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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 polyomavirus (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 overlapped 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 potential 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.

Author Summary / Importance

Polyomavirus infections, mostly benign but potentially fatal for immunocompromised 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 regarding the mechanisms of how polyomaviruses establish, maintain, and reactivate 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 persitent infection of diverse microbes. The study revealed organ-specific virus reservoirs and two distinct shedding
patterns: 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.
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70 Introduction
71
72 Fundamental questions about infection with most viruses remain unanswered, for example: 1) How many viruses establish an infection? 2) Is the
73 virus diversity maintained as the infection progresses? 3) If a persistent infection ensues with ongoing shedding, are the shedders distributed
74 evenly among the entire population or do they represent a subset? 4) What fraction of the virus population undergoes low-level continuous
75 shedding (smoldering) and/or latent/lytic infections? 5) How do different tissues contribute to these processes? The advent of cost-effective high-
76 throughput massively parallel sequencing and DNA barcoding technologies provides an opportunity to address these questions if suitable models
77  canbe employed.
78
79 Models of acute virus infection are prevalent due to their ease of study and relevance to disease. Genetically barcoded RNA virus populations
80 nhave been engineered to study the effect of population bottlenecks, dissemination, mutations, and different routes of inoculation on virus
81 population dynamics during acute infection (1-11). Less studied are the mechanisms of how viruses undergo and reactivate from persistent
82 infections (12, 13). This is due, in part, to the challenges inherent in longitudinal infection studies in vivo.
83
84 Unlike most RNA viruses, many DNA viruses establish long-term persistent infection as an inherent component of their lifecycle (14, 15). To
85 achieve this, it is widely accepted that either a cycle of latent/lytic or smoldering infections occur where viruses are never fully suppressed by the
86 immune system (16). Latent/lytic infectious cycles result from reversible differential gene expression programs where high levels of viruses are
87 sporadically produced from a limited number of cellular reservoirs only during the lytic phase (17). Smoldering infections occur with new viruses
88 continuously replicating at low levels (16). For many DNA viruses, how and whether latent/lytic and/or smoldering infections occur remains
89 poorly characterized. An ideal experimental system to address this requires tractable virus genetics in cultured cells and in vivo, along with the
90 ability to produce genetically tagged viruses with little cost to viral fitness. Optimally, such a system would have the ability to undergo both acute
91 and persistent infections and allow for non-invasive tracking of multiple virus lineages in a single experiment.
92
93 Polyomaviruses (PyVs) have been important laboratory models contributing to understanding fundamental principles of cell and molecular
94 biology, the immune response, and cancer (18-24). PyVs are small DNA viruses with ~5Kb circular genomes that undergo long-term persistent
95 infections. Most humans are persistently infected with different species of PyVs (25) and previous studies identified kidneys as one of the
96 persistent reservoirs of multiple PyVs in humans and mice (22). PyV infections emerging from persistence reservoirs are associated with several
97 life-threatening diseases in immunocompromised patients (25-33). Although poorly understood, determining the mechanism of PyV persistence
98 may lead to new approaches for preventing and treating PyV-associated diseases (25-33).
99
100 Previous studies showed that high levels of infectious murine PyV (muPyV) are excreted in the urine of healthy mice during the acute and
101 persistent phases of infection (34, 35). Recently, we have developed methods to genetically barcode and quantify muPyVs (36). Here, we use the
102 combination of a non-invasive assay for virus shedding, a library of ~ 4,000 different barcoded muPyVs, and novel computational approaches to
103 dissect the within-host dynamics of infection using the NGS technology.
104
105 Our results demonstrate muPyV as a facile system to study numerous parallel infections in a single host. A large fraction of input barcodes are
106  able to establish long-term infection as shown by studies of shed viruses over time and organ-resident genomes. Different organs display unique
107 compositions of bulk virus genomes, consistent with an inefficient productive exchange of virus between organs. Most importantly, the patterns
108  of barcodes detected in urine differ at early times versus late times of infection. Thus, these multiple and shifting modes of shedding may help
109 explain how small DNA virus populations retain the ability to be maintained and transmitted throughout the life of the host.

110
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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) (Fig. S1A). 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) (Fig. S1B and Table S1). 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 1x 10”6 IU of the barcoded muPyV
stock (36) and collected urine approximately 2-3 times per week over a period of 99 days. We note that at day 59 post-infection, one male

(“MR”) had to be euthanized due to an abscess that was unrelated 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). We
noted that while the two female mice displayed a pattern of episodic high shedding events 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. Although
this sample size is too small to make definitive conclusions, these observations are at least consistent with the possibility of sex affecting the
patterns of PyV shedding. 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 (Table S2). 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 Illumina 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 to 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 Illumina). 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 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 showing 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. Examining cosine
similarities between individual time points showed that similar patterns of barcode abundance often clustered together in time (Fig. 3). The
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159 exceptions to this were at early times post-inoculation or during later times when there were spikes of highly shed viral DNA. These results
160 suggest that after the early times of infection, low level shedding of muPyV from the same reservoir(s) results in temporally related patterns that
161 can be overshadowed when high shedding events occur.

162

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

164 To understand how the diversity of the barcode repertoire shed in urine evolves over time, we first represented the relative abundance of each
165 barcode (percentage of total) for each sample as donut plots (Fig. 4). Although over 80 different barcodes are detectable at all times, strikingly,
166 forall four mice, we observed a consistent pattern whereby the bulk of viral genomes shed in the early infection was made up of numerous
167  dgifferent barcodes which were progressively reduced to only one or a few barcodes accounting for the majority of bulk viral DNA shed during the
168 late times of the persistent infection (most individual barcodes are shown as black or white with the top ten most abundant barcodes shown in
169 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

170  infection. The particular barcodes that are shed in each urine sample vary, even within the same animal, but typically the pattern of a few

171  dominant barcodes in any sample tends to persist over several time points.

172

173 As a quantitative measure of diversity, we used Shannon entropy, which captures both the richness and evenness within a population. Using this
174 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
175 i population becomes increasingly dominated by a smaller subset of barcodes at later time points (Fig. 5). We observed similar results when
176 we used a third diversity metric, defined as the relative number of different barcodes required to account for 75% of the bulk shed viral DNA at
177 any one time point. Although we cannot rule out that some of the observed barcodes were non-replicating input viruses that were cleared/excreted
178 into urine, these observations are consistent with a high fraction of the input viruses being shed early during infection.

179

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

181 o further visualize shedding patterns, we plotted the top 30 most abundant individual barcodes shed from each mouse over time (Fig. 6). This
182 analysis showed that, in addition to having at a low shed level of (typically) hundreds of barcodes detectable at all times (as described above), a
183 small number of the barcodes were abundantly shed in punctuated events (Fig. 6). Interestingly, while some of the most abundant barcodes are
184 detectable at different time points post-infection, most barcodes shed at high levels during the late persistent phase of infection were typically
185  detected in only one or a few shedding events (Fig. 6, S2).

186

187 To comprehend the contribution of the more abundantly shed genomes to total viral genomes shed, we utilized ridge plots to co-visualize the
188 longitudinal shedding of the top 10 most abundant barcodes (“top 10” was determined by the number of reads in any urine sample for an

189 individual mouse). Strikingly, this analysis showed that, except during early times post-inoculation, the top 10 high-level barcodes accounted for
190  the majority of bulk genomes shed in three of the four mice (Fig. 7, S2). The exception to this was mouse “ML”, where the top 10 barcodes still
191 accounted for approximately 40% of total shed barcodes (Fig. 7, S2). These shedding patterns were remarkably consistent across the different
192 host mice. These results are consistent with numerous viruses being able to establish infection and shed continuously at low levels throughout the
193 life of the host, while only a small minority of viruses give rise to subsequent sporadic large shedding events.

194

195 Highly shed barcodes were more abundant in the inoculum.

196  we showed previously that barcodes in our muPyV library are not evenly distributed (36). Here, we take advantage of this to determine how the
197 relative input abundance affects the amount of virus genomes shed. Analysis of relative abundance of shed virus genomes in urine showed that
198  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
199  inour input library (i.e., a median rank range in the top 11.36 % - 31.56% most abundant of the input barcodes) (Table S3)._These results

200 demonstrate that genomes abundantly shed at later times of infection were overrepresented in the input inoculum. This suggests that the initial
201 viral load influences the mode of infection and transmission of the virus. However, factors other than the input abundance must also contribute
202 sincea minority of the more abundantly shed genomes were ranked in the bottom half or quartile of abundance of the input inoculum library (Fig.
203 8). Analysis of the barcode GC content and barcode length didn’t show any trend of enrichment over the course of the experiment (Fig. S3, S4),
204 suggesting that general sequence features of the barcode do not confer a selective advantage leading to the highly shed barcodes in our system.
205 Thus, input abundance and other factors influence the propensity for organ persistence and shedding in urine.

206
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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 gPCR (Fig. S5), generated Illumina NextSeq NGS libraries, 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
(Fig. S5) (34, 37). In the combined tissues analyzed 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 (Fig. S6). Although there was substantial variation in the relative levels of individual barcodes, the
vast majority of barcodes from the inoculum established and maintained infections 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 (Fig. S7). 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 (Table S3). 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 abundance 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 (2.42E+08 genomes equivalents per pg of total DNA). Analysis of lllumina reads showed that, although non-tumor lung
tissue also contained a high-level of muPyV genomes, the tumor predominantly 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 protein
VP1 (with complete deletion of VP2 and VVP3 regions) with no other mutations detected (Table S4). Interestingly, the sequencing of two muPyV
genomes from the lung of the same female showed a smaller deletion (625 bp) in the same genomic region ending in the VP2 and VVP3 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 (Table S4).

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 product 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 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 analysis revealed a strong signature of shared
enrichment in the kidneys of 3 of the 4 mice (Fig. S8). Notably, no other organs displayed a similar strong shared enrichment. These findings are
consistent with the kidney being a primary site of production 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.
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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 lytic infections (44-59). In contrast, small DNA
viruses like polyomaviruses, can also undergo long-term and sometimes 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
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 barcodes to study patterns of
infection and shedding (36). Similar to some human PyVs (26, 60, 61), 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 abundant in the inoculum.

Interestingly, distinct populations of relative barcode abundance are detected in individual tissues at late times of persistence. 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. 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 (> 80) 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 comprise 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. During the persistent phase, despite thousands of barcodes still being detectable 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. However, 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 (45). We note that both smoldering and latent/lytic infectious cycle have previously been proposed for
PyVs (21, 25, 62—64). Interestingly, type I interferon (IFN) has been shown to promote Herpes Simplex | latency (65) and can foster persistent
infection of other diverse viruses (66). IFN has also been linked to altering infection of diverse types of PyVs (67-69) and has been shown to
associate with BKPyV and JCPyV persistent infection in select cultured primary cells (70, 71). 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 (72-74). 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). 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 (75, 76). Similarly, at least
some immunocompetent humans appear to continuously shed low levels of BKPyV (61, 77). These observations support that the muPyV model
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recapitulates the biology of diverse urinary-tract-tropic PyVs. Although rare, serious and sometimes fatal disease can arise from the emergence
from persistence of PyVs in immunocompromised hosts (25, 72). 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 muPyV may lead to new strategies for controlling PyV
infections in the clinic.

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 responsible for the dissemination of the virus to new hosts. Together, the existence of multiple and shifting patterns of PyV shedding 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. Our gPCR analysis is sufficient to identify trends in bulk shedding across timepoints but these values
cannot be considered absolute at low copy numbers because our Illumina analysis suggests that our qPCR 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 shedding. 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 random 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 background 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 linear and was not determined specifically from urine samples with spikes of highly shed barcoded virus (Table S2). Therefore, it remains
unclear how much the punctuated high viral DNA shedding events matter for the fitness 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
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.
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348 Methods

349

350  cels

351  The NMuMG cells (ATCC®, # CRL-1636) were kindly provided by Prof. Aron Lukacher (Pennsylvania State University Medical School at
352 Hershey) and maintained in DMEM supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin-streptomycin (78). The RPTE cells
353 were purchased from Lonza (catalog # CC-2553) and maintained at very low passage in REGMTNI Renal Epithelial Cell Growth Medium
354 BulletKitT'vI (Lonza) at 37°C with 5% CO2, as recommended.

355
356 Viruses

357 Construction of the barcoded muPyVs library and generation of the muPyV stocks

358 The methods used to generate and determine the concentration of the muPyV wild-type stock and the barcoded muPyVs library have been described
359 previously (36). In brief, barcoded muPyVs have been engineered to carry a barcode made of 12 random bases and a restriction site (Mfel) in
360 between the two polyadenylation signals. Wild-type and barcoded viruses have been generated by excision of viral genomes from the bacterial
361 plasmid, re-circularized, and transfected into NMuMG cells. Virus stocks were harvested, propagated, and tittered by immunofluorescence assay
362 as previously described (36).

363

364 Construction of the barcoded BKPyV libraries and generation of the BKPyV stocks

365 Two barcoded BKPyV libraries, namely BKBC1 and BKBC2, were constructed based on the position of the barcode between the two poly A
366 signals. The BKPyV Dunlop strain (GenBank accession No KP412983) was used as a background for the construction of the two BKPyV libraries.
367 pUC19 vector containing the full genome of BKPyV Dunlop at the BamH]I site (kindly provided by Walter Atwood, Brown University) was
368 amplified by reverse PCR using the Phusion high-fidelity polymerase (NEB) and the two following pairs of primers previously 5* phosphorylated,
369 BK_BCF1 5’-NNNNNNCAATTGAATAAATGCTGCTTTTGTATAAGCCA-3’ with BK_BCRI 5%-
370  NNNNNNAAATGTATATGTACAATAAAAGCACC-3’ for the BKBCI construct and BK_BCF2 5-
371  NNNNNNGTACATATACATTTAATAAATGCTGC-3’ with BK_BCR2 5’-NNNNNNCAATTGAATAAAAGCACCTGTTTAAAGCAT-3’ for
372  BKBC2 ThePCR products were digested by Dpnl (NEB) (79) and gel purified before the self-ligation step using the T4 DNA ligase (NEB). Then,
373 the ligation products were purified and used to transform MAX Efficiency® DHSuTM competent cells (Invitrogen). Transformed bacteria were
374 cultured overnight in LB medium + 100pg/mL of ampicillin and the pool of plasmids was purified. In parallel, the number of transformed bacteria
375 was evaluated on LB+100pg/mL of ampicillin plates. We estimated that the pool contains 4842 and 5274 colonies for BKBC1 and BKBC2,
376 respectively. The presence of the barcode was directly confirmed by Sanger sequencing on 10 colonies for each construct using the BKFull3 primer
377 5’-TCCCAGGTAATGAATACTGAC-3". Once the presence of the barcode was confirmed, the two pools of plasmids containing the barcoded
378 BKPyV genome as well as the BKPyV genome without barcode (wild-type) were digested by BamHI-HF (NEB) to separate the virus genomes
379 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
380 prior to transfection into 293TT cells using the Lipofectamin2000 reagent (Invitrogen). The cells and the supernatants were collected at 90% CPE
381 (7 days post-transfection), subjected to freeze/thaw cycles, and cleared by centrifugation at 4°C. Fresh 293TT cells were infected with the crude
382 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,
383 and cleared by centrifugation. Fresh RPTEC cells were infected with cleared BKPyV crude lysates at M.O.1. 0.01 and supernatants were collected
384 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
385 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.
386 BKPyV stocks were resuspended in buffer A, centrifuged at 13,000 rpm for 5 min at 4°C, aliquoted and stored at -80°C until use.

387

388 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
389 using the QlAamp® DNA Mini Kit (Qiagen) and the region of the virus genomes surrounding the poly- A signals was amplified by PCR with Taq
390 bpna polymerase (NEB) and the primers pair BKBCenrichF 5-GGTTAGGGTGTTTGATGGCA-3' and BKBCSeqR2 5'-
391  CCCCTGCTGAAGATTCCCAA-3. The PCR products were purified, cloned with TOPO® TA Cloning kit (Invitrogen) and Sanger sequenced.
392 To confirm the NCCR region integrity, the virus stocks DNA was amplified using NCCRF1 5'-ATTTCCCCAGGCAGCTCTTT-3' and
393  BKBCSeqR2 5'-CCGTCTACACTGTCTTCACCT-3, cloned with TOPO® TA Cloning kit (Invitrogen) and Sanger sequenced.

394

395 BKPyV titration by immunofluorescence assay
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396  TheRPTE 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
397 at room temperature with PBS containing 4% paraformaldehyde for 20 min, 0.1% Triton X-100 for 5 min, 1% goat serum for 1 hour, BKPyV VP1
398 monoclonal antibody (M19), clone 5E6 (Abnova) diluted 1:400 for 1 hour and stained with Alexa Fluor 488 goat anti-mouse 1gG (ThermoFisher
399 Scientific) for 1 hour. The number of stained cells per field was counted under an inverted fluorescence microscope (Leica), and infectious titers
400 (1U/ml) were calculated.

401

402  Growth curve of the barcoded BKPyVs libraries

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

406

407  Growth curve of the barcoded muPyVs library

408  The NMuMG cells were infected with the barcoded muPyVs library or the muPyV PTA wild-type virus stock at M.O.1. 5 for 1 hour at 37°C. Then,
409  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
410 point, the supernatant was discarded and cells were washed and resuspended in PBS. Cell pellets were freeze/thawed and the supernatants were
411  collected by centrifugation before titration. To visualize and quantify infected cells, immunofluorescence microscopy was conducted similarly to
412 asdescribed above for BKPyV, except anti-muPyV VP1 rabbit polyclonal antibody (a gift from Richard Consigi) was used.

413

414 Barcoded virus longitudinal shedding, infections and sample collection in mice

415 Al animal procedures were performed in compliance with the approved University of Texas at Austin Animal Care and Use Committee protocol
416  and were subject to veterinary approval. Two male and two female FVB/NJ mice, between 9 and 10 weeks of age were inoculated with 106 IU of
417  the barcoded muPyVs via intraperitoneal (i.p.) injection. To collect urine, mice were placed on a separated microisolator cage with a wire-bottom
418 insert and lined with plastic wrap for 2 to 4 hours. Urine samples were stored at -80°C until subsequent analysis. At the end of the longitudinal
419 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,
420 salivary gland, spleen, testicles, whole blood and 1 lung tumor were harvested and split in 2 aliquots for DNA purification. Samples for DNA
421 purification were snap- frozen in liquid nitrogen and stored at -80°C until use.

422

423 DNA extraction for samples analyzed in the longitudinal study

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

427

428 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,
429 Fisher Scientific) and the QlAamp Fast DNA Tissue kit (Qiagen), following the manufacturer’s protocol. DNA was purified from 140pl of whole
430  blood with the QIAamp DNA Mini kit (Qiagen) following the manufacturer’s protocol. An additional RNase A digestion step was performed for
431 the whole blood samples. DNA was eluted in 200ul of AE buffer. The DNA concentration was measured by the NanoDrop spectrophotometer and
432 the integrity of each sample was checked on a 0.8% agarose gel. Samples were stored at -20°C until use.

433

434 Real time-gPCR assay for the muPyV DNA quantification

435 The 20ul gPCR mixture contained 10l of PerfeCTa® SYBR® Green FastMix®, ROX™ (Quantabio), 8pmol of each primer PTA/PTA-dI1013
436 sense 5’-GATGAGCTGGGGTACTTGT-3" and PTA/PTA-dI1013 antisense 5’-TGTATCCAGAAAGCGACCAAG-3’ and 2ul of eluted DNA
437 solution as template per reaction. gPCR reactions consisted of an initial denaturation step of 10 min at 95°C, followed by 40 cycles of 15 sec at
438 95°C, 30 sec at 60°C. Fluorescence was measured during each extension step. The specificity of each PCR was checked by melting curve analysis.
439 Real time-qPCR was performed on a StepOnePlus real-time PCR system (Applied Biosystems) and analyzed using the StepOne software v2.2.2.
440 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
441 pBluescript-sk+PTA barcoded vector. DNA from tissues was freshly diluted to 100ng/ul or 10ng/pl in water just before qPCR. The copy number
442 of muPyV DNA was normalized per pl of samples or per pg of total DNA for tissues. The PCR reaction was performed in duplicate with the
443 average of two replicates comprising the final quantification. The limit of detection was 10 copies per reaction.
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444

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

446 The mice used were C57BL/6N (Taconic) background. To confirm highly positive samples contained infectious virus, six C57BL/6N mice were
447 initially infected with 1x10E+06 1U/mouse of the barcoded muPyVs library and the wild-type PTA muPyV stock in a 1:1 ratio by intraperitoneal
448 inoculation. Four mock-infected mice were also included as negative controls. Urine was collected by placing each mouse in a microisolator cage
449  \ith a wire-bottom insert and lined with plastic wrap. Water was provided ad libitum. Mice were removed to their home cages after 4-8 hours on
450 collection and urine was aspirated from plastic wrap and collected in microcentrifuge tubes. Urine was centrifuged at 150xg at room temperature
451 for 5 minutes to remove cell debris and subsequently filtered using 0.22 um Ultrafree-MC devices (Millipore-Sigma) according to manufacturer's
452 instructions. Filtrate was further diafiltrated using Amicon Ultra 2mL 100K (Millipore-Sigma) according to manufacturer's instructions (40 minutes
453 concentration time at 4000xg). Filtrate was resuspended in an identical volume of DMEM as collected urine.

454

455 50% confluent NMuMG cells in a 24-well plate were infected for 1 h at 37°C with 150 pl / well of freshly diafiltrated urine from positive and
456 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.
457 Cells were passaged when confluent and the percentage of cytopathic effect (CPE) was noted daily in increments of 25%. CPE was scored as the
458 fraction of cells appearing refractile, floating, or dead. The four C57BL/6N mice used as mock-infected controls always tested negative both via
459  pCRand CPE.

460

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

462 DNA purified as described above was diluted 1:1000 in water before amplification. Full muPyV genomes from the female mouse FL’s lung and
463 tumor were amplified by two PCR using the Phusion® High-Fidelity DNA Polymerase (New England Biolabs), as recommended by the
464  manufacturer. The primers used in the inverted PCR are NGS_Rev 5'-GAATATAGCTGAATACACAGTTTATTC-3’ and FullSeq4 5'-
465 GTGAAATCCAACACCATGTG-3’ and the primers used in the second PCR are NGS_Fwd 5’-CATGGCCTCCCTCATAAGTT-3" and FGAR
466 5’-CACAAACAGTATGGGCCCG-3’. Full muPyV genomes from the female mouse FR’s lung were amplified by inverted PCR using the
467 Phusion® High-Fidelity DNA Polymerase (New England Biolabs), as recommended by the manufacturer, and the primers FullBC2Xhol 5’-
468 CTCGAGCGTGACCAGTTTGCTAGTGAG-3’ and FullBC2P 5’-ACCTCCTTCACAAGACCCTG-3’. The PCR products were cloned into the
469 plasmid pUC19 at Smal and Sanger sequenced.

470

471 Illumina NextSeq library preparation

472 Enrichment PCR

473 The lllumina NextSeq SR75 library was performed essentially as previously described for urine and virus stock samples (36). For DNA samples
474 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
475  477x 105 copies of muPyV genomes (estimated by qPCR) was used per PCR reaction. For DNA samples purified from organs, we also used a
476 maximum of 4.77 x 105 copies of muPyV genomes but within a limit of 3.1pg of total DNA per reaction (i.e., the maximum quantity of DNA with
477 o inhibitory effect on the PCR). The number of enrichment PCR cycles varied based on the copies of muPyV genomes used in the reaction.
478

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

484

485 Indexing PCR, amplicons pooling and quality controls

486  The indexing PCR was performed as previously described (36). In brief, the enrichment PCR products were used in two separate indexing PCR
487 reactions per sample to amplify a 75 bp fragment encompassing the barcode region of the muPyVs genome using staggered indexing primers. The
488 two indexing PCR reactions were merged, gel purified, quantified, normalized and pooled together to constitute the final library, as described
489 previously (36). The final library was sent to the Genomic Sequencing and Analysis Facility of the University of Texas at Austin for a Bioanalyzer
490 (Agilent) quality control prior to the Illumina NextSeq SR75 sequencing run. To increase diversity, PhiX DNA was also included (~5% to the first


https://doi.org/10.1101/2025.03.31.646279
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.31.646279; this version posted April 5, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

491 run and ~34% to the second run). The accession number for these data deposited at SRA is: PRINA791340.
492

493 Extracting barcode sequences

494 Thiswas performed as previously described (36). In brief, barcodes were extracted from FASTQ files off the sequencer using Cutadapt (80), with
495 the default error allowance of 10%, using linked adapters (requiring both adapters to flank the barcode). Relative abundance was determined by
496 pulling the raw counts and processing them using R with the tidyverse packages (81).

497

498 Clustering and quantifying barcodes

499 Based on our previous work (36), barcodes were clustered using Starcode (82) for message-passing clustering, using a maximum Levenshtein
500 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
501 4012 unique barcodes in our initial input barcoded stock virus. To determine abundance of barcodes in both urine and tissues, we associated
502 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
503 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
504 1o 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
505 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
506 genomes) than others. For each sample and each barcode, we calculated what fraction that barcode count was of the total and then multiplied the
507  fraction by the total number of estimated genome copies in the biological sample

508

509  Randomized barcode in silico experiment

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

515

516 Analysis of barcode overlap between urine and tissues

517 To assess whether the most abundant shed viruses originated from the tissue reservoirs, we analyzed the overlap between the top 5% of barcodes
518 in urine and tissues for each mouse. The overlap between these barcode sets was assessed using a contingency table that categorized barcodes
519 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
520 tissue, and (4) present in neither category. Fisher's exact test was performed to evaluate the statistical significance of the overlap.

521

522 Plotting data

523 Plots for number of unique barcodes, enrichment over background, similarity of temporally adjacent time points, changes in diversity over time
524 (donut plots and entropy), shedding patterns via ridge plots, rank plots, GC content, length distribution of barcodes, Fisher's exact test and

525 correlation analyses (83) were generated using R with the tidyverse packages (81). We also used the ggridges and corrplot packages in R for
526 generating the ridge plots and correlation plots respectively. The gridExtra and patchwork packages in R were used to combine plots for panel
527  view. For correlation analyses, the Spearman correlation coefficient of the relative abundance of barcodes was calculated for each tissue of a
528 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
529 identify virus genomes that may have entirely lost the barcode insert because these would not have been detected with the RT primer used in this
530 analysis, which is designed to prime to a portion of the exogenous barcode insert.

531

532 Code available at: https:/github.com/ChrisSullivanLab/Shedding-dynamics-of-a-DNA-virus

533

534 Cosine similarity

535 Cosine similarity is a measure between -1 and 1 of the similarity between two sequences of numbers, where the proportions, rather than the

536 absolute values of the numbers, are compared. For our purposes, the number of sequences mapping to a particular barcode represents the levels of
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537  thebarcodesina sample. More precisely, cosine similarity is the cosine of the angle between two vectors in an n-dimensional space, where for
538 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
539 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

540  parcode data, where the levels of barcodes are always non-negative, the cosine similarity must be between 0 and 1. We plotted a measure of
541  cosine similarity between temporally adjacent time points as a measure of how the relatedness of the relative amounts of shed barcode patterns
542 change over time.

543

544 Diversity of viral genomes in samples

545 Donut charts are used to show the percentage representation of barcodes in each sample. Alternating shades of gray distinguish distinct barcodes,
546 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
547 timepoint tested) are indicated in a unique color.

548

549 1o quantify the diversity of barcode repertoires over time, we utilized diversity indexes. We used the “true diversity", or Hill number qD, with q
550 =1 chosen so as not to prefer either abundant or rare barcodes. For q = 1, this is the exponential of the empirical Shannon entropy, also known as
951 the Shannon-Wiener index (84). Additionally, we also counted how many barcodes it takes in each sample to account for 75% of the total

552 barcode expression. Both measures of diversity are plotted as the percent change relative to the barcode repertoire shed at day 1.

553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568

569
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570 Figure Legends

o571

572 Figure 1. Total amount of muPyV DNA shed in urine over time. Urine was collected from infected mice at multiple times post-infection.
573 muPyV genome equivalents per pl of urine as determined by qPCR are shown. Blue circles indicate urine samples selected to determine the
574 barcode repertoire by Illumina NGS. The few selected samples where viral DNA levels were below the limit of quantification (LOQ) are

975  indicated with red circles.

576

ST Figure 2. Temporal dynamics of unique barcode detection and enrichment over background. The number of unique barcodes were

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

582

583 Figure 3. Similarity in patterns of barcodes shed at adjacent times post-infection. Cosine similarity was used to measure the relatedness of
584 patterns between sets of barcodes. The cosine similarity between temporally adjacent time points was plotted to visualize how the relatedness of
585 shed barcode patterns changes over time. Gray area shows the amount of total bulk genomes shed per microliter of urine at each time point. Note
586  that timepoints with abundant total viral DNA shedding generally have lower cosine similarity scores, consistent with less temporal relatedness
587  when large bulk genome shedding events occur.

588

589 Figure 4. Changes in the diversity of shed barcodes over time. For each time point analyzed, the number of distinct barcodes are plotted on a
590  donut chart with the portion of the circle shaded being proportional to the contribution of that barcode to the overall abundance of bulk barcode
591 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
592  solid gray or alternating stripes. Shading shown in color represents a barcode that was among the top ten most abundant barcodes shed by that
593 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

594 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

595 point.
596

597 Figure 5. Diversity of barcode repertoire decreases after early times of infection. Shown is the Shannon entropy, which is a measure of
598 complexity (blue line). Overlaid is a plot showing a separate analysis for the number of barcodes it takes to account for 75% of total bulk shed
599 genomes at any single time point (gold). Note, both measures show similar trends of diversity decreasing after the early times post-infection and
600  then stabilizing.

601

602 Figure 6. Shedding patterns of the top 30 most abundant individual barcodes found in each mouse during the time course of infection.
603 Linear ridge plots represent genome equivalent copies of the top 30 most abundant barcodes (“most abundant” determined by greatest amount of
604  abarcode shed at any single time point). The height of an individual peak on the vertical axis correlates to the relative linear abundance of each
605 barcode. The horizontal axis corresponds to different times post-infection when levels of shed muPyV DNA in urine was determined.

606

607 Figure 7. The sum of the 10 most abundantly shed barcodes constitutes the majority of bulk shed muPyV DNA in the late phase of
608 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
609 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
610 the sum total bulk virus genomes shed at any particular time point post-infection. For easy comparison, these plots are duplicated on the bottom
611 of Figure S2.

612

613 Figure 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
614 abundant barcodes shed in urine (“top 10 determined by greatest amount of a barcode shed at any single time point). A lower rank (more

615 towards the left side) indicates higher abundance in the virus stock. Note, the general trend shows that many, but not all, of the most abundant
616  shed barcodes were among those relatively more abundant in the initial inoculum virus stock.

617
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618 Figure 9. Rank of the most abundant barcodes in assayed mouse tissues in the inoculum stock. Shown is the rank in the virus inoculum
619 stock of the top 10 most abundant barcodes (“top 10” determined by the greatest amount of a barcode in any tissue for an individual mouse). A
620 lower rank (more towards the left side) indicates higher abundance in the virus stock. Note, similar to what is detected shed in urine, the general
621  trend shows that many, but not all, of the most abundant shed barcodes were among those relatively more abundant in the initial inoculum virus

622  stock.

623

624 Figure 10. Low correlation of barcodes repertoires amongst different tissues. Shown is the Spearman correlation coefficient of relative

625  barcode abundance between tissues in each mouse. The top right corner represents the correlation by the size of circle and intensity of the shading
626 between any two organs; the bottom left corner shows the numerical value of Spearman correlation coefficient between different pairs of organs
627 withing an individual mouse. These data demonstrate that tissues have unique repertoires of virus genomes, consistent with limited exchange of

628  virus genomes between tissues.
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629 Supplemental Figure Legends

630

631 Figure S1. Barcoded polyomaviruses replicate infectious virus similar to wildtype virus. Virus replication curves were plotted.

632 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
633 of two different barcoded BKPyV libraries (red or green) at M.O.l. of 1. Cell-associated virus (muPyV) and supernatant (BKPyV) were harvested
634 at multiple time post-infection (p.i.), in duplicate, and virus concentration was determined by immunofluorescence microscopy for VVP1 viral
635 proteins. This analysis shows similar kinetics of infectious virus production and confirms no obvious defect in virus replication caused by the
636  barcode inserts.

637

638 Figure S2. Ridge plots of the 10 most abundant barcodes. A. Shown in color is the abundance of each of the top 10most shed barcodes in
639 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
640  total bulk shed viral DNA ata particular time point post-infection. The height of an individual peak on the vertical axis correlates to the relative
641 linear abundance of each barcode. The horizontal axis corresponds to different timepoints post-infection. B. Shows the sum total of the top 10
642 individual abundant shed barcodes for each mouse in gold (Note: this panel is identical to Figure 7).

643

644 Figure S3. Mean GC content of shed barcodes does not change substantially during the course of infection. A. GC content for the bulk of
645 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

646  amount of a barcode shed at any single time point). Neither panel shows overt trends towards altered nucleotide composition.

647

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

651

652 Figure S5. Total amounts of muPyV DNA in organs. Plotted are muPyV genomes equivalent determined by gPCR and normalized per pg of
653  total DNA purified from organs or per pl of whole blood.

654

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

658

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

662

663 Figure S8. Abundant barcodes in kidney are more abundantly shed in urine. Shown are the top 10 most abundant barcodes detected in each
664 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
665 a barcode in any tissue for an individual mouse). In 3 of the 4 mice, abundant barcodes in the kidney are clearly also more abundant in urine. No
666 other organ or tissue displayed such a strong signature consistent with shed viruses deriving from the kidney.

667
668
669
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670 Supplemental Tables
671

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

673

674 Table S2: Urine from infected mice contains infectious muPyV as shown by 100% CPE on NMuMG cells

675

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

677

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

679
680 Table S5: Staggered indexing primers.
681
682
683
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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 so...
	Author Summary / Importance
	Polyomavirus infections, mostly benign but potentially fatal for immunocompromised individuals, undergo acute and long-term persistent infections. Typically, polyomavirus-associated diseases arise due to virus infection occurring in the context of a p...
	Introduction
	Fundamental questions about infection with most viruses remain unanswered, for example: 1) How many viruses establish an infection? 2) Is the virus diversity maintained as the infection progresses? 3) If a persistent infection ensues with ongoing shed...
	Models of acute virus infection are prevalent due to their ease of study and relevance to disease. Genetically barcoded RNA virus populations have been engineered to study the effect of population bottlenecks, dissemination, mutations, and different r...
	Unlike most RNA viruses, many DNA viruses establish long-term persistent infection 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 occur where vi...
	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...
	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 m...
	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 geno...
	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 co...
	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) (Fig...
	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 1x 10^6 IU of the barcoded muPyV stock (36) and collected urine approximately 2-3 times per week over a period of 99 days. We note that at day 59 pos...
	qPCR 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 t...
	To determine the composition of barcode repertoires, we generated Illumina 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 ...
	For urine samples with low virus genome copy numbers, our Illumina analysis was able to detect more genomes than our qPCR analysis (10-100X more identified via Illumina). To validate the observed pattern of unique barcodes, we performed a control expe...
	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 i...
	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 relative abundance of each barcode (percentage of total) for each sample as donut plots (Fig. 4). Although over 80 different barcodes a...
	As a quantitative measure of diversity, we used Shannon entropy, which captures both the richness and evenness within a population. Using this metric, we observed a steep decline in the diversity of the bulk barcodes shed after the first few days post...
	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). This analysis showed that, in addition to having at a low shed level of (typically) hundreds of barcodes detectabl...
	To comprehend the contribution of the more abundantly shed genomes to total viral genomes shed, we utilized ridge plots to co-visualize the longitudinal shedding of the top 10 most abundant barcodes (“top 10” was determined by the number of reads in a...
	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 vir...
	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 (Fig. S5), generated Illumina NextSeq NGS libraries, and qua...
	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 (Fig. S7). Moreover, the most abundant barcodes in organs were...
	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 (2.42E+08 genomes equivalents per µg of total DNA). Analysis of Illumina reads showed ...
	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...
	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 analysis reveale...
	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 lytic infections (4...
	We utilized a genetic barcode approach whereby we tagged a region of muPyV genome with thousands of random barcodes to study patterns of infection and shedding (36). Similar to some human PyVs (26, 60, 61), muPyV sheds infectious virus in urine (34, 3...
	Interestingly, distinct populations of relative barcode abundance are detected in individual tissues at late times of persistence. Only the kidney appeared to contribute to viruses shed in urine underscoring a lack of virus genome exchange between org...
	Remarkably, throughout essentially all times post-infection up to day 99 post-inoculation, urine contained many (> 80) detectable low abundance barcodes. However, our analysis reveals a noticeable shift in the pattern of shed barcodes in the early acu...
	One hypothesis to explain the punctuated highly shed genomes is something akin to herpesvirus lytic reaction. However, other models are possible and proving that PyVs can undergo true latent/lytic infections akin to herpesviruses would require studies...
	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 ...
	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...
	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 ...
	Acknowledgements
	We dedicate this paper to the memory of Benni Goetz, who worked tirelessly to complete this project and whose unique intellect and creativity permeate much of this work. We thank James J. Bull, University of Idaho, for helpful conversations regarding ...
	Methods
	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 (78). ...
	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 an...
	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 tw...
	To confirm the presence of the barcode in the virus libraries, an aliquot of the virus stocks was DNAse I treated before the DNA purification step using the QIAamp® DNA Mini Kit (Qiagen) and the region of the virus genomes surrounding the poly- A sign...
	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 20 min, 0.1% Triton X-100 for 5 min...
	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 12...
	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...
	Barcoded virus longitudinal shedding, infections and sample collection in mice
	All animal procedures were performed in compliance with the approved University of Texas at Austin Animal Care and Use Committee protocol and were subject to veterinary approval. Two male and two female FVB/NJ mice, between 9 and 10 weeks of age were ...
	DNA extraction for samples analyzed in the longitudinal study
	DNA was purified from 50μl of urine (or less when low volumes were collected) using the QIAamp viral RNA mini kit (Qiagen), following the manufacturer’s protocol. DNA was eluted in 60 μl of Tris-EDTA buffer and stored at -20 C until use. For qPCR assa...
	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 QIAamp Fast DNA Tissue kit (Qiagen), following the manufacturer’s protocol. DNA was p...
	Real time-qPCR assay for the muPyV DNA quantification
	The 20μl qPCR mixture contained 10μl of PerfeCTa® SYBR® Green FastMix®, ROXTM (Quantabio), 8pmol of each primer PTA/PTA-dl1013 sense 5’-GATGAGCTGGGGTACTTGT-3’ and PTA/PTA-dl1013 antisense 5’-TGTATCCAGAAAGCGACCAAG-3’ and 2μl of eluted DNA solution as t...
	In vivo infection of polyomavirus and urine collection to detect infectious virus in urine
	The mice used were C57BL/6N (Taconic) background. To confirm highly positive samples contained infectious virus, six C57BL/6N mice were initially infected with 1x10E+06 IU/mouse of the barcoded muPyVs library and the wild-type PTA muPyV stock in a 1:1...
	50% confluent NMuMG cells in a 24-well plate were infected for 1 h at 37 C with 150 μl / 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 adde...
	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 recommen...
	Illumina 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 a...
	To amplify DNA from organs and whole blood, 50μl of the PCR reaction contained ≤4.77 x 105 copies of muPyV genome and ≤3.1μg of total DNA per PCR reaction, 0.3μM of each primer, 1X of KAPA HiFi HotStart Ready Mix (Kapa Biosystems). After an initial de...
	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 75 bp fragment encompassing the barcode region of the muPyVs genome using stagg...
	Extracting barcode sequences
	This was performed as previously described (36). In brief, barcodes were extracted from FASTQ files off the sequencer using Cutadapt (80), with the default error allowance of 10%, using linked adapters (requiring both adapters to flank the barcode). R...
	Clustering and quantifying barcodes
	Based on our previous work (36), barcodes were clustered using Starcode (82) 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 read...
	Randomized barcode in silico experiment
	In order to validate the observed patterns of unique barcodes and account for potential background noise, we generated an in silico control by randomly shuffling the nucleotides of each sample barcode. These shuffled sequences were mapped to stock bar...
	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...

	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 distribution of...
	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 proportions, rather than the absolute values of the numbers, are compared. For our purposes, the number of sequences mapping to a particular ...
	Diversity of viral genomes in samples
	Donut charts are used to show the percentage representation of barcodes in each sample. Alternating shades of gray distinguish distinct barcodes, and the top 10 most abundant individual barcodes (“top 10” determined by the greatest amount of a barcode...
	To quantify the diversity of barcode repertoires over time, we utilized diversity indexes. We used the "true diversity", or Hill number qD, with q = 1 chosen so as not to prefer either abundant or rare barcodes. For q = 1, this is the exponential of t...
	Figure Legends
	Figure 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 µl of urine as determined by qPCR are shown. Blue circles indicate urine samples selecte...
	Figure 2. Temporal dynamics of unique barcode detection and enrichment over background. The number of unique barcodes were extracted from Illumina reads for each sample. The number of unique barcodes detected in each mouse over time is plotted. The gr...
	Figure 3. Similarity in patterns of barcodes shed at adjacent times post-infection. Cosine similarity was used to measure the relatedness of patterns between sets of barcodes. The cosine similarity between temporally adjacent time points was plotted t...
	Figure 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 t...
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