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Abstract

Background: Hepatitis E virus (HEV) is a leading cause of acute hepatitis and can cause 

chronic infections in immunocompromised patients. Although HEV infections can be treated 

with ribavirin, antiviral efficacy is hampered by resistance mutations, normally detected by virus 

sequencing.
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Objectives: High-throughput sequencing (HTS) allows for cost-effective complete viral genome 

sequencing. This enables the discovery and delineation of new subtypes, and revised the 

recognition of quasispecies and putative resistance mutations. However, HTS is challenged by 

factors including low viral load, sample degradation, high host background, and high viral 

diversity.

Study design: We apply complete genome sequencing strategies for HEV, including a targeted 

enrichment approach. These approaches were used to investigate sequence diversity in HEV 

RNA-positive animal and human samples and intra-host diversity in a chronically infected patient.

Results: Here, we describe the identification of potential novel subtypes in a blood donation 

(genotype 3) and in an ancient livestock sample (genotype 7). In a chronically infected patient, we 

successfully investigated intra-host virus diversity, including the presence of ribavirin resistance 

mutations. Furthermore, we found convincing evidence for HEV compartmentalization, including 

the central nervous system, in this patient.

Conclusions: Targeted enrichment of viral sequences enables the generation of complete 

genome sequences from a variety of difficult sample materials. Moreover, it enables the generation 

of greater sequence coverage allowing more advanced analyses. This is key for a better 

understanding of virus diversity. Investigation of existing ribavirin resistance, in the context of 

minorities or compartmentalization, may be critical in treatment strategies of HEV patients.
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Introduction

Hepatitis E virus (HEV), species Paslahepevirus balayani, belongs to the genus 

Paslahepevirus of the family Hepeviridae (International Committee on the Taxonomy of 

Viruses). Eight genotypes have been defined, of which genotypes 1 and 2 only infect 

humans, whilst genotypes 3–6 infect mainly pigs and wild boars, with zoonotic spillover 

infections from genotypes 3 and 4 to humans [1–7]. Genotypes 7 and 8 are found in old 

world camelids [8,9].

The single-stranded, polyadenylated RNA genome of ~7.2 kb length encodes three open 

reading frames (ORF). ORF1 encodes non-structural proteins and is of variable length due to 

common host genome-derived insertions or deletions within a hypervariable region (HVR) 

[10–12]. ORF2 encodes the capsid protein, and ORF3 the multifunctional protein VP13 

[13]. Genotype 1 encodes an additional ORF4 [14].

Annually, HEV infects ~20 million people, with ~56,000 fatalities [15,16]. 

Usually, the infection is self-limiting, however, chronic infections can occur among 

immunocompromised, such as transplant patients, and may lead to severe disease [17–19]. 

On rare occasions, HEV invades the central nervous system (CNS), leading to encephalitis, 

meningitis, and other neurological disorders [20,21]. In patients with chronic infections, 

ribavirin treatment is the standard of care [22]. However, treatment failure due to resistance 
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mutations is common [23]. Prior to treatment, sequencing and analysis of HEV diversity in 

patients might allow predictions regarding treatment success/failure. For such predictions, 

partial genome sequencing e.g. by Sanger sequencing of RT-PCR amplicons is unlikely to be 

sufficient because it lacks the sensitivity to detect minor viral populations carrying resistance 

mutations. Here, high-throughput sequencing (HTS) approaches are of benefit. However, 

HTS, especially from clinical sample material, is challenging, given low viral loads, high 

host-background, or due to the presence of viral quasispecies.

In this study, we address these challenges for HEV sequencing, by using samples with a 

potential new subtype, degraded samples, and tissue samples from a fatal HEV infection.

Methods

Sample material.

In this proof of concept study, we sequenced HEV from RT-PCR positive samples that were 

residual samples from our diagnostic department, and which represent typical challenges as 

described in Table 1.

RNA extraction

Depending on sample type and accessible volume, we used different approaches to extract 

viral RNA: For cerebrospinal fluid (CSF) or serum up to 140 μL were extracted either in 

the Roche MagNAPure 96 system using the DNA and Viral NA Small Volume kit (Roche, 

Basel, Switzerland) or using the QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany). 

For tissue extraction, a lentil-sized, frozen tissue sample was homogenised in 350 μL PBS 

using a steel bead and the TissueLyser II system (Qiagen). After centrifugation, 250 μL of 

supernatant were mixed with 250 μL DNA Tissue Lysis Buffer (Roche), extracted using 

the Roche MagNAPure 96 system, and eluted in 100 μL elution buffer. RNA extraction 

of the formalin-fixed, paraffin-embedded (FFPE) liver sample was performed using the 

RNeasy FFPE kit (Qiagen) according to the manufacturer’s instructions, but without DNase 

treatment.

HEV specific RT-qPCR

HEV RT-qPCR targeting an ORF2/ORF3 overlapping region was used and set up with the 

Qiagen OneStep RT-PCR kit [24]. For quantification of HEV RNA, a serial-diluted, in vitro 
transcribed RNA was used [25].

High-throughput sequencing and viral enrichment

HTS library preparation was performed using the KAPA RNA Hyper Prep Kit (Roche) 

according to the manufacturer’s instructions. Briefly, 5 μL RNA were used for fragmentation 

at 85°C for 5–6 min. RNA from the FFPE sample was incubated with the Fragment, 

Prime and Elute Buffer for 6 min at 4 °C. After ≤13 amplification cycles, the resulting 

libraries were quantified using the Qubit dsDNA HS Assay kit (Thermo Fisher Scientific™, 

Massachusetts, USA) and Agilent TapeStation using the HS D1000 Kit (Agilent, California, 

USA). Equimolar pooled libraries were paired-end sequenced on a NextSeq 550 (150/300 

cycles, Illumina, California, USA).
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As we previously described [26], a custom-made myBaits® set (ArborBioscience/BioCat, 

Heidelberg, Germany) was used for targeted enrichment following the manufacturer’s 

recommendations. Hybridization was performed for 18h at 65°C; washing steps were carried 

out at 65°C. The enriched libraries were amplified for 20–22 cycles using the KAPA Hifi 

HotStart Ready Mix and Library Amplification Primer Mix (Roche). Purified and quantified 

libraries were equimolar pooled and paired-end sequenced on a NextSeq 550 (150/300 

cycles, Illumina).

The sequences of all baits can be found in the supplement and can also be ordered from 

BioCat (Heidelberg, Germany) using our initial reference number 181001–32.

Genome analysis and phylogenetic analysis—Reads were mapped using Geneious 

Prime v2022.0.1 (Biomatters, Auckland, New Zealand) and manually inspected. Consensus 

sequences were called with 75% highest quality setting of Geneious Prime. Checking for 

compartmentalization in case 5, we chose three consensus calling strategies: a strict one 

(90%), one that also considers the quality of the reads (75%), and a less strict one (50%).

Nucleotide (nt) and amino acid (aa) sequences were aligned using MAFFT (version 

7.450). Pairwise identities of the HEV genome to reference sequences were calculated 

using Geneious Prime. A phylogenetic tree was constructed using the MrBayes plug-in in 

Geneious Prime, a GTR+I+G substitution model, and 500,000 replicates.

Results

Using targeted viral enrichment and HTS, we generated (near) complete genomes for all 

samples. The viral loads of these samples ranged from 6.15×103 to 5.62×106 IU/mL (Table 

1). As expected, we observed a lower or missing coverage for the HVR region. By our 

enrichment approach we increased the ratio of viral/total reads, up to 16,381-fold (Figure 1 

and Table S1) compared to native HTS without targeted enrichment. The HEV sequences of 

cases 1, 2, and 5 could be determined as subtype 3c by phylogenetic analysis (Figure 2 and 

Table S2). The HEV sequences of case 3 and 4 were potentially new subtypes of genotype 3 

and 7, respectively.

Recombination could not be detected using RDP4 [27] for any of the generated sequences 

(not shown). More specific results for individual cases are as follows:

Case 1: Low viral load

This case had encephalitis of unknown cause. HEV infection was retrospectively identified 

by untargeted HTS of a CSF sample. The presence of viral RNA was confirmed by RT-

qPCR, revealing a low RNA concentration (6.15E+03 IU/mL). We enriched the original 

HTS library in two independent experiments. By combining the resulting reads, we obtained 

a genome coverage of 82.4% (Figure 1). To fill coverage gaps we used strain-specific 

primers (available upon request). Visualization of PCR products covering the HVR region 

showed presence of PCR amplicons with diverse size. Sanger sequencing confirmed the 

presence of two HVR variants (differing by 131 nt in length). In this case, the existence 
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of multiple HVR variants hints towards a chronic HEV infection affecting the CNS. 

Unfortunately, neither clinical data nor longitudinal samples were available for analyses.

Case 2: Degraded sample material

Successful RNA extraction from a FFPE liver sample that had been stored for several years, 

mainly at room temperature, was confirmed by detection of beta-2 microglobulin mRNA 

(not shown). A near full-genome HEV sequence was obtained with an increase of the ratio 

of viral/total generated sequences of 1,344-fold. Sequencing of the entire HVR failed for 

the targeted enrichment approach, but was completed using results from the native HTS 

approach (Figure 1, Table S1). The successful complete genome sequencing from a FFPE 

sample using HTS and targeted enrichment emphasizes the benefit of these approaches for 

samples, where PCR amplicon-based approaches (e.g., with fragment sizes >500 bp) are 

likely to fail due to RNA fragmentation [28].

Case 3: A distinct HEV strain in an Irish blood donation

A full-genome HEV sequence was obtained through subsequent in silico iterations, resulting 

in a 7258 nt genome with a GC-content of 56.3 %, typical HEV genome organization, and 

highest similarity to MZ289095.1 with 80.78% nucleotide identity (Table S2). Sequence 

comparison and phylogenetic analysis confirmed this strain to be distinct, but most closely 

related to genotype 3 sequences (Figure 2). Of note, public genotyping tools (HEVnet, 

HEV-GLUE) failed to classify this sequence (https://www.rivm.nl/mpf/typingtool/hev/; 

http://hev.glue.cvr.ac.uk/, both accessed on 13.06.2023). Lacking defined ICTV genotype 

demarcation criteria, we suggest that this strain represents a previously undescribed subtype 

of genotype 3 based on the high nt distance in three genome regions recommended by the 

ICTV (≥17.9% methyltransferase, ≥20.4% polymerase, ≥18.3% ORF2 (aa121–413)) and its 

basal relationship to other genotype 3 sequences (Table 2, Figure 2).

Case 4: A forty-year-old camel blood sample

Sequencing of a camel-derived HEV serum from 1983, resulted in a 7109 nt genome with 

a GC-content of 53.9%. The closest published sequence was obtained from a camel in 

Saudi-Arabia in 2017 (MW835253.1) with 81.81% nt identity. Targeted enrichment led to a 

nearly 3,000-fold increase of viral/total reads.

Similar to case 2, it was not possible to sequence the whole HVR (Figure 1, Table S2) using 

the enrichment approach. However, a combination of native and enrichment approaches led 

to a complete genome sequence.

Phylogenetic analysis and sequence comparisons showed the closest relationship of this 

sequence to sequences of genotype 7. As with case 3, established genotyping tools (HEVnet, 

HEV-GLUE) failed to classify this sequence. Because of the high nt distance (≥18.8% 

methyltransferase/polymerase, ≥18.1% ORF2 (aa121–413)), we suggest that the new strain 

define a distinct subtype of genotype 7 (Figure 2 and Table 2).
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Case 5: Tissue samples and intra-host virus-diversity

We sequenced fresh-frozen duodenum, liver, and medulla oblongata samples obtained 

during autopsy of a patient with chronic HEV infection and CNS symptoms prior to 

death. HTS resulted in a full genome for the medulla oblongata sample, a near-full 

genome (99.9%) for the duodenum sample, but only a partial genome for the liver sample 

(43.0%). Through targeted viral enrichment, we obtained a full-genome for the duodenum 

and medulla oblongata sample and a near full-genome for the liver sample (99.7%). The 

resulting consensus sequences had a length of 7,162–7,227 nt with a GC-content of 53.4–

54.8%. The genomes showed the typical HEV genome organization (Table S2).

We observed differences in the consensus sequences which were evenly distributed over 

the genome (Figure S1). We then undertook a more detailed analysis to test for potential 

compartmentalization. The HEV population of the medulla oblongata, the only CNS sample, 

was significantly different compared to the rest of the samples. Moreover, this sample 

showed a 3 nt insertion in the 3’ non-coding region by both sequencing approaches, not 

observed in the other samples/approaches. Sequencing of a serum sample taken 72 days 

prior to the autopsy revealed the greatest similarity to the duodenum sample and greatest 

distance to the CNS sample (Figure S1 and S2).

Analysis of mutations associated with ribavirin resistance [29] revealed the presence of 

several mutations, the frequency of which varied among sample types. Unexpectedly, 

fewer mutations were detected in the CNS compartment. Single nucleotide polymorphism 

abundance levels were comparable between sequencing approaches, indicating a low bias 

introduced through targeted enrichment (Figure 3). These results suggest the existence of 

distinct viral populations in the CNS.

Discussion

In recent years, HTS has become increasingly available and cost-effective and has proven 

to be a useful tool for generating genome sequences and measuring intra-host diversity. 

However, HTS still has some limitations, especially the analysis of samples with (I) a very 

low viral load, (II) degraded nucleic acids, (III) novel pathogens or distinct viral strains/

species, (IV) a high host-background, and (V) quasispecies/double-infection.

The first limitations can be circumvented by generating a large number of sequencing reads, 

however this incurs high costs and might not result in adequate depth of coverage. Targeted 

enrichment of viral sequences can help to overcome most limitations:

i. After detection of a slightly HEV-positive CSF sample (case 1), we used this 

approach to greatly increase the ratio of viral reads to total reads. Thereby, 

generating a near full-genome that was determined as subtype 3c.

ii. Sample quality, influenced by e.g., storage, sample age, or fixation, can 

dramatically affect sequencing success [28]. Here, we extracted RNA from a 

FFPE liver biopsy (case 2) that had been sub-optimally stored for many years. 

After enrichment, we had a 1,280-fold increased ratio of viral to total generated 

reads and increased genome coverage from 67.6% to 98.8%. Moreover, we 
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successfully enriched HEV sequences from a forty-year-old camel serum sample 

and increased the ratio of viral reads to sequenced reads by nearly 3,000-fold 

compared to the native HTS approach.

iii. Most of the sequences generated in this study belonged to genotype 3c. We 

sequenced HEV from a blood donation (case 3) after genotyping failed [30]. 

Enrichment was again highly successful and enabled the generation of a full-

genome sequence even though the closest-known reference sequence had a nt 

identity of only ~80 %, similar as for the viral strain obtained from the camel 

serum. Further analysis indicated that the sequences from the blood donor and 

the camel (case 4) belong to potentially new subtypes of genotypes 3 and 7, 

respectively. This demonstrates the effectiveness of the enrichment approach, 

even when dealing with diverse viral strains.

iv. High host genome background in tissue samples poses another major challenge. 

Using targeted enrichment, we generated (near) full-genomes from different 

tissue types (case 5). Thereby, up to 91.5% of the generated sequencing reads 

(medulla oblongata) were of viral origin. We generated a (near) complete 

genome for the duodenum and medulla oblongata sample using a native 

sequencing approach, however, the depth of genome coverage did not allow us 

to make accurate conclusions about viral diversity in the duodenum sample. This 

could only be achieved by the targeted enrichment of viral sequences.

v. One of the patients (case 5) had a known chronic HEV infection and a fulminant 

phase with CNS symptoms shortly before death. Detection of mutations 

associated with ribavirin resistance was successful and, in the case of the liver 

sample, only possible due to the targeted enrichment approach. Analysis of 

longitudinal samples from such patients might allow conclusions regarding when 

the virus infiltrated the CNS. CNS involvement during HEV infection has been 

increasingly described in the past years [31–35]. We found CNS involvement in 

two of the five cases here. Importantly, HEV compartmentalization in the CNS 

may further challenge successful treatment of HEV, as antiviral drugs such as 

ribavirin may not reach sufficient levels in all compartments.

Limitations

Although HTS and our enrichment approach overcame sequencing challenges in many 

cases, there are still limitations. With a particularly low (barely detectable) amount of 

nucleic acid, a limiting factor is that enough molecules end up in the final library to cover 

the entire genome and subsequently be enriched.

Another limitation is that, in principle, it is possible to only enrich what is included in 

the capture bait design. However, as shown for the highly divergent and new subtypes of 

the Irish blood donor and camel-borne HEV, nucleotide divergence of ~20% to known 

sequences could successfully be enriched. Similar ratios have been achieved for other 

enrichment approaches [36,37].
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The HVR remains a major challenge for HEV sequencing. Here, HEV sometimes integrates 

part of the host genome. As the insertion is likely random, it cannot be included in the bait 

design. As a consequence this reduces HEV genome sequence coverage in that region.

However, we observed that parts, and in some cases the entire HVR are covered, likely 

because baits bind to library molecules that are chimeric, consisting of HEV and host 

genome/HVR regions.

Bioinformatically challenging, and perhaps impossible with our approach, is the distinction 

between intra-host viral diversity and co-infection with closely-related, but, distinct viral 

strains. Long-read sequencing, for example enabled by nanopore sequencing, might be of 

use.

Conclusions:

Specific enrichment of viral sequences in combination with HTS is a useful approach, 

especially for samples with degraded sample material or high RNA/DNA background. It 

enables detection of viral diversity that might not otherwise be reliably measurable in the 

absence of exceedingly high sequencing depth. However, for generating a simple consensus 

sequence, especially for samples with reasonable viral load and low host nucleic acid 

background, HTS alone is often sufficient.

Outlook:

The availability of a robust whole genome sequencing approach at a relatively low (and 

decreasing) cost and rather short turnaround time leads us to advocate for its wider 

application in chronic or severe acute HEV infections. Whole genome sequencing could 

identify virus-intrinsic virulence factors (such as CNS affection). Furthermore, this will 

also provide a basis to assess and monitor both known and potentially emerging ribavirin 

resistance variants. This will also be critical when supplementing HEV treatment with other 

antiviral drugs, such as Sofosbuvir [38]. The timely availability of whole sequence data 

along with a comprehensive HEV sequence database will likely be of use for individualized 

therapy recommendations (discontinuation, dosing, or change of therapy).

The enrichment approach presented here can be readily applied to other pathogens and 

might facilitate sequencing of these. As for HEV deep sequencing of viruses prior to 

initiation of specific therapy can facilitate detection of resistance mutations initially present 

only as minorities.
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Data Availability Statement
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Highlights

• Application of a combined HTS and specific enrichment approach for HEV.

• Successfully generating complete genome sequences from challenging 

samples.

• Identification of potential novel subtypes in a blood donor and in a camel.

• Detection and analysis of ribavirin resistance mutations in virus 

subpopulations.

• Evidence for HEV compartmentalization, including the central nervous 

system.
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Figure 1. 
Comparison of sequencing results for native HTS (left) and the same libraries after targeted 

enrichment (right) for case 1 (note that for the enriched results we combined the generated 

reads of two independent experiments), case 2, case 3, case 4, and the duodenum (b), liver 

(c), and medulla oblongata (d) sample of case 5.
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Figure 2. 
Phylogenetic analysis of the complete coding region of HEV. The analysis comprised all 

complete genome sequences generated in this study (given in bold), related 3c strains 

from humans, and reference Paslahepevirus balayani strains, as defined by Smith et al.[7]. 

Virus designations include GenBank accession number, country, collection year, and host, 

if available. Black circles at nodes indicate bootstrap support values of >90 % and white 

circles >75 %.
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Figure 3. 
Abundance of mutations (variant A, black) that are associated with ribavirin resistance [29] 

per sample type and sequencing approach. Only genome positions with a coverage of at least 

10 were analysed.
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Table 1.

Overview of examined samples, patients, and research question

Subject Sample type Viral load 
(IU/mL) Description Research question / challenge Background 

described in

1 CSF 6.15E+03

patient had encephalitis of unknown 
origin with atypical symptoms, HEV 
infection retrospectively identified 
through HTS

Typing, Virus variant/mutation 
causative for CNS symptomatic?

this study (study 
previously 
mentioned in 
[39])

2

FFPE 
sample from 
a liver 
biopsy

~1E+04*
liver biopsy obtained after rejection of 
transplant, stored as FFPE mounted 
on a microscope slide for >5 years at 
room temperature

Typing, Sequencing of HEV from a 
degraded FFPE sample stored under 
improper conditions

Hillebrandt et al., 
unpublished

3 serum 4.18E+04
HEV detected in an Irish blood 
donation, subtyping through fragment 
sequencing failed

Typing, New variant/genotype that 
caused subtyping to fail? [30]

4 serum 6,96E+03 HEV genotype 7 from a camel 
sampled in 1983

Obtaining a genome of a serum 
sample as old as ~ 40 years with 
repeated freeze-thaw cycles

[40]

5a serum 2.46E+06

chronic HEV infection in a n 
immunocompromised patient with 
fatal outcome

Compartment-specific subpopulation 
that contributed to patients’ clinical 
outcome? (Subpopulation with) 
ribavirin resistance mutations? Intra-
host viral evolution?
High background of host nucleic 
acids.

unpublished/this 
study

5b duodenum 1.74E+06

5c liver 1.86E+06

5d medulla 
oblongata 5.62E+06

*
Due to the FFPE fixation this concentration is an estimate.
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Table 2.

Nt (upper) and aa (lower) identity (%) of HEV genomes obtained from the Irish blood donor (case 3) and the 

camel (case 4) with reference strains for selected genomic regions recommended by ICTV for species 

demarcation.

ORF1 ORF2

Genotype Methyltransferase* RNA-directed RNA polymerase* Aa121–413*

Case 3 Case 4 Case 3 Case 4 Case 3 Case 4

1a
75.9–77.9 76.2–77.5 73.6–74.3 74.8–75.6 78.6–79.5 78.6–79.9

85.6–86.7 87.3–89.0 85.6–86.4 86.9–87.9 95.2–95.8 93.8–94.6

2b
76.2 77 72.9 74.8 78.3 79.9

86.7 91.7 85.4 86 96.9 94.9

3c
77.5–82.1 74.8–79.2 76.0–79.6 75.5–78.2 78.2–81.7 77.4–80.6

91.2–95.0 91.2–96.1 89.3–92.4 88.9–92.2 96.9–98.3 93.2–94.6

4d
74.2–77.0 75.3–78.1 74.3–75.8 73.6–74.9 77.3–79.0 79.0–80.9

90.1–91.7 92.3–93.9 86.2–87.7 85.8–87.3 95.2–96.6 92.9–94.3

5e
74.8 75.9 75.2 74.7 79.1 79.3

89.0 91.2 86.4 85.6 96.0 94.1

6f
76.4–77.7 74.6–75.3 73.9–75.7 74.4–74.7 78.4–79.1 77.7–78.5

87.8–89.5 90.1–92.8 84.2–87.5 84.6–86.2 96.6 93.2

7g
75.9–76.1 79.4–81.2 74.4–75.7 80.9–81.2 78.6–79.1 81.4–81.9

91.2–91.7 96.7–97.2 88.1–88.9 94.3–94.9 96.0 95.8–96

8h
76.8–77.4 77.3–77.9 76.5–77.0 76.6–77.5 78.9–80.1 80.1–80.9

92.3–92.8 96.1–96.7 88.1–88.3 91.0–91.2 96.0 95.8

Calculated with Geneious Prime 2022.0.1., including GenBank accession numbers:

a)
M73218, X98292, AY230202, AY204877, JF443721

b)
KX578717

c)
AB248521, AB290312, AB290313, AB369687, AB369689, AF082843, AF455784, AP003430, AY115488, EU360977, FJ705359, FJ998008, 

JQ013793, JQ013794, JQ953664, KP294371, KU513561, KY436898, F444074, MF959764, MF959765, MK050463, MT920909, MW002523

e)
AB573435

f)
AB602441, AB856243

g)
KJ496143, KJ496144

h)
KX387865, KX387866, KX387867

*
as annotated for FJ705359.1
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