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ARTICLE INFO ABSTRACT

Background: Chronic infections by one of the oncogenic human papillomaviruses (HPVs) are responsible for near
5% of the global cancer burden and HPV16 is the type most often found in cancers. HPV genomes display
unexpected levels of variation when deep-sequenced. Minor nucleotide variations (MNVs) may reveal HPV
genomic instability and HPV-related carcinogenic transformation of host cells.

Objectives: The objective of this study was to investigate HPV16 genome variation at the minor variant level on
persisting HPV16 cervical infections from a population of young Dutch women.

Study design: 15 HPV16 infections were sequenced using a whole-HPV genome deep sequencing protocol (TaME-
seq). One infection was followed over a three-year period, eight were followed over a two-year period, three
were followed over a one-year period and three infections had a single sampling point.

Results and conclusions: Using a 1% variant frequency cutoff, we find on average 48 MNVs per HPV16 genome
and 1717 MNVs in total when sequencing coverage was > 100 x . We find the transition mutation T > C to be
the most common, in contrast to other studies detecting APOBEC-related C > T mutation profiles in pre-can-
cerous and cancer samples. Our results suggest that the relative mutagenic footprint of HPV16 genomes may
differ between the infections in this study and transforming lesions. In addition, we identify a number of MNVs
that have previously been associated with higher incidence of high-grade lesions (CIN3 +) in a population study.
These findings may provide a starting point for future studies exploring causality between emerging HPV minor
genomic variants and cancer development.
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1. Introduction

Human papillomavirus (HPV) is the most common sexually trans-
mitted infection worldwide [1] and persistent infection with an onco-
genic HPV type is required, but not sufficient, for the development of
cervical cancer [2]. Although most HPV infections clear naturally
within 12-18 months [3], a subset may persist, potentially progressing
to cervical intraepithelial lesions of varying degrees (CIN1-3) and in-
vasive cervical cancer. HPV is a double stranded DNA virus that uses
host replication machinery and has co-diverged with humans to con-
stitute highly conserved genotypes [4,5]. Within HPV types, distinction
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is made between lineages (1-10% whole genome genetic difference),
sublineages (0.5-1.0%) and variants (< 0.5%) [6]. Lineages and sub-
lineages of HPV have been associated with differential risks for disease
outcomes [7,8]. In addition, recent studies have shown that HPV ex-
hibits large variation, both at the population level and within its human
host despite the strongly conserved genome [9-14]. Currently, limited
information is available explaining the origin of this diversity.

Deep sequencing of HPV genomes has revealed the presence of
minor nucleotide variations (MNVs). These polymorphic sites show one
or multiple different nucleotides in addition to the consensus or ma-
jority nucleotide [15]. Such MNVs can only be reliably detected by

E-mail addresses: audrey.king@rivm.nl (A.J. King), olam@oslomet.no (O.H. Ambur).

1s. L. and P. v. d. W. have contributed equally to this work.

https://doi.org/10.1016/j.jcv.2019.08.003

Received 7 February 2019; Received in revised form 6 August 2019; Accepted 9 August 2019
1386-6532/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/13866532
https://www.elsevier.com/locate/jcv
https://doi.org/10.1016/j.jcv.2019.08.003
https://doi.org/10.1016/j.jcv.2019.08.003
mailto:audrey.king@rivm.nl
mailto:olam@oslomet.no
https://doi.org/10.1016/j.jcv.2019.08.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcv.2019.08.003&domain=pdf

S. Lagstrom, et al.

means of high-resolution sequencing. HPV is considered to evolve
slowly due to the high fidelity of its human host replication machinery
[4,16]. However, humans also encode several low-fidelity polymerases,
some of which are upregulated in early stages of HPV16 infection [17].
These polymerases are often recruited for DNA repair by means of non-
homologous end-joining [18]. The HPV life cycle involves two separate
rounds of replication. An initial round in proliferating cells at the basal
layer of the stratified epithelium yielding 10-100 copies of the viral
genome per cell, and another productive round, in differentiated cells at
the suprabasal level, resulting in thousands of viral copies per cell [19].
Several DNA repair pathways are required for productive HPV re-
plication, yet information relating to their influence on generating
mutations at the minor variant level is lacking. In addition, viral mu-
tation rates can be affected by, sequence context, template secondary
structure, the cellular microenvironment and several other factors re-
lating to replication, post-replicative corrections and DNA repair [20].
A known source of mutations in HPV genomes is apolipoprotein B
mRNA editing enzyme (APOBEC) activity, which is part of the host
innate immune response against viruses [21]. APOBEC enzymes induce
genetic change by converting cytidine to uridine, which may base pair
with adenosine, causing C > T substitution mutants after replication.
APOBEC-related changes have been identified in cervical cancer patient
genomes [22]. Additionally, the HPV genome is itself susceptible to
APOBEC editing [12,23]. HPV oncoproteins E6 and E7 upregulate the
expression of APOBEC3A and APOBEC3B [24,25]. In turn, APOBEC3B
activity is upregulated in cancer tissues [26,27]. Interestingly, con-
servation of the HPV E7 gene, through a lack of APOBEC-related
editing, was shown to be essential for the development of cervical
cancer in a population study [12]. Despite these findings, APOBEC
activity in HPV infections in young women remains largely un-
characterized.

In this study, we aim to identify intra-sample MNVs in HPV16 in-
fections from young women and monitor changes over time. To this
end, we use TaME-seq for sequencing [28]. TaME-seq adapts tagmen-
tation-assisted (enzymatic cleaving and tagging of double-stranded
DNA) library preparation by replacing one of the generic sequencing
primers with a cocktail of 52 HPV specific primers. Reactions are per-
formed separately for forward and reverse sequencing products, re-
placing the forward generic primer with a HPV specific one and vice
versa. This multiplex PCR enrichment approach results in a higher yield
of HPV specific sequencing data. Here, we apply TaME-seq, to a long-
itudinal retrospective cohort study [29].

2. Materials and methods
2.1. Sample selection

Vaginal self-swabs were obtained from the Chlamydia trachomatis
Screening and Implementation (CSI) study. Recruitment criteria,
methods and additional consent for HPV testing have been described
previously [29-31]. Cytology was not performed on these samples, but
considering the age of study participants (16-29 years old), the iden-
tified infections are likely benign. Participants supplied up to four
samples over time. For this study, the median interval between sam-
pling moments was 48 weeks (95% CI: 46-51 weeks; min: 17, max: 63
weeks). Total DNA from 200puL of sample was isolated using the
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MagnaPure96 platform (Total Nucleic Acid Isolation Kit, Roche Diag-
nostics) according to the manufacturer’s protocol. Isolated material was
eluted in 100 L and subsequently genotyped via the SPF10-DEIA-
LiPA25 platform (DDL Diagnostics) [32,33]. Viral load of HPV16 po-
sitive samples was quantified via type-specific qPCR [34]. Infections
were selected if they were HPV16 positive during at least three sub-
sequent follow-up moments, preferably with no other HPV genotypes
present (Fig. 2).

2.2. Library preparation and sequencing

Library preparation was performed using TaME-seq [28]. Briefly,
each sample was tagmented using the Nextera DNA library prep kit
(Illumina, Inc., San Diego, CA) and subsequently amplified in two se-
parate reactions. Amplification occurred by multiplex PCR using pools
of 27 forward (F) and 25 reverse (R) HPV16 primers in combination
with i7 and i5 index primers [35] from the Nextera index kit (Illumina,
Inc., San Diego, CA). Libraries from all samples were sequenced on the
Mlumina MiSeq and HiSeq2500 platform as 151 bp paired-end reads
with two 8 bp index reads.

2.3. Sequence alignment and nucleotide variant calling

Sequence data was analyzed using an in-house bioinformatics pi-
peline [28]. Reads were mapped to the human genome (GRCh38/hg38)
and HPV16 reference genome (GI:333,031 HPV16REF.1) [36], using
HISAT2 (v2.1.0) [37]. Consensus sequences were extracted using
samtools (v1.8) mpileup (-E -d 200,000 -L 200,000), bcftools (v1.6)
(call -c —ploidy 1) and vcfutils.pl. Consensus sequences were compared
to Sanger data from a previous study [10] using MUSCLE (v.3.8.1551)
to align sequences, IQtree (v1.5.5) to infer maximum likelihood phy-
logeny and FigTree (v1.4.3) to visualize the alignment. Mapped nu-
cleotide counts over HPV reference genomes and average mapping
quality values of each nucleotide were retrieved from BAM files. Var-
iant calling was performed using an in-house R (v3.4.4) script (Fig. 1).
In each sample, nucleotides called <2 times in each genomic position
or with mean Phred score of < 30 were removed. From either reaction,
results with coverage < 100 x were filtered out. F and R nucleotide
counts were pooled per sample and major and minor variant fre-
quencies were calculated per position. Samples were excluded if < 45%
of the genome was covered =100 X . Variants were called if variant
frequency was > 1%. If F and R reactions from the same sample showed
discordant variants, the reaction with higher coverage was chosen for
total variant calling. Genomic locations of MNVs were mapped and
major to minor variant mutations were classified as synonymous or
non-synonymous in each infection. In addition, MNVs appearing con-
secutively in follow-up samples from the same infection were identified.
Selected samples with a high read count (> 1,000,000) mapped to
HPV16, were downsampled randomly to 100.000 reads to rule out
possible effects of excessively high sequencing coverage on variant
calling.

2.4. Mutational signature analysis

All observed nucleotide substitutions were classified into the six
base substitutions, C > A(G > T),C > G(G > C),C > T (G > A),

Forward and
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combined

| Fig. 1. Schematic representation of the nucleotide variant calling.
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T>AMA>T),T>C(A >G),and T > G (A > C) substitutions,
and then into 96 trinucleotide substitution types that include in-
formation on the bases immediately 5’ and 3’ of the mutated base.
Analysis was performed using an in-house R (v3.4.4) script. A region
frequently subject to insertions / deletions (indels) was identified in the
non-coding region (NCR) at positions 4184 and 4185. At these posi-
tions, small indels in the sequenced genomes often resulted in mapping
errors. Consequentially, 18 T > Aand 2T > G mutations in these two
positions have been removed from the present analysis.

2.5. Data availability

The data obtained in this study was deposited in ENA under project
number (will be added when available).

3. Results
3.1. Mean sequencing coverage and viral load

In total, 59 samples from persistent HPV16 infections were pro-
cessed using TaME-seq and 61% (36/59) had > 45% genome covered
by minimum 100X (Table S1), which was the criterion for further
analysis. The remaining 36 samples originated from 15 infections
(Fig. 2). The mean sequencing coverage per sample ranged from 653 to
399,653 reads (Table S1). Samples had varying HPV16 viral load,
which correlated strongly with the per sample mean sequencing cov-
erage (Fig. 3, Pearson correlation coefficient 0.89).

Of the samples with a high viral load (> 1500 copies/uL; n = 30),
29 could be included in downstream analyses. Of the samples with a
lower viral load (< 1500 copies/pL; n = 29), only seven could be in-
cluded, bringing the total sample number included in downstream
analyses to 36.

3.2. Comparison of NGS data to previous Sanger results

Sanger data from a previous study was available for 29 out of 36
samples [10]. Consensus sequences obtained in the present study were
compared to those previously described [10]. The alignment of Sanger
and NGS results overlaps, suggesting high concordance between data-
sets (Fig. S1).

3.3. HPV16 minor nucleotide variations

A total of 1717 HPV16 MNVs (variant frequency > 1% and cov-
erage =100 X ) were detected in the 36 samples (Table 1; Fig. 4; Table
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Fig. 3. Correlation between mean sequencing coverage and viral load (HPV16
copies/uL) in each sample.

S2), with 15 to 82 different variants per sample (average 48.3 variants
per genome, Table S2). Variant frequency ranged from 1% to 49.6%. No
significant correlation was found between the number of variable sites
detected and mean or median sequencing coverage (Pearson correlation
coefficient: r=-0.41). We note however that the sample (545351-3)
with the by far highest mean coverage (399,653) and viral load reports
the lowest number of variable sites (n = 15) (Table S1 and S2). The two
samples (340223-1 and 407612-1) with the lowest mean coverage,
report the mean (48) or below (32) number of variable sites (Table S1
and S2). Of all variants, 85.3% (1465/1717) had a frequency of < 5%.
Non-synonymous and synonymous MNVs were analyzed and are sum-
marized in Table 2.

In order to explore unusual mutational patterns in any gene region,
the number of synonymous and non-synonymous MNVs was mapped
against the consensus sequence of each infection (Table 2). On average
there were 167 times (STDEV + 019) more non-synonymous than sy-
nonymous mutations. No genomic region could be singled out as no-
tably different from other regions.

The total number of MNVs observed in each gene region varied
considerably (Table 2), but correlated well with gene length (Pearson
correlation coefficient: 0.98; Fig. 5). The L2 gene showed a lower than
expected amount of variation, although sequence coverage was low
around genome positions 4800-5000 bp. Overall, the majority of MNVs
found (90%, n = 1550/1717), were caused by transition events
(Table 1). Transversion mutations were detected in 10% of cases. The
most common MNV was T > C (A > G; 67%, n = 1146/1717) fol-
lowed by C > T (G > A; 24%, n = 404/1717) (Table 1; Fig. 6). The
overall T > C mutation ratio was 67%. In comparison, the T > C
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Table 1
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Composition of minor nucleotide variations (MNVs) identified in this study. Percentages of total (%) MNVs were identified from a single reaction of either the
forward (F) or reverse (R) sequencing reaction (only F or R, coverage > 100x) or from both sequencing reactions (F and R, coverage > 100 X ). MNVs identified in
regions where F and R overlapped were compared to major nucleotides and scored if they matched (same major, same MNVs from both F and R) or mismatched
(same major, different MNV from both F and R). Finally the number of MNVs detected repeatedly in follow-up samples is shown.

MNV calling/mutation type T>C T>A T>G C>T C>A C>G Total
Total MNVs 1146 (67%) 56 68 404 (23%) 26 17 1717
MNVs with coverage > 100X for either F or R 610 (68%) 36 38 190 (21%) 13 8 895
MNVs with coverage > 100 x for both F and R 536 (65%) 20 30 214 (26%) 13 9 822
Same major and different MNV F and R 398 (63%) 16 22 175 (28%) 8 6 625
Same major and same MNV F and R 135 (73%) 2 6 35 (19%) 4 2 184
Consecutive detection of same MNV 31 (44%) 3 6 24 (34%) 4 2 70

ratios identified from either F or R sequencing reactions or both se-
quencing reactions together were 68% and 65% respectively (Table 1).
When MNVs were detected in regions where F and R reactions over-
lapped, the T > C ratio was 63% when either the F/R reactions iden-
tified a MNV over the set threshold (same major different minor) and
73% when both F/R reactions made the same MNV call (same major
and same MNV) (Table 1).

Consecutive samples collected at one-year intervals from the same
infection generally showed different MNVs over time. However, 35
MNVs across the HPV16 genome were recaptured in one of the follow-
up samples of eleven different infections (Table S3) amounting to 4%
(70/1717) of the total MNVs. Furthermore, the T > C mutation ratio
drops to 44% in this subset relative to the overall ratio. The T > C
MNVs were the most prevalent in all but one sample collected at the
third sampling point (444086-3), where the C > T minor variants were
dominant (Fig. S2, S3).Moreover, 45 MNVs were detected at 21 poly-
morphic sites previously associated with CIN3+ (Table S4) [12]. Of
these, the two polymorphisms most frequently found were seven in
position 3410 in the E2/E4 gene and six in position 4042 in the E5
gene.

4. Discussion

Using the highly sensitive TaME-seq assay, we investigated con-
secutive HPV16 positive samples from the same infection. Our data
suggests the presence of numerous HPV16 MNVs. Consensus sequences
(major nucleotide variants) were conserved over time (up to two years
follow-up), in line with previous results from this cohort [10]. The
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detection of MNVs correlated with depth of coverage, which in turn and
as to be expected, correlated strongly with sample viral load. The dis-
tribution of synonymous and non-synonymous MNVs across the
genome appeared uniform and therefore gave no grounds for inter-
preting selection. Furthermore, MNVs are generally greatly out-
numbered by the consensus type, which would be available for tran-
scription of functional proteins. At this MNV level we cannot therefore
interpret any substitution rates. Further studies using samples with le-
sions of varying degrees are required to study the dynamics of and
associations between specific MNVs and carcinogenesis.

From 15 HPV16 positive infections (36 samples), we identified a
total of 1717 polymorphic positions. Per infection we found on average
48 MNVs/genome (range 15-82) using the 1% frequency cutoff. Our
study coincides by magnitude with findings reported by de Oliveira
et al. (5-125 MNVs/genome, 1% cutoff) [15], as well as a study in-
vestigating HPV16/52/58 MNVs in CIN1+ by Hirose et al. (0-85
MNVs/genome, 0.5% cutoff) [38,39]. Hirose and colleagues further
found that the number of HPV16 variants negatively correlated with
histological grade. On average, we observe more variants than Hirose
et al.,, which may be in part due to methodological differences, but
likely also due to the age group from which our samples were obtained.

Although the number of MNVs identified is comparable to other
studies, the nature of the mutation profiles differs. We find that the
overall majority (67%) of MNVs were T > C changes, whereas other
studies point to a higher frequency of C > T mutations, which we find
the second-most abundant (23%). The ratios of T > C mutations
against all MNVs are very consistent in our data irrespective of how
they were called. Although TaMe-seq is designed with high primer

Fig. 4. Variable sites (n = 1717) and mean sequencing cov-
erage in the 36 samples from 15 individuals. Variation rate
(top) shows the amount of samples (in %) carrying a minor
nucleotide variant in each position. Each horizontal line re-
presents an individual sample, which is named according to
case number and sample number (1-4) indicating the sample
collection time point. Samples from the same infection are
clustered and separated from others by dashed lines. Variable
positions with variant frequency of <5% are marked with red
and variable positions with variant frequency > 5% is marked
with blue. Mean sequencing coverage is shown across the
HPV16 genome. The location of early (E1, E2, E4-7), late (L1,
L2) genes, URR and NCR is indicated below the HPV16
genomic positions (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.).
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Table 2

Journal of Clinical Virology 119 (2019) 24-30

Minor nucleotide variants per HPV16 gene/genome region in the 36 HPV16 samples included in the analysis. Where applicable, MNVs are sorted by effect on coding
sequence relative to the major nucleotide variant of each infection. *Since certain genes overlap, 84 MNVs are reported more than once.

Gene Length (bp) Total number (n) of minor nucleotide variations
All (%) Synonymous (%) Non-synonymous (%) Nonsense (%)
E6 477 116 (24.3) 46 (9.6) 66 (13.8) 4(0.8)
E7 297 65 (21.9) 26 (8.8) 39 (13.1) 0
El 1950 439 (22.5) 143 (7.3) 282 (14.5) 14 (0.7)
E2 1098 248 (22.6) 90 (8.2) 155 (14.1) 3(0.3)
E4 288 65 (22.6) 25 (8.7) 40 (13.9) 0
E5 252 68 (27.0) 23 (9.1) 44 (17.5) 1(0.4)
L2 1422 233 (16.4) 91 (6.4) 142 (10.0) 0
L1 1518 350 (23.1) 133 (8.8) 210 (13.8) 7 (0.5)
URR 832 180 (21.6) - - -
SUM 1801* 577 978 29.
500 [12,38]. Over time, APOBEC-related C > T changes accumulate in
progressing infections, resulting in mutation patterns observed in
£ 400 CIN1+ materials [12,38]. Our findings imply that APOBEC activity
'g S50 could manifest at later developmental stages of infections than those
5 included in this study. Interestingly, in our dataset we find one infection
g 200 that shifts over time from a T > C heavy mutation profile, toa C > T
E heavy mutation profile (444086, Fig. S2), suggesting APOBEC activity.
Z 100 5 oo k021 This is further supported by the observation that the C > T mutations
0 NCR E4 E7 poTo: in the last collected sample of this infection are almost exclusively in
500 1000 1500 2000 the 5°-TC dinucleotide context which is the preferred APOBEC3A and

Length (bp)

Fig. 5. Correlation between the total number of minor nucleotide variants
(MNVs) and the length of viral gene regions including URR and NCR. Since
certain genes overlap, MNVs can be counted more than once.

density to cover the entire HPV16 genome (52 in total), it is not de-
signed to completely cover the genome with both the two F and R re-
actions separately. Despite this, nearly half (n = 809/1717) of the
called MNVs are found in overlapping regions obtained from the two
reactions independently. Most of these (n = 625) are called in either
one of the F or R reactions suggesting that they are either below the 1%
frequency cutoff in the other reaction, stochastically amplified from a
variant pool by only one of the reactions, or noise. The T > C mutation
ratio is lowest in these unpaired MNVs (63%) and highest (73%) in
those that are called by both the F and R reactions (11% of total MNVs,
n = 184/1717). This is the opposite of what could be expected if T > C
mutations were erroneously called, assuming that MNVs independently
detected by the F and R reactions confirm each other. The probability of
falsely calling the same MNV in two separate reactions is extremely
small. Therefore, the derived mutation ratios support the overall
finding that T > C mutations dominate the MNVs in our samples. The
origin of these T > C mutations remains to be explored, particularly
with a focus on early infection events and influence from genome dy-
namics, DNA repair and viral replication.

The C > T mutation profile is associated with APOBEC activity

APOBEC3B motif [40]. MNVs were generally not recaptured in con-
secutive samples. This may be due to sampling of random fractions of
the low frequency MNV for each sample and potentially changes in HPV
genome dynamics over time. Despite this, 35 MNVs could be detected
repeatedly in follow-up samples. Although the numbers are small, it is
noticeable that the T > C ratio is lower (44%) and the C > T ratio
higher (34%) in these persistent MNVs relative to the overall distribu-
tion of mutations (67 and 28%, respectively). Although this dataset is
too small to make firm statements, it is tempting to speculate that an
APOBEC footprint accumulates, and therefore becomes more easily
detectable in the viral pool over time. This does not necessarily occur
from selection but from persisting APOBEC activity. In this study, we
repeatedly identified (1-7 times) 45 MNVs at 21 polymorphic sites.
These sites overlap with a subset of HPV16 SNPs reported by Mirabello
et al., which are significantly associated with disease outcome at the
population level [12]. Here, they are identified at the minority level.
Although, the biological relevance of low frequency variants is yet to be
determined, changes in MNV frequency over time might be an indica-
tion of microevolution linking to disease progression. This study pre-
sents a first look at the development of MNVs over time. Since previous
knowledge on this subject is scarce, a number of unknowns become
apparent. Currently, we do not fully comprehend the origin or interplay
of minority variants. Variants with similar fitness could be originating
naturally over time within hosts, who could then transmit them during
intercourse. The role of repeated exposure is also unknown and could
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Fig. 6. Overall mutational signatures of 1717 minor nucleotide variants (MNVs) in 36 samples. Mutations are classified into six base substitutions and further into 96
trinucleotide substitution types. Mean proportion of each 96 mutational signature was calculated in the samples. Error bars represent the standard error of the mean.
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lead to an increase of variant diversity for each exposure event. Im-
portantly, the detection of abundant intra host MNVs does not chal-
lenge the well-established slow evolution of HPVs but rather increases
our understanding of the variable HPV16 genome substrate that can be
available for natural selection and evolution at the population level.
Future research is required to unravel the fundamentals of HPV variant
genesis and their role in transmission and establishment of new infec-
tions.

One of the strengths of this study is the use of TaME-seq for deep
whole HPV genome sequencing. A comparison of consensus sequences
obtained using TaME-seq with previously described Sanger sequencing
data showed similar results [10]. In addition, the robustness and re-
liability of the bioinformatics pipeline, calling mutation profiles from
raw sequence data, was controlled by reanalysis of the data from Hirose
et al. [38], producing excellent compatibility. Finally, our method en-
abled us to detect 11% of the called MNVs independently in over-
lapping reads obtained from the two amplification reactions (F and R).
Using these, we compared mutational profiles to the whole dataset and
similar distributions of mutations were observed.

The design and method used in this study carry some limitations.
TaME-seq genome coverage varied between samples and strongly cor-
related with the initial HPV load. Since overlapping high-resolution
data is required to compare MNVs at different time points of an infec-
tion, sample inclusion was limited to =100 X coverage across > 45%
of the genome. Consequentially, the mutational patterns observed in
this study are often observed on stretches of DNA rather than whole-
genome results. It is worth noting that the mutational profiles described
in the present analysis, reflect the complete population of HPV16 var-
iants in each sample. No distinction is made between potential co-in-
fections of the same type to prevent potential bias. To compensate for
varying viral load of the input material on the resulting sequencing
coverage, a downsampling analysis was performed of high-coverage
samples, which showed similar results to the original analysis.
Therefore, we expect sequence coverage differences to be of limited
influence on the observed mutation patterns. However, one 200 nt
genomic region was poorly covered in all samples (position
4800-5000), possibly due to scarcity of primers. Potential MNVs in this
region may therefore be underreported. One sample with the highest
coverage (> 10 fold higher than most other samples) and viral load,
reported the least number of MNVs (n = 15). This illustrates how MNVs
may not reach 1% frequency against a massive backdrop of major
variants in a competitive amplification step.

MNVs were generally found to differ between consecutive samples.
The identification of a number of MNVs which were conserved in
consecutive samples (Table S3) suggests that this is at least partially
caused by sequence coverage and depth. Uncommon MNVs around the
detection cutoff will vary in detection and frequency due to PCR and
sequencing stochasticity. In addition, the sequencing resolution dictates
the number of variants detected from an expected larger mutational
pool. It is likely that highly prevalent MNVs are more frequently de-
tected than MNVs around the detection cutoff, although a correlation
between MNV prevalence and consecutive detection could not be
confirmed for our dataset. It is likely that each sample preparation step
leads to a selection of MNVs from the total pool, making redetection of
MNVs over time difficult. Furthermore, biological differences between
baseline and follow-up samples account for a large portion of MNVs
that could not be repeatedly detected. A high viral load at baseline
suggests that many MNVs can be detected, while a low viral load at
follow-up suggests that only a limited number could be detected. This
could explain how often even prevalent MNVs could not be detected in
follow-up samples. To our knowledge, this dataset is among the first to
describe MNVs in follow-up samples, implying that there could be
methodological inefficiencies in the redetection of MNVs from follow-
up samples. Further research is required to determine the optimal ap-
proach for this.

In this study, QIAGEN Multiplex PCR kit with HotStar Taq DNA
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Polymerase was used, which, like other polymerases lacking proof-
reading, could introduce a T > C prone error bias [41]. Additionally,
some of the observed transitions could be caused by the Illumina
platform [47]. However, as described in the methods section, the use of
paired-end reads and a cutoff for calling minor variants (> 1%) should
minimize bias from these sources. Furthermore, MNVs in 35 individual
genome positions were detected repeatedly in consecutive samples and
138 MNVs in both the separate F and R amplification reactions, sug-
gesting robustness for our observations.

The samples used here were obtained from a retrospective cohort
study, which was initially aimed at identifying Chlamydia trachomatis
infections, and later adapted for HPV purposes [17]. Due to the age of
the women recruited for this study (16-29 years old), and the fact that
they were recruited for C. trachomatis purposes, it is unlikely that the
study participants have high-grade cytological malignancies, although
this could not be confirmed. The longitudinal nature of this study
combined with our inclusion criteria, also means that sample size is
relatively small. Since this study was originally conducted to assess C.
trachomatis status, an effect of such infections might be apparent in the
mutation rates of the samples tested in the present analysis. However,
since only one of the fifteen infections analyzed here was C. trachomatis
positive, we could not compare mutation rates between C. trachomatis
positive and negative individuals.

In summary, this study reports a multitude of MNVs observed
through whole genome, deep sequencing of HPV16 infection with
longitudinal follow-up. The mutation profiles identified in this study
suggested non-APOBEC-related pathways causing mutations in HPV16
infections in young women. Most MNVs were detected incidentally,
however, some MNVs could be detected separately or repeatedly over
time, suggesting robustness in mutational profiles and at least partial
conservation of MNVs. Some of the MNVs identified repeatedly were
associated with malignant infection outcomes in other studies, poten-
tially suggesting clinical relevance in longitudinal tracking of MNVs.
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