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Advanced sequencing approaches
detected insertions of viral

and human origin in the viral
genome of chronic hepatitis E virus
patients

C.-Patrick Papp'?, Paula Biedermann2, Dominik Harms?, Bo Wang'3,
Marianne Kebelmann?, Mira Choi*, Johannes Helmuth®, Victor M. Corman?,
Andrea Thirmer$, Britta Altmann?, Patrycja Klink®, J6rg Hofmann?># & C.-Thomas Bock™7:8*

The awareness of hepatitis E virus (HEV) increased significantly in the last decade due to its
unexpectedly high prevalence in high-income countries. There, infections with HEV-genotype 3 (HEV-
3) are predominant which can progress to chronicity inimmunocompromised individuals. Persistent
infection and antiviral therapy can select HEV-3 variants; however, the spectrum and occurrence of
HEV-3 variants is underreported. To gain in-depth insights into the viral population and to perform
detailed characterization of viral genomes, we used a new approach combining long-range PCR

with next-generation and third-generation sequencing which allowed near full-length sequencing of
HEV-3 genomes. Furthermore, we developed a targeted ultra-deep sequencing approach to assess
the dynamics of clinically relevant mutations in the RdRp-region and to detect insertions in the HVR-
domain in the HEV genomes. Using this new approach, we not only identified several insertions of
human (AHNAK, RPL18) and viral origin (RdRp-derived) in the HVR-region isolated from an exemplary
sample but detected a variant containing two different insertions simultaneously (AHNAK- and RdRp-
derived). This finding is the first HEV-variant recognized as such showing various insertions in the
HVR-domain. Thus, this molecular approach will add incrementally to our current knowledge of the
HEV-genome organization and pathogenesis in chronic hepatitis E.

Hepeatitis E virus (HEV) is one of the main causes of acute viral hepatitis worldwide. It is a hepatotropic, approxi-
mately 7.2 kb single-stranded positive-sense RNA virus whose genome contains three open reading frames
(ORF1, ORF2, and ORF3), 5" and 3" untranslated regions (UTRs), and a poly(A) tract at the 3’ end. The genotypes
HEV-1 to HEV-8 belong to the genus Orthohepevirus A of which at least HEV-1 to HEV-4 can infect humans.
HEV-1 and HEV-2 are responsible for large waterborne outbreaks in low-income countries whereas HEV-3
and HEV-4 cause foodborne infections and are autochthonous in high-income countries'?. The latter two are
zoonotic strains with mainly pigs and wild boars as putative main hosts and are transmitted to humans by the
ingestion of raw or undercooked meat®>=°. It has been shown that HEV-3 has a higher variability compared to
other HEV genotypes and has been correlated with a higher host range®. Recombination events in this genotype
have been repeatedly described, most frequently as insertions in the hypervariable region (HVR, also denoted as
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Patient

Sample no

Sample name Sample type | Cause of immunodeficiency Collection date | Virus Concentration (copies/ml)

1

17-0421-sample 1 | Plasma 10/2017 4.1x10°

17-0420

Stool 10/2017 1.17x10°

17-0534

Plasma At'yplcal'hemolytlc—uremlc syndrome, severe immunoglob- 11/2017 2%10°
ulinaemia

18-0002

Plasma 01/2018 6.5% 107

18-0056-sample 2 | Plasma 04/2018 8.5x107

17-0371

Plasma Kidney and pancreas transplantation 07/2017 4.4x10°

W | =] =] =~

17-0535

Plasma Kidney transplantation 12/2017 1.6x 10°

18-0058

Selective IgG deficiency, T-lymphopenia with helper

6
cells <200 04/2018 1.3x 10

Plasma

18-0066

Plasma Peripheric T-cell lymphoma 01/2018 1.2x10°

18-0068

Plasma Kidney transplantation 04/2018 8.1x10°

Table 1. Samples from patients with chronic HEV infection.

polyproline region, PPR)”-'". The inserted sequences mostly originated in HEV, however, sequences originating in
the human genome have also been identified”!>"**. Recombinants and other HEV variants were associated with
ribavirin treatment failure, adaptability in cell culture, and increased viral replication potential!®!>131>16 Besides
recombination events, some single-nucleotide polymorphisms (SNP) such as G1634R were linked with RBV
treatment failure'”. Further SNPs identified in the RNA-dependent-RNA-polymerase (RdRp) coding sequence
in patients treated with RBV were Y1320H, K1383N, K1398R, V14791, Y1587F, G1634K"®. Similar to other RNA
viruses, HEV builds a so-called mutant cloud, which represents an intra-host heterogeneous population, with
the advantage of rapid adaptation to environmental conditions'®. Population-based Sanger sequencing has been
shown to miss minor variants with a frequency below 20%°. Therefore, to capture the heterogeneity of the HEV
quasispecies, including recombination events and SNP that occur with very low frequencies, we developed new
sequencing approaches for HEV genotype 3 based on the amplification of the near full-length genome of HEV
by long-range PCR (IrPCR) followed by subsequent next-generation sequencing (NGS) and third-generation
sequencing. These methods allow the identification of insertions and SNPs in the HEV genome. Furthermore,
single-molecule sequencing using Oxford Nanopore Technologies (ONT) enables the analysis of potential cor-
relation in the occurrence of these events, as mutations and insertions can be detected on either the same or
different DNA strands. A multiplex third-generation sequencing protocol (Oxford Nanopore Technologies,
1D? flow cell) was also established as an additional optimization step to perform parallel sequencing of multiple
samples. Amplicon-based NGS was performed to detect multiple insertions that coexist in the viral population
and to determine the dynamic of SNPs in the RdRp region of the HEV genome.

Material and methods

Chronic hepatitis E patients and sample collection. To evaluate the newly established molecular
methods, a total of nine plasma samples and one faecal sample from patients with chronic hepatitis E infection
(CHE), defined as persistence of HEV RNA for longer than three months?, were used in this study. All patients
were immunosuppressed (Table 1). Five samples were follow-up samples from one patient (Table 1). The samples
17-0421 and 18-0056 were used to compare the sequencing methods and for the sake of clarity will be referred
to as sample 1 and sample 2, respectively. All samples were obtained from routine diagnostics and were pseu-
donymised before usage. The HEV genotype for all samples was determined as described previously*.

RNA extraction, cDNA synthesis, and long-range PCR (IrPCR). RNA extraction was performed
using QIAcube (QIAGEN, Hilden Germany) with the QIAamp Viral RNA Mini kit (QIAGEN, Hilden, Ger-
many) according to the manufacturer’s instruction. The RNA obtained from each sample was stored at — 80 °C
until use. Quantitative PCRs for HEV were performed as previously described?*?. Isolated RNA was used for
cDNA synthesis with the SuperScript IV First-Strand Synthesis System (Invitrogen, Thermo Fisher Scientific,
Carlsbad, CA, USA). The synthesis was performed with Oligo d(T) primers and 11 uL template RNA as described
in the manufacturer’s protocol with minor modification of the cDNA synthesis step at 60 °C for 20 min. To verify
the successful synthesis of the whole HEV genome, four genome-wide PCRs were performed. Subsequently,
the cDNA was used for the near full-length IrPCR. The IrPCR was performed using the Kapa HiFi Readymix
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) with an optimised program for GC-rich templates for
both, first and heminested PCR. Primers and PCR protocols are listed in the Supplementary Tables S1 and S2.
The PCR products were visualized on a 1% agarose gel using the BioDocAnalyze software (Biometra GmbH,
Gottingen, Germany).

Illumina sequencing of the IrPCR products and reads processing. Magnetic beads purification of
the IrPCR products was performed with the MagSi-NGS Prep Plus kit (magtivio B.V., The Netherlands) accord-
ing to the manufacturer’s instructions. The purified PCR products were measured by Qubit fluorometer using
the double-stranded DNA High Sensitivity Assay Kit (Thermo Fisher Scientific, Carlsbad, CA, USA). A whole-
genome (WG) library was prepared for all PCR products using the Nextera XT library kit (Illumina, San Diego),
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following the manufacturer's instructions. WG libraries were sequenced in a 2 x 250 bp sequencing run on an
Mlumina HiSeq 2500 platform (Illumina Inc., San Diego, USA).

Illumina raw sequencing data were converted using bcl2fastq v 1.8.4 conversion software (Illumina Inc., San
Diego, USA) and demultiplexed according to their multiplex identifier. For each sample, two fastq files were
generated representing the paired-end reads. These two files were imported into Geneious version 11.1.5 (Biomat-
ters Ltd, Auckland, NZ) and automatically paired. Adapter and quality trimming was performed using BBDuk
Adapter/Quality Trimming Version 37.64 by Brian Bushnell implemented in Geneious. Minimum quality was
set to 30. Trimmed reads were mapped to the reference sequence wbGER27_RAS (FJ705359.1) using Geneious
mapper with medium sensitivity and performing five iterations. The consensus sequence containing the most
common bases was extracted.

Oxford Nanopore sequencing of the IrPCR products and reads processing. Third-generation
sequencing for long-read sequencing was performed using Oxford Nanopore Technologies (ONT) MinION.
To multiplex samples on the high accuracy 1D? flow cells (Oxford Nanopore Technologies, Oxford, UK), the
manufacturer’s native barcoding protocol (XP-NBD104) recommended for Ligation-Libraries (SQK-LSK109)
was combined with the Ligation 1D? (SQK-LSK308) manufacturer’s protocol. Barcoding of all samples was per-
formed according to the ONT 1D Native barcoding genomic DNA protocol. After barcoding, dA-tailing of the
barcoded DNA was performed followed by magnetic beads clean-up and the ONT 1D? adapter ligation step
from the 1D? sequencing of the genomic DNA protocol. After 1D? adapter ligation, elution and DNA concentra-
tion measurements using a Qubit fluorometer (Thermo Fisher Scientific) were performed for each sample. The
prepared samples were pooled to a final mix with a volume of 50 pL and a concentration of approximately 10 ng/
L. The prepared sample pool was used for sequencing according to the 1D? sequencing protocol.

The raw reads were processed and demultiplexed using ONT Guppy basecaller (Oxford Nanopore Technolo-
gies, Oxford, UK). Post-analysis of the resulting fastq files was done with Geneious version 11.1.5 (Biomatters
Ltd, Auckland, NZ). Due to the high amount of data generated by this sequencing approach, the lack of NGS
data for ONT read correction for samples 6-10, and the limited computational power available, only the reads
for sample 1 and 2 were analysed. Therefore, sequences with lengths between 6.5 and 8 kb were extracted. In the
size selected sequence list, each insertion found was annotated. The function “extract annotation” was used to
extract the entire sequences based on their annotation. To validate the ONT reads that contain two insertions
simultaneously, the trimmed and error-corrected Illumina reads were mapped against the MinION sequence
from sample 2 which contained two insertions simultaneously. Mapping was performed using Geneious mapper
at medium sensitivity, executing five iterations. The consensus sequence containing the most common bases was
extracted. In addition, the size selected long-reads from sample 2 were mapped against a reference (GenBank
ID: FJ705359.1) using Geneious mapper set at medium sensitivity. The consensus sequence containing the most
common bases was extracted.

Amplicon-based NGS. Target specific primers containing flow cell adapters at the 5" end were designed
(Supplementary Table S2). These primers were used to generate amplicons containing the region of interest
which were subsequently sequenced on Illumina MiSeq using the MiSeq Reagent Kit v3 (Illumina, San Diego,
USA) generating 2 x 300 bp reads. The amplicons are between 350 and 500 bp in size allowing two paired reads
to overlap. Merging the two reads of a pair results in a single end-to-end-sequence covering potential insertions
with high accuracy.

RNA was isolated as described above and used for cDNA synthesis with the SuperScript IV First-Strand Syn-
thesis System (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) using random hexamers and 11 pL tem-
plate RNA as described in the manufacturer’s protocol. In contrast to the cDNA synthesis performed for IrPCR,
for the amplicon NGS, we used random hexamers increasing the cDNA yield compared to Oligo d(T) primers*.

Hypervariable region amplicons. For the HVR amplicons, a fragment of approximately 800 bp in size
was amplified. The resulting PCR products were used for nested PCR with primers containing overhang adapters
for the Illumina flow cell (Supplementary Table S2). Depending on the length of insertion, the size of the gener-
ated amplicons varies. Therefore, two sets of primers aiming to generate the optimal amplicon size for NGS were
designed. For amplification in the first and nested PCRs the Kapa HiFi Readymix (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) was used. The success of amplification and the amplicon size was verified by 1.5% agarose
gel electrophoresis using the BioDocAnalyze software (Biometra GmbH, Géttingen, Germany).

RNA-dependent RNA-polymerase amplicons. A 2 kb target sequence of the complete HEV poly-
merase region was amplified by TaKaRa Ex Taq DNA Polymerase (Takara Bio Inc., Japan) according to the
manufacturer’s instructions using the primers listed in the Supplementary Table S2 with the PCR conditions
described in the Supplementary Table S1. The PCR product was used as template for three approximately 550 bp
overlapping PCR amplicons that cover the complete coding RdARp domain. Target specific primers with Illumina
MiSeq overhang adapters were designed. Amplification was performed using the Takara Ex Taq DNA poly-
merase (Takara Bio Inc., Japan) with the PCR conditions described in the Supplementary Table S1. The success
of amplification was verified by 1.5% agarose gel electrophoresis using the BioDocAnalyze software (Biometra
GmbH, Géttingen, Germany).

Amplicon preparation, sequencing, and reads processing. Magnetic beads purification of the PCR
products was performed with the MagSi-NGS Prep Plus kit (magtivio B.V., The Netherlands) according to the
manufacturer’s instructions. Purified PCR products were measured by Qubit fluorometer using the double-
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stranded DNA High Sensitivity Assay kit (Thermo Fisher Scientific). To compare the quality between a pooled
and a separate sequencing approach, for sample 1b two different pools were prepared: one containing only
the three RdRp amplicons, the second containing the RdRp and the HVR amplicons. These two pools were
sequenced simultaneously using the Illumina MiSeq technology.

Amplicon libraries were generated using the Nextera XT library kit (Illumina, San Diego). The index-PCR
was performed according to the manufacturer’s protocol. Indexed libraries were pooled and sequenced on the
Mlumina MiSeq using 2 x 300 bp reads. The read files containing paired-end reads provided for each sample were
paired, trimmed, and mapped as described above.

Single-nucleotide polymorphisms detection. Single-nucleotide polymorphisms (SNP) were detected
using the Geneious “Find Variations/SNPs” tool. The minimum variant frequency was set to 0.005, maximum
variant P-value to 107® and minimum strand-bias P-value at 10> when exceeding 65% bias. Regions below a
coverage of 500 were excluded from variant calling.

Cut-off for biological variants. cDNA synthesis, PCR, and the sequencing process are sources of error
that need to be considered when sequencing RNA viruses. Therefore, we used the SuperScript IV high-fidelity
RT which has a misincorporation frequency of 1.8 x 102>, Sample I and 2 had high viral loads of 10® and 10°
copies/ml, respectively (Table 1), which translates into a higher yield for the cDNA synthesis. Furthermore, to
maximise the amount of cDNA synthesised and consequently used for IrPCR, a maximum of 11 pL template
RNA was used for cDNA synthesis. The cut-off for biological variants was set at 0.5%.

Regarding sequencing errors, by trimming all bases with a Phred quality score lower than 30, the expected
error rate is five times lower than our cut-off. The plausibility of the minority mutations detected was assessed
by comparing their values with the values detected when other sequencing approaches were used or with the
values detected in other follow-up samples.

Calculation of polymorphisms and type of selection. In order to calculate the proportions of the
polymorphism, the number of SNPs over 0.5% detected in a specific region was divided by the number of nucle-
otides in that region. To determine the type of selection in a specific region of the HEV genome, we used the
ratio between nonsynonymous (dN) and synonymous (dS) substitutions per site (ratio dN/dS). Insertions in the
HVR were excluded from the calculation.

Detection of insertions. Due to the high variability of the HVR and to the targeted manner of the
sequencing approach, the UNOISE3-Suite was used to get zero-radius operational taxonomic units (zOTUs)
from the HVR-amplicon reads®. Thus, clustering of highly similar reads and generation of representative con-
sensus sequences as zOTUs was performed. zOTU sequences were imported into Geneious and mapped to the
reference sequence wbGER27_RAS (FJ705359.1). The origin of the HVR insertions was determined using the
BLASTn search engine (https://blast.ncbi.nlm.nih.gov).

Correlation between insertions and mutations. The long-read ONT sequences from sample 1 and 2
were grouped based on their insertions. Accordingly, there were the AHNAK insertion, the HEV-derived inser-
tion, and the no insertion sequence groups. The frequencies of the RdARp mutations G1634R, Y1587F, V14791,
and K1383N that were detected in the analysed samples were determined for each group and compared. A
correlation between a certain mutation and an insertion would result in a higher frequency of this mutation in
one of the groups. However, given a Phred score of 10 for our ONT reads, the frequencies of the mutations were
interpreted as estimates.

Accession numbers. HEV sequences described in this article have been submitted to NCBI GenBank
under the accession numbers: MW837243 to MW 837255 (Supplementary Table S3).

Ethical approval. The ethics committee of the Charité Universititsmedizin Berlin approved the study
(approval number No. EA1/367/16) and written informed consent was obtained from all participating indi-
viduals. Patient samples were de-identified for this study. All experiments were performed in accordance with
relevant guidelines and regulations.

Results

HEV samples. To evaluate the newly established molecular methods, a total of nine plasma samples and
one faecal sample from patients with clinically confirmed chronic hepatitis E (CHE) were used in this study.
All these CHE infections were observed in immunosuppressed patients. (Table 1). The samples were collected
between October 2017 and April 2018 with viral loads ranging between 10° and 10° copies/ml (Table 1). Seven
samples from CHE patients, including sample 1 and 2 (Table 1), were used to test the IrPCR method and subse-
quently the multiplex sequencing method using 1D? flow cell from ONT. Four samples (1a, 1b, 2, and 3, Table 1)
collected from one CHE patient representing three time-points of the CHE infection (follow-up samples) were
used to assess the amplicon-based NGS methods. In addition, the IrPCR products from sample 1 and 2 were
further sequenced with the Illumina WG method and additionally by Sanger sequencing (data not shown), that
confirmed the mutations with high frequency and the most frequent and prevalent insertions.
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Figure 1. Agarose gel electrophoresis of HEV IrPCRs. Lanes 2-7 show IrPCR results of patient samples 17-0371
to 18-0068 with signals of correct size between 6 and 8 kb. Lane 1: size marker (HyperLadder™ 1 kb, Bioline)(for
the creation of the gel image the software BioDocAnalyze, Version 2.67.5.0, www.biometra.com was used).

Insertion

Accession No | Sequence (5’-3’)

AHNAK*-WG-NGS

MW837253 TGACATAACAGGTCCAAAAGTTGATATTAATATCGAAGGCAAGTCAAAGAAATCTCGTTTTAAGCTTCC
CAAATTTAATTTTTCGGGCTCTAAAGTTCAGACACTTGAAGTGGATGTCAAAGGTAAAAAACCAGAAAT

HEV-RdRp*—WG-NGS

CGGTCGGCCTGGATCTTACAGGCGCCGAAGGTGTCTCTTAAGGGTTTTTGGAAGAAGCATTCTGGTGAG
MW837246 CCTGGTACCCTCCTTTCGACAGCATCCGCCTCCCCTGCCCCTGAGCCCGCTCAACCACCTGGCTCCGCT
GGGCCAAAGACTCCTGTGCGTAAG

AHNAK®-Amplicon-NGS

MW837244 TGACATAACAGGTCCAAAAGTTGATATTAACATCGAAGGCAAGTCAAAGAAATTTCGTTTTAAGCTTCC
CAAATTTAATTTTTCGGGCTCTAAAGTTCAGACACCTGAAGTGGATGTCAAAGGTAAAAAGCCAGATAT

RPL18¢ (1)-Amplicon-NGS

TCTAAGAGGTTGTTTATGAGTCGCACCAACCGGCCGCCTCTGTCCCTTTCCCGGATGATCCGGAAGATG
MW837245 AAGCTCCCTGGCCGGGGAAACAAGACGGCCGTGGCTGTGGGGACCATAACTGATGATGTGCGGGTTCAG
GAGGTACCCAAA

RPL18¢ (2)-Amplicon-NGS

MW837248 CTTTCCCGGATGATCCGGAAGATGAGGCTTCCTGGCCGGGAAAACAAGACGGCCGTGGCTGTGGGGACC
ATAACTGATGATGTGCGGGTTCAGGAGGTACCCAAA

HEV-RdRp*-Amplicon-NGS

CGGTCGGCCTGGATCTTACAGGCGCCGAAGGTGTCTCTTAAGGGTTTTTGGAAGAAGCATTCTGGTGAG
MW837246 CCTGGTACCCTCCTTTCGACAGCATCCGCCTCCCCTGCCCCTGAGCCCGCTCAACCACCTGGCTCCGCT
GGGCCAAAGACTCCTGTGCGTAAG

HEV—HVR duplication®~ Amplicon-NGS MW837247 GCTGGGCCAAAGACTCCCGTGCGTAAGCCGCCAACGCCACCACCCCCGCGCACCCGCCGC

Table 2. HVR insertions. *Using wbGER27 as reference (accession No: FJ705359.1); "homo sapiens

AHNAK nucleoprotein (human neuroblast differentiation-associated protein (desmoyokin), accession No.:
NG_051822.1); chomo sapiens ribosomal protein L18 (RPL18, accession No.: L11566.1); HVR =hypervariable
region; NGS = next generation sequencing; WG-NGS = whole genome next generation sequencing.

Long-range PCR and lllumina sequencing. The near full-length HEV genome amplification was suc-
cessful for all samples (Fig. 1; an unprocessed image of Fig. 1 is presented in the Supplementary Information).
To gain a deeper insight into the diversity of viral variants, the IrPCR products from two samples (sample I and
sample 2) collected from the same patient at a six-month interval were sequenced with Illumina technology.
More than two million reads were generated for each sample. After processing the raw data, 99.9% of the reads
successfully mapped onto the reference with a mean coverage of approximately 60 thousand and minimum cov-
erage of approximately 12 thousand (Supplementary Table S4). Two insertions in the HVR were detected using
Ilumina NGS in both samples analysed. One insertion was identified as a fragment of the human AHNAK gene,
and one as a fragment from the RdRp region of the HEV genome. The exact sequences and their characteristics
are presented in Tables 2 and 3.

Scientific Reports|  (2022)12:1720 | https://doi.org/10.1038/s41598-022-05706-w nature portfolio


http://www.biometra.com

www.nature.com/scientificreports/

BLASTn Results
Source of Insertion Position in HEV® (bp) | Length (bp) | Position on Insertion: Position in Source (bp)

Whole-genome NGS

Segment 1: Segment 2:
. 1-30:27,578-27,607 27°138:27,466-27,577
AHNAK 2,227 138 Identity with NG_051822.1: 100% | Identity with NG_051822.1: 97.3%
Mismatches: 0 Mismatches: 3
. Segment 2:
segmentl a1 88-162:2,285-2,359
HEV-RdRp* 2,360 162 “h54d-d, Identity with FJ705359.1:

Identity with FJ705359.1: 95.5%

0
Mismatches: 4 88%

Mismatches: 9

Amplicon-based NGS

Segment 1: Segment 2:
b 1-30:27,578-27,607 27-138:27,466-27,577
AHNAK %217 138 Identity with NG_051822.1: 100% | Identity with NG_051822.1: 98.2%
Mismatches: 0 Mismatches: 2
4-150:160-306
RPL18¢, variant 1 2,273 150 Identity with L11566.1: 98%
Mismatches: 3
1-105:202-306
3 3 . 0
RPL18-2°, variant 2 2246 105 Idlentlty with L11566.1: 98.1%
Mismatches: 2
deletion of HEV sequence from 2,246 to 2,275
X Segment 2:
ff%?i‘;lﬁ, 1631 88-162:2,285-2,359
_ a 4, s o .
HEV-RdRp 2,360 162 Identity with FJ705359.1: 95.5% é%iztlty with FJ705359.1:
Mismatches: 4 Mismatches: 9
1-60:2,333-2,392
HEV-HVR* 2,393 60 Identity with FJ705359.1: 96.7%

Mismatches: 2

Table 3. BLASTn results of the insertions. *Using wbGER27 as reference (accession No: FJ705359.1);
®homo sapiens AHNAK nucleoprotein (accession No.: NG_051822.1); ‘homo sapiens ribosomal protein L18
(accession No.: L11566.1).

100 2,226

2,360 2,361

WbGER27_RAS 1] [ — — TN iim

18-0056 MinION seq... I NN AR T T S T A A A A T R
AHNAK | . RdRp |
insertion insertion

Figure 2. Cumulated AHNAK- and RdRp-derived Insertions in the HVR. The red bar represents the
sequence annotation. Reference sequence is wbGER27_RAS (FJ705359.1) and below the sequence containing
two insertions (AHNAK and RdRp) detected in sample 18-0056 (sample 2) using long-read sequencing.
Visualization of data by Geneious version 11.1.5 (Biomatters Ltd, Auckland, NZ).

Long-read sequencing with Oxford Nanopore technology. The 1D? flow cell generated a mean
yield of approximately 285,000 reads per sample. The number of reads per sample after size selection ranged
from 11,000 to more than 68,000 reads (Supplementary Table S5). When mapped to the HEV reference the
reads compared well to the length of the PCR products covering 95% of the HEV genome. Thus, near full-
length sequences of six samples were generated using long-read sequencing with the MinION device. The two
insertions identified by Illumina NGS were also detected when analysing the MinION reads of sample 1 and 2.
This confirmed the coexistence of both variants at an early time-point of HEV infection. Interestingly, we were
able to detect in sample 2 five ONT reads showing both the AHNAK-derived and the RdRp-derived insertions,
separated by a 132 bp HEV specific connecting sequence (Fig. 2). To validate the detection of the HVR variant
with simultaneous AHNAK- and RdRp-derived insertions also in the Illumina reads, the Illumina reads from
sample 2 were mapped against ONT reads. Thus, Illumina reads were detected that contained the 3-end of the
AHNAK insertion, the whole HEV specific connecting sequence, and the 5’end of the RdRp insertion. Moreo-
ver, approximately 0.1% of the Illumina reads covering this specific region of the HVR contained parts of both
AHNAK- and RdRp-derived sequences simultaneously. This confirms the double-insertion variant showing that
HEV can cumulate insertions.

Targeted NGS. For the targeted NSG approach we used sample 1 which was a plasma (sample 1a) and a
stool sample (sample 1b) from the same patient and same time-point (Table 1). The read qualities and coverages
of the HVR amplicons after mapping to the reference wbGER27_RAS (FJ705359.1) are shown in Table S6. Here,
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Reads containing insertion/total Percentage of reads containing
Sequencing method Insertion Sample reads insertion
Sample 1 36,170/42,760 ~85%
AHNAK®
Sample 2 4,770/23,410 ~20%
Whole-genome NGS
Sample 1 1,360/42,760 ~3%
HEV-RdRp*
Sample 2 5,590 /23,410 ~24%
Sample 1 620/15,980 ~4%
AHNAK®
Sample 1b | 31,840/135,350 ~23%
Sample 1 5,210/15,980 ~33%
RPL18¢, variant 1
Sample 1b | 47,220/135,350 ~35%
Sample 1 0 0%
Amplicon-based NGS | RPL18-2¢, variant 2
Sample 1b | 1,580/135,350 ~1%
Sample 1 20/15,980 <1%
HEV-RdRp*
Sample 1b | 1,280/135,350 ~1%
Sample 1 0 0%
HEV-HVR®
Sample 1b | 814/135,350 <1%

Table 4. Proportions of reads supporting insertions. *Using wbGER27 as reference (accession No:
FJ705359.1); "(homo sapiens AHNAK nucleoprotein (accession No.: NG_051822.1); homo sapiens ribosomal
protein L18 (accession No.: L11566.1).

Sample no Time-point | Weeks after 1st Time-point | G1634R | Y1587F | V14791 | K1383N
la (sample 1) 1—blood 0 1.1 <cut-off | <cut-off | <cut-off
1b 1—stool 0 1.1 <cut-off | <cut-off | <cut-off
2 2 6 <cut-off | <cut-off | <cut-off | <cut-off
3 3 12 6.5 90 2 98

4 (sample 2) 4 25 50 85 8.5 100

Table 5. RdRp mutations in percent.

we detected further insertions in addition to the ones found by whole-genome sequencing (Tables 2, 3, and 4).
The insertions are all in-frame and range between 21 and 54 amino acids in length. A more detailed analysis
showed that one insertion derives from the AHNAK nucleoprotein sequence from the human genome, two were
from the human ribosomal protein L18 sequences, one has its origin in the RdRp of the HEV genome, and one
is a duplication of 21 amino acids of the HVR. The sequences of the two human RPL18 insertions are identical,
however, one sequence lacks the first 15 amino acids and is preceded by a deletion of the HEV sequence. Notably,
the truncated RPL18-derived insertion was detected only in the stool sample (Table 4). Using amplicon-based
NGS sequencing a total of five insertions in the stool and three insertions in the plasma sample could be detected
compared to Illumina WG or MinION sequencing where only the AHNAK and RdRp derived insertions could
be identified. To confirm the high extent of variability detected in the HVR we additionally sequenced the more
conserved RdRp region from the same samples using the amplicon-based NGS method. Since mutations in
the RdRp region could be associated with therapy failure, a targeted deep-sequencing approach for this region
is useful for mutational analysis. Read quality and coverage of the RdRp amplicons after mapping against
wbGER27_RAS (FJ705359.1) are shown in Table S7. The RdRp reads showed no structural changes besides poly-
morphisms. The variability of sample 1a and 1b of both HVR and RdRp amplicons was compared. The number
of polymorphic loci for both HVR and RdRp showed a ratio approximately twice as high for the HVR (1a: 0.37
and 1b: 0.41) compared to the RdRp (1la: 0.22 and 1b: 0.17). Furthermore, the ratio between non-synonymous
SNPs and synonymous SNPs was 1.5 and 1.2 for HVR compared to 0.5 and 0.23 for the RdRp, respectively. This
finding indicated that the HVR is under positive selection whereas the RdRp is under negative selection. Nota-
bly, sample 1b had a nine times higher mean coverage than 1a for the RdRp amplicons and a seven times higher
mean coverage for the HVR amplicon (Table S7). In addition, all insertions described above could be detected
also in the pooled HVR and RdRp amplicons. The read quality and coverage of the pooled amplicons after map-
ping against wbGER27_RAS (FJ705359.1) are shown in Table S7.

Dynamics of SNPs. The RdRp region of five samples (1a, 1b, 2, 3, and 4, Table 1) from one patient under
ribavirin therapy collected within six months was analysed. The frequency of mutations in the RdRp region
found in these samples that are associated with therapy failure or higher replication, namely K1383N, V14791,
Y1587F, and G1634R are shown in Table 5. Notably, between the second and third time-points all specified
mutations increased, especially Y1587F and K1383N. The mutations Y1587F and K1383N increased from values
lower than the cut-off to approximately 90% and 98% of reads at time-point three. At time-point four, the per-
centages of G1634R and V14791 increased further, whereas Y1587F and K1383N maintained consistent. When
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determining the frequencies of the RdRp mutations for each insertion group using the ONT reads there was
no difference in the distribution of these mutations compared to the initial analysis where all sequences were
assessed together. Therefore, there is most likely no correlation between insertion in the HVR and mutations in
the RdRp.

Discussion
To gain insights into the mechanisms leading to pathophysiology, persistence, and adaptation of HEV in their
hosts and to improve clinical outcome as well as management of HEV infections, the need for robust methods
that facilitate the use of cutting-edge technologies is obvious. Amplifying the whole-genome by IrPCR allows
sequencing of viral strains as single molecules using third-generation sequencing. Whole-genome sequencing is
closer to physiology compared to smaller amplicons and fragments while it reduces the number of PCRs needed,
the preparation costs, and saves time. Using IrPCR products for NGS we obtained a high coverage throughout the
whole HEV genome which makes this method suitable for intra-populational analysis. Increasing the amount of
target cDNA and validating mutations using data from follow-up samples a cut-off value for variant detection as
low as 0.5% can be applied. Exemplarily for this study, proportions of known minority variants, such as G1634R,
were compared in sample I (plasma sample) and sample 1b (stool sample) which were collected at the same
time-point and sequenced using different approaches. Consequently, we were able to validate and compare the
number of mutations in the HEV genome by different methods despite the low cut-off value of 0.5%. However,
regarding the detection of long insertions, single-molecule sequencing by ONT was superior to whole genome
NGS with the Illumina technology as the long-reads of the ONT captured a viral variant containing AHNAK- and
RdRp-derived insertions which cumulated on the same strand. This is the first report of such a mixed HVR viral
variant. Furthermore, a correlation between mutations in the RARp and recombination events in the HVR could
be excluded. This indicated that mutation selection and recombination events are probably unlinked mechanisms
that drive viral diversity and adaptation through different molecular mechanisms highlighting the advantage
of long-read sequencing technologies. Nevertheless, it is worth mentioning that third-generation sequencing
has a higher error rate than NGS, which makes this method less suitable for the detection of polymorphisms?.

With regard to the detection of insertions, the amplicon-based sequencing proved to be the method of choice.
The amplicon-based sequencing showed the best performance by detecting the most insertions if compared to
whole-genome sequencing; however, due to the 2 x 300 bp reads and thus smaller amplicon size, this method
failed to detect the HEV variant with two insertions that occur on the same strand with a total length of 432 bp
which could be detected only by third-generation sequencing. Both NGS methods presented allowed for a very
detailed analysis; however, only the AHNAK and RdRp derived insertions were detected when sequencing was
carried out using IrPCR. This may be due to the cDNA synthesis which was performed using Oligo d(T)s for the
IrPCR whereas for the HVR amplicon random hexamers were used which tend to achieve higher cDNA yield*".
Sampling bias, different cDNA synthesis methods, and a potential strand selection of the PCR primers could
explain the differences in the proportion of the insertions when comparing the whole-genome NGS and the
amplicon-based NGS datasets. Therefore, the frequencies given for each insertion were listed for completeness
and should be interpreted accordingly. While standard sample preparation for NGS includes tagmentation which
can lead to sequencing of host DNA and thus artifacts that could be misinterpreted as insertions, the amplicon-
based sequencing method was performed without tagmentation. This approach aimed to generate PCR products
and subsequently reads that detected both HEV specific sequence of the HVR region with possible insertion. The
PCR products were generated with target-specific primers designed to contain the flow cell adapters. In addition,
the generated reads were clustered and consensus sequences of highly similar reads were generated. Therefore,
to exclude contamination by host DNA which may also have been sequenced, only insertions were validated
where the reads simultaneously contained the insertion and HEV-specific sequences. Moreover, the AHNAK
insertion was confirmed by long-read sequencing, indicating that human sequences were integrated into the
viral genome. Insertions originating in the human genome have previously been described in HEV and some of
these HEV variants have been shown to efficiently replicate in the human hepatocyte cell line HepG2/C3A”2%%,
Insertions in the HEV genome and particularly in the HVR region have already been detected in samples of
CHE individuals and additionally, although very rarely, in samples from individuals with acute HEV infection,
suggesting a potential role of HVR diversity in chronification!»'>*°. However, the impact of these recombination
events in the HVR region on the chronic course of infection, the stability of viral genome and viral replication
remains unclear. Using the amplicon-based method five different insertions in the HVR could be detected in
one sample. Two insertions derived from the human RPL18 gene showing identical sequences; however, one
of these lacked 15 amino acids from the RPL18 insertion and nine amino acids from the HEV sequences that
precedes the insertion. A possible explanation for this truncated RPL18 insertion is that HEV highjacked the
RPL18 gene after which a deletion took place. This finding is in accordance with a recent report where 114 HEV
strains have been sequenced using PacBio platforms and insertions from human genes or duplications of the HEV
genome were detected in seven patients. However, in one sample six nucleotides truncated human gene frag-
ment RNA18SP5 was detected using single-molecule sequencing''. Besides the possibility of sequencing error,
Lhomme et al. also discussed the possibility of different biological variants that have been detected separately by
different sequencing methods!!. As noted above, some recombination variants are likely missed using different
sequencing approaches due to their low quantity in the viral population. However, using the amplicon-based
ultra-deep sequencing method of the HVR, we were able to detect not just one but five different insertions in the
same sample. It is therefore evident that amplicon-based ultra-deep sequencing is best suited for the screening
of the HVR of many samples allowing multiplexing, high accuracy, and ultra-deep sequencing.

In contrast to the HVR, the RdRp region is highly conserved and could be used to validate HVR sequencing.
The RdRp region is clinically relevant due to the variants that can occur by the selection of mutations associated
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with higher replication competence and potential therapy failure!®!”18. The HVRs in samples 1a (blood) and 1b
(stool) were under positive selection which suggests that amino acid changes in this region may play an impor-
tant role for the virus replication and fitness. Positive selection in the HVR has been described previously and
it seems to be a characteristic of the zoonotic HEV genotypes HEV-3 and HEV-4°. Considering the quality and
validity of our data, a cut-off of 0.5% for variant detection was implemented focusing on the dynamics of the
mutations. In both, sample 1a (plasma) and 1b (stool), the mutation G1634R was detected at 1.1% confirming the
robustness of the method. Notably, the G1634R mutation was a minority mutation that was detectable already at
the first time-point at a low level and was being selected in the course of infection. Using the amplicon sequenc-
ing method for sample analyses of other patients the mutations K1383N and G1634R could be detected in low
frequencies even before the initiation of antiviral treatment™ or in increased frequencies after sofosbuvir and
ribavirin combination therapy failure*’. The RdRp mutations presented in Table 5 are known to be selected dur-
ing ribavirin therapy as previously reported'®!®. Interestingly, in the samples analysed here, Y1587F and K1383N
mutations appeared within six weeks between the second and third time-point and increased subsequently to
85 and 100%, respectively. Thus, the amplicon-based deep sequencing method has proven useful in capturing
the dynamics of mutations in patients with CHE. Notably, this method allows pooling of amplicons from RdRp
and HVR amplification maximising the data gained and reducing the costs.

Nevertheless, the presented methods have their limitations. One limitation of the IrPCR is the lower effi-
ciency compared to shorter PCR amplicons. Samples with low viral load might be difficult or even impossible to
amplify. Further limitations of the IrPCR were determined by the incomplete coverage of the coding region and
by the low number of samples used for validation and testing. A further limitation was that the HEV subtype
of all samples analysed here was HEV-3c, the most prevalent subtype in Germany. However, we expect that
the here described approaches will be applicable also for other subtypes; although, marginal adaptation might
be necessary. Regarding sequencing, limitations of the presented methods are more specific to the sequencing
technologies used. Illumina sequencing requires fragmentation of the PCR products if these products exceed
the length of two paired end reads while some insertions can be missed. On the other hand, if amplicon NGS
is possible designing the right amplicon size can be challenging. For instance, we saw a drop of coverage in the
middle-sequences of all RARp amplicons due to the weak overlap of the paired end reads. Amplicons should be
therefore of optimal length to present an advantage over, e.g., the tagmentation method. Long-read sequencing
technologies, such as ONT, have relatively high error rates which is detrimental for variant analysis. Thus, we
overcame this limitation by performing simultaneous sequencing with both Illumina and ONT technologies.
Furthermore, we have not undertaken any studies to show the effect of insertions on HEV replication and
genome stability. Underlying mechanisms relevant to viral gene duplication of human gene recombination with
the HEV genome is not clear. This may be considered as limitation of our study. In this study, we focused only
on identifying and validating insertions in the HVR region to gain more detailed insights into the complexity
and variation of HVR insertions by using advanced sequencing techniques.

In summary, we have shown here that IrPCR is an elegant method that facilitates whole-genome sequencing
with the Illumina and ONT technologies; however, the amplicon-based deep-sequencing of the HVR and RdRp
region is the method of choice in screening HEV samples for insertions or mutations. Amplicon-based deep-
sequencing has the accuracy of the Illumina technology, allows multiplexing, and reduces sequencing costs. This
approach should be considered especially in CHE patients where sustained virologic response cannot be achieved
facing an elevated risk for the selection of viral variants with possible increased pathogenicity.
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All data needed to evaluate the conclusions in the paper are present in the manuscript and/or the Supplementary
Materials. Further data will be made available to interested researchers by reasonable request to the first and/or
the corresponding author.

Received: 8 June 2021; Accepted: 17 January 2022
Published online: 02 February 2022

References

1. Wedemeyer, H., Pischke, S. & Manns, M. P. Pathogenesis and treatment of hepatitis e virus infection. Gastroenterology 142, 1388-
1397.e1381. https://doi.org/10.1053/j.gastro.2012.02.014 (2012).

2. Kamar, N. et al. Lancet 379, 2477-2488. https://doi.org/10.1016/S0140-6736(11)61849-7 (2012).

3. Dalton, H. R. et al. Autochthonous hepatitis E in Southwest England: natural history, complications and seasonal variation, and
hepatitis E virus IgG seroprevalence in blood donors, the elderly and patients with chronic liver disease. Eur ] Gastroenterol Hepatol
20, 784-790. https://doi.org/10.1097/MEG.0b013e3282f5195a (2008).

4. Said, B. et al. Pork products associated with human infection caused by an emerging phylotype of hepatitis E virus in England and
Wales. Epidemiol Infect 145, 2417-2423. https://doi.org/10.1017/50950268817001388 (2017).

5. Spahr, C., Knauf-Witzens, T., Vahlenkamp, T., Ulrich, R. G. & Johne, R. Hepatitis E virus and related viruses in wild, domestic and
200 animals: a review. Zoonoses Public Health 65, 11-29. https://doi.org/10.1111/zph.12405 (2018).

6. Purdy, M. A. & Khudyakov, Y. E. Evolutionary history and population dynamics of hepatitis E virus. PLoS ONE 5, e14376. https://
doi.org/10.1371/journal.pone.0014376 (2010).

7. Shukla, P. et al. Cross-species infections of cultured cells by hepatitis E virus and discovery of an infectious virus-host recombinant.
Proc. Natl. Acad. Sci. U. S .A 108, 2438-2443. https://doi.org/10.1073/pnas.1018878108 (2011).

8. Wang, H. et al. Recombination analysis reveals a double recombination event in hepatitis E virus. Virol J. 7, 129. https://doi.org/
10.1186/1743-422X-7-129 (2010).

9. Smith, D. B., Simmonds, P, Jameel, S., Emerson, S. U., Harrison, T. J., Meng, X. J., Okamoto, H., Van der Poel, W. H., Purdy, M. A.
& Group, I. C. 0. T. 0. V. H. S. Consensus proposals for classification of the family Hepeviridae. ] Gen Virol 95, 2223-2232. https://
doi.org/10.1099/vir.0.068429-0 (2014).

Scientific Reports |

(2022) 12:1720 | https://doi.org/10.1038/s41598-022-05706-w nature portfolio


https://doi.org/10.1053/j.gastro.2012.02.014
https://doi.org/10.1016/S0140-6736(11)61849-7
https://doi.org/10.1097/MEG.0b013e3282f5195a
https://doi.org/10.1017/S0950268817001388
https://doi.org/10.1111/zph.12405
https://doi.org/10.1371/journal.pone.0014376
https://doi.org/10.1371/journal.pone.0014376
https://doi.org/10.1073/pnas.1018878108
https://doi.org/10.1186/1743-422X-7-129
https://doi.org/10.1186/1743-422X-7-129
https://doi.org/10.1099/vir.0.068429-0
https://doi.org/10.1099/vir.0.068429-0

www.nature.com/scientificreports/

10. Debing, Y. et al. Hepatitis E virus mutations associated with ribavirin treatment failure result in altered viral fitness and ribavirin
sensitivity. ] Hepatol 65, 499-508. https://doi.org/10.1016/j.jhep.2016.05.002 (2016).

11. Lhomme, S. et al. insertions and duplications in the polyproline region of the hepatitis E virus. Front. Microbiol. 11, 1. https://doi.
org/10.3389/fmicb.2020.00001 (2020).

12. Lhomme, S. et al. Characterization of the polyproline region of the hepatitis E virus in inmunocompromised patients. J. Virol. 88,
12017-12025. https://doi.org/10.1128/JV1.01625-14 (2014).

13. Kenney, S. P. & Meng, X. J. The lysine residues within the human ribosomal protein S17 sequence naturally inserted into the viral
nonstructural protein of a unique strain of hepatitis E virus are important for enhanced virus replication. J. Virol. 89, 3793-3803.
https://doi.org/10.1128/JV1.03582-14 (2015).

14. Kenney, S. P. & Meng, X. ]. Identification and fine mapping of nuclear and nucleolar localization signals within the human ribosomal
protein S17. PLoS ONE 10, e0124396. https://doi.org/10.1371/journal.pone.0124396 (2015).

15. Johne, R. et al. An ORF1-rearranged hepatitis E virus derived from a chronically infected patient efficiently replicates in cell culture.
J. Viral Hepat. 21, 447-456. https://doi.org/10.1111/jvh.12157 (2014).

16. Lhomme, S. et al. Influence of polyproline region and macro domain genetic heterogeneity on HEV persistence in immunocom-
promised patients. ] Infect Dis 209, 300-303. https://doi.org/10.1093/infdis/jit438 (2014).

17. Debing, Y, Gisa, A., Dallmeier, K., Pischke, S., Bremer, B., Manns, M., Wedemeyer, H., Suneetha, P. V. & Neyts, J. A mutation in
the hepatitis E virus RNA polymerase promotes its replication and associates with ribavirin treatment failure in organ transplant
recipients. Gastroenterology 147, 1008-1011.e1007; quiz e1015-1006. https://doi.org/10.1053/j.gastro.2014.08.040 (2014).

18. Todt, D. et al. In vivo evidence for ribavirin-induced mutagenesis of the hepatitis E virus genome. Gut 65, 1733-1743. https://doi.
org/10.1136/gutjnl-2015-311000 (2016).

19. Lauring, A. S. & Andino, R. Quasispecies theory and the behavior of RNA viruses. PLoS Pathog 6, €e1001005. https://doi.org/10.
1371/journal.ppat.1001005 (2010).

20. Mohamed, S. et al. Comparison of ultra-deep versus Sanger sequencing detection of minority mutations on the HIV-1 drug resist-
ance interpretations after virological failure. AIDS 28, 1315-1324. https://doi.org/10.1097/QAD.0000000000000267 (2014).

21. EASL Clinical Practice Guidelines on hepatitis E virus infection. ] Hepatol 68, 1256-1271. https://doi.org/10.1016/j.jhep.2018.03.
005 (2018).

22. Wang, B., Harms, D., Papp, C. P, Niendorf, S., Jacobsen, S., Liitgehetmann, M., Pischke, S., Wedermeyer, H., Hofmann, J. & Bock,
C. T. Comprehensive Molecular Approach for Characterization of Hepatitis E Virus Genotype 3 Variants. ] Clin Microbiol 56.
doi:https://doi.org/10.1128/JCM.01686-17 (2018).

23. Jothikumar, N., Cromeans, T. L., Robertson, B. H., Meng, X. J. & Hill, V. R. A broadly reactive one-step real-time RT-PCR assay
for rapid and sensitive detection of hepatitis E virus. J Virol Methods 131, 65-71. https://doi.org/10.1016/j.jviromet.2005.07.004
(2006).

24. Zucha, D., Androvic, P,, Kubista, M. & Valihrach, L. Performance Comparison of Reverse Transcriptases for Single-Cell Studies.
Clin Chem. https://doi.org/10.1373/clinchem.2019.307835 (2019).

25. Zhao, C,, Liu, F. & Pyle, A. M. An ultraprocessive, accurate reverse transcriptase encoded by a metazoan group II intron. RNA 24,
183-195. https://doi.org/10.1261/rna.063479.117 (2018).

26. Edgar, R. C. UNOISE2: improved error-correction for Illumina 16S and ITS amplicon sequencing. bioRxiv, 081257. https://doi.
0rg/10.1101/081257 (2016).

27. Laver, T. et al. Assessing the performance of the Oxford Nanopore Technologies MinION. Biomol Detect Quantif 3, 1-8. https://
doi.org/10.1016/j.bdq.2015.02.001 (2015).

28. Shukla, P. et al. Adaptation of a genotype 3 hepatitis E virus to efficient growth in cell culture depends on an inserted human gene
segment acquired by recombination. J Virol 86, 5697-5707. https://doi.org/10.1128/JV1.00146-12 (2012).

29. Nguyen, H. T. et al. A naturally occurring human/hepatitis E recombinant virus predominates in serum but not in faeces of a
chronic hepatitis E patient and has a growth advantage in cell culture. ] Gen Virol 93, 526-530. https://doi.org/10.1099/vir.0.
037259-0 (2012).

30. Munoz-Chimeno, M., Cenalmor, A., Garcia-Lugo, M. A., Hernandez, M., Rodriguez-Lazaro, D. & Avellon, A. Proline-rich hyper-
variable region of hepatitis e virus: Arranging the disorder. Microorganisms 8. https://doi.org/10.3390/microorganisms8091417
(2020).

31. Gerhardt, E, Maier, M., Liebert, U. G., Platzbecker, U., Wang, S. Y., Papp, C. P, Bock, C. T., Berg, T. & van Bémmel, F. Early Detec-
tion of Hepatitis E Virus Ribavirin Resistance Using Next-Generation Sequencing. Antimicrob Agents Chemother 64. doi:https://
doi.org/10.1128/AAC.01525-19 (2019).

32. Schulz, M. et al. Combination therapy of sofosbuvir and ribavirin fails to clear chronic hepatitis E infection in a multivisceral
transplanted patient. ] Hepatol 71, 225-227. https://doi.org/10.1016/j.jhep.2019.03.029 (2019).

Acknowledgements
We are grateful to Steffen Zander (RKI) and the staff members of the laboratory of the FG15 at RKI for their
excellent technical assistance.

Author contributions

C.P.P, D.H., BW, J.HO., C.T.B.: Conceptualisation; C.P.P, D.H., B.W,, A.T., C.T.B., .HO.: methodology design;
C.PP, V.C, A.T, ] HE.: Data acquisition and processing; C.P.P.: Investigation; C.P.P,, P.B.,, M.K,, B.A., J HO.:
Data analysis, interpretation, and project assistance; C.T.B., M.C., . HO.: Resources; C.P.P.: Writing original draft
preparation; C.P.P,, PK., C.T.B., J HO.: Visualisation, drafting; D.H., BW., A.T,, B.A,, V.C., PX,, M.C, ].H.O.,
C.T.B: Reviewing, editing; ].H.O., C.T.B.: Project supervision, sample acquisition, final approval; C.T.B.: Funding
acquisition. All authors read, revised, and approved the final version of the manuscript.

Fundin

Open Accgess funding enabled and organized by Projekt DEAL. This research was funded by grants from the
German Federal Ministry of Health (BMG) with regard to a decision of the German Bundestag by the Federal
Government (CHED-project grant No: ZMVI1-2518FSB705). D.H. is supported by the Claussen-Simon-Stiftung
(Claussen-Simon Foundation; CSF) “Dissertation Plus” program, Germany, and the Fazit-Stiftung “Promotions
Stipendium”. B.W. is supported by the China Scholarship Council (CSC), Beijing, China. B.A. is supported by
ProFIT grant of the Investitionsbank Berlin (IBB, ProFIT No. 10169028, Berlin, Germany). The authors declare
no conflict of interest. The funders BMG, CSF, Fazit, CSC, and ProFit had no role in the design of the study, in
the collection, analyses or interpretation of data, in the writing of the manuscript, or in the decision to publish
the results.

Scientific Reports |

(2022) 12:1720 | https://doi.org/10.1038/s41598-022-05706-w nature portfolio


https://doi.org/10.1016/j.jhep.2016.05.002
https://doi.org/10.3389/fmicb.2020.00001
https://doi.org/10.3389/fmicb.2020.00001
https://doi.org/10.1128/JVI.01625-14
https://doi.org/10.1128/JVI.03582-14
https://doi.org/10.1371/journal.pone.0124396
https://doi.org/10.1111/jvh.12157
https://doi.org/10.1093/infdis/jit438
https://doi.org/10.1053/j.gastro.2014.08.040
https://doi.org/10.1136/gutjnl-2015-311000
https://doi.org/10.1136/gutjnl-2015-311000
https://doi.org/10.1371/journal.ppat.1001005
https://doi.org/10.1371/journal.ppat.1001005
https://doi.org/10.1097/QAD.0000000000000267
https://doi.org/10.1016/j.jhep.2018.03.005
https://doi.org/10.1016/j.jhep.2018.03.005
https://doi.org/10.1128/JCM.01686-17
https://doi.org/10.1016/j.jviromet.2005.07.004
https://doi.org/10.1373/clinchem.2019.307835
https://doi.org/10.1261/rna.063479.117
https://doi.org/10.1101/081257
https://doi.org/10.1101/081257
https://doi.org/10.1016/j.bdq.2015.02.001
https://doi.org/10.1016/j.bdq.2015.02.001
https://doi.org/10.1128/JVI.00146-12
https://doi.org/10.1099/vir.0.037259-0
https://doi.org/10.1099/vir.0.037259-0
https://doi.org/10.3390/microorganisms8091417
https://doi.org/10.1128/AAC.01525-19
https://doi.org/10.1128/AAC.01525-19
https://doi.org/10.1016/j.jhep.2019.03.029

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-05706-w.

Correspondence and requests for materials should be addressed to C.-T.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:1720 | https://doi.org/10.1038/s41598-022-05706-w nature portfolio


https://doi.org/10.1038/s41598-022-05706-w
https://doi.org/10.1038/s41598-022-05706-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Advanced sequencing approaches detected insertions of viral and human origin in the viral genome of chronic hepatitis E virus patients
	Material and methods
	Chronic hepatitis E patients and sample collection. 
	RNA extraction, cDNA synthesis, and long-range PCR (lrPCR). 
	Illumina sequencing of the lrPCR products and reads processing. 
	Oxford Nanopore sequencing of the lrPCR products and reads processing. 
	Amplicon-based NGS. 
	Hypervariable region amplicons. 
	RNA-dependent RNA-polymerase amplicons. 
	Amplicon preparation, sequencing, and reads processing. 
	Single-nucleotide polymorphisms detection. 
	Cut-off for biological variants. 
	Calculation of polymorphisms and type of selection. 
	Detection of insertions. 
	Correlation between insertions and mutations. 
	Accession numbers. 
	Ethical approval. 

	Results
	HEV samples. 
	Long-range PCR and Illumina sequencing. 
	Long-read sequencing with Oxford Nanopore technology. 
	Targeted NGS. 
	Dynamics of SNPs. 

	Discussion
	References
	Acknowledgements


