
Next generation sequencing approaches for the detection and 
characterization of enteroviruses in clinical, public health, and research 
settings: Expert view of the European non-polio enterovirus 
network (ENPEN)

Kimberley S.M. Benschop a,* , Florian Zwagemaker a, Lili Andersson-Li b, Cristina Andrés c,  
Andrés Antón c, Carla Berengua d, Natasa Berginc e, Maël Bessaud f, Maxime Bisseux g,  
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Jelte Helfferich z, Stephanie Hutchings aa, Eero Hietanen ab, Mario Hönemann ac,  
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A B S T R A C T

Enteroviruses (EVs) are a common cause of a wide spectrum of infectious diseases, ranging from mild respiratory 
illnesses to severe neurological conditions, particularly affecting children. Current molecular methods, such as 
5′UTR-based PCR for detection and (partial) VP1 gene sequencing for typing, are widely utilized. However, Next- 
Generation Sequencing (NGS), and bioinformatics offer a comprehensive alternative, enabling full-genome an
alyses for improved virus characterization, genomic epidemiological surveillance, and outbreak investigation. 
Despite its advantages, implementation of NGS poses challenges, particularly in standardizing and optimizing 
laboratory workflows (wet-lab) and bioinformatics analyses (dry-lab), methods that are not often readily 
accessible in many laboratories. Here, we discuss the potential of NGS as a tool for EV detection/characterization 
in clinical virology, public health, and research settings. We provide practical options for actions for imple
menting NGS to advance the understanding and management of enterovirus infections. These recommendations 
are based on expert discussions during the recent European non-polio enterovirus network (ENPEN) workshop 
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held in Corfu, Greece, on 23–24 May 2024, aiming to guide harmonization of NGS practices across clinical, 
public health, and research settings.

1. Introduction

Enteroviruses (EVs) are a diverse group of non-enveloped RNA vi
ruses that primarily spread through the faecal-oral and/or respiratory 
route. Although most infections are asymptomatic, EVs are the leading 
causes of aseptic meningitis and can cause a wide spectrum of other 
severe clinical conditions, including hepatitis, myocarditis, neonatal 
sepsis, respiratory infections, ocular infection, encephalitis, and acute 
flaccid paralysis, particularly in children.

The EV genome is on average 7.4 kb long and encodes four capsid 
proteins (VP1-VP4) and seven non-structural proteins (2A-2C and 
3A− 3D). There are currently over 300 EV types infecting humans clas
sified into four species based on the VP1-gene (Enterovirus alpha
coxsackie (EV-A), E. betacoxsackie (EV-B), E. coxsackiepol (EV-C) and 
E. deconjunctivi (EV-D) and the rhinovirus species E. alpharhino (RV-A), 
E. betarhino (RV-B) and E. cerhino (RV-C) [1,2]. The genetic diversity of 
EVs is shaped by their high mutation rates, immune pressure, and 
frequent recombination events in EV-A-C [3–6].

In clinical virology, the 5′UTR-based reverse transcription real-time 
polymerase chain reaction (RT-PCR) remains the gold standard for 
detecting EVs due to its high sensitivity, cost-effectiveness, and rapid 
turnaround time [7]. However, the high sequence conservation of the 
5′UTR region limits typing, and partial sequencing of VP1, which exhibit 
greater genetic variability, is required [8]. Although partial 
VP1-sequencing suffices to identify the EV type [8], complete or 
whole-genome sequencing (WGS) can improve the accuracy of typing 
and provides deeper insights into virus evolution and recombination 
events, aiding in molecular epidemiological surveillance, and outbreak 
investigation [9–14]. Ascertainment of complete genome sequences 
play an important role in public health surveillance and early warning, 
in particular when recombination and antigenic changes contribute to 
the emergence of an EV outbreak [15–20]. Moreover, in the case of 
poliovirus (PV), the higher resolution of complete genome data con
tributes to PV eradication efforts by identifying circulating strains and 
transmission chains in higher detail [21–23].

Next-Generation Sequencing (NGS) and bioinformatics offer a 
comprehensive solution, enabling both partial and complete genome 
sequencing. NGS technologies further have the capacity to identify novel 
types/variants by avoiding primer-probe mismatches. Consequently, 
NGS data can be used to refine primers and probes, enhancing the per
formance of RT-PCRs. NGS also enables the simultaneous characteriza
tion of co-infections (e.g. with multiple EV types or other viruses) within 
a single assay further enhancing its utility in clinical and public health 
investigations. NGS also provides critical research opportunities to 
advance clinical care by deepening our understanding of the role spe
cific EV types, specific mutations and co-infections in disease severity 
and outcomes.

The application of WGS for EVs is in alignment with the recom
mendations by The European Commission and ECDC support for the 
implementation of molecular testing and genomic sequencing for Eu
ropean public health surveillance of infectious diseases and improving 
the in-country WGS infrastructure [24].

However, there are currently no standardized NGS methods for EVs 
in the context of laboratory testing (wet-lab), and data analysis/inter
pretation (dry-lab). Furthermore, compliance with In Vitro Diagnostic 
Regulations (IVDR) and ISO15189 poses challenges for validation and 
adherence to high-quality standards, due to the increasing developments 
of NGS techniques. It should be noted that validation requirements for 
NGS differ substantially between clinical and public heath use and 

research. For research applications, protocols may be more flexible and 
validation focuses primarily on reproducibility and accuracy within the 
study context. In contrast, clinical diagnostics require strict adherence to 
these regulatory standards. In addition, implementing NGS can be 
challenging due to the limited access to NGS equipment, need for highly 
skilled laboratory personnel and specialized bioinformaticians, which is 
particularly difficult for smaller laboratories or low-resource settings.

This paper was initiated following an European Society of Clinical 
Virology (ESCV) supported European non-polio enterovirus network 
(ENPEN) [25,26] (https://escv.eu/european-non-polio-entero 
virus-network-enpen) workshop held in Corfu, Greece, on 23–24 May 
2024. This manuscript provides an updated expert view on the use of 
next-generation sequencing (NGS) for the detection and characteriza
tion of enteroviruses, building on the recommendations of Harvala et al. 
[25]. Here we provide a summary of wet-lab and dry-lab approaches for 
the characterization of EVs by NGS and make recommendations for 
future options for actions to improve the quality EV sequencing across 
clinical, public health, and research laboratories.

2. Application of NGS for enteroviruses

NGS for EVs can be applied using two approaches: viral unbiased/ 
metagenomic sequencing (VIR-mNGS) or EV PCR-based targeted 
sequencing (EV-tNGS). VIR-mNGS is suitable for obtaining both partial 
and complete genomes without prior knowledge of the viral sequence. It 
is particularly advantageous in rare cases where targeted assays fail due 
to extensive genetic variability or novel EV variants that escape detec
tion by existing primer sets, or when co-infections with other viruses are 
presumed. However, metagenomic techniques may suffer from lower 
sensitivity as compared to targeted techniques, especially when the virus 
is present in a rich background of non-viral nucleic acids (NA; e.g. host 
or bacterial), and several enrichment steps may be required (described 
below) to deplete the background or specifically enrich viral NA (Fig. 1). 
A targeted approach in which viral sequences are captured with generic 
virus-specific probes, can be used additionally to enrich exclusively for 
virus genomes prior to or after library construction.

EV-tNGS, on the other hand, specifically targets the detection and 
characterization of EVs and utilizes EV-specific primers to generate 
either partial or complete amplicons for subsequent sequencing. Com
plete EV genomes can be generated from a single ds-cDNA amplicon or 
multiple overlapping ones [27–30]. Longer amplicons are more infor
mative, however at the cost of PCR sensitivity. It should be noted that for 
complete genomes generated from 2 or more amplicons or through the 
use of short read platforms, requires assembly in bioinformatics pipe
lines, which can create an artificial recombinant genome from a simple 
EV co-infection. Several research groups have made significant contri
butions to the development of longer PCR amplicons generating com
plete capsid or (near) complete genomes. Joffret et al. [28] published a 
complete genome assay encompassing two amplicons; one single PCR 
enables generation of 5’UTR, the complete P1 region and the 2 A, 2B and 
partial 2 C region of all EV types, while a second PCR that is 
species-specific generates an 2C-overlapping amplicon encompassing 
the 2C− 3’UTR region. Isaacs et al. [29] described a method for ampli
fication of a single near complete EV sequence. PV-specific assays have 
been developed by Arita et al. [30] generating a single capsid amplicon 
for poliovirus in a nested format. This assay was further developed for 
the Oxford Nanopore Technologies (ONT) platform by Shaw [22]. A 
near complete genome PCR assay for poliovirus is described by Stern 
et al. [31].
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Fig. 1. From sample to raw sequencing data (wet-lab): Steps required to perform NGS on clinical samples with ONT and Illumina include (1) “Sample and control 
selection”; (2)“Pre-extraction enrichment” (only for unbiased approach - indicated by brown arrows); (3) “Nucleic acid (NA) extraction”; (4) “Post NA extraction 
clean up”; (5) “Post extraction enrichment”; (6) “cDNA/dsDNA generation”; and (7) “Library construction/ enrichment)”. Black arrows can be used for both EV- 
targeted approach (EV-tNGS) and unbiased viral metagenomic approach (VIR-mNGS), where brown and green sections indicate specific considerations with the 
VIR-mNGS or EV-tNGS approach, respectively. The steps (4) “Post NA extraction clean up” and (5) “Post extraction enrichment” is optional and may be either or both 
included to enhance sequencing results. However, the time between NA extraction (step 3) and library construction (step 7) should be minimized as much as possible. 
RNA degrades rapidly, even when frozen, so it is advisable not to pause the process before obtaining cDNA or the library, especially if amplification and/or NGS of 
long fragments will be applied. Repeated freezing and thawing cycles should also be avoided. Steps (6) “cDNA/dsDNA generation” and (7) “Library construction/ 
enrichment” are also referred to as Library preparation and utilize barcoding to provide unique identifiers to each sample during library preparation and pooling the 
samples for multiplex analysis. Some commercial assays perform the probe capture on NGS libraries as a library enrichment step. Figure created with BioRender.com 
[8,27–30,80,82].
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The use of targeted enrichment methods, such as probe capture with 
EV-specific probes, can further enhance EV-tNGS applications (Fig. 1). 
EV-tNGS is particularly effective for characterizing EVs in low-viral-load 
samples, such as cerebrospinal fluid (CSF) [32] and clinical specimens 
with rich background of non-viral NA (such as stool and nasopharyngeal 
specimens, or wastewater samples). A key advantage of EV-tNGS is its 
cost efficiency by allowing multiplexed sequencing of multiple samples 
with less sequencing depth.

3. NGS methodological framework for EV NGS

The methodological framework for EV NGS is described as a two-phase 
process: i) sample-to-raw sequence (wet-lab, Fig. 1) and ii) sequence-to- 
interpretation (dry-lab, Fig. 2). Figs. 1 and 2 provide guidance and the 
necessary key points to adopt and consider in each step. Both processes 
require quality control (QC) steps. The steps described are focused on the 
applications of NGS in clinical virology and public health.

Fig. 2. From raw sequencing data to reportable results (dry-lab): Steps required to perform NGS analyses of sequences generated with Illumina and Oxford Nanopore 
Technologies (ONT) include (1) “De-multiplexing and adapter removal”; (2) “Quality control (QC)”; (3) “Assembly or alignment”; and (4) “Consensus check and 
typing”. Green box: read classification tools can be used for preliminary virus identification in the viral NA pool, providing information on possible co-infections 
needed to be analyzed. Black arrows can be used for both targeted approach (EV-tNGS) and unbiased metagenomic approach (VIR-mNGS), with indicated tools 
using either Illumina generated data (orange sections) or ONT generated data (pink sections). Green arrows are specifically used for EV-tNGS. Read classification 
tools can additionally be used for preliminary virus identification in the viral NA pool (dotted arrows). Figure created with BioRender.com [52,65,81–106].
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3.1. From sample to raw sequence (wet-lab)

The wet-lab process consists of several key steps, each presenting 
with specific choices, challenges and advantages: sample and control 
selection, pre-extraction enrichment (if required), NA extraction, post 
NA extraction clean-up/enrichment (if needed, by probe capture for 
example), cDNA/dsDNA generation and library construction and 
enrichment (Fig. 1). The wet-lab steps are focused on either depleting 
non-viral NA or enriching the targeted viral NA. Each step influences 
NGS success rates and data quality. Most importantly, high viral loads 
generally increase the likelihood of successful sequencing. If real-time 
PCR is available, the cycle threshold (Ct) value serves as a semi- 
quantitative indicator of viral load, and it can be used to select appro
priate samples to improve the cost-effectiveness of the NGS-based 
method for subsequent typing. However, determining a Ct cut-off for 
all laboratories is challenging due to variations in assay design. In 
addition, several commercial “black box” diagnostic instruments and 
multiplex panels do not provide Ct-values or any semi-quantitative viral 
load estimates.

As Illumina and ONT are predominantly used among laboratories 
within ENPEN, this paper is focused on these technologies. Details of the 
characteristics, costs, suitability and limitation of these NGS technolo
gies for EV applications are described in Table 1. While EV-tNGS and 
VIR-mNGS can be implemented with both Illumina and ONT, in practice 
VIR-mNGS is more frequently applied with Illumina sequencing. EV 
specific options for action per technology are indicated in Figs. 1 and 2.

3.2. From sequence data to reportable results (dry-lab)

A bioinformatics workflow follows several steps described in Fig. 2. 
Illumina-based software is fairly well established, whereas ONT-based 
software is still a rapidly developing field, and the proposed tools in 
Fig. 2 are current examples. Currently, there is no best practice for 
standardized ONT data analysis and there are no set quality parameters 
or criteria (e.g. for quality scoring or sequence mapping) for EVs and 
many other viruses.

The choice of bioinformatics tools depends on the application and 
approach (EV-tNGS or VIR-mNGS). Commercial tools offer user-friendly 
interfaces and robust support while open-source solutions provide 
flexibility and cost-effectiveness but may require more bioinformatics 
expertise. Laboratories should consider these strengths and limitations 
when selecting the most appropriate tool for their specific needs using 
an External Quality Assessment (EQA). A range of commercial software 
solutions are available to analyse genomic data, several that are 
frequently used in the field include Genome Detective [34], Geneious 
Prime [35], and CLC Workbench [36], however this list is 
non-exhaustive. A free software package includes Galaxy [37,38]. Many 
institutes have developed in-house tools, freely available, that can be 
used for EVs. A few examples are Jovian [39], DTU CC Metagen [40], CZ 
ID metagenomics [41,42], pikavirus [42,43], and InsaFlu [44]. More tar
geted examples include ViroConstrictor [45], ViralRecon [46], CASTA
NET [47] and the ARTIC field bioinformatics workflow [48]. Both 
commercial and in-house tools require regular updates to ensure accu
rate outcomes. In general, sequencers generate thousands to millions of 
reads per sample, each accompanied by a quality score to indicate 
base-calling accuracy.

For EV-tNGS, where primers define the target and reference se
quences are known, reads are mapped to reference EV types. Depending 
on the threshold used to map sequences, reference-based tools may only 
account for known EV types, and additional parameter settings may be 
needed to identify new strains or types. In contrast, for VIR-mNGS 
filtered reads are de-novo assembled into contigs using their overlaps, 
enabling genotyping and detection of well-known or novel EVs. Many 
tools exist for this complex task both for short-read sequencing, and 
long-read sequencing, as reviewed by Holzer et al. [49] and Cosma et al. 
[50]. The assembly parameters can be usually customized with a 

preference for accuracy or for the length of the contigs, balancing be
tween discovery of novel sequences versus certainty that the newly 
assembled sequence is correct. Alternatively, before assembly and 
mapping of fastq data, read classification tools can be used for 

Table 1 
Characteristics, costs, suitability, and limitations of Illumina Technology and 
Oxford Nanopore Technology (ONT) for enteroviruses applications.

Illumina technology (2nd 
generation)

ONT technology (3rd 
generation)

Platforms • Bench top: iSeq, MiniSeq, 
MiSeq, NextSeq 550, 
1000, 2000.

• Large-scale sequencers: 
NovaSeq 6000 and 
NovaSeq X.

• MinIOn (low throughput).
• GridION (high throughput).
• PromethION (ultrahigh 

throughput).

Sequencing 
methods

• Short read sequencing 
using reversible dye 
terminators.

• Long read sequencing that 
identifies the sequence of 
nucleotides by passing 
individual molecules 
through nanoscale pores 
and measuring changes in 
the electrical current.

Costs • Costs per GB are low so 
ongoing costs can be lower 
especially for large scale 
projects.

• Instrumentation is 
relatively affordable.

Characteristics 
and suitability

• Highly accurate, high- 
throughput method.

• Production scale 
sequencing capability in 
benchtop format (NextSeq 
1000 and 2000).

• Automated solutions to 
library preparation

• Offers hybrid capture 
based sequencing panels.

• Partial and complete 
genome generation.

• Unbiased detection and 
typing.

• Low, high and ultrahigh 
throughput depending on 
the platform.

• Automated solutions to 
library preparation.

• Long read sequencing 
promotes complete genome 
assembly, analyses of 
recombination with mixed 
infections and also the 
detection of co-mutations.

• Adaptive sampling possible 
(enrichment or depletion) 
during run.

• Well adapted to field 
sequencing which is highly 
suitable for environmental 
and outbreak monitoring 
and for sequencing in low- 
resource countries and 
decentralized settings with 
limited laboratory 
infrastructure.

Limitations • Sample preparation is 
complex.

• Time consuming.
• High G + C content areas, 

complex regions and long 
repeats can be problematic

• Due to short read 
sequencing, 
recombination studies, in 
particular with multiple 
infection can be 
problematic. However, 
Illumina now also 
developed a “Complete 
Long Read technology”, 
where long fragments 
were “land-marked” to 
capture single-molecule 
[33].

• High initial investment, 
costs of reagents and 
disposables and 
infrastructure, particularly 
problematic in low- 
resource settings.

• Constant changes in assay 
chemistry will complicate 
the necessary validation to 
comply with the IVDR 
standards.

• High input of NA required, 
as such often PCR based 
methods or culture as input 
are applied. Hence, these do 
not allow for unbiased 
detection and typing of 
other viruses/pathogens 
(biased towards specific 
PCR primer-sets, best repli
cating strain in the culture, 
and can be problematic for 
recombination studies, in 
particular with multiple 
infections).

• Less accurate and lower 
throughput when compared 
to Illumina, however 
accuracy has increased 
recently due to base calling 
advances and downstream 
analysis.
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preliminary virus identification in the viral NA pool, providing infor
mation on possible co-infections [51].

Once a consensus sequence is generated, it can be characterized 
through NCBI BLAST [52] or using the online EV Typing Tool [53,54], 
which are often built in various bioinformatics tools. Phylogenetic 
analysis using user friendly tools as MEGA [55] or more sophisticated as 
RAxML [56] and IQ-Tree [57], and phylodynamic analysis using Next
strain [58] can subsequently be performed. To detect any potential 
recombination events, phylogenetic analysis of the P1, P2 and P3 re
gions or phylogenetic comparison between the VP1 and 3Dpol gene 
could be utilized. Additionally, software, such as Simplot + + /Bootscan 
[59], RDP4 [60]/RDP5 [61], or GARD [62] can be used to plot simi
larities and detect recombination.

3.3. Quality control (QC)

The ISO15189 requires laboratories to implement appropriate 
quality controls (QCs). To ensure high-quality sequencing this would 
require QCs at each step in the process, including negative controls to 
monitor contamination, positive controls to confirm assay performance, 
and internal controls, such as PhiX, to monitor the entire process 
[63–65]. Failed NGS sequencing resulting from insufficient quality 
control can lead to contaminated data, misidentification of EV types, 
and missed detection of co-infections. Cross-contamination during li
brary preparation can result in erroneous outbreak attribution, under
scoring the need for robust QC at every step.

For wet-lab, internal controls can be spiked into different sample 
matrices to evaluate the impact of these matrices on the quality of RNA 
purification and NGS. Another control measure is to prevent sample 
contamination from one run to another, especially when ONT flowcells 
can be re-used which might create cross-run contamination issues. The 
position of controls and the barcodes set should be switched every run, if 
possible, so that no consecutive run uses the same barcodes. A challenge 
for validation and adherence to high-quality standards under ISO15189 
are the ongoing changes in assay chemistry (particularly ONT), which 
require frequent re-validation.

QC should also be ensured in the dry-lab bioinformatics pipeline at 
the start to minimize errors throughout downstream analysis [66]. QC of 
the reads includes filtering (discarding those that do not meet the quality 
criteria), trimming (shortening the ends of the reads until the rest meets 
the criteria) or both. QC parameters provide a quick impression of any 
potential issues with the data, such as sequence quality scores including 
coverage of the genomic sequence and depth of coverage, base compo
sition, and G + C content, which should be addressed before proceeding 
with further analysis. After QC checks, additional steps, such as 
non-viral/host read removal, are often applied to further optimize the 
dataset (Fig. 2). When using PCR-based methods for viral NA enrichment 
prior to sequencing, primer sequences should be removed (trimming) 
(Fig. 2).

4. Conclusions and options for action

The implementation of NGS for EVs holds great potential for 
advancing clinical diagnostics, epidemiological molecular surveillance, 
and research. Recent studies have highlighted the value of accurate 
typing for diagnosis [67–70], outbreak detection and surveillance and 
complete genome sequencing can enhance its effectiveness by providing 
higher resolution data for identifying variants, tracking transmission, 
and informing public health responses [15–20,71]. In case of poliovirus 
surveillance, it may be beneficial to have the higher resolution of 
complete genome data to more efficiently contribute to PV eradication 
efforts [71]. NGS adoption, however, necessitates carefully tailored 
approaches, depending on the benefits for routine diagnosis and public 
health application. While EV-tNGS is the most practical option for 
clinical diagnosis due to its ability to detect (known) viruses with high 
sensitivity and also for outbreak response due to its ability to define 

transmission chains more accurately, VIR-mNGS provides an unbiased 
approach for novel virus identification but involves additional steps for 
optimizing the output of viral reads, in particular, in cases where the 
etiological agent cannot be identified through targeted approaches.

The group emphasized the importance of harmonized wet-lab and 
dry-lab protocols, robust quality controls throughout the workflow, and 
the need for regularly updated reference databases. Standardization of 
protocols and guidelines across laboratories were identified as priorities 
for advancing NGS in clinical and public health settings.

To enable the effective implementation of NGS for EVs, the following 
actions are considered by this group: 

• Standardization of NGS protocols and guidelines: Harmonized and 
validated wet-lab and dry-lab protocols and guidelines for stan
dardization of quality parameters for laboratory procedures, bio
informatic analysis workflows, under IVDR and ISO15189 
requirements [72–75], in particular for clinical use are emphasized 
as highly important. Clinical guidelines for early-stage and accurate 
sample collection by clinicians to ensure high-quality nucleic acid 
material [63] are crucial. Sample collection should be guided by 
clinical symptoms and the suspected EV type [25]. The adoption of 
harmonized protocols across multiple laboratories, can lead to 
improved data comparability and reliability, enabling more accurate 
tracking of circulating strains and timely identification of emerging 
variants over time as seen with other viruses [76,77].

• Maintenance and accessibility of reference databases: Regular 
updating and accurate annotation of EV/viral reference databases 
are considered crucial for detection and characterization of EVs. The 
use of cloud-based bioinformatics pipelines can improve data 
accessibility and collaboration between laboratories. [78].

• EQA and collaboration: Establishing an EQA program for EV NGS - 
both wet-lab and dry-lab assessment is a priority. This will allow 
direct comparison of protocols and tools suggested and address their 
strengths and weaknesses [66,79].

Collaboration among laboratories, clinicians, and bioinformaticians 
within ENPEN [25,26], the ESCV Network on NGS (ENNGS) [9,10] and 
ESCV is essential to support widespread implementation of EV NGS. 
Within the working group, comprehensive personnel training and EQAs 
can be provided, which is essential to ensure proper protocol imple
mentation. In addition, procedures for the collection of clinical and 
epidemiological data and the integration thereof with NGS-generated 
data will enhance data sharing and collaborative analysis [15,74]. 
Improved accessibility to NGS-based EV data will facilitate early 
outbreak detection, clinical diagnostics, and research on EV evolution, 
epidemiology and disease burden – particularly concerning 
co-infections - on both regional and global scales.
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