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Abstract

Chronic enterovirus infections can cause significant morbidity, particularly in immunocompromised patients. This study describes a
fatal case associatedwith a chronic untypeable enterovirus infection in an immunocompromised patient admitted to a Dutch university
hospital over nine months. We aimed to identify the enterovirus genotype responsible for the infection and to determine potential
evolutionary changes. Long-read sequencing was performed using viral targeted sequence capture on four respiratory and one faecal
sample. Phylogenetic analysis was performed using a maximum likelihood method, along with a root-to-tip regression and time-
scaled phylogenetic analysis to estimate evolutionary changes between sample dates. Intra-host variant detection, using a Fixed Ploidy
algorithm, and selection pressure, using a Fixed Effect Likelihood and a Mixed Effects Model of Evolution, were also used to explore
the patient samples. Near-complete genomes of enterovirus C104 (EV-C104) were recovered in all respiratory samples but not in the
faecal sample. The recovered genomes clustered with a recently reported EV-C104 from Belgium in August 2018. Phylodynamic analysis
including ten available EV-C104 genomes, along with the patient sequences, estimated the most recent common ancestor to occur in
the middle of 2005 with an overall estimated evolution rate of 2.97×10−3 substitutions per year. Although positive selection pressure
was identified in the EV-C104 reference sequences, the genomes recovered from the patient samples alone showed an overall negative
selection pressure in multiple codon sites along the genome. A chronic infection resulting in respiratory failure from a relatively rare
enterovirus was observed in a transplant recipient. We observed an increase in single-nucleotide variations between sample dates from
a rapidly declining patient, suggesting mutations are weakly deleterious and have not been purged during selection. This is further
supported by the persistence of EV-C104 in the patient, despite the clearance of other viral infections. Next-generation sequencing with
viral enrichment could be used to detect and characterise challenging samples when conventional workflows are insufficient.
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1. Introduction
Chronic infections in immunocompromised patients can cause a
significant burden in intensive care units (ICUs) within hospitals.
Patients receiving immunosuppressive drugs, due to transplan-
tation or undergoing chemotherapy, have an increased risk of
developing infections, which may become chronic without appro-
priate immune system activation. Although enteroviruses are
highly prevalent within the community, they are usually self-
limiting and resolved within a few weeks (Genoni et al. 2017).
The majority of individuals present with mild symptoms, ranging
from gastroenteritis to respiratory distress, especially in children.
However, enterovirus infections can be particularly problematic in
patients with a weakened immune system. Indeed, studies have
shown that some enteroviruses can persist for years in the body
and can be continually shed in faeces (Laassri et al. 2018).

Enterovirus C104 (EV-C104) is a genotype within group C and

has been associated with respiratory presentation and disease

(van Leer-Buter et al. 2016). Since its first identification from a

sample collected in Switzerland in 2005, it has been reported

sporadically worldwide, including in Italy and Gambia in 2013,

Japan in 2012, and Belgium in 2020 (Kaida et al. 2012; Piralla

et al. 2013; Tokarz et al. 2013; Wollants et al. 2020). Other clinical

presentations of EV-C104 have been reported previously, includ-

ing seizures in a patient with leukaemia from the Netherlands in

2014 (van Leer-Buter et al. 2016). Little is known about the persis-
tence of EV-C104 in patients. However, poliovirus, one of the most
well-studied group C enteroviruses, has been known to persist in
the body for over 30 years (Laassri et al. 2018).

A rapid diagnosis of enterovirus infections is important to facil-
itate infection control and rule out other potential pathogens to
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prevent unnecessary empiric antibiotic treatment. Enteroviruses
are ss-RNA viruses with approximately 7,500 nucleotides in
length and are members of the Picornaviridae family (Joffret et al.
2018). Real-time reverse-transcriptase polymerase chain reaction
(RT-qPCR) is used for enterovirus detection, while Sanger sequenc-
ing remains the gold standard in routine molecular virology for
genotype characterisation by targeting the viral protein 1 (VP1)
or VP4 gene encoding the viral capsid (Harvala et al. 2018).
Enteroviruses are known to have vast variations in their genomes
(Simmonds et al. 2006) and are prone to recombination events,
which have been suggested to be a driving force for evolution (Song
et al. 2020). Untypeable samples can be increasingly troubling,
particularly when linked to unique or severe clinical presentation.
Next-generation sequencing (NGS) technology has been used pre-
viously to determine and characterise challenging patient sam-
ples (Greninger 2018; Schuele et al. 2020). By obtaining complete
or near-complete genomes, more information can be gathered on
evolution patterns and variations in primer binding sites to refine
targeted conventional assays, such as routine RT-qPCR and Sanger
sequencing.

Here, we describe a fatal case of a patient with a chronic unty-
peable (through Sanger sequencing) enterovirus infection over
nine months. Viral targeted sequence capture was used in com-
bination with Oxford Nanopore Technologies (ONT) sequencing
to determine the enterovirus genotype responsible for the infec-
tion, to potentially link this genotype to disease progression and
to reveal evolutionary changes.

1.1 Patient clinical timeline
The case describes a 69-year-old immunocompromised patient
with atrial fibrillation and autologous stem cell transplantation
(2009), following a multiple myeloma stage 2 (IgG-k) diagnosis
in 2008. The patient initially received thalidomide and velcade
with dexamethasone treatment (VelDx) before achieving remis-
sion in 2013 and subsequent treatment with lenalidomide with
dexamethasone (LenDex). After a multiple myeloma relapse in
2015, the patient underwent an extensive seventh line ther-
apy with daratumumab and dexamethasone until his death in
2019. In November 2018, the patient developed a fever along
with a cough and was admitted for five days due to a sus-
pected respiratory infection. A screen on the BioFire FilmAr-
ray v2.0 respiratory panel identified an enterovirus and human
parainfluenza virus type 4 (HPIV-4) in the nasopharyngeal swab
sample. Two weeks later, in December 2018, the patient was
admitted again, this time for six days after presenting with dys-
pnoea and rectal bleeding. Only an enterovirus was identified in
the nasopharyngeal swab sample. At the beginning of January
2019, the patient was admitted for another seven days for a sus-
pected pneumococcal infection. Three weeks later, the patient
was observed at the emergency department for another episode
of dyspnoea from a suspected respiratory infection. A respira-
tory screen on the BioFire FilmArray identified an enterovirus
and coronavirus OC43 (CoV-OC43) in the nasopharyngeal swab
sample.

Finally, in June 2019, the patient was diagnosed with a bilat-
eral pneumonia after presenting with fever and dyspnoea in the
emergency department. Only an enterovirus was identified at this
time in the nasopharyngeal swab sample. The patient initially
received piperacillin and tazobactam, followed by ciprofloxacin
(which are routinely administered); however, respiratory insuffi-
ciency continued to increase. Following seven days in the ICU, the

patient unfortunately died. FromNovember 2018 to June 2019, the
patient had a positive enterovirus detection following each hos-
pital admission. Five samples (collected over nine months) were
selected for further analysis. Table 1 and S1 provide detailed clini-
cal information, beginningwith the first enterovirus detection and
hospital admission.

2. Materials and methods
2.1 Ethics statement
Oral consent for the use of clinical samples for research purposes
is routinely obtained upon patient admission to the University
Medical Center Groningen (UMCG). This study was evaluated by
the local UMCG Ethics Committee and a waiver was obtained,
METc-2021/284. All experiments were performed in accordance
with the guidelines of the Declaration of Helsinki and the institu-
tional regulations. All samples and patient data were anonymised
according to local guidelines.

2.2 Sample selection
A total of five samples (four respiratory and one faecal) were
included in the study with a positive enterovirus detection
(Table 1). Each sample was collected from the patient after res-
piratory symptoms were observed during hospital admission. The
respiratory samples were initially tested on the FilmArray BioFire
v2.0 respiratory panel (BioMérieux, Salt Lake City, Utah, United
States of America), which includes seventeen viral targets and
three bacterial targets. An RT-qPCR was then performed to distin-
guish between rhinovirus and enterovirus results generated from
the FilmArray (Poelman et al. 2015). A gastrointestinal screen was
then performed on the faecal sample using a further RT-qPCR.
Sanger sequencing was subsequently performed on samples with
a high viral load (Ct <30) by targeting the VP1 gene on the viral
capsid to determine genotype characterisation (Nix et al. 2006).
However, no genotype could be determined.

2.3 ONT sequencing
To obtain the complete/near-complete enterovirus sequences, a
combination of viral enrichment using the ViroCap share devel-
oper panel (Wylie et al. 2015) SeqCapEZ HyperCap 2.1 from
Roche NimbleGen (Madison, WI, USA) and long-read sequenc-
ing was performed. Briefly, samples were first centrifuged at
6,000 × g for 2min. Total nucleic acids were extracted from
190µL of the supernatant using the easyMAG (BioMérieux, Inc.,
Marcy l’Etoile, France). Nucleic acids were concentrated to 8µL
using the RNA clean and concentrator-5 kit (Zymo Research,
Irvine, USA), including an in-column DNase treatment using
TurboDNase I (ThermoFisher Scientific, Waltham, USA), accord-
ing to the manufacturer’s instructions. Complementary DNA
(cDNA) was synthesised using a Sequence-Independent Single-
Primer-Amplification (SISPA) approach using round A/B primers
(5′-GTTTCCCACTGGAGGATA-N9-3′; 5′-GTTTCCCACTGGAGGA
TA-3′) as described previously (Greninger et al. 2015). cDNA
was subsequently enriched using the ViroCap share developer
panel (NimbleGen, Madison, USA) following the modifications by
Schuele and colleagues for ONT sequencing (Schuele et al. 2020).
Sequencing libraries were generated from 250 ng of enriched
cDNA using the Ligation Sequencing Kit (SQK-LSK109) (ONT,
Oxford, UK) and native barcoding expansion kit (EXP-NBD104)
(ONT), according to the manufacturer’s instructions. Barcoded
libraries were pooled together by equalmass and sequenced on an
FLO-MIN106 R9.4.1 flowcell (ONT) using a MinION device (ONT).
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2.4 Data analysis
Raw reads were first basecalled with a high accuracy
mode, trimmed and demultiplexed with the double barcode
option using Guppy (v4.0.9) (ONT) (Table S2). Reads were sub-
sequently further trimmed by Porechop (v0.2.3) (https://github.
com/rrwick/Porechop) (Table S2). CLC Genomics Workbench
(v20.0.3) (CLC) (Qiagen, Aarhus, Denmark) was used to trim SISPA
A/B primer sequences and to remove human reads (hg19). Next,
Filtlong (v0.2.0) (https://github.com/rrwick/Filtlong) was applied
to remove 10per cent of the lowest quality reads and sequences
<300nt (Table S2). Trimmed reads were uploaded onto Genome
Detective (v1.132) (Vilsker et al. 2019), a web-based metagenomic
tool to rapidly characterise enteroviruses in each sample and to
determine co-detections.

CLC was used to map the trimmed reads against an in-house
enterovirus database (n=2,237 sequences, 6,000–8,000 nt, from
1990 to 2019 and accessed 07 March 2019) from NCBI GenBank
to determine the predominant genotype. A consensus sequence
was generated from the read mappings (Table S3) and cross-
referenced with NCBI BLAST. The consensus was then polished 3x
using Racon (v1.4.13) (https://github.com/isovic/racon) (Table S2)
and Medaka (v1.1.0) (ONT) (Table S2) prior to adding annotations
using the Genome FinishingModule (CLC), to illustrate sequencing
depth and potential genome coverage bias. The accession num-
bers for the four complete/near-complete genomes generated can
be found in Table 2.

To determine the phylogenetic relationships between the
patient samples and the selected ten near-full (>95per cent EV
genome) reference genomes on NCBI, consensus sequences were
aligned with MAFFT (v7.471). EV-C104 reference genomes were
selected based on ≥99per cent query cover and >95per cent
percentage identity. Three additional group C enteroviruses (EV-
C109, EV-C105 and EV-C117) served as outgroups. The patient
samples were manually edited to remove obvious sequencing
errors in homopolymeric regions. This was similarly performed
previously (Duchene et al. 2020). A maximum likelihood phylo-
genetic tree was generated using the GTR+G+ I model imple-
mented in CLC with the robustness of 1,000 bootstrap repli-
cations (Table S4). FigTree (v1.4.4) and iTOL (v6) were subse-
quently used for visualisation (Rambaut 2014; Letunic and Bork
2021). Next, we explored the temporal signal of our EV-C104
dataset using TempEST (v2.7.0) (Rambaut et al. 2016), which
was designed to explore heterochronous data and determine the
best fitting root. A maximum likelihood phylogenetic tree was
similarly generated using the GTR+G+ I model implemented in
CLC with the robustness of 1,000 bootstrap replications with-
out the outgroups. We subsequently performed a time-scaled
phylogenetic analysis using TimeTree v0.8.1 (Sagulenko et al.
2018) and the augur pipeline implemented in Nextstrain (Had-
field et al. 2018). Phylodynamic analysis was performed on the
maximum likelihood tree using a strict molecular clock, a coales-
cent Skyline tree prior and the best root fitted. The time-scaled
tree was then visualised using auspice (v0.8.0) (Hadfield et al.
2018).

Expected primer annealing sites from the Sanger sequencing
targeting VP1 (325 bp) were evaluated using the ‘Find Primer Bind-
ing Sites and Create Fragments’ tool on CLC (Table S5). To deter-
mine the presence of intra-host single-nucleotide variant (SNVs),
the variant finding tool on CLC was applied using the Fixed Ploidy
algorithmwith 80per cent variant probability and 75per centmin-
imum frequency (Table S6). Additionally, to determine positive or
negative selection pressure, the MAFFT alignment (CDS regions
only) was uploaded onto Datamonkey (v1.6.0) (Weaver et al. 2018),

https://github.com/rrwick/Porechop
https://github.com/rrwick/Porechop
https://github.com/rrwick/Filtlong
https://github.com/isovic/racon
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Table 2. Enterovirus characterisation.

Sample ID
Number of
total reads

Number of
EV-C104 reads

Average
sequence
length

Average
sequencing
depth

Consensus
length (nt) Regions >30xa

EV-C104
coverageb (%)

Accession
number

R1 555,998 5,761 1,000 780x 7,390 194–7,208 100 MZ092702
R2 559,943 54,050 735 5,507x 7,213 22–7,146 98.4 MZ092703
R3 677,389 114,059 977 15,037x 7,411 15–7,411 100 MZ092704
R4 221,468 57,725 844 6,784x 7,154 167–7,121 97.9 MZ092705
F1 629,278 0 N/A N/A N/A N/A N/A N/A

aCoverage depth parameter based on Oude Munnink et al. (2020) and Karst et al. (2021). bMN481403.1 was initially used as a best hit reference genome; followed
by KC785524.1 (7332bp) for annotation, being the closest annotated reference. Abbreviations: R1; Respiratory 1, R2; Respiratory 2, R3; Respiratory 3, R4;
Respiratory 4.

Table 3. Co-detections.

Significant co-detections

Sample ID Microorganism identified Number of reads Consensus length % of genome recovered Average sequencing depth

Respiratory 1 HPIV-4 15 2,418 14.3a 0.7x
Respiratory 2 TTV 75 498 17.9b 12.4x
Respiratory 3 CoV-OC43 411,196 30,736 100c 12,311x
Respiratory 4 None detected N/A N/A N/A N/A
Faecal 1 Human picobirnavirus 261,110 1,717 100d 118,511x

Abbreviations: CoV, coronavirus; HPIV, human parainfluenza virus. aReference (MT118684) 16,896bp. bReference (FJ392116) 2,782bp. cReference (MT118678)
30,737bp. dReference (KJ663816.1) 1,717bp. Trimmed reads were uploaded onto Genome Detective and then mapped against the best hit reference from NCBI
using CLC to determine the number of reads, average sequencing depth, and consensus length.

and a Fixed Effect Likelihood (FFL) model (Kosakovsky Pond et al.
2005) was performed on the patient sequences (host level), while
a Mixed Effects Model of Evolution (MEME) (Murrell et al. 2012)
was performed on the patient and reference EV-C104 sequences
(population level) (n=10) (posterior probability [PP] value=0.1).

3. Results
3.1 Enterovirus characterisation
Genomes recovered from long-read sequencing on the MinION
were subsequently identified as EV-C104 following confirmation
using Genome Detective and NCBI BLASTn. The EV-C104 geno-
type was retrieved in respiratory samples 1–4 but not in the faecal
material (Table 2). Our results suggest that EV-C104 was respon-
sible for the prolonged respiratory infection. Four complete or
near-complete EV-C104 genomes were obtained with an aver-
age sequencing depth of 7,027× (780–15,037) and an average read
length of 889 nt (735–1,001 nt) per sample (Table 2). An NCBI
BLASTn search using the obtained patient genome sequences
revealed a 97.63per cent to 98.08per cent identity to an EV-C104
sequence from Belgium (MN481403.1) collected in 2018. Overall,
four co-detections were identified: HPIV-4 (respiratory sample 1),
torque teno virus (TTV) (respiratory sample 2), CoV-OC43 (respi-
ratory sample 3) and human picobirnavirus (which consisted of
41.5 per cent of reads in faecal sample 1), using ONT sequenc-
ing (Table 3). Two of these detections, CoV-OC43 and HPIV-4
had also been identified through the BioFire FilmArray in routine
diagnostics (Table 1).

3.2 Genome coverage and primer binding
A similar genome coverage pattern was achieved for each patient
sample, with a higher coverage of conserved genes 2C-3D and a
lower coverage of genes VP4-VP1 (Fig. 1). To investigate the effect
of viral enrichment on coverage bias, the sample with the high-
est coverage, Respiratory 3, was also sequenced without viral
enrichment (Figure S1). Similar coverage patterns were achieved,

with and without enrichment indicating no coverage bias after
target sequence capture. As the EV-C104 sequences were previ-
ously untypeable using Sanger sequencing, primer binding sites
and potential mismatches were investigated in silico. Despite the
presence of degenerate primers to account for enterovirus varia-
tion, mismatches were identified in the nested PCR primers used
prior to Sanger sequencing (Table S7). In silico analysis of primer
binding sites with closely related EV-C104 reference sequences
(MN481403.1 and KR815824.1) also resulted in a similar mismatch
result, indicating that alternative gene targets or primers may be
more suitable for future EV-C104 typing using Sanger sequencing.

3.3 Phylogenetic analysis
A maximum likelihood tree based on our four EV-C104 con-
sensus sequences (Respiratory 1–4), along with ten complete
or near-complete EV-C104 references from NCBI GenBank, was
inferred (Fig. 2A). To create a rooted tree, three additional group
C enteroviruses were used as outgroups. We found our four
patient samples (shown in red) to cluster with the most recent EV-
C104 sequence (MN481403.1) from Belgium in 2018. Additionally,
temporal aggregation was observed within the patient samples,
with increasing substitutions per site, beginning with the first
sample collected in November 2018 (Figure S2). As yet, EV-C104
does not have specific subgroups; however, there appear to be
two different monophyletic populations (which we have named
genogroups A and B), one containing sequences from Switzerland
(KR815824.1) and Belgium (MN481403.1), along with our patient
sequences and another population, containing six sequences
from Italy (JX982254.1–JX982259.1), along with sequences from
Japan (AB686524.1) and Gambia (KC785524.1). Conversely, the
sequences from the former population are all from immunocom-
promised patients (Table 4).

To estimate the evolutionary changes of EV-C104 between the
sample dates, branch lengths from an additional maximum likeli-
hood tree without the outgroups were used to generate a root-to-
tip-regression analysis (Fig. 2B). The EV-C104 phylogeny exhibits
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Figure 1. EV-C104 genome coverage. Coverage depth across EV-C104 genomes. The y-axis depicts the number of reads and the x-axis depicts the
genome position. Red, single read in the reverse direction; green, single read in the forward direction. The open reading frame is depicted with blue
arrows. Untranslated regions are depicted with red arrows.

a strong association between genetic distances and sampling
dates (R2 =0.998). Moreover, the regression analysis confirmed
heterogeneity among the EV-C104 sequences with an estimated
recent common ancestor in 2005 (middle of 2005) (Fig. 2B). Mean-
while, the patient EV-C104 sequences alone were shown to have
an estimated recent common ancestor in the middle of 2018.
A time-scaled phylogenetic analysis estimated an evolution rate
of 2.97×10−3 substitutions per year. The time-scaled phyloge-
netic tree is visualised in Figure S3. Furthermore, three EV-C104
sequences can be observed above the regression line: JX982254.1
(Italy), MN481403.1 (Belgium), and Respiratory 4, indicating a
higher divergence. Interestingly, the EV-C104 from Belgium was
also associated with a recurrent respiratory infection (Table 4).
Meanwhile, two EV-C104 sequences can be seen below the regres-
sion line, JX98258.1 (Italy) and Respiratory 1, indicating a lower
divergence.

3.4 Viral evolution
As the patient was shown to have an apparent chronic EV-C104
infection, it could be plausible that the virus may have a dif-
ferent evolutionary pattern, compared to an immunocompetent
patient with an intact immune system. As a result, we inves-
tigated single-nucleotide variants (SNVs) in the genome of the
four patient samples, from the first sample collected in Novem-
ber 2018 to the last sample collected in June 2019, to determine
intra-host variation (Fig. 3 and Table S8). SNVs were observed
throughout the genome, in both structural and nonstructural
segments of the polyprotein, with an increasing frequency over
time (3.7-fold change from Respiratory 2 to Respiratory 4) (Fig. 3).
Genome changes occurred predominantly in the 2C, VP3, and 3D
genes, which make up approximately 3.6 per cent, 9.8 per cent,
and 18.8 per cent of the viral genome, respectively, but harboured
19per cent (n=8), 16.7 per cent (n=7), and 16.7 per cent (n=7) of
the observed changes. A total of ten nonsynonymous mutations
were identified (Fig. 3 and Table S8), most commonly in the VP1
gene (the receptor-binding domain). Interestingly, two of these
nonsynonymous mutations at genome positions 2,863 and 6,204
were retained from Respiratory 2 to Respiratory 4 (Fig. 3). Firstly,
a nucleotide (G2863) deletion in the VP1 gene led to a change in
amino acid Asp723 and a frameshift mutation with a 75.7–78.7 per
cent frequency. Secondly, a nucleotide substitution (T6204A) in

the 3D gene led to a change in amino acid Asp1834Glu with a
93–94.2 per cent frequency.

An FFL model was used to infer the type of selection acting
on the nonsynonymous and synonymous substitutions for each
codon site in the EV-C104 genomes and therefore more suited
for studying samples from the same patient. Negative selection
was subsequently found at twelve sites (with the PP value set at
0.1—occurring 90per cent of the time) scattered throughout the
genome (Fig. 4), including sites involved in the viral capsid forma-
tion, viral replication, and maturation. An MEME model was used
to determine the type of selection occurring at a population level
(patient samples and references) by measuring the distribution of
variation, not only from site to site (similarly to the FFL model)
but also from branch to branch. Interestingly, an MEME model
found evidence of an episodic positive or diversifying selection at
four codon sites (PP value 0.1) using all EV-C104 sequences in the
regression analysis in Fig. 2B, with two out of the four sites from
the VP1 gene and the other two in the 2C and 3D genes (Fig. 4).

4. Discussion
Here we describe an immunocompromised patient with a chronic
enterovirus infection contributing to a fatal bilateral pneumonia.
We applied viral targeted sequence capture and ONT long-read
sequencing to determine EV-C104 as the responsible genotype for
disease progression and to follow its evolution in an immunocom-
promised patient. To the best of our knowledge, this is the first
study to report a persistent EV-C104 infection in a patient and the
first complete EV-C104 genome from the Netherlands.

Since its first description in Switzerland in 2009 (Tapparel
et al. 2009), EV-C104 has been reported sporadically worldwide
(Wollants et al. 2020). Currently, NCBI GenBank has only thirteen
complete and twenty-one partial EV-C104 genomes. This study
generated an additional four complete/near-complete EV-C104
genomes (GenBank accession numbers: MZ092702–MZ092705).
EV-C104 has been associated with respiratory disease both in chil-
dren and in adults (Kaida et al. 2012; Tokarz et al. 2013; Piralla
et al. 2013; Lewandowska et al. 2015; Wollants et al. 2020). How-
ever, it has also been speculated to infect the central nervous
system (Tapparel et al. 2009). From the limited studies available, it
appears that an advanced age and a compromised immune status
may be a prerequisite for severe disease (Table 4).
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Figure 2. Phylogenetic reconstruction and genetic divergence of EV-C104. (A) Maximum likelihood phylogenetic tree inferred from EV-C104
complete/near-complete sequences. EV-C104 reference genomes were selected with ≥99per cent query cover and >95per cent percentage identity.
Patient samples (in red with the letter E to indicate they have been enriched), ten complete EV-C104 genomes and three EV-C genomes from GenBank
served as outgroups. CLC was used to generate the alignment and construct the tree. A General Time Reversible substitution model and a gamma
distribution with invariant sites with 1,000 bootstraps were used. The emergence of two distinct genogroups A and B can be observed. Bootstrap
values are shown at the branch nodes. (B) A maximum likelihood phylogenetic tree with a General Time Reversible substitution model and a gamma
distribution with invariant sites with 1,000 bootstraps were generated without the outgroups. A root-to-tip regression with the y-axis corresponding to
branch distances of the phylogenetic tree (in units of substitutions per site) and the x-axis corresponding to time (year). Patient sequences are in red
(n=4) and reference sequences (n=10) are in blue. Points below the regression line indicate sequences that are less divergent than average (for their
sampling date) and vice versa. Squares indicate sequences above the regression line and have more divergence; empty circles indicate sequences
below the regression line and have less divergence. Abbreviations: Respiratory 1; R1, Respiratory 2; R2, Respiratory 3; R3, Respiratory 4; R4.

NGS approaches can characterise and detect all viruses directly
from clinical samples (Lewandowski et al. 2019) and have been
applied previously to type enteroviruses (Wollants et al. 2020;
Schuele et al. 2020). ONT sequencing platforms enable long-read
sequencing, real-time analysis, and lower starting prices, opening
up sequencing to a broader scientific community (McNaughton
et al. 2019). However, ONT sequencing still generates a lower
output and a higher error rate compared to Illumina sequencing
(Lewandowski et al. 2019). As a result, ONT reads and consen-
sus sequences require further downstream processing to increase
accuracy. Enrichment strategies are often needed to increase
the sensitivity of NGS approaches (Lewandowski et al. 2019;

Fitzpatrick et al. 2021). We applied viral enrichment using a
broad panel of oligonucleotide capture probes to increase sensi-
tivity, while retaining the breadth of metagenomic approaches
(Briese et al. 2015). This enabled us to obtain high-quality
consensus sequences with sufficient coverage depth for typing,
SNV calling, and evolutionary analyses from a range of Ct val-
ues. Despite obtaining four complete/near-complete genomes,
we could not obtain a single enterovirus read from the faecal
sample (Table 1). Interestingly, EV-C104 has not yet been reported
in faecal samples previously. A possible explanation could be
the over-representation of human picobirnavirus (41.5 per cent of
total reads) (Greninger 2018) in the faecal sample and the high
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abundance of bacterial background, which may have led to fewer
sequencing reads for EV-C104 (Pallen 2014).

With the method used for this report, we also detected
HPIV-4 and CoV-OC43, confirming the routine diagnostic results
(Tables 1 and 3). No reads could be assigned from the negative
control, which was run parallel to the patient samples. In addi-
tion, we also detected the expression of TTV and the presence
of human picobirnavirus. TTV and human picobirnavirus are still
under consideration as etiological agents as information regarding
pathogenesis and involvement in disease remains unknown. How-
ever, TTV has been recently reported as a potential endogenous
marker of immune function in transplant patients (Rezahosseini
et al. 2019). The finding of this virus in our case could reflect the
immune-suppressed condition of this autologous stem cell recip-
ient. Although human picobirnavirus has been associated with
gastrointestinal disease (Ghosh andMalik 2021), the gastrointesti-
nal symptoms listed during the collection of Respiratory 2 and 3
weremore likely a side effect from the antibiotic and immunosup-
pressive treatment. Interestingly, only EV-C104 was consistently
found throughout the sampling period, compared to CoV-OC43
and HPIV-4, suggesting that EV-C104 had a higher potential for
causing chronic infection in this patient.

Enteroviruses have vast variations in their genomes due to fre-
quent mutations and recombination events (Grädel et al. 2019),
which may influence the significant variability in clinical pre-
sentation. Although Sanger sequencing is considered the gold
standard, there has been a fluctuating success rate of enterovirus
genotyping. Indeed, untypeable enteroviruses have been observed
previously from 8.5per cent to 24.8 per cent of samples (van
Leer-Buter et al. 2016; Gelaw et al. 2020; Posnakoglou et al.
2021). Genotyping is essential to link clinical manifestations with
specific types, track outbreaks and guide the development of
new diagnostic tests or potential therapies. Mismatches occur-
ring at the 3′ end of the primer have been known to have the
most detrimental effects in detection (Stadhouders et al. 2010)
and can lead to false negatives. Primer analysis (Table S7) indi-
cated high mismatching in the 3′ end in both the forward and
the reverse primers and could provide a possible explanation
why the enteroviruses were unable to be genotyped using Sanger
sequencing. Challenges in typing EV-C104 using VP1 primers
have been observed previously due to nucleotide differences at
the binding sites (Lewandowska et al. 2015). However, as only
four sequences from the same patient were investigated in this
study, the numbers are too low to draw definitive conclusions
for our inability to acquire a sequence by Sanger sequencing
in this case. Nevertheless, the addition of subsequent EV-C104
sequences in the future onto public databases could facilitate
the design of more appropriate primers. As it is not feasible
to perform genotype-specific assays on all enteroviruses, which
are rare or highly variable, NGS can be applied to complement
diagnostics.

Phylogenetic analysis of the patient samples indicated a high
genetic similarity (97.63per cent—98.08per cent identity) to a Bel-
gium sequence and subsequently clustered on themaximum like-
lihood tree (Fig. 2A). Temporal aggregation was observed between
the patient samples with increasing substitutions per site over
time (Figure S2). This is consistent with a persistent infection and
has been observed previously in an immunocompromised patient
with a chronic enterovirus infection (Laassri et al. 2018). Phyloge-

netic analysis revealed two distinct genogroups, referred to as A

and B in Fig. 2A. Remarkably, genogroup B was all sampled from
immunocompromised patients (Table 4), suggesting a potential

prerequisite for this particular genogroup. However, at this time,
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Figure 3. Intra-host variants between patient samples. A Fixed Ploidy algorithm was used with 80per cent variant probability and 75per cent
minimum frequency. To determine variation between sampling dates, Respiratory 2–4 were compared against Respiratory 1.
Abbreviations: Respiratory 2; R2, Respiratory 3; R3, Respiratory 4; R4.

Figure 4. Positive and negative selection pressure on individual codon sites. Only the patient genomes were used to analyse negative purifying
selection (PP value 0.1). All EV-C104 genomes (n=14) used in the regression analysis in Fig. 2b were used to analyse positive diversifying selection
(PP value 0.1).

more complete genomes and clinical information are required to

draw definitive conclusions.
Time-scaled phylogenetic analysis and root-to-tip regressions

can be applied to provide estimates on the evolutionary rate
and divergence over time. TempEst uses distance to estimate
the most recent common ancestor (MRCA) by generating a linear
regression using the sample collection dates (Fig. 2B). Interest-
ingly, the MRCA, which was estimated to occur in the middle of

2005, coincided with the first detection of EV-C104 from samples
collected between 2004 and 2007 (Tapparel et al. 2009). We have
reported the first substitution rate for EV-C104. Our estimated
rate of 2.97×10−3 for the entire polyprotein was similar to that
observed for the VP1 gene of enterovirus A71, ranging from
3.60×10−3 to 5.345×10−3 (Bessaud et al. 2014; Puenpa et al. 2021)
and the VP1 gene of enterovirus D68 with 4.93×10−3 (Linsuwanon
et al. 2012). Further research is required, along with additional
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full-length EV-C104 genomes to investigate evolutionary patterns,
particularly within intra-hosts.

Previous studies have revealed that different enterovirus frag-
ments evolve independently and can combine easily, allowing
a high level of flexibility and capability for rapid evolutionary
changes in response to an environmental stimulus (Lukashev et al.
2005; Muslin et al. 2019). A chronic infection provides a unique
snapshot of EV-C104 evolution. We investigated SNVs (variants
occurring at the read level) to determine inter-host variability and
track the evolutionary pattern of EV-C104 in our patient samples
(Fig. 3). An increase in SNVs over time was observed, most fre-
quently in VP3 (nt 1,716–2,438), 2C (nt 4,065–5,051) and 3D (nt
5,931–7,313) genes. Previous studies investigating enterovirus evo-
lution have found that changes in the genome, such as recombina-
tion, are less likely to be randomly distributed and usually occur in
‘hotspots’, which aremore likely to favour viable genomes (Muslin
et al. 2019). Interestingly, other studies investigating poliovirus
found hotspots in the 2C and 3D genes, along with sites in the
5′UTR and between VP1-2A and 2A-2B genes (McWilliam et al.
2009; Lowry et al. 2014; Muslin et al. 2019). The 2C gene (which
transcribes ATPase) and the 3D gene (which transcribes RNA-
dependent RNA polymerase) are highly conserved and are heavily
involved in the enterovirus life cycle (Wang et al. 2020). Unsur-
prisingly, all but one mutation in the 2C gene was observed in
the nonfunctional regions (Wang et al. 2012), suggesting a reason
why the virus was still viable. The VP3 gene, on the other hand, is
highly variable due to its role in host receptor binding and immune
evasion.

The majority of nonsynonymous mutations occurred in the
VP1 gene, with an increasing frequency between sample dates
(Fig. 3). This suggests the virus may well be adapted within the
host, with mutations being weakly deleterious and not neces-
sarily purged during selection. This may have contributed to the
clinical decline, coupled with the patient’s other comorbidities.
Additionally, it could reveal pressure from the patient’s immune
system, however, not enough to clear the virus. Nonsynony-
mous mutations were also observed in the 2C and 3D genes and
were similarly retained between sampling dates (Fig. 3). There
appeared to be a frameshift mutation retained in the VP1 gene.
Interestingly, the mutation occurred in the genome position 2,863
(codon 141 in the VP1 gene), which contains the DE loop, known
to be highly diverse and has frequent mutations (Dyrdak et al.
2019). BC and DE loops in enteroviruses have been revealed to
be putative epitopes for neutralising antibodies, indicating the
patient’s limited immune response may still have impacted EV-
C104 evolution. An additional nonsynonymous substitution was
observed in Respiratory 2 to 4 in the 3D gene at genome position
6,204 (codon 91 in the 3D gene). Mutations in the 3D polymerase
have been found to either negatively or positively affect recom-
bination frequency but not necessarily affect viral fitness (Xia
et al. 2015; Muslin et al. 2019). Alanine substitutions in the
3D gene have also been observed previously; however, the one
observed in the patient has not yet been described (Kempf et al.
2016).

Genome changes are usually retained in the progeny if they
enable better survival or discarded if they have no added bene-
fit (Muslin et al. 2019). While Respiratory 1 appears to have less
divergence, Respiratory 4 has higher variation than expected for
the sampling date (Fig. 2B). Lower divergence can occur through
poor sequencing quality, an error in the alignment or a phy-
logenetic interference (Rambaut et al. 2016). Recombination or
in our case mutation could account for an increased divergence
(Rambaut et al. 2016). Similarly to Respiratory 4, the Belgian

sequence also had a higher-than-average divergence and was also
collected from an immunocompromised patient (Fig. 2B). This
suggests favourable conditions for virus evolution and reflects
the increasing SNV observed over time. By the time Respira-
tory 4 was collected, the patient was in clinical decline and
died five days later in the ICU. An inadequate immune response
would allow the virus to replicate continuously at a significant
level.

It could be reasoned that an immunocompromised patientmay
have a different kind of selection shaping the evolution of EV-
C104. Interestingly, an overall negative selection was determined
for the EV-C104 sequences from the patient (host level) using an
FFL model (Fig. 4). This could imply that while the virus has been
allowed to replicate and spread, it is not necessary retaining new
mutations in the progeny. This could be due to a reduced need,
owing to the patient’s limited immune system, to preserve new
mutations involved in host evasion or survival. Using an MEME
model, selection was also investigated for all sequences includ-
ing the references used in the regression analysis (population
level) and identified a positive or diversifying selection in four
codon sites (Fig. 4). As this analysis now includes sequences from
immunocompetent patients (Table 4), with immune systems able
to limit viral survival, it could account for the retention of new
mutations.

Our study does have some limitations. To obtain high-quality
full-length consensus sequences for evolutionary analysis and
SNV calling, time-consuming enrichment and bioinformatics
procedures are required. Furthermore, despite enrichment, no
enterovirus reads were obtained from the faecal sample, sug-
gesting a detection limit. Finally, with the application of DNase
treatment to increase viral sensitivity of RNA viruses, only DNA
viruses that were actively transcribed during sampling, such as
TTV, were detectable.

5. Conclusion
This study highlights the potential for a persistent or chronic
EV-C104 infection in a patient with an immunocompromised sta-
tus. Despite the detection of clinically relevant viruses during the
course of disease (CoV-OC43 and HPIV-4), the relatively uncom-
mon EV-C104 was the only virus persistent in the patient during
the whole period. The patient’s weakened immune system most
likely contributed to viral diversification, with a negative selection
pressure determined as themain evolutionary driverwhereby new
mutations were discarded. This study shows the possibilities of
applying NGS to complement conventional diagnostics by adding
further resolution to identify and characterise possible etiological
agents.
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Grädel, C. et al. (2019) ‘Rapid and Cost-Efficient Enterovirus Genotyp-
ing from Clinical Samples Using Flongle Flow Cells’, Genes (Basel),
10: 659.

Greninger, A. L. (2018) ‘The Challenge of Diagnostic Metagenomics’,
Expert Review of Molecular Diagnostics, 18: 605–15.

—— et al. (2015) ‘Rapid Metagenomic Identification of Viral
Pathogens in Clinical Samples by Real-timeNanopore Sequencing
Analysis’, Genome Medicine, 7: 99.

Hadfield, J. et al. (2018) ‘NextStrain: Real-time Tracking of Pathogen
Evolution’, Bioinformatics, 34: 4121–3.

Harvala, H. et al. (2018) ‘Recommendations for Enterovirus Diagnos-
tics and Characterisation within and beyond Europe’, Journal of
Clinical Virology : The Official Publication of the Pan American Society
for Clinical Virology, 101: 11–7.

Joffret, M. L. et al. (2018) ‘Whole Genome Sequencing of Enteroviruses
Species A to D by High-Throughput Sequencing: Application for
Viral Mixtures’, Frontiers in Microbiology, 9: 2339.

Kaida, A. et al. (2012) ‘Enterovirus 104 Infection in Adult, Japan, 2011’,
Emerging Infectious Diseases, 18: 882–3.

Karst, S. M. et al. (2021) ‘High-accuracy Long-read Amplicon
Sequences Using Unique Molecular Identifiers with Nanopore or
PacBio Sequencing’, Nature Methods, 18: 165–9.

Kempf, B. J., Peersen, O. B., and Barton, D. J. (2016) ‘Poliovirus
Polymerase Leu420 Facilitates RNA Recombination and Ribavirin
Resistance’, Journal of Virology, 90: 8410–21.

Kosakovsky Pond, S. L., and Frost, S. D. (2005) ‘Not so Different after
All: A Comparison of Methods for Detecting Amino Acid Sites
under Selection’, Molecular Biology and Evolution, 22: 1208–22.

Laassri, M. et al. (2018) ‘Evolution of Echovirus 11 in a Chron-
ically Infected Immunodeficient Patient’, PLoS Pathogens, 14:
e1006943.

Letunic, I., and Bork, P. (2021) ‘Interactive Tree of Life (Itol) V5: An
Online Tool for Phylogenetic Tree Display and Annotation’, Nucleic
Acids Research, 49: W293–6.

Lewandowska, D.W. et al. (2015) ‘UnbiasedMetagenomic Sequencing
Complements Specific Routine Diagnostic Methods and Increases
Chances to Detect Rare Viral Strains’, Diagnostic Microbiology and
Infectious Disease, 83: 133–8.

Lewandowski, K. et al. (2019) ‘Metagenomic Nanopore Sequencing of
Influenza Virus Direct from Clinical Respiratory Samples’, Journal
of Clinical Microbiology, 58: e00963–19.

Linsuwanon, P. et al. (2012) ‘Molecular Epidemiology and Evolution
of Human Enterovirus Serotype 68 in Thailand, 2006-2011’, PLoS
One, 7: e35190.

Lowry, K. et al. (2014) ‘Recombination in Enteroviruses Is a Bipha-
sic Replicative Process Involving the Generation of Greater-than
Genome Length ‘imprecise’ Intermediates’, PLoS Pathogens, 10:
e1004191.

Lukashev, A. N. et al. (2005) ‘Recombination in Circulating Human
Enterovirus B: Independent Evolution of Structural and Non-
structural Genome Regions’, The Journal of General Virology, 86:
3281–90.

McNaughton, A. L. et al. (2019) ‘Illumina and Nanopore Methods for
Whole Genome Sequencing of Hepatitis B Virus (HBV)’, Scientific
Reports, 9: 7081.

McWilliam Leitch, E. C. et al. (2009) ‘Transmission Networks and Pop-
ulation Turnover of Echovirus 30’, Journal of Virology, 83: 2109–18.

Murrell, B. et al. (2012) ‘Detecting Individual Sites Subject to Episodic
Diversifying Selection’, PLoS Genetics, 8: e1002764.

Muslin, C. et al. (2019) ‘Recombination in Enteroviruses, a Multi-Step
Modular Evolutionary Process’, Viruses, 11: 859.

Nix, W. A., Oberste, M. S., and Pallansch, M. A. (2006) ‘Sensi-
tive, Seminested PCR Amplification of VP1 Sequences for Direct
Identification of All Enterovirus Serotypes from Original Clinical
Specimens’, Journal of Clinical Microbiology, 44: 2698–704.

Oude Munnink, B. B. et al. (2020) ‘Dutch-Covid-19 Response
Team. Rapid SARS-CoV-2 Whole-genome Sequencing and Anal-
ysis for Informed Public Health Decision-making in the Nether-
lands’, Nature Medicine, 26: 1405–10. Erratum in: Nat Med. 2020
Nov;26(11):1802. PMID: 32678356.



H. Cassidy et al. 11

Pallen, M. J. (2014) ‘Diagnostic Metagenomics: Potential Applica-
tions to Bacterial, Viral and Parasitic Infections’, Parasitology, 141:
1856–62.

Piralla, A. et al. (2013) ‘Complete Genome Characterization of
Enterovirus 104 Circulating in Northern Italy Shows Recombinant
Origin of the P3 Region’, Infection, Genetics and Evolution : Jour-
nal of Molecular Epidemiology and Evolutionary Genetics in Infectious
Diseases, 20: 111–7.

—— et al. (2012) ‘Human Rhinovirus and Human Respiratory
Enterovirus (EV68 and EV104) Infections in Hospitalized Patients
in Italy, 2008-2009’, Diagnostic Microbiology and Infectious Disease,
73: 162–7.

Poelman, R. et al., ESCV-ECDC EV-D68 study group. (2015) ‘European
Surveillance for Enterovirus D68 during the Emerging North-
American Outbreak in 2014’, Journal of Clinical Virology : The Official
Publication of the Pan American Society for Clinical Virology, 71: 1–9.

Posnakoglou, L. et al. (2021) ‘Molecular Epidemiology of Enterovirus
in Children with Central Nervous System Infections’, Viruses, 13:
100.

Puenpa, J. et al. (2021) ‘Genetic Diversity and Evolution of Enterovirus
A71 Subgenogroup C1 from Children with Hand, Foot, and Mouth
Disease in Thailand’, Archives of Virology, 166: 2209–16.

Rambaut, A. (2014) FigTree 1.4. 2 software. Institute of Evolutionary
Biology, University of Edinburgh.

—— et al. (2018) ‘Posterior Summarization in Bayesian Phylogenetics
Using Tracer 1.7’, Systematic Biology, 67: 901–4.

—— et al. (2016) ‘Exploring the Temporal Structure of Hete-
rochronous Sequences Using TempEst (Formerly Path-O-Gen)’,
Virus Evolution, 2: vew007.

Rezahosseini, O. et al. (2019) ‘Torque-Teno Virus Viral Load as a
Potential Endogenous Marker of Immune Function in Solid Organ
Transplantation’, Transplant Review (Orlando), 33: 137–44.

Sagulenko, P., Puller, V., and Neher, R. A. (2018) ‘TreeTime: Maximum-
likelihood Phylodynamic Analysis’, Virus Evolution, 4: vex042.

Schuele, L. et al. (2020) ‘Assessment of Viral Targeted Sequence Cap-
ture Using Nanopore Sequencing Directly from Clinical Samples’,
Viruses, 12: 1358.

Simmonds, P., and Welch, J. (2006) ‘Frequency and Dynamics of
RecombinationwithinDifferent Species of Human Enteroviruses’,
Journal of Virology, 80: 483–93.

Song, C. et al. (2020) ‘Enterovirus Genomic Load and Disease Sever-
ity among Children Hospitalised with Hand, Foot and Mouth
Disease’, EBioMedicine, 62: 103078.

Stadhouders, R. et al. (2010) ‘The Effect of Primer-template Mis-
matches on the Detection and Quantification of Nucleic Acids
Using the 5’ Nuclease Assay’, The Journal of Molecular Diagnostics
: JMD, 12: 109–17.

Tapparel, C. et al. (2009) ‘New Respiratory Enterovirus and Recom-
binant Rhinoviruses among Circulating Picornaviruses’, Emerging
Infectious Diseases, 15: 719–26.

Tokarz, R. et al. (2013) ‘Genomic Analysis of Coxsackieviruses A1,
A19, A22, Enteroviruses 113 and 104: Viruses Representing Two
Clades with Distinct Tropism within Enterovirus C’, The Journal of
General Virology, 94: 1995–2004.

van Leer-Buter, C. C. et al. (2016) ‘Newly Identified Enterovirus
C Genotypes, Identified in the Netherlands through Routine
Sequencing of All Enteroviruses Detected in Clinical Materials
from 2008 to 2015’, Journal of Clinical Microbiology, 54: 2306–14.

Vilsker, M. et al. (2019) ‘Genome Detective: An Automated System
for Virus Identification from High-throughput Sequencing Data’,
Bioinformatics, 35: 871–3.

Wang, X. et al. (2012) ‘A Sensor-adaptor Mechanism for Enterovirus
Uncoating from Structures of EV71’, Nature Structural & Molecular
Biology, 19: 424–9.

Wang, S. H. et al. (2020) ‘The Structure, Function, and Mechanisms
of Action of Enterovirus Non-structural Protein 2C’, Frontiers in
Microbiology, 11: 615965.

Weaver, S. et al. (2018) ‘Datamonkey 2.0: A Modern Web Application
for Characterizing Selective and Other Evolutionary Processes’,
Molecular Biology and Evolution, 35: 773–7.

Wollants, E. et al. (2020) ‘First Genomic Characterization of a Bel-
gian Enterovirus C104 Using Sequence-independent Nanopore
Sequencing’, Infection, Genetics and Evolution : Journal of Molecu-
lar Epidemiology and Evolutionary Genetics in Infectious Diseases, 81:
104267.

Wylie, T. N. et al. (2015) ‘EnhancedVirome SequencingUsing Targeted
Sequence Capture’, Genome Research, 25: 1910–20.

Xia, H. et al. (2015) ‘Human Enterovirus Nonstructural Protein 2CAT-
Pase Functions as Both an RNA Helicase and ATP-Independent
RNA Chaperone’, PLoS Pathogens, 11: e1005067.


	1. Introduction
	1.1 Patient clinical timeline

	2. Materials and methods
	2.1 Ethics statement
	2.2 Sample selection
	2.3 ONT sequencing
	2.4 Data analysis

	3. Results
	3.1 Enterovirus characterisation
	3.2 Genome coverage and primer binding
	3.3 Phylogenetic analysis
	3.4 Viral evolution

	4. Discussion
	5. Conclusion
	 Data availability

