derived lineages during blood transfusions.

Individuals harbor a diverse personal anellome
Although we observed a large number of anelloviruses present in

each personal anellome, the extent of the diversity of these iden-

tified lineages was yet to be characterized. It remained unknown

whether preferences for closely related lineages within individ-

uals existed or if anelloviruses covering the spectrum of diversity

were present. By analyzing data from the TTVS cohort, we also

explored whether the diversity within the anellome is restricted

in evolutionary space and found that anellomes have extensive

diversity with lineages drawn across the entire anellovirus family.

Very rarely didwe observe lineages that were shared acrossmul-

tiple subjects (Figure S3A). These findings point toward an even

higher prevalence of distinct anellovirus lineages in anellomes

than previously reported (Al-Qahtani et al., 2016) and that anello-

viruses may inhabit a majority of all individuals.

To contextualize the diversity of the personal anellome in the

broader context of the global anellome, we investigated the di-

versity of anelloviruses identified in each subject from the

TTVS cohort and compared them with the diversity of all anello-

viruses by using MDS projections (Figure 2B). We found that

subjects with the most lineages (recipients 4, 5, and 15; Fig-

ure 2B, facets 3, 4, and 15) captured most of the total diversity

observed in our global anellome (Figure 1B, facet 1). In
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Figure 3. Multiple anellovirus lineages are transmitted via blood transfusion

Tracking of anellovirus relative abundance over the course of the longitudinal TTVS study after blood transfusion. Lineages colored in shades of red denote

transmitted lineages from the donor(s), whereas shades of blue indicate resident lineages.
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individuals with fewer lineages, however, we also observed that

personal anellomes captured the breadth of global diversity (re-

cipients 3, 7–9, 11, and 14), suggesting that even in subjects with

smaller anellomes diversity remains high (Figure 2B, facets 2,

6–8, 10, and 13). Additionally, we summarized the total occupied

areas of the projected 2D analysis space by using the same sum-

mary diversity statistic computed in our global analysis and

found that in recipients with large personal anellomes this statis-

tic was only 34% higher than in recipients with smaller personal

anellomes (Figure 2B, number above each facet). In the cases

where we observed smaller, personal anellomes (recipients 2,

6, 10, 13; Figure 2B, facets 1, 5, 9, and 12), we found that the di-

versity statistic was on average 80% lower than in recipients with

larger anellomes. These results suggest that in most individuals,

the breadth of anellovirus diversity is large and uncoupled from

the distinct number of lineages present.

Marked and persistent shifts in the anellome after blood
transfusion
To investigate the uptake of new anellovirus lineages into anel-

lomes, we identified and tracked individual transmitted lineages

in 15 blood-transfusion recipients from the TTVS cohort over

time. We found that anellovirus transmission occurred consis-

tently in most subjects and that most blood-transfusion recipi-

ents contained at least one lineage that was transmitted from

one or more donors (Table S5). By searching for the presence

of donor transmitted lineages in recipients and measuring the

proportion of sequencing reads that mapped to these lineages,

we also found that transmitted lineages can be found at least
ninemonths post-transfusion (Figure 3), consistent with previous

reports (Abbas et al., 2019; Bédarida et al., 2017).

We mapped sequence data from longitudinal recipient sam-

ples from the TTVS cohort to anellovirus lineages recovered

from paired donor samples and classified these lineages as be-

ing transmitted if they were present in one or more time points.

We found evidence of at least one transmitted lineage in 8/15 re-

cipients. We observed that the maximum number of lineages

transmitted between one set of donors and a recipient was 53

(Table S5, rows with subject R04) with a median of five trans-

mitted lineages across all recipients. These findings suggest

that anellovirus transmission via blood transfusion is highly

permissive, similarly to other blood-borne viruses, such as

HIV-1 (Des Jarlais et al., 1988). In addition, we identified six

donor lineages that also existed in recipient’s personal anellome

pre-transfusion, indicating that these lineages could be exam-

ples of ‘‘re-dosed.’’ In total, out of 194 anellovirus lineages

from our donors, we identified 133 lineages that we classified

as transmitted to a paired recipient (Table S5).

To investigate the persistence of transmitted anellovirus donor

lineages in a recipient’s anellome over time, we used the map-

ped sequence data to donor anelloviruses to calculate the rela-

tive proportion of each donor lineage at each recipient time point

and used these measurements to approximate the duration of

observable infection over the course of the study. We found

that in recipients with transmitted lineages, the lineages

frequently persisted over 100 days (Figure 3). In a subset of re-

cipients (4, 5, 6, 11, 15; Figure 3, facets 1–3, 7, and 11) we

observed marked shifts of anellomes, with resident anellovirus
Cell Host & Microbe 29, 1305–1315, August 11, 2021 1309
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lineages decreasing in proportion over time, whereas trans-

mitted lineages increased (Figure 3). These findings suggest

that transmitted anellovirus lineages can change the architecture

of anellomes after blood transfusion.

Anelloviruses transmit independently of genomic
similarity to resident lineages
Next, we compared the pairwise distances of anellovirus subsets

to determine if sequence similarity predicts the transmissibility of

lineages from donor anellomes to recipient anellomes. By

analyzing these sequence similarities stratified into three cate-

gories, we found that the genetic similarity of anellovirus lineages

to lineages in the resident anellome did not affect transmissibility.

We measured pairwise sequence similarities between ORF1

sequences derived from the anellovirus lineages binned into

each of the three categories (‘‘transmitted,’’ ‘‘not transmitted,’’

and ‘‘resident’’; Figure 4).We observed that the comparisons be-

tween the transmitted lineages and resident lineages were not

significantly elevated when contrasted against the comparisons

between not transmitted and resident lineages (median similarity

of 32.2% versus 32.4%, respectively). Across all comparisons

between all three categories, we observed an average median

amino acid identity of 32.4% (Figure 4; black dotted lines), sug-

gesting that transmission of lineages occurs irrespective of sim-

ilarity to resident lineages in recipients.

Recombination is a key driver of anellovirus evolution
Having observed vast diversity in both the global and personal

anellomes, we explored what mechanisms might be responsible
1310 Cell Host & Microbe 29, 1305–1315, August 11, 2021
for creating genetic diversity in anelloviruses. Recent studies

have suggested that recombination may be a key contributor

to this diversification (Leppik et al., 2007; Worobey, 2000);

thus, we investigated its potential by inspecting fragments of

highly similar, unambiguously aligned, ORF1 nucleotide se-

quences. Within these fragments, we searched for hallmarks of

recombination: excess repeat mutations (homoplasies) (Smith

and Smith, 1998), shifting topologies in constructed phyloge-

netic trees (Holmes et al., 1999a), and low linkage disequilibrium

(LD) measurements (Meunier and Eyre-Walker, 2001). We found

strong evidence of recombination across all analyses, suggest-

ing that it may be a key driver of diversity in anelloviruses.

To identify potential regions of unlinked evolution that are sug-

gestive of recombination, we identified several clusters of anello-

virus lineages that were closely enough related at the nucleotide

level to allow for the creation of a succession of phylogenies tiling

across theORF1 sequence in 500 nucleotide fragments. By visu-

alizing these phylogenies (Figure 5A), we found a pattern of shift-

ing topologies in each subsequent phylogeny and observed

several cases where a lack of consistency between neighboring

fragments derived from a single anellovirus lineage occurred,

suggesting that these fragments most likely originated from a

recombination event. We observed this phenomenon occurring

in all three genera, indicating that recombination events are not

limited to a specific subset of lineages. Furthermore, we used

GARD (Kosakovsky Pond et al., 2006) to naively look for the

number and distribution of recombination breakpoints in these

closely related ORF1 sequences and found that for each genus

alignment at least seven trees explain the data better than a



Figure 5. Anellovirus recombination contributes to extensive diversity

(A) Tangled chain of midpoint-rooted phylogenies inferred from 500 nucleotide fragments of anellovirus ORF1; the position of each lineage in successive phy-

logenies is shown with lines colored by their relative position in the first phylogeny. Labels along the bottom of the trees for each genus indicate the Robinson-

Foulds (RF) distance between trees of neighboring fragments. Unlinked evolution across the genome is strong evidence of recombination.

(B) Evidence of recombination in anellovirus through excessive homoplasies. Ancestral sequence reconstruction between sequences within 80% identity of each

other at the nucleotide level shows rampant repeat mutations—each line connects identical mutations occurring on different branches, and fractions along the

length of the branch indicate the relative position of the mutation in the genome. Ticks on branches indicate mutations that occur uniquely on the branch in

question. Branches are colored according to the fraction of all mutations that are homoplasies with the highest values (all mutations are homoplasies, i.e., none

are unique) highlighted in white. See also Figures S4 and S5.
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single tree (Figure S4). These results indicate that anellovirus

recombination is present and prevalent, even at lowest levels

of divergence.

Next, we looked for signs of recombination in the NCRs of the

anellovirus genome that are under different evolutionary con-

straints than the ORF1 protein. Using the 50 untranslated region

(UTR) as a proxy, we first established the levels of diversity in the

NCR by computing pairwise sequence similarities across all lin-

eages in our dataset. We found that the 50 UTR demonstrated the

highest median pairwise similarity of 83% compared with 46% in

full sequences, 31% in ORF1 protein sequences, and 33% in

ORF2 protein sequences (Figure S3B). The results indicate that

the 50 UTR (and the NCR by proxy) contains a higher level of con-

servation than other regions of the genome and that anellovi-

ruses might exhibit lower levels of recombination in NCRs as a

result of non-uniform selection that enforces conservation. To

confirm this hypothesis, we investigated recombination tracts

in the NCR of the Alphatorquevirus genus and found evidence

of widespread recombination (Figure S5A). Moreover, we

observed that these events occurred across the entire diversity

of the genus and were not limited to just closely related lineages
(Figure S5B). Next, we searched for evidence of recombination

events occurring in Betatorquevirus and Gammatorquevirus lin-

eages by examining alignments in the 50 UTR (acting as a proxy

for the NCR) across all three genera. We observed that five line-

ages assigned to the genusGammatorquevirus are more closely

related to Betatorquevirus lineages, indicating that recombina-

tion is occurring in the 50 UTR with respect to the rest of the

genome. These findings suggest that recombination likely oc-

curs across the entire genome and not just the regions that we

would expect to be under evolutionary pressure to escape im-

mune recognition (Kakkola et al., 2008).

To measure the frequency of recombination events occurring

across the anellovirus genome, we next sought to examine the

abundance of homoplasies found in phylogenies from all three

genera.We reconstructed ancestral sequences at the nucleotide

level for each genus by using our set of closely related lineages

and observed frequent homoplasies throughout each of the

three reconstructed trees (Figure 5B). We found that roughly a

third of all mutations reconstructed on each phylogeny were ho-

moplasies (ranging from 28.5% to 33.3%). We selected these

sequences because of their low levels of divergence, and the
Cell Host & Microbe 29, 1305–1315, August 11, 2021 1311
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presence of such a high frequency of homoplasies strongly sug-

gests that recombination rates in anellovirus are a key driver of

generating the large amount of genetic diversity observed (Wor-

obey, 2000).

To confirm our phylogenetic-based findings and provide

further evidence of recombination, we next quantitatively sum-

marized recombination across the entire ORF1 sequence by

correlating LD measurements with genomic distance within

each genus. For each lineage, stratified across genus, we

computed the LD values between polymorphic sites and found

that between neighboring sites, these values averaged near 0.

LD values near 0 between adjacent loci point to effectively free

recombination (Figure 5C). This is observed across all genera,

once again reinforcing that recombination is not isolated to one

specific genera of anelloviruses.

The high levels of recombination we observed over the entire

genome indicate that carefully understanding and selecting the

models of evolution used when examining the diversity and rela-

tionships between lineages is crucial. Furthermore, these results

provide additional detail on the breadth and scope of recombina-

tion events across the entire genome. The effects of recombina-

tion, the diversity it drives and how this impacts persistence and

host immune evasion warrant further study.

DISCUSSION

In this study, we explored the anellomes of blood-transfusion re-

cipients and their matching donors and found a vast, dynamic,

and unique anellovirus landscape that suggests that each indi-

vidual harbors a distinctive personal anellome. The diversity of

anelloviruses has previously been noted (Moustafa et al., 2017;

Tisza et al., 2020), but here we observed a depth and complexity

that has not previously been characterized as such.

Anellovirus evolution is highly reticulate
Our analysis of anellovirus sequences point to frequent recombi-

nation in both the study cohort presented here and public data.

We observed frequent co-infections with multiple distinct line-

ages of anelloviruses that would provide ample opportunity for

recombination to occur within individuals, although a deeper un-

derstanding of anellovirus replication is lacking to explain the

exact mechanism through which recombination occurs. When

detected, evidence for recombination is clearest at low levels

of divergence between closely related ORF1 sequences from

donor-recipient pairs, within-patient sequence clusters, or

more conserved regions of the genome. Beyond these sce-

narios, it is not possible to infer homologous sites with any cer-

tainty given the diversity of the ORF1 sequences. However,

we observed instances of recombination across distinct anello-

virus genera, suggesting a mechanism sensitive to sequence

similarity.

We cannot dismiss other mechanisms that generate muta-

tions, because we do not comprehensively understand anello-

virus replication or ORF1’s function and the role of its HVR. For

instance, some viruses possess genomic regions that evolve

neutrally (Park et al., 2015) or contain non-coding features

with preserved ORFs (DeRisi et al., 2019). If the HVR of ORF1

is similarly functionally unconstrained, the reliance on the host

machinery for replication opens them up to mutagenesis via a
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wide variety of host DNA editing mechanisms, such as error-

prone DNA repair or cytidine deaminases of the APOBEC

family.

The evidence we present here for recombination in anellovirus

evolution has implications for future analyses because strictly

clonal models of evolution cannot adequately infer the relation-

ships or distances between sequences, and no region of the

genome is entirely free of recombination. Simple passaging ex-

periments with and without co-infection could be illuminating

about the ways in which sequence diversity is produced and

maintained should a suitable system for experimental propaga-

tion of human anelloviruses become available.

Transmission dynamics and persistence of
anelloviruses
To understand why some anellovirus lineages in blood donors

transmit and others do not, we asked whether the similarity

of donor lineages to resident lineages in a recipient confers

an increase or decrease in transmissibility. We found that the

similarity of donor lineages to the host anellome seems to

have little effect on transmission (Figure 3). In fact, we found in-

stances of donor lineages that successfully transmitted despite

high sequence similarity (>90%) to resident lineages, which rai-

ses the intriguing possibility of re-infection and suggests that

potential therapeutic vectors derived from anelloviruses could

be effectively re-dosed. The rates and frequency of anellovirus

transmission via other non-iatrogenic routes, such as respira-

tory and fecal-oral, were not evaluated in this study but are

likely to occur readily as evidenced in part by the ubiquitous

acquisition of anelloviruses in the first year of life (Tyschik

et al., 2018).

Targeted anellovirus sequencing enabled us to differentiate

and track hundreds of unique anellovirus lineages over time.

We found a high prevalence of co-infections with multiple lin-

eages and observed both resident and transmitted lineages

that persisted for the duration of this study, highlighting the

need for lengthier longitudinal studies to examine the full po-

tential of anellovirus infectivity. The persistence of newly

transmitted lineages via blood transfusion suggests that an

intravenously delivered therapeutic could be a potent vehicle

for delivery.

Our work describes the transmission of individual anellovirus

lineages, and future research could further explore the factors

that influence transmissibility differences between lineages,

such as viral loads, host immune status, and non-structural anel-

lovirus proteins. For instance, quantifying lineage concentrations

within subjects in a longitudinal transfusion cohort could resolve

the infective dose of distinct lineages. Exploring the permissi-

bility that leads to an environment with a high number of co-in-

fections in light of our evidence indicating that sequence

determinism alone does not factor into transmissibility could

point to co-infections of specific lineages being key to transmis-

sion. Additionally, future longitudinal studies will need to

examine lineages that appear in low abundance or are missing

at specific time points to rule out whether those lineages have

fallen below the limit of detection. Lastly, this work focused on

the anellovirus capsid sequences because it is the most easily

identifiable, but several other viral proteins and genomic regions

should be explored.
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Anellovirus diversity could provide opportunities for
unique applications
Our work has confirmed that anellovirus infections are preva-

lent, but more importantly, it has uncovered a depth of abun-

dance and transmissibility that could potentially be explored

in an array of translational applications. The anellovirus diver-

sity documented in the TTVS cohort indicates that their

commensalism and persistent evasion of the immune system

could be harnessed in medical applications, including poten-

tial delivery of therapeutic payloads as well as a biomarker

of organ transplantation. For example, anellovirus abundance

has been proposed as a surrogate for immune system compe-

tence in post-transplant individuals (Focosi et al., 2010; Maggi

et al., 2008). As anellovirus amplification and sequencing

methods improve, sensitive and rapid diagnostic assays could

be utilized to improve outcomes for immunosuppressed

individuals.

The lack of appropriate in vitro propagationmethods has thus

far limited many facets of anellovirus research (Focosi et al.,

2016). The vast number of unique capsid sequences points to

a multitude of potential vectors for delivering therapeutic pay-

loads, but important considerations remain. We report that

anellovirus diversity is driven in part by recombination, so vec-

torization would need to mitigate this process. This could

potentially be achieved through the use of a replication

incompetent vector that would be unable to recombine with

co-infectedwild-type anelloviruses andwould also alleviate un-

wanted viral shedding of recombinants. An anellovirus thera-

peutic platform that could overcome these issues could open

the door to leveraging the anellome as potential vector

candidates.
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BWA v. 0.7.17-r1188 Li, 2013 http://bio-bwa.sourceforge.net/

SAMtools v. 0.1.19-44428cd Li et al., 2009 http://www.htslib.org/

Picard v. 2.18.26 Broad Institute, 2018 https://broadinstitute.github.io/picard/

MinKNOW v. 19.05.0 n/a https://nanoporetech.com/

porechop v. 0.2.4 Wick, 2018b https://github.com/rrwick/Porechop

filtlong v. 0.2.0 Wick, 2018a https://github.com/rrwick/Filtlong

minimap2 v. 2.18-r1015 Li, 2018 https://github.com/lh3/minimap2
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Geneious Prime v. 2021.1.1 Biomatters, 2021 https://www.geneious.com/prime/

SPAdes v. 3.13.0 Nurk et al., 2017 https://cab.spbu.ru/software/spades/

PRINSEQ v. 0.20.4 Schmieder and Edwards, 2011 http://prinseq.sourceforge.net/

usearch v. 11.0.667_i86linux32 Edgar, 2010 https://www.drive5.com/usearch/

ccfind v. 1.4.5 Nishimura et al., 2017 https://github.com/yosuken/ccfind

OrfM v. 0.7.1 Woodcroft et al., 2016 https://github.com/wwood/OrfM

Python v. 3.8.3 Van Rossum and Drake, 2009 https://www.python.org/download/

releases/3.0/

SeqKit v. 0.10.0 Shen et al., 2016 https://bioinf.shenwei.me/seqkit/

MEME Suite v. 5.1.1 Bailey et al. 2009 https://meme-suite.org/meme/

Novoalign v. 3.09.00 Novocraft, 2019 http://www.novocraft.com/products/

novoalign/

R v. 3.5.1 R Core Team, 2013 https://www.r-project.org/

ggplot2 v. 3.3.2 Wickham, 2016 https://github.com/tidyverse/ggplot2

MAFFT v. 7.407 Katoh et al., 2002 https://mafft.cbrc.jp/alignment/software/

changelog.html

Scikit-learn v. 0.23.2 Pedregosa et al., 2011 https://scikit-learn.org/stable/

matplotlib v. 3.3.4 Hunter, 2007 https://matplotlib.org/stable/index.html

RAxML v. 8.2.11 Stamatakis, 2014 https://cme.h-its.org/exelixis/web/

software/raxml/

PhyML v. 3.3.20180621 Guindon et al., 2010 http://www.atgc-montpellier.fr/phyml/

ETE v. 3.1.2 Huerta-Cepas et al., 2016 http://etetoolkit.org/

ClonalFrameML v. 1.11-3-g4f13f23 Didelot and Wilson, 2015 https://github.com/xavierdidelot/

ClonalFrameML

Datamonkey Server - GARD Weaver et al., 2018 https://www.datamonkey.org/

Sequence Demarcation Tool (SDT) v. 1.2 Muhire et al., 2014 http://web.cbio.uct.ac.za/�brejnev/

CompareM v. 0.1.2 Parks, 2020 https://github.com/dparks1134/

CompareM

Other

iSeq 100 Illumina Cat# 20021532

NextSeq 550 Illumina Cat# SY-415-1002

MinION Mk1B Oxford Nanopore Technologies Cat# MIN-101B

Human reference genome NCBI build 37,

GRCh37

Genome Reference Consortium http://www.ncbi.nlm.nih.gov/projects/

genome/assembly/grc/human/

Resource website for this publication this paper https://doi.org/10.5281/zenodo.4810962
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nathan L.

Yozwiak (nyozwiak@ringtx.com).

Materials availability
No new unique reagents were generated by this study. Raw data and code created as part of the study can be found on public re-

sources and public data repositories as specified in the data and code availability section.

Data and code availability
Raw sequence data and anellovirus sequences generated for this study can be found under NCBI BioProject: PRJNA679286. Analyt-

ical code and data used to generate tables and figures can be found at https://github.com/ring-therapeutics/anellome_paper.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Serum samples were obtained from the TTVS (accession no. HLB01910909a). The study protocol for this trial was approved by the

institutional biosafety committees and review boards at each site, and patients signed written informed consent and release of med-

ical information forms before screening. Further information in regard to cohort size, gender, age, and disease status can be found in

Table S1.

METHOD DETAILS

Sample collection
Each set of longitudinal recipient samples was paired with one or more unique donor samples. Nucleic acids were extracted from

200 mL serum with a purelink viral DNA/RNA kit from Invitrogen. The samples were processed according to manufacturer’s protocol

with an increase to 60 min for the proteinase K incubation. Samples were eluted in 50 mL of nuclease-free water.

Multiply primed RCA
Degenerate amplification primers were designed to cover well-conserved regions based on alignments of Anelloviridae genomes

that were generated from published genomes on PubMed and those isolated frommetagenomic databases. Primers were protected

by two thiophosphate modifications between each of the last three nucleotides at the 30. The RCA (termed Anello-RCA) contained a

premix of 12 Anello-specific primers (Table S1) at a final concentration of 0.4 mM each, 13 phi29 DNA polymerase buffer (New En-

gland Biolabs), 2 mLDNA sample, and dH20 in a final volume of 10 mL. The DNAmixture was then denatured at 95�C for 3min and then

cooled to 4�C, before being put on ice. The denatured sample was then added to 10 mL of the amplification solution which contained

the 12 Anello specific primers at a final concentration of 0.4 mM each, 13 phi29 DNA polymerase buffer (New England Biolabs),

200ng/ul bovine albumin serum, 1mM dNTPs, 2U/mL phi29 polymerase, and dH20. The sample was incubated at 30�C for 20 h fol-

lowed by inactivation of the enzyme at 65�C for 10 min. All incubations were done in aMastercycler X50s (Eppendorf). The final prod-

uct was then diluted to 50 mL by adding nuclease free water.

Pan-Anello PCR
The presence of Anelloviridae in serum samples was tested by PCR with pan-anello primers developed by Ninomiya et al. (2008).

10 mL of sample was added to 13 PCR Master Mix (Sigma-Aldrich, Basel Switzerland) and the 4 degenerate primers at a final con-

centration of 1 mMeach in a final volume of 25 mL. Positive samples were identified by the presence of the 128 base pair band in a 2%

agarose gel.

Illumina library preparation and sequencing
Post RCA DNA was diluted to a total volume of 50 mL to reduce viscosity of the samples and then the concentration of DNA was

assessed by Qubit. Nextera Flex (Illumina, San Diego CA, USA) kit was used to prepare the samples for sequencing following the

manufacturer’s protocol for 100–500 ng input. Library QC was carried out with D5000 screen tape on an Agilent Tapestation

4200. All libraries were then sequenced on either an Illumina iSeq 100 or a NextSeq 550. Replicates for multiple samples were

sequenced over the course of the study to verify the effectiveness of the amplification protocol and, when necessary, to validate sam-

ples with low yields (Table S4)

Nanopore library preparation and sequencing
Post RCA DNA was debranched and fragmented to 20 kb sized fragments following NanoAmpli-Seq (Calus et al., 2018) protocol.

4.5 mg of RCAmaterial was diluted in 65 mL of nuclease-free water and treated with 2 mL of T7 endonuclease I (New England Biolabs)

for 5 min at RT. The reaction was then loaded in a g-TUBE (Covaris) and centrifuged at 1800 rpm for 4 min. The g-TUBE was then

reversed, and the centrifugation process was repeated. An additional round of T7 endonuclease and g-TUBE was performed before

the mixture was then cleaned up with SPRI beads at a ratio of 1.83 with a final elution in 20 mL of nuclease-free water. The concen-

tration of DNA was assessed by Qubit. The samples were then library prepared with the SQK-LSK-109 (Oxford nanopore technol-

ogies) kit following manufacturer’s protocol. Libraries were loaded onto a R9.4 (FLO-MIN106) or R9.5 (FLO-MIN107) flow cell and

placed onto the MinION Mk1B (Oxford nanopore technologies) and run for 48 h. Only flow cells that passed the manufacturer’s

flow cell check test were used.

Retrieval of public anellovirus sequences
Publicly available anellovirus sequences were retrieved from NCBI’s GenBank (Benson et al., 2012) repository with the following

query terms: the anellovirus taxonomy identifier txid687329[Organism:exp], a length filter between 2,500 and 5,000 bp

((‘‘2500’’[SLEN] : ‘‘5000’’[SLEN])), and removing any patented sequences, NOT patent[WORD]. Sequences here were further filtered

down with a custom Python (Van Rossum and Drake, 2009) script to filter out any non-human anellovirus retrieved resulting in a final

set of 454 anellovirus sequences.
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An initial read-out of anellovirus content in raw sequencing reads were generated by Kraken (Wood and Salzberg, 2014) with default

parameters against a custom in-house constructed anellovirus database. These resultant classified sequences were further verified

by NCBI’s BLASTN (Camacho et al., 2009), against the nucleotide database (Benson et al., 2012) with default parameters, to confirm

that the output from kraken were valid anellovirus sequences.

Illumina sequence quality control
Raw sequencing reads were subjected to quality control utilizing FastQC (Andrews, 2019) on each paired-end read set to measure

various statistics in regard to each sequencing run. All of the FastQC generated reports were aggregated into a single report with

MultiQC (Ewels et al., 2016). Metrics from these reports influenced parameter selection to quality control steps further downstream

during analysis.

Low quality sequence data and common adapters were removed with bbduk (Bushnell, 2014) with the following parameters:

ktrim=r, k=23, mink=11, tpe=t, tbo=t, qtrim=rl, trimq=20, minlength=50, maxns=2. The supplied contaminant file was assembled

by pulling target contaminant sequences from NCBI GenBank covering several bacterial species as well as human genetic elements

to be removed. An accession list containing specific sequences is provided in the supplemental information.

Next, human sequences were removed in two passes with both NextGenMap (Sedlazeck et al., 2013) and BWA (Li, 2013; Li and

Durbin, 2009) against the GRCh37/hg19 build of the human reference genome. NextGenMap was run with parameters –affine, -s 0.7,

and -p, and BWA was run with default parameters. Mapped reads output in SAM file format were converted to paired-end FASTQ

format with both SAMtools (Li et al., 2009) and Picard’s (Broad Institute, 2018) SamToFastq utility configured with the parameter

VALIDATION_STRINGENCY=‘‘silent’’.

rRNA contaminants and common laboratory bacterial contaminants were removed with bbmap (Bushnell, 2014) with the following

parameters: minid=0.95, bwr=0.16, bw=12, quickmatch=t, fast=t, minhits=2. An accounting of all reference sequences screened

against can be found in the provided supplementary data.

Finally, we de-duplicated the short read data passing all QC and decontamination steps to speed up and aid in genome assembly

quality by using clumpify (Bushnell, 2014) configured with the parameter dedupe=t.

Nanopore sequence quality control and mapping
Nanopore reads were base called and demultiplexed with MinKNOW software. Adapter sequences were trimmed with porechop

(Wick, 2018a) with default parameters followed by quality and length filtering using filtlong with parameters –min_length 2000 –keep_

percent 90 (Wick, 2018b). Reads passing quality control were mapped to anellovirus contig sequences derived from cohort subject

R04 with minimap2 (Li, 2018) with the following parameters: -cx map-ont. The resultant PAF file was both visualized in Alvis (Martin,

2021) and parsed to identify best hits to the reference contig sequences and these reads were further analyzed with pairwise align-

ments in Geneious (Biomatters, 2021) with the MAFFT alignment plug-in with the G-INS-i algorithm. These long reads were used to

validate the assembled short-reads and to verify that these contigs were not chimeras.

Genome assembly
Trimmed, decontaminated and de-duplicated sequencing data were assembled with metaSPAdes (Nurk et al., 2017) skipping the

error correctionmodule via the use of the –only-assembler parameter. Assembled contigs were filtered with PRINSEQ lite (Schmieder

and Edwards, 2011) configured with parameters out_format 1, -lc_method dust, and lc_threshold 20. Contigs assembled from each

sample were clustered at 99.5% similarity to remove any duplicate sequences via the VSEARCH software’s cluster_fast algorithm

(Rognes et al., 2016). Putative complete, circular genomes were recovered from assembled contigs with ccfind (Nishimura et al.,

2017) with all parameters set to defaults, producing 190 candidate circular genomes.

Genome annotation
ORF sequences were called from assembled contigs with OrfM (Woodcroft et al., 2016) with parameters configured to print stop co-

dons (-p) and print ORF’s in the same frame as a stop codon (-s) and constrained to ORF sequences no shorter than 50 amino acids

(-m 150).

Predicted ORF sequences were further filtered with seqkit’s seq and grep utilities (Shen et al., 2016) to subdivide ORF sequences

into ORF1, ORF2 and ORF3. ORF1 sequences were identified by filtering ORF sequences with seqkit grep for those no shorter than

600 amino acids (-m 600) and seqkit grep to search just sequence data (-s), enable regex pattern searching (-r) and by querying for

conserved motif YNPX2DXGX2N (-p ‘‘YNP.{2}D.G.{2}’’). ORF2 sequences were identified with conserved motif WX7HX3CXCX5H pre-

viously identified in literature (Takahashi et al., 2000) through seqkit’s grep utility (-p ‘‘W.{7}H.{3}C.C.{5}H’’).

In addition to ORF1 and ORF2, a third open reading frame (ORF3) was predicted near the 30 end of ORF1 in 471 anellovirus ge-

nomes in the TTVS dataset. ORF3 uses a STOP codon downstream from the one used by ORF1 and its reading frame is different

from that of ORF1 and ORF2. A protein in the ORF3 reading frame, labelled ORF2/3, has previously been characterized in human

anelloviruses (Qiu et al., 2005) and studies on anelloviruses infecting other species, such as seals, cats, and gorillas (Fahsbender

et al., 2017; Zhang et al., 2016; Hrazdilová et al., 2016) have shown evidence for ORF3. However, little is known about the functional

significance of the protein encoded by this open reading frame. Parsing the 471 ORF3 sequences (median length: 68 aa; minimum

length: 50 aa; maximum length: 159 aa) through MEME (Bailey et al., 2009) revealed the presence of two previously unknown and
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highly conserved motifs located near the 30 end of ORF3. Motif 1 (26 aa) was observed in 467 out of the 471 sequences (99%) while

Motif 2 (5 aa) was observed in 463 out of the 471 sequences (98%) (Figures S2B and S2C).

ORF sequences identified as ORF1, ORF2 or ORF3 frequently contained peptides upstream of the canonical start codon as per the

functionality of OrfM. These sequences were trimmed to the proper start and stop codons via an in-house written python script that

searched for the first methionine located from the 50 end and in the cases of ORF1 the start codon was predicted by first locating the

arginine-rich region and locating the first methionine upstream. In some cases, a non-canonical start codon was predicted as the

ORF1 start codon by searching for the amino acids threonine-proline-tryptophan or threonine-alanine-tryptophan just upstream

of the arginine-rich region.

Genera classification
Binning individual anellovirus sequences into one of the three genera was accomplished by homology search of ORF1 sequences

using tblastx against a custom in-house typing database consisting of 728 curated anellovirus sequences. Top hits with suitable

coverage across the majority of ORF1 sequences were used to classify assembled sequences.

Anellovirus proportion estimation
Estimates of the proportion of individual anellovirus lineages in each sample/longitudinal timepoint for donor-recipient datasets were

estimated by identifying the unique set of lineages present across each donor sample by clustering ORF1 sequences at 97.5% sim-

ilarity with the USEARCH software (Edgar, 2010) and the cluster_fast algorithm. These unique donor-derived anellovirus lineages

were then searched for in recipient longitudinal samples by mapping the derived short read sequencing data against them with No-

voalign software (Novocraft, 2019) with the following parameters: -H 15, -l 30, -t 500, -r Random, -g 50, -x 6, -F STDFQ.

The resulting BAMmapping files were used to calculate relative anellovirus proportion estimates for each donor lineage by custom

script with the formula below:

anellovirus lineage relative proportion =
reads mapped to lineage

total mapped anellovirus reads
3 100

The relative proportions of all donor lineages in each donor-recipient dataset were collated together into one tab-delimited file for

further downstream analysis. Steamgraph figures (Figure 3A) depicting anellovirus proportion shifts over time in subjects were gener-

ated with R (R Core Team, 2013) using the ggplot2 (Wickham, 2016, p. 2).

Multidimensional scaling
Publicly available and newly described anellovirus sequences were split into Alphatorquevirus, Betatorquevirus, andGammatorque-

virus (689, 619, and 271 sequences, respectively) and trimmed to the ORF1 region. ORF1 sequences were translated and aligned

with MAFFT (FFT-NS-i ✕1000 setting) (Katoh et al., 2002) and pairwise distances (as percent dissimilarity) between amino acid se-

quences computed. All three alignments (alpha, beta, and gamma) were then consensus aligned with MAFFT (G-INS-i setting).

As a point of comparison against other viral surface proteins and to help interpretability of MDS plots shown in Figure 1 the

following datasets were downloaded from GenBank: human papillomavirus (all HPV, including diverged HPV type 41) late protein

(L1), adeno-associated virus (AAV, all diversity found in humans) capsid protein, Dengue virus (all known serotypes) envelope protein,

Middle East respiratory syndrome-associated coronavirus (MERS-CoV, all known diversity) Spike protein (S), homologous Filoviridae

(encompassing genera Marburgvirus, Dianlovirus, Cuevavirus, and Ebolavirus) glycoprotein (GP) protein, and Lassa fever (all known

diversity) virus glycoprotein complex (GPC) protein. In brief, surface protein sequences were extracted, translated, and aligned

through an iterative procedure of aligning sequences with MAFFT, exclusion of sequences with apparent long insertions relative

to other sequences and repeated alignment until at least 1% of amino acid alignment columns were identical. Additional datasets

for influenza A virus group 2 haemagglutinin (HA) sequences were downloaded from Influenza Research Database and human im-

munodeficiency virus-1 (HIV-1) env sequences from Los Alamos National Laboratory pre-made alignment sequence database. Se-

quences were translated and aligned with MAFFT (auto setting) and down-sampled to 3,000 sequences. The choice of viruses to be

represented was a mixture of viruses with known extensive surface protein diversity, readily available datasets, and relevance. HPV,

HIV-1, influenza, and Lassa fever virus datasets were chosen because sequence data were numerous and surface proteins known to

be diverse within their respective fields. The choice of Dengue virus was largely motivated by both availability of sequence data and

its recognized division into distinct serotypes. Adeno-associated virus was chosen because of its use as a gene vector platform with

identified limited antigenic diversity. Filoviruses and MERS-CoV were chosen entirely arbitrarily out of conveniently available data-

sets, with the former being of general interest and the latter being known to have very limited diversity.Multidimensional scaling

(MDS) was applied to all viral protein sequences to project them into two dimensions with Scikit-learn (Pedregosa et al., 2011).

Agglomerative clustering was additionally applied to pairwise amino acid distances of anelloviruses with Scikit-learn to get 10 (arbi-

trarily chosen for ease of comparison and visualization) clusters. MDS-projected sequences were visualized with matplotlib (Hunter,

2007) and colored by assigned clusters in the case of anelloviruses.

Phylogenetic analysis
The combined anellovirus amino acid sequence dataset of 2,101 translated ORF1 sequences was used to reconstruct a maximum

likelihood phylogenetic tree with RAxML (CAT sequence evolution model, BLOSUM62 substitution matrix) (Stamatakis, 2014).
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Recombination analyses
Translationally aligned sequences of the three anellovirus genera were grouped into clusters where all members were at least 80%

identical to another member at nucleotide level. This resulted in 28 clusters with more than 10 members (23 clusters of Alphatorque-

virus, four ofBetatorquevirus and one ofGammatorquevirus). A single representative of each genus was chosen for a closer analysis,

giving clusters with 23 Alphatorquevirus, 11 Betatorquevirus, and 10 Gammatorquevirus sequences.

Next, sequences within each cluster were realigned with MAFFT (the slower but more accurate E-INS-i setting) to improve the

alignments. Then, each alignment was split into 500 nucleotide fragments and phylogenies inferred from each fragment with PhyML

(HKY+G4 substitution model) (Guindon et al., 2010; Hasegawa et al., 1985; Yang, 1994) and midpoint rooted. Phylogenies derived

from neighboring fragments were then displayed in a tangled chain where each taxon is tracked through successive trees. Robin-

son-Foulds distances (Robinson and Foulds, 1981) between neighboring trees were computed with the ETE 3 toolkit (Huerta-Cepas

et al., 2016).

The same cluster alignments, undivided, were used to infer single trees with PhyML (HKY+G4 substitution model). Each tree and

alignment were then used to reconstruct themutations that occurred across the tree with ClonalFrameML v. 1.11-3-g4f13f23 (Didelot

and Wilson, 2015) with kappa set to 2.0. For every mutation that was reconstructed to only occur once in the tree the branch where

the mutation occurred was marked with ticks and every mutation that was inferred to occur more than once in the tree was indicated

by a line connecting the mutation to its identical counterparts (i.e., reversions are considered separately) elsewhere in the tree.

To statistically confirm excessive amounts of homoplasies and alternating topologies seen in cluster alignments, we additionally

analyzed the same data with GARD (Kosakovsky Pond et al., 2006) by using the Datamonkey server (Weaver et al., 2018). Each align-

ment was found to contain at least six statistically supported breakpoints: Akaike information criterion (AIC) support for baseline (sin-

gle tree) versus best model (multiple breakpoints) was 522.79 (Alphatorqueviruses, seven breakpoints), 361.43 (Betatorqueviruses,

eight breakpoints), and 339.47 (Gammatorqueviruses, seven breakpoints). The hypervariable region located in the middle of ORF1

was consistently identified as having the shortest fragments and therefore a likely recombination hotspot. However, this could also

reflect the lack of functional constraint in the region which would result in accumulation of more diversity and thus vastly improved

statistical power to detect recombination there compared to other regions of ORF1.

Finally, we inferred the decay of LD by using the c2
df statistic (Hedrick and Thomson, 1986), which behaves identically to the more

common r2 statistic for biallelic loci. To this end we used the genus-wide alignments with 689 Alpha-, 619 Beta-, and 271 Gamma-

torquevirus sequences. Alignment columns with fewer than 10% valid sites (A, C, T, or G) were ignored, as were sites where the mi-

nority variant was at lower than 5% frequency. LD measured between pairs of variable sites was then plotted against the distance

between sites with mean LD calculated in windows 100 nucleotides long.

Because complete circularized genomes were available for a number of anelloviruses we also sought to gauge the degree of retic-

ulate evolution in non-coding parts of the genome. To this end, we aligned complete genomes of each genus (22 Alpha-, 467 Beta-,

and 23 Gammatorquevirus) and extracted the non-coding regions followed by ancestral state reconstruction by using

ClonalFrameML, as described in the preceding paragraphs. To identify putative recombination tracts, we looked for repeatmutations

(homoplasies) occurring in clusters of at least three mutations within ten nucleotides of each other. Figures S5A–S5C show these

tracts for Alphatorquevirus.

Pairwise sequence identity analysis
Pairwise identity comparisons at the nucleotide and amino acid levels of all anellovirus lineages derived from the TTVS cohort were

computed with Sequence Demarcation Tool (SDT) (Muhire et al., 2014). Each set of sequences was run through SDT with the mafft

option to specify alignment with MAFFT. Output identity measurements were parsed with custom R (R Core Team, 2013) scripts

(included in code repository) to generate Figure S3B.

Pairwise AAI comparisons between anellovirus lineages were computed with the CompareM toolkit (Parks, 2020). All 1,656 line-

ages derived from the TTVS cohort were first split into their own individual FASTA files with the seqkit split command with the -i

parameter to split by sequence identifier. The directory containing these FASTA files was used as input to CompareM’s aai_wf com-

mand to compute the mean AAI values between each lineage. The resulting CSV file was fed into the custom R scripts (included in

code repository) to generate Figure S3A and other mean AAI-related metrics

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted in Python and R as described in the method details section.
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