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A B S T R A C T   

Human metapneumovirus (HMPV), a member of the Pneumoviridae family, is a causative agent of respiratory 
illness in young children, the elderly, and immunocompromised individuals. Globally, viruses belonging to two 
main genetic lineages circulate, A and B, which are further divided into four genetic sublineages (A1, A2, B1, B2). 
Classical genotyping of HMPV is based on the sequence of the fusion (F) and attachment (G) glycoprotein genes, 
which are under direct antibody-mediated immune pressure. Whole genome sequencing provides more infor-
mation than sequencing of subgenomic fragments and is therefore a powerful tool for studying virus evolution 
and disease epidemiology and for identifying transmission events and nosocomial outbreaks. Here, we report a 
robust method to obtain whole genome sequences for HMPV using MinION Nanopore technology. This assay is 
able to generate HMPV whole genome sequences from clinical specimens with good coverage of the highly 
variable G gene and is equally sensitive for strains of all four genetic HMPV sublineages. This method can be used 
for studying HMPV genetics, epidemiology, and evolutionary dynamics.   

1. Introduction 

After its identification in 2001, human metapneumovirus (HMPV), a 
member of the Pneumoviridae family, was shown to have a large clinical 
impact on human health, especially in young children, the elderly, and 
immunocompromised individuals (Falsey et al., 2003; Van Den Hoogen 
et al., 2001; Williams et al., 2006). Globally, HMPV accounts for 
approximately 5–15% of all respiratory tract infections (RTI) with a 
peak of infections in infants between 6 and 12 months of age (Jain et al., 
2015; O’Brien et al., 2019; Van Den Hoogen et al., 2001; Williams et al., 
2004). 

HMPV is a non-segmented negative-strand RNA virus with a genome 
of ±13,300 nucleotides containing 8 genes encoding nine open reading 
frames (ORF), including three surface glycoproteins: the fusion protein 
(F), the small hydrophobic protein (SH) and the attachment protein (G). 
Of these, F is the major target of neutralizing and protective antibodies 
(Skiadopoulos et al., 2006; Herfst et al., 2007). However, antibody titers 
rapidly wane over time and therefore reinfections with HMPV can occur 
throughout life (Ebihara et al., 2004; van den Hoogen et al., 2007). 
Genetically, HMPV strains cluster in two major lineages (A and B) which 
are subdivided in four sublineages (A1, A2, B1, B2) (Van Den Hoogen 

et al., 2004). Viruses from multiple HMPV sublineages can co-circulate 
in a single season, but in general, viruses from one sublineage pre-
dominate per season (Boivin et al., 2004; Mackay et al., 2006; Van Den 
Hoogen et al., 2004). Phylogenetic analyses of HMPV strains have sug-
gested that the A2 sublineage may be further divided in two clades, A2a 
and A2b, or rather A2.1 and A2.2, following nomenclature as used for 
Influenza viruses and the international committee on taxonomy of Vi-
ruses (ICTV) (Huck et al., 2006; Lefkowitz et al., 2018; Nao et al., 2020). 
Additionally, two different sizes of duplications in the open reading 
frame (ORF) of G of the virus belonging to lineage A2 were detected of 
111 or 180 nucleotides, in Japan, followed by reports of the occurrence 
of these duplications in viruses circulating in Spain, Vietnam and China 
(Saikusa et al., 2019, 2017b, 2017a). One of these strains, with a 111 
nucleotide duplication in G, became the predominant circulating strain 
in Yokohoma city suggesting a beneficial role for the duplication (Sai-
kusa et al., 2019). Furthermore, studies reported variability in the length 
of the G ORF due to changes in the position of the stop codon (Kamau 
et al., 2020; Van Den Hoogen et al., 2004). These evolutionary events 
highlight the need to carefully monitor HMPV evolutionary dynamics, 
which is critical towards the design of diagnostic assays and future 
intervention strategies that can lead towards epidemiological 
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containment strategies of the virus. 
Thus far, studying HMPV genetic variation and evolution has been 

mainly based on the genetic variability of F and G (Boivin et al., 2004; 
Saikusa et al., 2019, 2017b, 2017a; Van Den Hoogen et al., 2004). Whole 
genome sequences could provide additional genomic information about 
virus evolution that will remain undiscovered by sequencing of sub-
genomic fragments (Dudas and Bedford, 2019). With rapidly developing 
next generation sequencing (NGS) techniques, the time and cost effi-
ciency to sequence entire viral genomes is improving considerably. NGS 
technologies, such as Ion Torrent, Illumina and the relatively new Ox-
ford Nanopore Technologies MinION sequencing, are used in a wide 
range of applications such as population surveillance of viral outbreaks, 
tracking nosocomial infections and the design of vaccine strategies 
(Radford et al., 2012). While all three platforms can be used for viral 
whole genome sequencing, MinION sequencing has the advantage that it 
does not require additional amplification steps during the sequencing 
procedure (Quick et al., 2018; Siddle et al., 2018). The cost of MinION 
sequencing provides an additional benefit of MinION sequencing over 
Ion Torrent and Illumina sequencing (Van Nimwegen et al., 2016), and 
the scale of MinION sequencing is very suitable for virus-sized genomes. 

Here, we introduce a sensitive HMPV whole genome sequencing 
method by MinION sequencing of multiplexed PCR amplicons. As the G 
is highly variable between viruses from the different lineages (nucleo-
tide identity: 50%− 57%), and therefore used for classification, a good 
genomic coverage of this gene is desirable (Van Den Hoogen et al., 
2004). However, this high variability makes it challenging to design 
primers that can detect the G gene of HMPV strains from all sublineages 
with the same assay. With the method described here, HMPV whole 
genome sequences can be generated from viruses in clinical specimens 
belonging to all sublineages, with good genomic coverage of the entire 
genome including the highly variable G gene. This rapid whole genome 
sequencing technique facilitates HMPV genomic and evolution studies 
and can be used to monitor HMPV epidemiology. 

2. Methods 

2.1. HMPV reference strains 

HMPV strains NL/00/1 (Genbank accession number AF371337), NL/ 
00/17 (Genbank accession number FJ168779), NL/99/1 (Genbank 
accession number AY525843) and NL/94/1 (Genbank accession number 
FJ168778) were used as reference strains for HMPV sublineages A1, A2, 
B1 and B2, respectively. The HMPV reference strains were isolated and 
cultured as described previously (Herfst et al., 2004). 

2.2. Patient materials 

For the purpose of this study surplus samples initially tested for 
routine clinical care were obtained from the diagnostics unit of the 
Viroscience department of the Erasmus MC. Only samples in which 
HMPV could be detected by routine diagnostic qRT-PCR assays at a cycle 
times less than 25 were selected. A volume of 200 µl was used for RNA 
extraction using the MagnaPureLC (Roche Diagnostics) that was eluted 
in a volume of 100 µl. qRT-PCR was performed as described previously 
(Hoek et al., 2013). Data collection and analyses were conducted in an 
anonymized matter, which does not require further medical ethics re-
view as consented by our Medical ethical board (MEC-2015–306). 

2.3. RNA extraction, cDNA synthesis and multiplexed PCR amplification 
of clinical HMPV samples 

RNA extraction was performed using the High Pure RNA Isolation Kit 
(Roche). Briefly, 200 µl of HMPV-positive clinical material or diluted 
virus reference strain culture supernatant was lysed in 400 µl RNA lysis 
buffer. RNA was extracted according to the manufacturer’s instructions 
and eluted in 50 µl elution buffer. For each sample, two separate cDNA 
reactions (1 for each primer pool) and subsequently two separate mul-
tiplexed PCR reactions were performed. cDNA synthesis was performed 
using the SuperScript IV First-Strand cDNA Synthesis kit (Invitrogen) in 

Table 1 
List of primer sequences used for the uneven amplicons (primer pool 1) and their optimized concentrations used for HMPV whole genome MinION sequencing. For 
degenerate primers, Y = C or T, W = A or T, R = A or G, M = A or C, S = C or G, K = G or T, D = A, G or T, N = any base.  

Amplicon Primer Nucleotide sequence (5′ − 3′) µM primer per PCR reaction 

1 FW 1 ACGCGAAAAAAACGCGTATA 40 
REV 1 CCAGAYTCWGGRCCCATYTC 

3 FW 3A CMARCAACCAAAACAACAGATCC 10 
FW 3B CAANYAAYCAAARYYATGGATCC 
REV 3A GAAGTACAGACATNGCWGCACC 
E GAAGTACMGACATNGCWGCACC 

5 FW 5A GCAAGACTTGGAGCCATCAAGG 30 
FW 5B GCAAGAGCTGGAGTCACCAAGG 
REV 5 CAAGGYGTRYTATNACNCCAAAGAT 

7 FW 7A TTGAAAACAGTCAAGCACTAGT 40 
FW 7B TTYCCTGARGATCARTTYAATGT 
REV 7 CATCYAATGTTWTCATTGTCAYTTATC 

9 FW 9A GGAAAATAAGYAGAAAYCAATGCAC 50 
FW 9B GGRAARTAAGYANAAATCAATGYAC 
REV 9A CATTRAGAGGATCCATTGYYATTT 
REV 9B CACARARNGGATCCATTGYYATTT 

11 FW 11A AACCCACCTCAGATAACACATCAATYCT 10 
FW 11B ACCCAACCTCAGATAACACATCAATTCT 
REV 11A AGTTGACTGGGGTAAYTTTTWGCTT 
REV 11B AGTTGGCTRGGGTAACTTTTRGCTT 

13 FW 13A GGAAATSAAATCRGAACTTTCTTCYAYTAAAAC 5 
FW 13B GGAAATRAAATCAGAACTTTCYTCYATTAAAAC 
REV 13A TCTCCYCCWCCAAAYTGCATTG 
REV 13B TCTCCTCCWCCAAAYTGCATCG 

15 FW 15 AATGGTAGGCTGATATGCTGYCAG 5 
REV 15A YGATAYRAACCCRTCACCCCAGTC 
REV 15B TGARATGAACCCATCACCCCARTC 

17 FW 17A AYCAGTTCRGAYTACAACAAAGGG 5 
FW 17B TCCCYAAGATAACATTYGAAAGGCTAAAAA 
REV 17 CTTRCTRCCNCCAACTGTTGCT  
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a total volume of 20 µl containing 6 µl eluted RNA, 10 mM dNTPs and 20 
U RNAse OUT (Invitrogen), 10 µM of each forward primer from primer 
pool 1 or primer pool 2, 4 µl 5x First Strand Buffer, 100 mM DTT, 20 U 
RNAse OUT and 200 U SuperScript IV Reverse Transcriptase. The cDNA 
reaction was carried out for 15 min at 50 ◦C followed by 10 min at 80 ◦C. 
The cDNA was amplified by PCR in a total volume of 50 µl containing 4 
µl cDNA, 5 µl 10x PFU DNA polymerase buffer (Agilent Technologies), 
12.5 mM dNTPs, 1 µl PFU DNA polymerase (Agilent Technologies) and 
primer concentrations as indicated in Tables 1 and 2. Thermocycling 
was performed with the following parameters: 95 ◦C for 2 min, 40 cycles 
of 95 ◦C for 20 s, 50 ◦C for 30 s and 72 ◦C for 90 s, followed by 72 ◦C for 3 
min. 

2.4. PCR purification and MinION sequencing 

For each primer pool, 5 µl PCR product was analyzed on a 1% 
agarose gel. When bands were visible, the remaining PCR products from 
both primer pools were pooled and purified using Agencourt AMPure XP 
beads (Beckman Coulter). Upon measurement of sample concentrations 
with the Qubit dsDNA HS assay kit (Thermo Fisher) on a Qubit fluo-
rometer (Thermo Fisher), 1000 ng DNA was used per sample for library 
preparation. A maximum of twelve purified samples were barcoded 
using the 1D Native barcoding genomic DNA kit (EXP-NBD104 and SQK- 
LSK109) according to the manufacturer’s instructions and sequenced 
using a R9.4 FLO-MIN106 flowcell (Oxford Nanopore Technologies) on 
a GridION Mk1 (Oxford Nanopore Technologies) for 16 h. 

2.5. Sequence data analysis 

Obtained sequence data was demultiplexed using the Porechop al-
gorithm (https://github.com/rrwick/Porechop) as described previously 
(Oude Munnink et al., 2019). The demultiplexed sequence data was 
analyzed using CLC Genomics Workbench version 12.0 (Qiagen). After 
trimming the 30-nt primer sequences from the ends of the reads, the 
samples were genotyped by mapping the reads of an individual sample 
against the full genome sequences of the 4 reference strains (HMPV A1, 
A2, B1, B2). The HMPV reference sequence to which most of the reads 
were mapped was considered the genotype of that sample. If an equal 
number of reads mapped to two different reference strains, the genotype 
was determined based on homology of the F and G sequences of the 
sample compared to the reference strains. Subsequently, all reads were 
mapped against one reference genome. A consensus sequence was 
extracted with a minimum threshold of 25 read coverage per nucleotide. 
Gaps in homopolymeric regions of the obtained consensus sequences 
where checked and resolved by consulting reference genomes. A sche-
matic overview of the complete HMPV MinION sequencing workflow is 
depicted in Fig. 1. 

2.6. Quantitative reverse-transcription PCR 

RNA extraction was performed as described above and quantitative 
reverse-transcription PCR on the HMPV N gene was performed as 
described previously (Maertzdorf et al., 2004). 

2.7. PCR and Sanger sequencing for genotyping of HMPV strains 

RNA extracted from HMPV-positive clinical samples was subjected to 
PCR amplification of a region covering the HMPV F gene as previously 
described (Van Den Hoogen et al., 2004). PCR products were purified 
and Sanger sequencing was performed using the BigDye Terminator v3.1 
Cycle Sequencing Kit (Applied Biosystems) according to the manufac-
turer’s protocol. The sequencing products were purified using a Per-
forma V3 96-well short plate (EdgeBio) according to the manufacturer’s 
protocol. Nucleotide sequences were determined using a 3130xl Genetic 
Analyzer (Applied Biosystems). The HMPV genotype was determined 
from the sequence of the F gene as described previously (Van Den 
Hoogen et al., 2004). 

3. Results 

3.1. Primer design for HMPV whole genome sequencing 

To obtain amplicons with a size of 1000 nucleotides and a 200 
nucleotide overlap with neighboring amplicons, primers were designed 
using Primalscheme (Quick et al., 2018). A total of 183 available HMPV 
whole genome sequences from GenBank were aligned using MAFFT 
(https://mafft.cbrc.jp/alignment/server/). Two separate alignments 
were generated for HMPV lineage A and B strains, respectively, based on 
the information supplied on GenBank or, in case the information was 
lacking, by analysis of the sequence of the F gene as described previously 
(Van Den Hoogen et al., 2004). Area’s containing gaps in the alignments 
were removed manually, the designed primers were added to the 
alignment and primers sequences directed against these manipulated 
alignments were optimized using Primer3 plus (http://www.bioinfor 
matics.nl/cgi-bin/primer3plus/primer3plus.cgi). The designed primers 
were imported in the MAFFT alignment containing all full genome se-
quences for both genotype A and B, including the gaps. Only primers 
that matched sequences of both HMPV-A and HMPV-B viruses were 
selected and, if necessary, degeneracies were introduced into the primer 
sequences to increase primer sensitivity for viruses of both HMPV line-
ages. In case degenerate primers could not be designed that would align 
to both genotype A and B viruses, multiple primers for that position were 
designed. Primers were designed to yield 18 PCR fragments, each of 

Table 2 
List of primer sequences used for the even amplicons (primer pool 2) and their 
optimized concentrations used for HMPV whole genome MinION sequencing. 
For degenerate primers, Y = C or T, W = A or T, R = A or G, M = A or C, S = C or 
G, K = G or T, D = A, G or T, N = any base.  

Amplicon FW/RV Nucleotide sequence (5′ − 3′) µM 
primer 
per PCR 
reaction 

2 FW 2 CWACAGGMAGCAAAGCAGAAAG 10 
REV 2 GARAGCAARTCTAGRGCATCTT 

4 FW 4 AYACAGCYGCTGTTCAAGTTGA 40 
REV 4 ACCARCCTGTYCTYARAACACT 

6 FW 6 GTGCGGCARTTTTCAGACAATG 10 
REV 6 ACACCAYTYAGCTCYGGAGG 

8 FW 8 AGTGRCATGGTCCTGTYTTCA 30 
FW 8A GACAGTGAARGCAYTAATCAAGTGC 
REV 8 ACYTCCATRRCYACTTGTCCCA 

10 FW 
10A 

YCRCAYRAGCAGCAYARGRRAAAGA 20 

FW 
10B 

CCGCACKAGCAGCRCAAKAAGGAGA 

FW 
10C 

CAACCARAYCAGMAATGNAAGNGAGRCA 

FW10D CAACCAAACCAGCAATGGAAGAGAGGCG 
FW 
10E 

CAACCARAYCAGMAATGNAAGNGAG 

REV 
10A 

CTYAYTCTTYTRCTTTTGTTGCT 

REV 
10B 

GCTYAYTCTTYTRCTTTTGTTGCT 

12 FW 12 TYGGWCAYCCDATGGTAGATGA 10 
REV 12 ACCYYTTGTTTCYGGTGGTGCA 

14 FW 14 RGGRGARAGYATRYTAGTTAGTYTGATA 5 
REV 
14A 

TGAGTGCTTGATCCTACCCAGG 

REV 
14B 

AGGGCTYTTTGGACCTCTTTGA 

16 FW 16 ACAYTRGGRAARATGCTYATGC 10 
REV 16 CARTTWCCTGCYCCTTCTCCAA 

18 FW 18 GAYCTTGAYCAYCATTAYCCNYTRGAATAYCA 40 
REV 18 ACGGCAAAAAAACCGTATACAWTCAA  
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approximately 1000 nucleotides in length with average overlap of 
approximately 260 nucleotides with neighboring amplicons (Fig. 2a). 
The average amplicon length was 970 nucleotides, with the exception of 
amplicon 9, with a length of ± 1250 nucleotides to span the entire G 
gene. The amplicons were divided over two pools (Tables 1 and 2). 
Primer pool 1 contained the primers of the uneven numbered amplicons 
and primer pool two contained the primers of even numbered amplicons 
to prevent the generation of small PCR products from the overlapping 
part of neighboring amplicons. 

3.2. Validation and optimization of HMPV MinION whole genome 
sequencing 

The sensitivity and specificity of primers for individual amplicons 
was first determined using full genome HMPV NL/00/1 (A1) and HMPV 
NL/99/1 (B1) plasmid DNA [30]. Dilution series ranging from 50 to 
0.005 pg plasmid were used as template DNA for PCR amplification of 
all described amplicons. The PCR products were run on an agarose gel to 
confirm the presence of PCR product (data not shown). Next, the primers 
were used for cDNA synthesis and PCR amplification of viral RNA iso-
lated from reference strains NL/00/1 (genotype A1), NL/00/17 (geno-
type A2), NL/99/1 (genotype B1) and NL/94/1 (genotype B2). To obtain 
equal input for all strains, viral RNA was subjected to quantitative 
reverse-transcription PCR (qRT-PCR) and RNA samples were diluted in 

order to match a Ct value of 20. From these samples, cDNA was gener-
ated using the forward primers of primer pool 1 or primer pool 2 
separately, followed by a PCR reaction with primers for each individual 
PCR amplicon. The presence of PCR product for each amplicon was 
validated on an agarose gel and primer concentrations were optimized 
by increasing primer concentrations for those PCR products that had a 
low intensity. Next, the cDNA was subjected to multiplexed PCR using 
the primers from primer pool 1 or primer pool 2 in two separate re-
actions (Fig. 1). The multiplexed PCR products were then subjected to 
MinION sequencing and coverage plots were generated for each HMPV 
reference strains (data not shown). Primer concentrations from ampli-
cons which yielded a genomic coverage <100 reads per nucleotide were 
increased in the multiplexed PCR reaction and the new primer concen-
trations were validated by MinION sequencing. This process was 
repeated until all amplicons had a minimum genomic coverage of at 
least 100 reads per nucleotide throughout the entire genome, including 
the highly variable G gene. The finally selected primer concentrations 
are listed in Table 1 (pool 1) and 2 (pool 2). 

To validate the sensitivity of the HMPV whole genome MinION 
sequencing assay, three dilutions of the RNA extracted from each HMPV 
reference strain were generated. The input of viral RNA varied based on 
Ct values obtained by qRT-PCR, with a range of Ct values from 17.8 to 
23.7. The presence of bands from the multiplexed PCR products was 
validated on an agarose gel (Fig. 2b). Samples were subjected to MinION 

Sample collection, RNA extraction
(12 samples per sequencing run)

cDNA synthesis with primer pool 1
(forward primers)

cDNA synthesis with primer pool 2
(forward primers)

Multiplex PCR with primer pool 1 Multiplex PCR with primer pool 2

Check PCR products on agarose gel

             Pool reactions

MinION library preparation

MinION sequencing
       (for 16 hours)

Data analysis
(CLC genomic workbench 12)

Fig. 1. Schematic representation of the HMPV whole genome MinION sequencing workflow.  
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sequencing using the selected primer concentrations from Tables 1 and 
2. Whole genome consensus sequences were obtained from all dilutions 
of the reference strains (Fig. 3). The PCR product of amplicon 9 had a 
size of 1200 nucleotides and should run higher than the other amplicons 
but was not visible on the agarose gel (Fig. 2b). Despite this, good 
genomic coverage of this region was obtained for all sample dilutions for 
viruses of all lineages (Fig. 3). For the viruses belonging to the A1 and B2 
lineages, the genomic coverage was lower for the samples with higher Ct 
values (23.0 and 24.0, respectively) (Fig. 3a and 3d). However, a 
consensus sequence with a minimum coverage of 100 reads per nucle-
otide throughout the genome, including the G gene, was obtained for all 
dilutions. For the viruses belonging to the A2 and B1 lineages, similar 
genomic coverages were obtained for the different dilutions of these 
samples, with the exception of the 5′ end of the genome. For all three 
dilutions of these viruses a coverage of at least 100 reads per nucleotide 
was obtained, including good coverage of the G gene (Fig. 3b and 3c). 
Although multiplexed PCR amplification for NL/94/01 (lineage B2) 
with a Ct value of 24.0 resulted in bands with lower intensities on the 
agarose gel (Fig. 2b), a whole genome sequence was still obtained 
(Fig. 3d). Thus, we were able to obtain HMPV whole genome sequences 
of viruses from all four HMPV lineages with good genomic coverage 
throughout the genome using RNA with Ct values obtained by qRT-PCR 
up to at least 25.0. 

3.3. MinION sequencing of HMPV-positive clinical samples 

The HMPV whole genome MinION sequencing assay was subse-
quently used to sequence HMPV genomes from clinical specimens. 
HMPV-positive clinical samples were obtained and their genotype was 
determined by sanger sequencing of the HMPV F gene. Three samples 
belonged to sublineage A2, three to B1, three to B2 and one to sub-
lineage A1, and Ct values ranged from 18.7 to 22.7 (Table 3). A HMPV 
whole genome consensus sequence was obtained for all 10 selected 
clinical specimens with a minimum genomic coverage of 100 reads per 
nucleotide, with the exception of the 5′ and 3′ ends of the genome and a 
small region of the virus belonging to the A1 sublineage (Fig. 4). The 
total number of reads ranged from 110,000 to 580,000 per sample. The 
mean genomic coverage, expressed as the mean number of reads per 
nucleotide in the genome, ranged from 2500 to 18,500. The total reads 
and mean genomic coverage for HMPV A lineage viruses (total reads: 

365,000–580,000, mean coverage in reads per nucleotide: 
8100–18,500) was somewhat higher than for the HMPV B lineage vi-
ruses (total reads: 110,000–391,000, mean coverage in reads per 
nucleotide: 2500–12,500), a full length consensus sequence with a 
minimum genomic coverage of 100 reads per nucleotide was obtained 
for viruses from both lineage A and B. The mean Ct value of lineage A 
viruses was similar to that of lineage B viruses (20,75 for HMPV A, 21,35 
for HMPV B), therefore the difference in total reads and genomic 
coverage between the two genotypes were not attributable to differences 
in Ct values. The genomic coverage of the highly variable G gene was 
above 100 reads per nucleotide for viruses from all four sublineages. 
This was similar to the genomic coverage of other regions of the genome, 
which demonstrated that the high variability of the G gene was not 
problematic for this assay. In conclusion, this method can be used for 
sensitive whole genome sequencing of viruses from all four sublineages 
from clinical specimens. 

4. Discussion 

Monitoring genetic evolution of HMPV is crucial for the design of 
diagnostic assays, for studying virus epidemiology, for identifying 
transmission events and nosocomial outbreaks, and for the rational 
design of future vaccines or other intervention strategies. Monitoring 
HMPV genetic evolution is classically done by sequencing of the F and G 
genes, of which the HMPV G gene is the most variable gene of the virus 
and is therefore used to distinguish between HMPV sublineages (Van 
Den Hoogen et al., 2004). In contrast, the HMPV F gene is relatively 
conserved but contains a number of distinct amino acids that can be used 
to distinguish between viruses from lineage A, B1 and B2 (Van Den 
Hoogen et al., 2004). 

HMPV whole genome sequencing will provide additional important 
information about virus evolution which could be missed by partial 
genome sequencing (Radford et al., 2012). Here, we introduce a method 
to obtain whole genomes from HMPV positive clinical specimens that is 
equally sensitive to all four genetic sublineages. This method was opti-
mized based on the intensity of PCR products on agarose gels and based 
on optimal genomic coverage obtained by MinION sequencing. How-
ever, a low band intensity of PCR products on gel did not translate to 
poor genomic coverage, as a whole genome consensus sequence with a 
100 reads per nucleotide threshold was still obtained from samples with 

M MNL/00/1 NL/99/1 NL/94/1NL/00/17

17.8

20.0

23.0

25.0

17.3

19.4

24.0

20.0

17.3 9.
22 18.8

21.7Ct value
Prim

er p
ool 2

B

A
N P M F M2 SH G L3’ Le 5’ Tr

PP1

PP2

Prim
er p

ool 1
1500 bp

1000 bp
800 bp

600 bp

1500 bp

1000 bp
800 bp

600 bp

A1 A3 A5 A7 A9 A11 A13 A15 A17

A2 A4 A6 A8 A10 A12 A14 A16 A18

Fig. 2. (a) Schematic overview of the 
18 amplicons used to cover the HMPV 
genome by MinION sequencing. Le: 
leader sequence, Tr: trailer sequence, N: 
nucleoprotein, P: phosphoprotein, M: 
matrix protein, F: fusion protein, M2: 
Matrix protein 2, SH: small hydrophobic 
protein, G: glycoprotein, L: polymerase, 
PP1: primer pool 1, PP2: primer pool 2, 
A: amplicon. (b) Gel electrophoresis of 
multiplexed PCR products of serially 
diluted RNA from four HMPV reference 
strains NL/00/1, NL/00/17, NL/99/1, 
and NL/94/1. PCR products were run 
on a 1% agarose gel to validate the 
presence of PCR products. M: Molecular 
marker.   
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values ranging from 17.3 to 25.0 obtained by qRT-PCR. Coverage indicated on the y-axis is expressed as the number of reads per nucleotide. (a) Coverage plots of 
serially diluted HMPV NL/00/1. Blue line: Ct 17.8, black line: Ct 20.0, red line: Ct 23.0. (b) Coverage plots of serially diluted HMPV NL/17/00. Blue line: Ct 17.3, 
black line: Ct 20.0, red line: Ct 22.9. (c) Coverage plots of serially diluted HMPV NL/99/1. Blue line: Ct 18.8, black line: Ct 21.7, red line: Ct 25.0. (d) Coverage plots 
of serially diluted HMPV NL/94/1. Blue line: Ct 17.3, black line: Ct 19.4, red line: Ct 24.0. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Table 3 
Summary of MinION sequencing results of HMPV-positive clinical samples. The mean genomic coverage is expressed as the mean number of reads per nucleotide in the 
genome.  

Clinical sample Material Ct value Genotype Total reads obtained (x1000) mapped reads (x1000) Mean genomic coverage (x1000) 

1 Throat swab 20.1 A1 393 292 (74.3%) 18.5 
2 Nasal wash 22.4 A2 580 362  (62.4%) 16.2 
3 Sputum 19.5 A2 365 307 (83.8%) 8.4 
4 Sputum 21 A2 400 316 (79%) 8.1 
5 Nasal wash 21.1 B1 376 206 (54.9%) 12.5 
6 Sputum 18.7 B1 163 133  (81.6%) 6.1 
7 Throath swab 22.5 B1 110 58 (52.7%) 2.5 
8 Lung Lavage 21.6 B2 208 78 (37,7%) 4.9 
9 Lung Lavage 21.6 B2 208 78 (37,7%) 4.9 
10 Nasal wash 22.7 B2 391 269 (68,7%) 9.0  
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a low band intensity on gel. Adjustments to the primer concentrations 
did affect genomic coverage, as higher primer concentrations resulted in 
higher genomic coverage obtained by MinION sequencing. Using this 
method, a HMPV whole genome sequence was obtained from samples 
with an RNA input that equals a Ct value up to 25.0. However, the 
genomic coverage of the 5′ end of the genome from samples with Ct 
values above 23.0 was relatively low. Additionally, we used our assay to 
sequence one clinical specimen with a Ct value of 28.0. This sample had 
reduced genomic coverage as well as regions with poor genomic 
coverage (in comes cases even below 10 reads per nt). 

A number of studies explored the option of HMPV whole genome 
sequencing, either by Illumina sequencing, Ion Torrent, or Nanopore 
technology (Kamau et al., 2020; Pollett et al., 2018; Xu et al., 2020, 
2018). All three methods can be used to generate whole genome se-
quences, but the cost and scale of MinION sequencing is a benefit of the 
Nanopore technology for sequencing of viral genomes (Oude Munnink 
et al., 2019; Van Nimwegen et al., 2016). While metagenomics 

Nanopore sequencing of HMPV-positive clinical specimens can yield 
HMPV whole genome sequences, the sensitivity of metagenomic 
sequencing, as well as the coverage of the G gene, was sub-optimal in 
general (Xu et al., 2020, 2018). As the HMPV G gene is used for virus 
classification, good coverage of this gene in HMPV whole genome 
sequencing techniques is desired, but this can be challenging due to the 
high genetic variability (between 50%− 57% nucleotide identity be-
tween lineages A and B) (Xu et al., 2018). We aimed to develop a whole 
genome sequencing method that detects HMPV from genotype A and B 
with equal sensitivity and with good coverage of the G gene. To this end, 
degeneracies were introduced in primer sequences or multiple primers 
were used for each PCR amplicon to improve the sensitivity of this assay. 
The introduction of multiple degenerate primers per amplicon resulted 
in an optimal coverage of the G gene for strain of all lineages. 

A recent study, analyzing 2212 sequences, highlighted a notable 
difference between partial and whole genome sequences of respiratory 
syncytial virus (Ramaekers et al., 2020). Phylogenetic analyses of ten 
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Fig. 4. Coverage plots generated by MinION sequencing of 10 HMPV-positive clinical isolates. Ct values of HMPV clinical samples ranged from 18.7 to 22.7. 
Coverage indicated on the y-axis is expressed as the number of reads per nucleotide. (a) Coverage plot for a virus belonging to the A1 sublineage with a Ct of 20.1 (b) 
Coverage plots for viruses belonging to the A2 sublineage. Blue line: sample 2 (Ct 22.4), black line: sample 3 (Ct 19.5), red line: sample 4 (Ct 21.0). (c) Coverage plots 
for viruses belonging to the B1 sublineage. Blue line: sample 5 (Ct 21.1), black line: sample 6 (Ct 18.7), red line: sample 7 (Ct 22.5). (d) Coverage plots for viruses 
belonging to the B2 sublineage. Blue line: sample 8 (Ct 21.6), black line: sample 9 (Ct 22.4), red line: sample 10 (Ct 22.7). (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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whole genome sequences obtained in our study, combined with 70 se-
quences obtained from Genbank, revealed no differences with phylo-
genetic analysis of only the fusion protein gene of these sequences (data 
not shown). This could be due to the limited availability of HMPV 
whole-genome sequences. 

In conclusion, we introduce a HMPV whole genome sequencing 
technique using a MinION platform with virus-specific PCR amplicons. 
This assay is able to generate HMPV whole genome sequences from 
clinical specimens of all HMPV genotypes with good genomic coverage 
throughout the genome, including the variable G gene. This method can 
be used for in-depth studies of HMPV epidemiology and virus evolution, 
for following transmission routes during virus outbreaks, and can pro-
vide the foundation for the design of novel intervention strategies. 
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