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Abstract

Although much is known of the molecular mechanisms of virus infection within
cells, substantially less is understood about within-host infection. Such knowledge
is key to understanding how viruses take up residence and transmit infectious
virus, in some cases throughout the life of the host. Here, using murine polyoma-
virus (muPyV) as a tractable model, we monitor parallel infections of thousands of
differentially barcoded viruses within a single host. In individual mice, we show that
numerous viruses (>2600) establish infection and are maintained for long periods
post-infection. Strikingly, a low level of many different barcodes is shed in urine at
all times post-infection, with a minimum of at least 80 different barcodes present in
every sample throughout months of infection. During the early acute phase, bulk
shed virus genomes derive from numerous different barcodes. This is followed by
long term persistent infection detectable in diverse organs. Consistent with limited
productive exchange of virus genomes between organs, each displays a unique
pattern of relative barcode abundance. During the persistent phase, constant
low-level shedding of typically hundreds of barcodes is maintained but is over-
lapped with rare, punctuated shedding of high amounts of one or a few individual
barcodes. In contrast to the early acute phase, these few infrequent highly shed
barcodes comprise the majority of bulk shed genomes observed during late times
of persistent infection, contributing to a stark decrease in bulk barcode diversity
that is shed over time. These temporally shifting patterns, which are conserved
across hosts, suggest that polyomaviruses balance continuous transmission poten-
tial with reservoir-driven high-level reactivation. This offers a mechanistic basis for
polyomavirus ubiquity and long-term persistence, which are typical of many DNA
viruses.
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Author Summary/ Importance

Polyomavirus infections, mostly benign but potentially fatal for immunocompro-
mised individuals, undergo acute and long-term persistent infections. Typically,
polyomavirus-associated diseases arise due to virus infection occurring in the
context of a persistently infected individual. However, little is understood re-
garding the mechanisms of how polyomaviruses establish, maintain, and reac-
tivate from persistent infection. We developed a non-invasive virus shedding
assay combining barcoded murine polyomavirus, massively parallel sequencing
technology, and novel computational approaches to track long-term infections
in mice. We expect these methods to be of use not only to the study of DNA
viruses but also for understanding persistent infection of diverse microbes. The
study revealed organ-specific virus reservoirs and two distinct shedding pat-
terns: constant low-level shedding of numerous barcodes and episodic high-level
shedding of few barcodes. Over time, the diversity of shed barcodes decreased
substantially. These findings suggest a persistent low-level infection in multiple
reservoirs, with occasional bursts of replication in a small subset of infected
cells. This combination of broad reservoirs and varied shedding mechanisms
may contribute to polyomavirus success in transmission and maintaining long-
term infections.

Introduction

Fundamental questions about infection with most viruses remain unanswered, for
example: 1) How many viruses establish an infection? 2) Is the virus diversity main-
tained as the infection progresses? 3) If a persistent infection ensues with ongoing
shedding, are the shedders distributed evenly among the entire population or do
they represent a subset? 4) What fraction of the virus population undergoes low-level
continuous shedding (smoldering) and/or latent/lytic infections? 5) How do different
tissues contribute to these processes? The advent of cost-effective high-throughput
massively parallel sequencing and DNA barcoding technologies provides an opportu-
nity to address these questions if suitable models can be employed.

Models of acute virus infection are prevalent due to their ease of study and rele-
vance to disease. Genetically barcoded RNA virus populations have been engineered
to study the effect of population bottlenecks, dissemination, mutations, and different
routes of inoculation on virus population dynamics during acute infection [1-11]. Less
studied are the mechanisms of how viruses undergo and reactivate from persistent
infections [12,13]. This is due, in part, to the challenges inherent in longitudinal infec-
tion studies in vivo.

Unlike most RNA viruses, many DNA viruses establish long-term persistent infec-
tion as an inherent component of their lifecycle [14,15]. To achieve this, it is widely
accepted that either a cycle of latent/lytic or smoldering infections occurs where
viruses are never fully suppressed by the immune system [16]. Latent/lytic infectious
cycles result from reversible differential gene expression programs where high levels
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of viruses are sporadically produced from a limited number of cellular reservoirs only during the lytic phase [17]. Smolder-
ing infections occur with new viruses continuously replicating at low levels [16]. For many DNA viruses, how and whether
latent/lytic and/or smoldering infections occur remains poorly characterized. An ideal experimental system to address this
requires tractable virus genetics in cultured cells and in vivo, along with the ability to produce genetically tagged viruses
with little cost to viral fitness. Optimally, such a system would have the ability to undergo both acute and persistent infec-
tions and allow for non-invasive tracking of multiple virus lineages in a single experiment.

Polyomaviruses (PyVs) have been important laboratory models contributing to understanding fundamental principles
of cell and molecular biology, the immune response, and cancer [18—24]. PyVs are small DNA viruses with ~5Kb circular
genomes that undergo long-term persistent infections. Most humans are persistently infected with different species of
PyVs [25] and previous studies identified kidneys as one of the persistent reservoirs of multiple PyVs in humans and mice
[22]. PyV infections emerging from persistence reservoirs are associated with several life-threatening diseases in immu-
nocompromised patients [25—33]. Although poorly understood, determining the mechanism of PyV persistence may lead
to new approaches for preventing and treating PyV-associated diseases [25-33].

Previous studies showed that high levels of infectious murine PyV (muPyV) are excreted in the urine of healthy mice
during the acute and persistent phases of infection [34,35]. Recently, we have developed methods to genetically barcode
and quantify muPyVs [36]. Here, we use the combination of a non-invasive assay for virus shedding, a library of ~ 4,000
different barcoded muPyVs, and novel computational approaches to dissect the within-host dynamics of infection using
the NGS technology.

Our results demonstrate muPyV as a facile system to study numerous parallel infections in a single host. A large
fraction of input barcodes are able to establish long-term infection as shown by studies of shed viruses over time and
organ-resident genomes. Different organs display unique compositions of bulk virus genomes, consistent with an
inefficient productive exchange of virus between organs. Most importantly, the patterns of barcodes detected in urine
differ at early times versus late times of infection. Thus, these multiple and shifting modes of shedding may help
explain how small DNA virus populations retain the ability to be maintained and transmitted throughout the life of the
host.

Results
PyVs tolerate a DNA barcode insertion without overt impact on fitness

We have previously shown that muPyV is amenable to long-term in vivo experiments in mice where shedding can be
non-invasively measured for the lifespan of the host [34]. In a complementary methodological paper, we inserted an
18-nucleotide sequence comprising a barcode of 12 random nucleotides along with a restriction enzyme site into the
muPyV genome and showed that barcoded virus stocks gave rise to high titers comparable to the wild-type virus [36]. To
obtain a quantitative assessment of the 18-base pair insert on viral infection, we conducted viral replication assays and
plotted growth curves for the pooled barcoded viruses and compared them to wild-type (no barcode) (S1A Fig). Although
we cannot rule out fitness costs for some individual barcodes, at a broad scale the curves show a similar trend, indicating
that numerous different barcodes have little impact on virus fitness.

To determine if a different PyV could also tolerate a barcode insert in the same genomic location, we generated two
barcoded BKPyV libraries, which also showed similar final virion concentrations and replication kinetics to wild-type (no
barcode) (S1B Fig and S1 Table). We conclude that diverse PyVs can tolerate small inserts between the early and late
polyA signals and that barcoded PyVs comprise a DNA virus system to pursue parallel infection studies in vivo.

Longitudinal dynamics of shed viral barcode repertoires indicate smoldering infection from cellular reservoirs

To monitor virus infection, we infected four mice (2 male (“ML”, “MR”) and 2 female (“FL”, “FR”) with 1 x 10”6 infectious
units (IU) of the barcoded muPyV stock [36] and collected urine approximately 2—3 times per week over a period of
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99 days. We note that at day 59 post-infection, one male (“MR”) had to be euthanized due to an abscess that was unre-
lated to muPyV infection.

gPCR analysis for the presence of viral DNA showed detectable virus genome loads in most urine samples (Fig 1). For
all four mice, we noted a dip in total genome loads beginning at about day 27 post-infection consistent with a transition
from acute to persistent infection [22,34]. Assaying a small subset of urine samples that displayed high levels of viral DNA
from a separate infection showed that all tested samples contained infectious virus, which was not observed in mock-
infected controls (S2 Table). We conclude that collection of urine samples affords the ability to non-invasively monitor
shedding of infectious viruses.

To determine the composition of barcode repertoires, we generated lllumina NGS libraries for a subset of the urine
samples (indicated by red and blue circles in Fig 1). For every sample, we detected more than 80 unique barcodes, albeit
most were of low abundance (Fig 2). The number of unique barcodes in the samples ranged from approximately 80—2000,
except for the mouse “FL”, which shed 3132 unique barcodes on the first day post-infection.

For urine samples with low virus genome copy numbers, our lllumina analysis was able to detect more genomes
than our gPCR analysis (10-100X more identified via lllumina). To validate the observed pattern of unique barcodes,
we performed a control experiment. We randomly shuffled the nucleotides of each barcode in each sample, associated
these shuffled barcodes to the stock barcodes using the same method as for the actual samples, and used those mock
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Fig 1. Total amount of muPyV DNA shed in urine over time. Urine was collected from infected mice at multiple times post-infection. muPyV genome
equivalents per pl of urine as determined by gPCR are shown. Blue circles indicate urine samples selected to determine the barcode repertoire by Illu-
mina NGS. The few selected samples where viral DNA levels were below the limit of quantification (LOQ) are indicated with red circles. Individual mice
are identified as “ML”, “MR”, “FL” or “FR”, denoting “M” for male, “F” for female, “L” for left ear punch hole, “R” for right ear punch hole.

https://doi.org/10.1371/journal.ppat.1013083.9001
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Fig 2. Temporal dynamics of unique barcode detection and enrichment over background. The number of unique barcodes were extracted

from lllumina reads for each sample. The number of unique barcodes detected in each mouse over time is plotted. The gray dashed line in each plot
represents the in silico control, generated by randomly shuffling the nucleotides in each barcode and then associating them with the stock barcodes to
measure background noise. The control barcode counts remained stable across all time points, while the number of unique barcodes in the samples
exhibited consistent directional trends (upward or downward) over multiple time points.

https://doi.org/10.1371/journal.ppat.1013083.9002

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013083 May 23, 2025 5/28



https://doi.org/10.1371/journal.ppat.1013083.g002

PLO%- Pathogens

barcodes as a control. The number of these mock control barcodes, which worked as a measure of background noise,
remained relatively low and stable across all time points (Fig 2). In contrast to the randomized controls, we observed that
the number of unique barcodes detected in the actual samples tended to be more abundant and drift downward (down to
further down) or upward (up to further up) in a consistent direction across multiple time points. Adjacent time points show-
ing opposite trends (up-to-down or down-to-up) were less commonly observed (Fig 2). These results are consistent with a
smoldering infection, suggesting that individual cellular reservoirs intermittently shed virus over periods spanning at least
several days (Fig 2).

Cosine similarity is a measure of the similarity between two sequences of numbers, where the proportions, rather than
the absolute values of the numbers, are compared. In our case the number of reads recalled for an individual barcode are
the levels in a sample. In the context of our study, cosine similarity provides a measure of how stable the viral shedding
patterns are across time. A high cosine similarity between two adjacent timepoints suggests that similar barcoded virus
populations are continuously shed from the same reservoirs. For example, a cosine similarity of 1 would indicate that the
relative proportions of barcodes are identical between the two samples. Examining cosine similarities between individual
time points showed that similar patterns of barcode abundance often clustered together in time (Fig 3). The exceptions
to this were at early times post-inoculation or during later times when there were spikes of highly shed viral DNA. These
results suggest that after the early times of infection, low level shedding of muPyV from the same reservoir(s) results in
temporally related patterns that can be overshadowed when high shedding events occur.

A decline in bulk shed barcode diversity occurs early in the acute phase of infection

To understand how the diversity of the barcode repertoire shed in urine evolves over time, we first represented the rela-
tive abundance of each barcode (percentage of total) for each sample as donut plots (Fig 4). Although over 80 different
barcodes are detectable at all times, strikingly, for all four mice, we observed a consistent pattern whereby the bulk of
viral genomes shed in the early infection was made up of numerous different barcodes which were progressively reduced
to only one or a few barcodes accounting for the majority of bulk viral DNA shed during the late times of the persistent
infection (most individual barcodes are shown as black or white with the top ten most abundant barcodes shown in color
in Fig 4). Thus, from an initial inoculum of thousands of barcodes, a small number are shed at high levels at late times of
persistent infection. The particular barcodes that are shed in each urine sample vary, even within the same animal, but
typically the pattern of a few dominant barcodes in any sample tends to persist over several time points.

As a quantitative measure of diversity, we used Shannon entropy, which captures both the richness and evenness
within a population and can reveal changes in barcode population structure. Using this metric, we observed a steep
decline in the diversity of the bulk barcodes shed after the first few days post-inoculation, indicating that the bulk viral pop-
ulation becomes increasingly dominated by a smaller subset of barcodes at later time points (Fig 5). We observed sim-
ilar results when we used an additional diversity metric, defined as the relative number of different barcodes required to
account for 75% of the bulk shed viral DNA at any one time point. Although we cannot rule out that some of the observed
barcodes were non-replicating input viruses that were cleared/excreted into urine, these observations are consistent with
a high fraction of the input viruses being shed early during infection.

A small number of barcodes make up the bulk of virus genomes shed during the persistent phase of infection

To further visualize shedding patterns, we plotted the top 30 most abundant individual barcodes shed from each mouse
over time (Fig 6). To do this, we used ridgeplots, a visual way to compare the amount of shedding of multiple individual
barcodes across time, where the height of a peak on the vertical axis correlates to the relative abundance of that barcode
shed at that time point (y axis). This analysis revealed that, in addition to the hundreds of barcodes that were detectable at
low levels at all times (as described above), a small number of barcodes were released in large quantities during distinct,
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Fig 3. Similarity in patterns of barcodes shed at adjacent times post-infection. The cosine similarity between temporally adjacent time points was
plotted to visualize how the relatedness of shed barcode patterns changes over time, overlaid with the amount of total bulk genomes shed per micro-
liter of urine at each time point (gray area). Cosine similarity was calculated between barcode abundance profiles at temporally adjacent time points,
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comparing the proportional distributions of barcodes independent of absolute viral loads. Note that timepoints with abundant total viral DNA shedding
generally have lower cosine similarity scores, consistent with less temporal relatedness when large bulk genome shedding events occur.

https://doi.org/10.1371/journal.ppat.1013083.9003

punctuated events (Fig 6). Interestingly, while some of the most abundant barcodes are detectable at different time points
post-infection, most barcodes shed at high levels during the late persistent phase of infection were typically detected in
only one or a few shedding events (Figs 6, S2).

To understand how much the most abundantly shed viral genomes contribute to the total amount of virus released, we
used ridge plots to visualize how the top 10 most abundant barcodes changed over time for each mouse (“top 10” refers
to those with the highest read counts in any urine sample from an individual mouse). Interestingly, we found that—except
in the early days after infection—the top 10 barcodes made up majority of the bulk viral genomes shed in three out of four
mice (see Figs 7, S2). The one exception was mouse “ML,” where the top 10 barcodes still made up about 40% of the total
(Figs 7, S2). These patterns were very similar across all the mice. Overall, these results suggest that while many viruses
can infect and shed at low levels throughout the host’s life, only a few end up comprising the total bulk shed genomes.

Highly shed barcodes were more abundant in the inoculum

We showed previously that barcodes in our muPyV library are not evenly distributed [36]. Here, we take advantage of this
to determine how the relative input abundance affects the amount of virus genomes shed. Analysis of relative abundance
of shed virus genomes in urine showed that the 40 barcodes combined from the top 10 most abundant barcodes from
each of the 4 mice had a median rank of 456 - 1266.5 out of 4012 total in our input library (i.e., a median rank range in the
top 11.36% - 31.56% most abundant of the input barcodes) (S3 Table). These results demonstrate that genomes abun-
dantly shed at later times of infection were overrepresented in the input inoculum. This suggests that the initial viral load
influences the mode of infection and transmission of the virus. However, factors other than the input abundance must also
contribute since a minority of the more abundantly shed genomes were ranked in the bottom half or quartile of abundance
of the input inoculum library (Fig 8). Analysis of the barcode GC content and barcode length didn’t show any trend of
enrichment over the course of the experiment (S3, S4 Figs), suggesting that general sequence features of the barcode
do not confer a selective advantage leading to the highly shed barcodes in our system. Thus, input abundance and other
factors influence the propensity for organ persistence and shedding in urine.

Individual organs possess unique patterns of relative barcode abundance

At the conclusion of our longitudinal study (99 d.p.i. for three mice, 59 d.p.i. for one mouse), we harvested various tissues
and organs, quantified the genome equivalent copy number by qPCR (S5 Fig), generated lllumina NextSeq NGS librar-
ies, and quantified individual barcoded genome equivalents present in each tissue/organ type. Consistent with previous
reports, readily detectable viral DNA was observed in diverse tissue types (S5 Fig) [34,37]. In the combined tissues ana-
lyzed for each mouse, we observed that 92-96% barcodes from the input library were represented, except for the mouse
“FL”. Even in the case of the mouse “FL”, the representation was still high at ~73%. By Fisher’s exact test, we found that
all mice showed a significant overlap between the top 5% of urine and tissue barcodes, consistent with the propensity to
be shed in urine correlating with enhanced residence in tissues (S6 Fig). Although there was substantial variation in the
relative levels of individual barcodes, the vast majority of barcodes from the inoculum established and maintained infec-
tions in the combined organs of each mouse.

Similar to what we observed for the most abundant viral genomes shed in urine, no trend of GC content enrichment
was detected in the barcode sequence of the most abundant genomes in organs (S7 Fig). Moreover, the most abundant
barcodes in organs were overrepresented in the input virus library (median rank range of 292.5— 1312.5 out of 4012 total
input barcodes) although these barcodes were not necessarily the same as those enriched in urine (Fig 9, see the urine
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Fig 4. Changes in the diversity of shed barcodes over time. For each time point analyzed, the number of distinct barcodes are plotted on a donut
chart with the portion of the circle shaded being proportional to the contribution of that barcode to the overall abundance of bulk barcode DNA present in
a sample. Most barcodes are of lower abundance and represented as dark or light gray areas, which take on the appearance of solid gray or alternating
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stripes. Shading shown in color represents a barcode that was among the top ten most abundant barcodes shed by that mouse over all time points
tested. Note, the “9-12 o’clock” region of the plot represents the least abundant barcodes where there are often so many barcodes depicted that the final
colors appear a single gray tone. The “12-3 o’clock” region shows the most abundant barcodes for that time point.

https://doi.org/10.1371/journal.ppat.1013083.9004
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Fig 5. Diversity of barcode repertoire decreases after early times of infection. Shown is the Shannon entropy, which is a measure of complexity (blue
line). Shannon entropy captures both the richness (number of barcodes) and evenness (how uniformly barcode abundances are distributed) within the viral
population. Overlaid is a plot showing a separate analysis for the number of barcodes it takes to account for 75% of total bulk shed genomes at any single
time point (gold). This measure provides a complementary view of diversity by focusing on how many dominant barcodes contribute to the majority of viral
DNA at each timepoint. Note, both measures show similar trends of diversity decreasing after the early times post-infection and then stabilizing.

https://doi.org/10.1371/journal.ppat.1013083.9005

rank in parentheses and S3 Table). Like in urine, factors other than the input abundance also contribute to the abundance
in organs since a minority of the more abundant genomes in organs were ranked in the bottom half or quartile of abun-
dance of the input inoculum library (Fig 9). Although some of the relatively more prevalent barcodes in one organ were
also prevalent in other tissues within an individual mouse, the pattern of barcodes with the highest relative abundance
was distinct in each tissue type for any single mouse as shown by low correlation of barcode relative abundance between
organs (Fig 10). These data suggest that enhanced levels of a particular virus in the inoculum increase the likelihood of
higher relative abundance in organs, but there is limited productive exchange of abundant genomes between organs.

High levels of viral genomes in tissues do not necessarily give rise to infectious viruses

After euthanasia, we noticed that a tumor spontaneously developed in the lung of one of the mice (FL). Interestingly, this
tumor contained a high-level of muPyV DNA (2.42 x 10*8 genome equivalents per ug of total DNA). Analysis of lllumina
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Fig 6. Shedding patterns of the top 30 most abundant individual barcodes found in each mouse during the time course of infection. Linear
ridge plots represent genome equivalent copies of the top 30 most abundant barcodes (“most abundant” determined by greatest amount of a barcode
shed at any single time point). The height of an individual peak on the vertical axis correlates to the relative linear abundance of each barcode. The

horizontal axis corresponds to different times post-infection when levels of shed muPyV DNA in urine was determined.

https://doi.org/10.1371/journal.ppat.1013083.9006

reads showed that, although non-tumor lung tissue also contained a high-level of muPyV genomes, the tumor predom-
inantly contained a single barcode. To understand the reason of high levels of muPyV DNA in this tumor and lung, we
sequenced the full muPyV genomes by Sanger sequencing. The sample from the tumor showed a deletion of 1052 bp,
starting from the Non-Coding Control Region (NCCR) and ending in frame in the late region coding for the capsid pro-
tein VP1 (with complete deletion of VP2 and VP3 regions) with no other mutations detected (S4 Table). Interestingly, the
sequencing of two muPyV genomes from the lung of the same female showed a smaller deletion (625bp) in the same

genomic region ending in the VP2 and VP3 coding region, along with mutations in the NCCR of the two sequenced
genomes and additional mutations in the T antigen coding region of one of the two genomes. In the lung of the other
female mouse, we also observed a similar deletion (1504 bp) with no additional mutations (S4 Table).

These large deletions likely prevent the expression of functional capsid proteins, thus preventing production of virions
and cell lysis. Such high copy number of muPyV genomes would also be expected to be able to drive the expression of
high-levels of early genes that are known to exert a mitogenic effect [38—40]. Inverted PCR amplification showed a prod-
uct of expected length for a full genome, which was confirmed by Sanger sequencing, suggesting that these genomes are
circular and non-integrated within the host genome. These results suggest that tumorigenesis in this instance occurred via
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Fig 7. The sum of the 10 most abundantly shed barcodes constitutes the majority of bulk shed muPyV DNA in the late phase of persistent
infection. Shown in gold is a ridge plot for each mouse representing the abundance of the sum of the 10 most abundant barcodes shed at each time
post-infection (“top 10” determined by the greatest amount of a barcode shed at any single time point). The gray shading represents the sum total bulk

virus genomes shed at any particular time point post-infection. For easy comparison, these plots are duplicated on the bottom of S2 Fig.

https://doi.org/10.1371/journal.ppat.1013083.g007
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Fig 8. Rank of the most abundant shed barcodes in the inoculum virus stock. Shown is the rank in the virus stock of the top 10 most abundant
barcodes shed in urine (“top 10” determined by greatest amount of a barcode shed at any single time point). A lower rank (more towards the left side)
indicates higher abundance in the virus stock. For each barcode, the number in parentheses shows its corresponding rank among all barcodes shed in
urine by that mouse across time-points. Note, the general trend shows that many, but not all, of the most abundant shed barcodes were among those
relatively more abundant in the initial inoculum virus stock.

https://doi.org/10.1371/journal.ppat.1013083.9008

mechanisms consistent with episomal-muPyV-driven tumors [41]. These findings also suggest one mechanism whereby
neighboring organs and tumors can harbor high levels of viral genomes without giving rise to infectious viruses capable of
seeding new infections in neighboring tissues.

To determine which organs contribute to the shed virus detected in urine, we compared the relative ranks of barcode
abundance in the various organs to their rank in urine collected on the last day before the mice were sacrificed. This anal-
ysis revealed a strong signature of shared enrichment in the kidneys of 3 of the 4 mice (S8 Fig). Notably, no other organs
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https://doi.org/10.1371/journal.ppat.1013083.g009

displayed a similar strong shared enrichment. These findings are consistent with the kidney being a primary site of pro-
duction for virus shed in the urine, as previously established for muPyV and other PyVs [26,35,42,43]. These observations
further emphasize the apparent siloed nature of virus genomes between different organs.

Discussion

Members of some DNA virus families can undergo life-long persistent infections [14,15]. Herpesviruses have large
genomes with numerous genes to manipulate the host response to infection, as well as defined mechanisms of latent and
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https://doi.org/10.1371/journal.ppat.1013083.9010

lytic infections [17,44—-58]. In contrast, small DNA viruses like polyomaviruses, can also undergo long-term and some-
times lifelong persistent infections with substantially smaller genetic toolsets and little understanding of the mechanisms
involved [25]. Here, we unveil basic aspects of acute and persistent infection of a prototypic model PyV. Our work shows

that thousands of muPyVs can initiate infection, disseminate to multiple organs/tissue types, persist for months after
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infection in diverse organs, and most impressively, shed essentially continuously via temporally shifting patterns of virus
release. What emerges is a model whereby PyVs have evolved multiple and overlapping strategies for transmission.

We utilized a genetic barcode approach whereby we tagged a region of muPyV genome with thousands of random bar-
codes to study patterns of infection and shedding [36]. Similar to some human PyVs [26,59,60], muPyV sheds infectious
virus in urine [34,35], which enabled us to non-invasively probe longitudinal infection dynamics of a single host infected
with numerous viruses simultaneously. Our results show that higher relative barcode levels in the inoculum increased the
likelihood of greater abundance being shed in urine months after initial infection. Similar trends are observed in organs
during late persistence. However, additional unknown factors also contribute to the chances of being detected in organs
and being shed in urine as a minority of these most abundant virus barcodes were also among the relatively less abun-
dant in the inoculum.

Interestingly, distinct populations of relative barcode abundance are detected in individual tissues at late times of per-
sistence. Only the kidney appeared to contribute to viruses shed in urine underscoring a lack of virus genome exchange
between organs. In the tumor that arose in the lung of one mouse, we observed a dominant abundant muPyV genome.
This genome was non-integrated and contained a large deletion ablating most late gene expression. If a large fraction
of genomes are maintained as episomes in normal tissues, this could explain how barcodes drift in abundance specific
to individual organs/tissues. It would be interesting in future studies to determine the fraction of organ-resident genomes
that are episomal and how these are maintained. An alternative non-mutually exclusive mechanism that could account for
the organ-siloed nature of barcoded viruses is the robust IgG response [61] that would be expected to restrict inter-organ
spread. Irrespective of the mechanism, these findings demonstrate that PyV infections can be established and persist in
individual organs with little productive exchange of abundant genomes between neighboring organs.

Remarkably, throughout essentially all times post-infection up to day 99 post-inoculation, urine contained many (> 62)
detectable low abundance barcodes. However, our analysis reveals a noticeable shift in the pattern of shed barcodes in
the early acute versus late persistent phases. At early times post infection (before day 6), a high diversity of barcodes
comprises the bulk shed genomes at any one time. This is consistent with numerous reservoirs of infection each shedding
virus. But, at around 6 days post-infection, there is a shift to a lower diversity of the bulk shed genomes. The decline in
viral diversity at 6 days after infection fits well with the timing of expansion of virus-specific T cells that exert control over
infection, specifically in the kidney [62—64]. During the persistent phase, despite thousands of barcodes still being detect-
able at low levels, large amounts of a few barcodes tend to dominate the bulk of total shed genomes. Highly abundant
shed barcodes occurred at punctuated times with only a few abundant (typically less than 10) barcodes comprising the
bulk mass of shed genomes at any one time. These results suggest that some viruses emerge from a limited reservoir of
infected cells that are able to give rise to a large amount of shed virus.

One hypothesis to explain the punctuated highly shed genomes is something akin to herpesvirus lytic reaction. How-
ever, other models are possible and proving that PyVs can undergo true latent/lytic infections akin to herpesviruses would
require studies demonstrating alternative and reversible viral gene expression programs [17]. We note that both smolder-
ing and latent/lytic infectious cycles have previously been proposed for PyVs [21,25,65-67]. Interestingly, type | interferon
(IFN) has been shown to promote Herpes Simplex | latency [68] and can foster persistent infection of other diverse viruses
[69]. IFN has also been linked to altering infection of diverse types of PyVs [70—-72] and has been shown to associate with
BKPyV and JCPyV persistent infection in select cultured primary cells [73,74]. Thus, it would be interesting to probe a role
for IFN in modulating muPyV shedding patterns.

A major question is what biological cues drive the occasional punctuated highly shed muPyV genomes. In addition to
the innate IFN response as discussed above, two additional areas to explore include the adaptive immune response and
sex hormones, both of which have been shown to affect PyV infection [75-77]. Although our sample sizes are too small to
make conclusions regarding sex differences, it is intriguing to note the apparent different patterns of shedding observed
between male and female mice (Fig 1). While the two female mice displayed a pattern of episodic high shedding events
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consistent with our previous work using female mice (Fig 1 and [34]), the two male mice displayed a somewhat different
pattern of elevated shedding throughout all time points analyzed at least consistent with the possibility of sex affecting the
patterns of PyV shedding.

For all mice we examined, the consistency of punctuated release of large amounts of virus we detect is similar to what
is observed in humans naturally infected with BKPyV [78,79]. Similarly, at least some immunocompetent humans appear
to continuously shed low levels of BKPyV [59,80]. These observations support that the muPyV model recapitulates the
biology of diverse urinary-tract-tropic PyVs. Although rare, serious and sometimes fatal diseases can arise from the emer-
gence of PyVs in immunocompromised hosts [25,75]. Determining the biological factors that shift to a less diverse pool
of shed viruses and what controls reactivation of the minority of abundantly shed genomes in immunocompetent mice
may lead to new strategies for controlling PyV infections in the clinic. Conversely, our study raises questions about how
intra-host viral diversity, frequency of episodic bursts, and virus shedding would be altered in the setting of immunocom-
promised mice, such as CD4 or CD8 T cell deficiency (e.g., mirroring clinical application of alemtuzumab, natalizumab or
idiopathic CD4 lymphopenia) and absolute/relative decline in antiviral antibodies (mirroring anti-CD20 therapy).

In conclusion, we demonstrate that thousands of different muPyV genomes are able to establish infection in diverse
organs. Although numerous genomes persist in organs and are continuously shed in urine, the diversity of the bulk
genomes shed decreases days after inoculation. Limited productive exchange of abundant barcodes is observed between
organs consistent with our observation that most organs are not contributing to the barcodes that are eventually shed in
urine. Only an atypical minority of barcodes are shed at high levels late during persistent infection that may be responsi-
ble for the dissemination of the virus to new hosts. Together, the existence of multiple and shifting patterns of PyV shed-
ding that span the early acute to late persistent phases may help to explain the ubiquity and success of these common
evolutionary co-passengers. Most importantly, the identification of the host factors responsible for the virus reactivation
during the persistent infection may lead to the development of new therapeutic options against life-threatening diseases in
humans.

Limitations of this study

It remains unknown what fraction of the shed barcodes detected are due to replicating virus versus deriving from the
initial non-replicated inoculum that may end up passing through the urinary tract. This is important to note in light of the
decrease in diversity of barcodes that we detect after the early times post-infection (e.g., note the higher abundance and
diversity of shed barcodes of FL shed on or near day 1). However, two of the mice briefly show an increase in diversity
after the initial time point, which is consistent with virus replication being required to meet our “threshold” for detection.
Our gPCR analysis is sufficient to identify trends in bulk shedding across timepoints but these values cannot be con-
sidered absolute at low copy numbers because our lllumina analysis suggests that our gPCR underestimates the true
genome copy number. Some samples, including some organs and early times post-inoculation urine, had substantially
less total viral material than other samples and this potentially could affect the accuracy of the barcode composition.
Although the two female mice studied here shed bulk viral DNA in a pattern consistent with our previous work conducted
with female mice [34], the two male mice appear to have a different pattern with less periodicity and retaining higher shed-
ding. Although provocative and consistent with potential sex differences in shedding, with such a small number of mice
studied, it remains possible that these observations of apparent male-specific shedding patterns were detected by ran-
dom chance. It would be interesting to follow up with additional studies on possible sex differences of PyV shedding. Our
observations of different patterns of shedding, with spikes of a small number of highly shed barcodes overlaid on a back-
ground of constant low-level shedding of a large number of barcodes, are consistent with a population of cells undergoing
low-level smoldering infection with possible reactivation of high levels of viral replication in only subsets of infected cells.
Such a model of multiple modes of shedding may help explain successful dissemination of PyVs. However, our study did
not directly probe transmission. Further, although viral DNA in urine associates with infectious virus, this association is not
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linear and was not determined specifically from urine samples with spikes of highly shed barcoded virus (S2 Table). There-
fore, it remains unclear how much the punctuated high viral DNA shedding events matter for the fithess of transmission.
Finally, it is interesting that only a small subset of barcodes are highly shed at any one time point during the late stages of
persistent infection. This observation is consistent with one or a small number of reservoirs receiving signal to reactivate
high levels of virus replication and shed large amounts of virus. However, little is known about the cells that comprise the
reservoirs where these viruses emerge from including how many reservoirs are shedding at any one time, how many cells
make up such a reservoir(s), and whether there are systemic cues signaling one or multiple cells or reservoirs to shed
highly at the same time. Future work is required to resolve these questions but elucidating the host pathways involved in
these cues has potential for understanding important basic and clinically relevant aspects of PyV biology.

Methods
Ethics Statement

All animal procedures were performed in compliance with the approved UT Austin Animal Care and Use Committee proto-
col and were subject to veterinary approval (AUP-2022—-00305).

Cells

The NMuMG cells (ATCC, # CRL-1636) were kindly provided by Prof. Aron Lukacher (Pennsylvania State University
Medical School at Hershey) and maintained in DMEM supplemented with 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin-streptomycin [81]. The RPTE cells were purchased from Lonza (catalog # CC-2553) and maintained at very low
passage in REGM Renal Epithelial Cell Growth Medium BulletKit (Lonza) at 37°C with 5% CO2, as recommended.

Viruses

Construction of the barcoded muPyVs library and generation of the muPyV stocks. The methods used to
generate and determine the concentration of the muPyV wild-type stock and the barcoded muPyVs library have been
described previously [36]. In brief, barcoded muPyVs have been engineered to carry a barcode made of 12 random
bases and a restriction site (Mfel) in between the two polyadenylation signals. Wild-type and barcoded viruses have been
generated by excision of viral genomes from the bacterial plasmid, re-circularized, and transfected into NMuMG cells.
Virus stocks were harvested, propagated, and titered by immunofluorescence assay: the number of stained cells per field
was counted under an inverted fluorescence microscope (Leica), and infectious titers (infectious units/ml, IlU/ml) were
calculated as previously described [36].

Construction of the barcoded BKPyV libraries and generation of the BKPyV stocks. Two barcoded BKPyV libraries,
namely BKBC1 and BKBC2, were constructed based on the position of the barcode between the two poly A signals. The
BKPyV Dunlop strain (GenBank accession No KP412983) was used as a background for the construction of the two BKPyV
libraries. pUC19 vector containing the full genome of BKPyV Dunlop at the BamHI site (kindly provided by Walter Atwood,
Brown University) was amplified by reverse PCR using the Phusion high-fidelity polymerase (NEB) and the two following
pairs of primers previously 5’ phosphorylated, BK_BCF1 5-NNNNNNCAATTGAATAAATGCTGCTTTTGTATAAGCCA-3
with BK_BCR1 5-NNNNNNAAATGTATATGTACAATAAAAGCACC-3’ for the BKBC1 construct and BK_BCF2
5-NNNNNNGTACATATACATTTAATAAATGCTGC-3 with BK_BCR2 5-NNNNNNCAATTGAATAAAAGCACCTGTTTAAAGCAT-3’
for BKBC2. The PCR products were digested by Dpnl (NEB) [82] and gel purified before the self-ligation step using the
T4 DNA ligase (NEB). Then, the ligation products were purified and used to transform MAX Efficiency DH5a competent
cells (Invitrogen). Transformed bacteria were cultured overnight in LB medium + 100pg/mL of ampicillin and the pool of
plasmids was purified. In parallel, the number of transformed bacteria was evaluated on LB+100ug/mL of ampicillin plates.
We estimated that the pool contains 4842 and 5274 colonies for BKBC1 and BKBC2, respectively. The presence of the
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barcode was directly confirmed by Sanger sequencing on 10 colonies for each construct using the BKFull3 primer
5-TCCCAGGTAATGAATACTGAC-3'. Once the presence of the barcode was confirmed, the two pools of plasmids
containing the barcoded BKPyV genome as well as the BKPyV genome without barcode (wild-type) were digested by
BamHI-HF (NEB) to separate the virus genomes from the vector by gel purification. Then, the BKPyV genomes were
self-ligated overnight at 16°C using the T4 DNA ligase (NEB) and purified prior to transfection into 293TT cells using
the Lipofectamin2000 reagent (Invitrogen). The cells and the supernatants were collected at 90% CPE (7 days post-
transfection), subjected to freeze/thaw cycles, and cleared by centrifugation at 4°C. Fresh 293TT cells were infected
with the crude lysate at 37°C and cultured until 80% CPE (day 14 post-infection). The cells and the supernatants

were harvested, subjected to freeze/thaw cycles, and cleared by centrifugation. Fresh RPTEC cells were infected with
cleared BKPyV crude lysates at M.O.I. 0.01 and supernatants were collected at 80-90% CPE (day 13 post-infection).
Supernatants were cleared by centrifugation at 6,000 rpm for 40 min at 4°C and layered on a 20% sucrose cushion
prepared in buffer A (10mM HEPES, pH8; 1mM CaCl2; 1 mM MgCI2; 5mM KCI) and centrifuged at 25,000 rpm for 3 hours
at 4°C. BKPyV stocks were resuspended in buffer A, centrifuged at 13,000 rpm for 5min at 4°C, aliquoted and stored at
-80°C until use.

To confirm the presence of the barcode in the virus libraries, an aliquot of the virus stocks was DNAse | treated before
the DNA purification step using the QlAamp DNA Mini Kit (Qiagen) and the region of the virus genomes surrounding the
poly- A signals was amplified by PCR with Tag DNA polymerase (NEB) and the primers pair BKBCenrichF
5-GGTTAGGGTGTTTGATGGCA-3" and BKBCSeqR2 5-CCCCTGCTGAAGATTCCCAA-3'. The PCR products were
purified, cloned with TOPO TA Cloning kit (Invitrogen) and Sanger sequenced. To confirm the NCCR region integrity, the
virus stocks DNA was amplified using NCCRF1 5-ATTTCCCCAGGCAGCTCTTT-3" and BKBCSeqR2
5-CCGTCTACACTGTCTTCACCT-3', cloned with TOPO TA Cloning kit (Invitrogen) and Sanger sequenced.

BKPyV titration by immunofluorescence assay

The RPTE cells were infected in duplicate with serial dilutions of the virus sample for 1 hour at 37°C. 48 hours p.i. cells
were successively incubated at room temperature with PBS containing 4% paraformaldehyde for 20min, 0.1% Triton
X-100 for 5min, 1% goat serum for 1 hour, BKPyV VP1 monoclonal antibody (M19), clone 5E6 (Abnova) diluted 1:400
for 1 hour and stained with Alexa Fluor 488 goat anti-mouse 1gG (ThermoFisher Scientific) for 1 hour. The number of
stained cells per field was counted under an inverted fluorescence microscope (Leica), and infectious titers (IlU/ml) were
calculated.

Growth curve of the barcoded BKPyVs libraries

The RPTEC cells were infected with the barcoded BKPyVs libraries or the BKPyV Dunlop wild-type stock at M.O.I. 1 for 1
hour. Then, the supernatant was removed, and unabsorbed viruses were washed out. Infected cells were cultured for 48,
72, 96, and 120h p.i. At each time point, the supernatants were collected and cleared by centrifugation before titration.

Growth curve of the barcoded muPyVs library

The NMuMG cells were infected with the barcoded muPyVs library or the muPyV PTA wild-type virus stock at M.O.I.
5 for 1 hour at 37°C. Then, the supernatant was removed, and unabsorbed viruses were washed out. Infected cells
were cultured for 4, 20, 24, 28, 40, and 48 h p.i. At each time point, the supernatant was discarded and cells were
washed and resuspended in PBS. Cell pellets were freeze/thawed and the supernatants were collected by centrifuga-
tion before titration. To visualize and quantify infected cells, immunofluorescence microscopy was conducted similarly
to as described above for BKPyV, except anti-muPyV VP1 rabbit polyclonal antibody (a gift from Richard Consigi)
was used.
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Barcoded virus longitudinal shedding, infections and sample collection in mice

For studying shedding dynamics and organ prevalence of barcodes, two male and two female FVB/NJ mice, between

9 and 10 weeks of age were inoculated with 1 x 10”6 1U of the barcoded muPyVs via intraperitoneal (i.p.) injection. To
collect urine, mice were placed on a separated microisolator cage with a wire-bottom insert and lined with plastic wrap
for 2—4 hours. Urine samples were stored at -80°C until subsequent analysis. At the end of the longitudinal study (i.e., 59
days post-infection (d.p.i.) for 1 male and 99 d.p.i. for the other three mice), the bladder, brain, gut, heart, kidney, liver,
lung, muscle, salivary gland, spleen, testicles, whole blood and 1 lung tumor were harvested and split in 2 aliquots for
DNA purification. Samples for DNA purification were snap-frozen in liquid nitrogen and stored at -80°C until use.

DNA extraction for samples analyzed in the longitudinal study

DNA was purified from 50pl of urine (or less when low volumes were collected) using the QlAamp viral RNA mini kit
(Qiagen), following the manufacturer’s protocol. DNA was eluted in 60 pl of Tris-EDTA buffer and stored at -20°C until use.
For gPCR assays, 2 pl of eluted DNA was assayed whereas typically 20 pl of eluted DNA was used as input for lllumina
reactions.

DNA from 25mg of organs (or less if the sample size was not enough and only 10mg of spleen) was extracted using a
bead beater (Bead Mill4, Fisher Scientific) and the QlAamp Fast DNA Tissue kit (Qiagen), following the manufacturer’s
protocol. DNA was purified from 140ul of whole blood with the QlAamp DNA Mini kit (Qiagen) following the manufacturer’s
protocol. An additional RNase A digestion step was performed for the whole blood samples. DNA was eluted in 200ul of
AE buffer. The DNA concentration was measured by the NanoDrop spectrophotometer and the integrity of each sample
was checked on a 0.8% agarose gel. Samples were stored at -20°C until use.

Real time-gPCR assay for the muPyV DNA quantification

The 20ul gPCR mixture contained 10pl of PerfeCTa SYBR Green FastMix, ROX (Quantabio), 8pmol of each primer PTA/
PTA-dI1013 sense 5-GATGAGCTGGGGTACTTGT-3’ and PTA/PTA-dI1013 antisense 5-TGTATCCAGAAAGCGACCAAG-3
and 2ul of eluted DNA solution as template per reaction. gPCR reactions consisted of an initial denaturation step of 10 min
at 95°C, followed by 40 cycles of 15sec at 95°C, 30sec at 60°C. Fluorescence was measured during each extension
step. The specificity of each PCR was checked by melting curve analysis. Real time-gPCR was performed on a StepO-
nePlus real-time PCR system (Applied Biosystems) and analyzed using the StepOne software v2.2.2. The copy number
of muPyV DNA was determined via reference to a standard curve also prepared in duplicate by ten-fold serial dilution of

a single pBluescript-sk+PTA barcoded vector. DNA from tissues was freshly diluted to 100ng/ul or 10ng/pl in water just
before gPCR. The copy number of muPyV DNA was normalized per pl of samples or per ug of total DNA for tissues. The
PCR reaction was performed in duplicate with the average of two replicates comprising the final quantification. The limit of
detection was 10 copies per reaction.

In vivo infection of polyomavirus and urine collection to detect infectious virus in urine

Separate from our longitudinal study of barcode organ-resident and shedding dynamics, we also determined if urine
from infected mice under our experimental conditions contained infectious virions. The mice used were C57BL/6N
(Taconic) background. To confirm highly positive samples contained infectious virus, five C57BL/6N mice were initially
infected with 1 x 10*6 IU/mouse of the barcoded muPyVs library and the wild-type PTA muPyV stock in a 1:1 ratio by
intraperitoneal inoculation. Four mock-infected mice were also included as negative controls. Urine was collected by
placing each mouse in a microisolator cage with a wire-bottom insert and lined with plastic wrap. Water was provided ad
libitum. Mice were moved to their home cages after 4—8 hours of collection and urine was aspirated from plastic wrap
and collected in microcentrifuge tubes. Urine was centrifuged at 150xg at room temperature for 5 minutes to remove
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cell debris and subsequently filtered using 0.22 ym Ultrafree-MC devices (Millipore-Sigma) according to manufacturer’s
instructions. Filtrate was further diafiltrated using Amicon Ultra 2mL 100K (Millipore-Sigma) according to manufacturer’s
instructions (40 minutes concentration time at 4000xg). Filtrate was resuspended in an identical volume of DMEM as
collected urine.

50% confluent NMuMG cells in a 24-well plate were infected for 1h at 37°C with 150 pl/ well of freshly diafiltrated urine
from positive and negative mice harvested on days 18, 19, 50, 114, 127, and 169 d.p.i. After infection, complete media
was added and cells were incubated at 37°C. Cells were passaged when confluent and the percentage of cytopathic
effect (CPE) was noted daily in increments of 25%. CPE was scored as the fraction of cells appearing refractile, floating,
or dead. The four C57BL/6N mice used as mock-infected controls always tested negative both via PCR and CPE.

Determining mutations in muPyV genomes found in female mice’s lung and tumor

DNA purified as described above was diluted 1:1000 in water before amplification. Full muPyV genomes from the
female mouse FL’s lung and tumor were amplified by two PCR using the Phusion High-Fidelity DNA Polymerase

(New England Biolabs), as recommended by the manufacturer. The primers used in the inverted PCR are NGS_Rev
5-GAATATAGCTGAATACACAGTTTATTC-3' and FullSeg4 5-GTGAAATCCAACACCATGTG-3 and the primers used in
the second PCR are NGS_Fwd 5’-CATGGCCTCCCTCATAAGTT-3’ and FGAR 5-CACAAACAGTATGGGCCCG-3'. Full
muPyV genomes from the female mouse FR’s lung were amplified by inverted PCR using the Phusion High-Fidelity
DNA Polymerase (New England Biolabs), as recommended by the manufacturer, and the primers FullBC2Xhol
5-CTCGAGCGTGACCAGTTTGCTAGTGAG-3 and FullBC2P 5-ACCTCCTTCACAAGACCCTG-3'. The PCR products
were cloned into the plasmid pUC19 at Smal and Sanger sequenced.

lllumina NextSeq library preparation

Enrichment PCR. The Illumina NextSeq SR75 library was performed essentially as previously described for urine and
virus stock samples [36]. For DNA samples from urine, typically 20ul of eluted DNA solution was used per PCR reaction.
For DNA samples from whole blood and virus stock, a maximum of 4.77 x 105 copies of muPyV genomes (estimated
by gPCR) was used per PCR reaction. For DNA samples purified from organs, we also used a maximum of 4.77 x 10*5
copies of muPyV genomes but within a limit of 3.1ug of total DNA per reaction (i.e., the maximum quantity of DNA with no
inhibitory effect on the PCR). The number of enrichment PCR cycles varied based on the copies of muPyV genomes used
in the reaction.

To amplify DNA from organs and whole blood, 50l of the PCR reaction contained <4.77 x 105 copies of muPyV
genome and <3.1ug of total DNA per PCR reaction, 0.3uM of each primer, 1X of KAPA HiFi HotStart Ready Mix (Kapa
Biosystems). After an initial denaturation step for 3min at 95°C, the amplification was performed by 22—-35 cycles of 20sec
at 98°C (ramp 2°C/sec), 15sec at 56°C (ramp 2°C/sec), 15sec at 72°C (ramp 2°C/sec) followed by a final extension step
for 2min at 72°C. PCR reactions were stored immediately at -20°C until use. The presence of a specific amplification
product was checked on a 2% agarose gel.

Indexing PCR, amplicons pooling and quality controls. The indexing PCR was performed as previously described
[36]. In brief, the enrichment PCR products were used in two separate indexing PCR reactions per sample to amplify a
75bp fragment encompassing the barcode region of the muPyVs genome using staggered indexing primers. The two
indexing PCR reactions were merged, gel purified, quantified, normalized and pooled together to constitute the final
library, as described previously [36]. The final library was sent to the Genomic Sequencing and Analysis Facility of the
University of Texas at Austin for a Bioanalyzer (Agilent) quality control prior to the lllumina NextSeq SR75 sequencing
run. To increase diversity, PhiX DNA was also included (~5% to the first run and ~34% to the second run). The accession
number for these data deposited at SRA is: PRINA791340.
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Extracting barcode sequences

This was performed as previously described [36]. In brief, barcodes were extracted from FASTQ files off the sequencer
using Cutadapt [83], with the default error allowance of 10%, using linked adapters (requiring both adapters to flank the
barcode). Relative abundance was determined by pulling the raw counts and processing them using R with the tidyverse
packages [84].

Clustering and quantifying barcodes

Based on our previous work [36], barcodes were clustered using Starcode [85] for message-passing clustering, using a
maximum Levenshtein distance of 3 and the default cluster ratio of 5, with a cutoff applied to include only the 99% most
abundant reads. This resulted in an estimate of 4012 unique barcodes in our initial input barcoded stock virus. To deter-
mine abundance of barcodes in both urine and tissues, we associated every barcode in a sample to the nearest stock
barcode based on Levenshtein distance. If there was no stock barcode within a distance of 3, we dropped that sample
barcode (distance 3 was a cutoff). If a sample barcode was close to n different stock barcodes, we assigned 1/n of the
count to each of the nearest barcodes. For example, if a sample barcode was closest to 2 different stock barcodes,

we assigned 1/2 of the count to one stock barcode, and 1/2 to the other. Then the counts were normalized to take into
account that some samples had more muPyV bulk DNA (viral genomes) than others. For each sample and each barcode,
we calculated what fraction that barcode count was of the total and then multiplied the fraction by the total number of esti-
mated genome copies in the biological sample

Randomized barcode in silico experiment

In order to validate the observed patterns of unique barcodes and account for potential background noise, we gener-

ated an in silico control by randomly shuffling the nucleotides of each sample barcode. These shuffled sequences were
mapped to stock barcodes using the same threshold of Levenshtein distance < 3 using R. For each sample, we counted
the number of unique barcodes detected after mapping to the stock library for both the original and shuffled barcodes. The
in silico control provided a baseline for distinguishing meaningful barcode patterns from random noise. This experiment
was repeated using 5 different shufflings and the background baseline remained consistent across the trials.

Analysis of barcode overlap between urine and tissues

To assess whether the most abundant shed viruses originated from the tissue reservoirs, we analyzed the overlap
between the top 5% of barcodes in urine and tissues for each mouse. The overlap between these barcode sets was
assessed using a contingency table that categorized barcodes into four groups: (1) present in the top 5% of both urine
and tissue, (2) present only in the top 5% of urine, (3) present only in the top 5% of tissue, and (4) present in neither cate-
gory. Fisher’s exact test was performed to evaluate the statistical significance of the overlap.

Plotting data

Plots for number of unique barcodes, enrichment over background, similarity of temporally adjacent time points, changes
in diversity over time (donut plots and entropy), shedding patterns via ridge plots, rank plots, GC content, length distribu-
tion of barcodes, Fisher’s exact test and correlation analyses [86] were generated using R with the tidyverse packages
[84]. We also used the ggridges (https://wilkelab.org/ggridges/) and corrplot packages in R for generating the ridge plots
and correlation plots respectively. The gridExtra and patchwork packages in R were used to combine plots for panel view.
For correlation analyses, the Spearman correlation coefficient of the relative abundance of barcodes was calculated for
each tissue of a given mouse using R. *Note, for determining the length of the barcode insert, we acknowledge that a
caveat of this analysis is that it cannot identify virus genomes that may have entirely lost the barcode insert because these
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would not have been detected with the RT primer used in this analysis, which is designed to prime to a portion of the
exogenous barcode insert.
Code available at: https://github.com/ChrisSullivanLab/Shedding-dynamics-of-a-DNA-virus

Cosine similarity

Cosine similarity is a measure between -1 and 1 of the similarity between two sequences of numbers, where the pro-
portions, rather than the absolute values of the numbers, are compared. For our purposes, the number of sequences
mapping to a particular barcode represents the levels of the barcodes in a sample. More precisely, cosine similarity is the
cosine of the angle between two vectors in an n-dimensional space, where for our purposes n is the number of distinct
barcodes, and the coordinates of the vector for a sample are the levels of each barcode. If the levels of barcodes of one
sample are simply a multiple of the levels for another sample, the cosine similarity between the two is 1. As applied to the
barcode data, where the levels of barcodes are always non-negative, the cosine similarity must be between 0 and 1. We
plotted a measure of cosine similarity between temporally adjacent time points as a measure of how the relatedness of
the relative amounts of shed barcode patterns change over time. In the context of our study, cosine similarity provides a
measure of how stable the viral shedding patterns are across time. Thus, tracking cosine similarity over time allows us to
infer the dynamics of reservoir activity and the stability or shifts in viral shedding patterns within the host.

Diversity of viral genomes in samples

Donut charts are used to show the percentage representation of barcodes in each sample. Alternating shades of gray dis-
tinguish distinct barcodes, and the top 10 most abundant individual barcodes (“top 10” determined by the greatest amount
of a barcode shed by an individual mouse over all timepoint tested) are indicated in a unique color.

Comparing entropy values across samples can reveal changes in barcode population structure. To quantify the diver-
sity of barcode repertoires over time, we utilized diversity indexes. We used the “true diversity”, or Hill number gD, with
g = 1 chosen so as not to prefer either abundant or rare barcodes. For g = 1, this is the exponential of the empirical
entropy, also known as the Shannon-Wiener index [87]. Additionally, as a simpler measure, we also counted how many
barcodes it takes in each sample to account for 75% of the total barcode expression. Both measures of diversity are plot-
ted as the percent change relative to the barcode repertoire shed at day 1.

Supporting information

S1 Fig. Barcoded polyomaviruses replicate infectious virus similar to wildtype virus. Virus replication curves were
plotted. A. NMuMG cells infected with WT muPyV (red) or barcoded muPyV (blue) at M.O.I. of 5. B. RPTEC infected with
WT BKPyV (blue) or either of two different barcoded BKPyV libraries (red or green) at M.O.I. of 1. Cell-associated virus
(muPyV) and supernatant (BKPyV) were harvested at multiple time post-infection (p.i.), in duplicate, and virus concen-
tration was determined by immunofluorescence microscopy for VP1 viral proteins. This analysis shows similar kinetics of
infectious virus production and confirms no obvious defect in virus replication caused by the barcode inserts.

(PDF)

S2 Fig. Ridge plots of the 10 most abundant barcodes. A. Shown in color is the abundance of each of the top 10 most
shed barcodes in urine for each mouse (“top 10” determined by the greatest amount of a barcode shed at any single time
point). The gray shaded area represents total bulk shed viral DNA at a particular time point post-infection. The height of
an individual peak on the vertical axis correlates to the relative linear abundance of each barcode. The horizontal axis
corresponds to different timepoints post-infection. B. Shows the sum total of the top 10 individual abundant shed barcodes
for each mouse in gold (Note: this panel is identical to Fig 7).

(PDF)
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S3 Fig. Mean GC content of shed barcodes does not change substantially during the course of infection. A. GC
content for the bulk of all barcodes shed at each time point. B. GC content for the top 10 most shed barcodes for each
mouse (“top 10” determined by the greatest amount of a barcode shed at any single time point). Neither panel shows
overt trends towards altered nucleotide composition.

(PDF)

S4 Fig. Length of top 10 most abundant shed barcodes for each mouse. The length of the barcodes for the top 10
most abundant shed barcodes (“top 10” determined by the greatest amount of a barcode shed at any single time point).
Most barcodes retain an insert length of 12 nucleotides, as expected from the library design.

(PDF)

S5 Fig. Total amounts of muPyV DNA in organs. Plotted are muPyV genome equivalents determined by gPCR and
normalized per ug of total DNA purified from organs or per pl of whole blood.
(PDF)

S6 Fig. Statistical significance of barcode overlap between the top 5% of barcodes in urine and tissue samples
across animals. The y-axis represents the —log10 transformed p-values from Fisher’s exact test, indicating the strength
of association between barcode presence in urine and tissue. Asterisks denote significance levels: *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, and *****p<0.00001.

(PDF)

S7 Fig. GC Content of top 10 most abundant barcodes in tissues in each animal. Shown is the GC content of the
top 10 most abundant barcodes with abundance determined as the sum total of genome equivalents for each barcode
in all tissues assayed for that animal (“top 10” determined by the greatest amount of a barcode shed at any single time
point).
(PDF)

S8 Fig. Abundant barcodes in kidney are more abundantly shed in urine. Shown are the top 10 most abundant bar-
codes detected in each organ of a given mouse and their rank in urine that was collected on the final day before sacrifice
(“top 10” determined by the greatest amount of a barcode in any tissue for an individual mouse). In 3 of the 4 mice, abun-
dant barcodes in the kidney are clearly also more abundant in urine. No other organ or tissue displayed such a strong
signature consistent with shed viruses deriving from the kidney.

(PDF)

S1 Table: Virus stocks titer (IU/mL) as determined by immunofluorescence assay.
(PDF)

S2 Table: Urine from infected mice contains infectious muPyV as shown by 100% CPE on NMuMG cells.
(PDF)

S3 Table - Median rank of top 10 most abundant in urine or tissue for each mouse.
(PDF)

S4 Table: Mutations in muPyV genomes found in female mice’s lung and tumor.
(PDF)

S5 Table: Staggered indexing primers.
(PDF)
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