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A B S T R A C T

Avian pox is an infectious disease caused by avipoxviruses (APV), resulting in cutaneous and/or tracheal lesions.
Poxviruses share large genome sizes (from 130 to 360 kb), featuring repetitions, deletions or insertions as a result
of a long-term recombination history.

The increasing performances of next-generation sequencing (NGS) opened new opportunities for surveillance
of poxviruses, based on timely and affordable workflows. We investigated the application of the 3rd generation
Oxford Nanopore Minion technology to achieve real-time whole-genome sequencing directly from lesions,
without any enrichment or isolation step.

Fowlpox lesions were sampled on hens, total DNA was extracted and processed for sequencing on a MinION,
Oxford Nanopore. We readily generated whole APV genomes from cutaneous or tracheal lesions, without any
isolation or PCR-based enrichment: Fowlpox virus reads loads ranged from 0.75% to 2.62% and reads up to
61 kbp were generated and readily assembled into 3 APV complete genomes. This long read size eases the
assembly step and lowers the bioinformatics capacity requirements and processing time compared to huge sets of
short reads. The complete genome analysis confirmed that these Fowlpox viruses cluster within clade A1 and
host full length reticuloendotheliovirus (REV) inserts. The pathobiological relevance of REV insert, although a
classical feature of fowlpoxviruses (FPVs), should be further investigated. Surveillance of emerging poxviruses
could greatly benefit from real-time whole genome sequencing.

1. Introduction

Avian pox is an infectious disease caused by avipoxviruses (APV),
resulting in cutaneous and/or tracheal lesions. This condition may have
a major economic impact in gallinaceous poultry (Zhao et al., 2014)
and is an emerging concern for wildlife, as evidenced for British great
tits (Lawson et al., 2012). Fowlpox is caused by different clades of
avipoxviruses, the most important being clade A (fowlpox viruses) and
clade B (canarypox viruses), both showing much more intra-clade ge-
netic variability than previously assumed (Bányai et al., 2015;
Gyuranecz et al., 2013; Le Loc’h et al., 2014). Poxviruses share large
genome sizes (from 130 to 360 kb) (Lefkowitz et al., 2006), featuring
repetitions, deletions or insertions as a result of a long-term re-
combination history.

So far, avian pox diagnosis and surveillance are based on

histopathological identification of typical cytoplasmic inclusions, iso-
lation on chorioallantoid membrane (CAM) of chicken embryos and
PCR targeting one or multiple viral genes (Lecis et al., 2017). Very few
APV whole genomes are available so far in public databases (i.e. 7
complete genomes of in NCBI GenBank as of the 30th of August 2017).
The increasing performances of next-generation sequencing (NGS)
opened new opportunities for surveillance of poxviruses, based on
timely and affordable workflows. One major drawback of 1st and 2nd

generation NGS technologies is their limited read length, making the
assembly of complex and large viral genomes very difficult. We in-
vestigated the application of the 3rd generation Oxford Nanopore
Minion technology to achieve real-time whole-genome sequencing di-
rectly from lesions, without any enrichment or isolation step.
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2. Material and methods

2.1. Case history, clinical examination and sampling

In spring 2016, avian pox was diagnosed in a commercial layer farm
in Pays de la Loire, France. The affected flock (60,000 birds) showed
very good management and biosecurity. Mortality increased suddenly
and reached 2% daily. Diseased birds developed severe dyspnea and
suffocation before death. This farm was sampled twice, at 3-month
interval, under submission numbers 16-055 and 16-069. The main
macroscopic lesion was a very severe hyperplastic and necrotizing
tracheitis (Fig. 1A). Almost no cutaneous lesion could be observed in
any bird.

Two independent broilers breeders farms (cases #16-117 and #16-
130, 17,000 and 2500 birds, respectively) were diagnosed in fall 2016
for cutaneous fowlpox in Occitanie, France. Affected birds showed
conjunctivitis and nodular hyperplastic lesions on combs and wattles
(Fig. 1B), moderate egg drop and mild to moderate mortality.

All these flocks were submitted to a complete clinical examination,
including comprehensive necropsy of at least 10 birds per flock.
Selected birds were specifically necropsied for tissue sampling: sections
of nodular cutaneous and/or tracheal tissues were sampled and stored
at −80 °C for virus isolation and/or molecular assays.

2.2. Virus isolation on chicken embryos

For virus isolation, a lesion was grounded with sterile quartz using
pestle and mortar and then suspended in phosphate-buffered saline
containing 200 IU/ml penicillin and 200mg/ml streptomycin. After
centrifugation (100g for 10min), 100 μl of 1:5 diluted supernatant was
inoculated on the chorioallantoic membranes (CAMs) of specific-pa-
thogen free 11-day-old chicken embryos. Inoculated eggs were in-
cubated at 37 °C for 7 days and then CAMs presenting pocks were
sampled.

2.3. DNA extraction

A total of 8 DNA extractions were performed from the tissue culture

or directly from the 7 collected lesions: tracheal tissue (n= 2), lung
tissue (n= 1), central nodular cutaneous tissue (n= 2), peripheral
nodular cutaneous tissue (n=2). The extraction protocol was derived
from Sambrook and Russell, 2001. Briefly, tissue pieces were incubated
in SNET lysis buffer (made of Tris-Cl, EDTA, NaCl, SDS and TE) sup-
plemented with proteinase K at a 0,4mg/ml final concentration. Then,
the preparation was incubated overnight at 55 °C with agitation in a
shaking incubator. After RNase A treatment following manufacturer’s
instructions (ThermoFisher scientific), the DNA extraction was per-
formed using phenol:chloroform:isoamyl alcohol (25:24:1, v/v), then
the extracted DNA was precipitated by adding isopropanol before pel-
leting by centrifugation. DNA recovery was achieved through rinsing
with 70% ethanol and dissolving in TE. DNA quantitation for each
sample was done by OD measurement and the purity of the solution was
estimated considering the 260/280 ratio which is supposed to average
1.8 for a pure DNA solution. After that, DNA samples were directly
submitted to MinION library preparation without any enrichment step.

2.4. Avipoxvirus specific PCR

Avipoxvirus were systematically tested using primers targeting p4b
locus (Huw Lee and Hwa Lee, 1997). The PCR mixtures were performed
using KAPA2G Robust PCR kit (Kapa Biosystems, Roche Holding AG,
Basel, Switzerland) and contained 15.9 μl of distilled water, 5 μl of 5x
KAPA2G buffer A, 0.5 μl of 10mmol/liter KAPA dNTP mix, 1.25 μl of
10 μmol/liter P1 primer (5′-CAGCAGGTGCTAAACAACAA-3′) and
1.25 μl of 10 μmol/liter P2 primer (5′-CGGTAGCTTAACGCCGAATA-3′),
0.1 μl of KAPA2G Robust DNA polymerase and 1 μl of DNA. The am-
plification program consisted of a first 3-minute step at 95 °C followed
by 35 cycles with the following conditions: 95 °C for 20 s, 58 °C for 20 s
and 72 °C for 20 s. The program ended with 1 step at 72 °C for 5min.
The size of amplified DNA fragment was expected to be 578-pb long.

2.5. MinION library preparation

Samples were prepared for sequencing following the 1D Native
barcoding genomic DNA protocol (EXP-NBD103 and SQK-LSK108,
ONT). 1.7 μg DNA was sheared in a Covaris g-TUBE centrifuged at

Fig. 1. Pathological appearance of fowlpox
cases. Gross lesions of respiratory (1A) and
cutaneous fowlpox (1B); note hyperplastic no-
dules coated by a fibrino-necrotic exudate on
the trachea (1A), and small and coalescent
proliferative lesions on the comb and eyelids
(1B). Microscopic lesions of respiratory pox:
severe proliferative, hyperplastic and meta-
plastic, incompletely obstructive lesion of the
tracheal mucosa (x20 magnification, 1C) with
numerous typical cytoplasmic eosinophilic in-
clusions (arrows) (x200 magnification, 1D).
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7200 rpm for 2min, inverting the tube between centrifugation steps.
Then, a 0.4X AMPure beads purification has been performed. DNA re-
pair, end repair and A-tailing (M6630 and E7546, NEB) were performed
on DNA (average size of 8 kb), each step followed by a 0.5X AMPure
beads purification. Native barcodes have been ligated using the Blunt/
TA ligase master mix (M0367, NEB). Equimolar amounts of each bar-
coded sample have been pooled to obtain a 700 ng final quantity
(∼0.13pmols of DNA). Adapters have been ligated using the NEBNext
Quick ligation Module (E7546, NEB). A 1X AMPure beads purification
followed both of the ligation steps.

2.6. MinION sequencing

MinION sequencing was performed as per manufacturer’s guidelines
using R9.4 flowcells (FLO-MIN106, ONT) and ran for up to 48 h. Three
runs were performed for: (i) DNA extracted from CAM-amplified virus,
(ii) DNA extracted from respiratory lesion 16069-1, peripheral nodular
cutaneous tissue 16130-3, peripheral nodular cutaneous tissue 16117-2,
(iii) cutaneous lesion 16117-1, respiratory lesion 16055-3, Cutaneous
lesion 16130-2, respiratory lesion (lung) 16055-1. The MUX scan re-
ported 1298, 1350 and 1434 active pores for each flowcell respectively.
The computer specifications to ensure the MinION sequencing was:
processor Intel(R) Core(TM) i7-6700, CPU @ 3.40 GHz, 8 cores. 16GB
Memory. SSD 500GB.

2.7. Data analysis

The raw sequence data under fast5 format was loaded to Albacore
(v1.1.0) for base calling and demultiplexing. After being extracted from
the fast5 files by Poretools (Loman and Quinlan, 2014), each fastq file
obtained was aligned against the avipox genome NC_002188.1 em-
ployed as a reference using BWA-MEM (Li and Durbin, 2009) with
default stringency parameters and the alignments were manipulated
with the SAMtools software package (Li et al., 2009). The resulting
sorted files were then displayed within the IGV browser (Robinson
et al., 2011). Basic statistics concerning the aligned sequences were
obtained by analysis of the bam files using FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Reads mapping
fowlpox virus genome and the mean sequencing depth were counted
with the flagstat option and the depth option of the SAMtools, respec-
tively. Consensus sequence was generated by the IGV browser whose
method is derived from Cavener, 1987.

Each consensus sequence was annotated with GATU (Tcherepanov
et al., 2006), using Fowlpox virus genome NC_002188.1 as a reference,
and deposited in GenBank.

Whole genomes sequences were aligned with whole genomes
available on GenBank (n=8) using method FFT-NS-2 implemented in
MAFFT version 7 software (Katoh et al., 2002). A phylogenetic analysis
was then performed using MEGA 7 by neighbor-joining with the Kimura
2-parameters model and trees were tested through 1000 bootstrap re-
plicates.

De novo assemblies were performed using SMARTdenovo (Ruan,
2018) or Minimap2 (Li, 2017) with default stringency parameters. In
addition, we used Racon (Vaser et al., 2017) which is a consensus
module for raw de novo DNA assembly of long uncorrected reads.

Error rates were estimated using BLASR tool and its –m 1 option
generating percentage similarity between the reads and a reference
genome.

3. Results

3.1. Pathological and virological observations

Representative samples from all flocks were submitted to a com-
prehensive pathological investigation and tissue sampling.
Histopathology performed on tracheal and cutaneous lesions showed

severe epithelial hyperplasia and squamous metaplasia, with superficial
necrosis, and a myriad of cytoplasmic eosinophilic inclusions in epi-
thelial cells, characteristic of poxvirus infection (Fig. 1C and D). Tra-
cheal swabs (cases #16-055 and #16-069) or cutaneous tissues (cases
#16-117 and #16-130) sampled on diseased birds, tested positive for
p4b locus shared by all avipoxviruses as well as for fpv140 gene, dis-
tinguishing fowlpox virus and canarypox virus (data not shown). Avian
Infectious laryngotracheitis (ILT) was excluded on basis of histo-
pathology and PCR.

3.2. Whole-genome sequencing

A first test run was performed to validate DNA extraction process,
library preparation and sequencing. The sample was obtained from a
field isolate propagated on a CAM. A total of 3.87 Gb was produced, 39
625 out of the 502 171 generated sequences were fowlpox-specific and
allowed a whole genome alignment having 638X mean depth.
Sequencing of non-enriched pox lesions with the MinIon is therefore
feasible.

The second and third runs, performed directly on tissues, produced
2.57 Gb and 3.74 Gb, respectively. Read length distribution for the two
runs are available as shared data (Figs. S1 and S2, referring to the
second and the third run, respectively). All field samples contained
avipoxvirus sequences and complete whole genome alignments could
be obtained from three out of the seven samples, corresponding to two
tracheal and one central nodular cutaneous sample (Table 1; Fig. 2).
The three complete genomes were annotated using GATU (Tcherepanov
et al., 2006) and deposited in GenBank under accession numbers
MF766432, MF766431 and MF766430, for cutaneous lesion #16117-1,
respiratory lesion #16069-1 and respiratory lesion #16055-3, respec-
tively. Compared to fowlpox reference genome, no gene was deleted or
inserted in any of the three complete genomes, the genomic structure
being strictly identical to FWPV.

Due to poor pox DNA abundance in the lung sample or in one of the
peripheral nodular cutaneous sample and the simultaneous excess of
cellular DNA, we could not obtain a whole genome alignment from
these tissues. Sequence data after quality filtering and sequence align-
ment is summarized in Table 1. Briefly, the sequencing of the cutaneous
sample produced 3 905 fowlpox virus sequences out of 163 824; the
sequencing of the tracheas generated 3 265 and 2 234 fowlpox virus
sequences out of 124 534 and 141 670. The longest mapped read was
obtained with the cutaneous sample and sized 61 kb.

Considering the previous results, de novo assemblies were performed
on the cutaneous lesion 16117-1, the respiratory lesion 16069-1 and on
the respiratory lesion 16055-3 samples. The best results were obtained
with Minimap2 for the first sample and with SMARTdenovo for the two
others. Except for 16055-3 sample whose de novo assembly is obtained
with only one full contig, de novo assemblies consisted in two or more
contigs.

The error rates were calculated directly from the raw reads using
Blasr aligner (Chaisson and Tesler, 2012). The reads mapping the re-
ference genome had the following error rates: 18.4% for 16069-1
sample, 13% for 16117-1 sample and 13.8% for 16055-3 sample.

3.3. Whole-genome phylogenetic analysis

A table of genetic distances (Table 2), as well as the neighbor-
joining tree, were derived from whole avipoxvirus genomes (Sarker
et al., 2017) and confirmed the close relationship between viruses
isolated in this study and fowlpox virus genome reference (GenBank
accession number AF198100) (Fig. 3). This result was confirmed using
a maximum Likelihood model implemented in MEGA7 (data not
shown).
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4. Discussion and conclusion

We readily generated whole APV genomes from three out of seven
field samples corresponding to cutaneous or tracheal lesions, without
any isolation or PCR-based enrichment. Long reads sequencing may be
achieved on the Oxford Nanopore MinION using preferably traditional
DNA extraction techniques (Sambrook and Russell, 2001 phenol-
chloroform extraction/purification protocol), in order to avoid the da-
mages caused by column-based extraction methods. These genomes are
highly similar to the prototype fowlpox reference strain NC_002188.1,
including its REV insertion. The significance of REV remains unclear: it
could putatively induce an increased virulence (Zhao et al., 2014) or
poor fowlpox vaccine efficacy (Koo et al., 2013; Singh et al., 2000) but
its seems actually much common in fowlpoxviruses (Tadese et al.,
2008). Here again, a genome-based surveillance will be of great help to
assess genetic diversity and significance of these retroviral insertions.

Our hypothesis was that active poxviral lesions should show sig-
nificant viral-to-cellular ratios, which makes possible direct sequencing
without need of enrichment. Indeed, fowlpox virus reads loads ranged
from 0.75% to 2.62%. The long read size eases the assembly step and
lowers the bioinformatics capacity requirements and processing time
compared to huge sets of 2nd generation short reads. We had tentatively
included peripheral cutaneous lesions or lung tissue in respiratory
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forms, but viral loads were much lower in both tissues, which is in
accordance with the pathological pictures. The selection of the most
relevant samples is a critical step before implementation of any meta-
genomic protocol: clinical signs, gross and microscopic lesions may be
very useful to adapt, for each case, the collection (animals, tissues, time
of sampling) and optimize the pathogens/host nucleid acids ratio and
hence, the coverage of pathogens genomes.

We investigated the implementation of de novo assembly in our
pipeline: the two tools, Minimap2 and SMARTdenovo, produced con-
sistent results, allowing an accurate identification of the pathogen
thanks to the generation of contigs sizing up to 290 kb. However, de-
spite a similarity very close to the consensus sequences produced with
IGV software, the de novo assembly did not result in a benefit in terms of
timeliness nor accuracy and was not further investigated (data not
shown).

ONT MinION is a portable NGS platform, able to generate up to 10
Gigabases per flowcell within a few hours and so specially dedicated to
the diagnostic field. The low accuracy due to systematic error is still a
well-known drawback of Oxford Nanopore technology. Anyway, yield
and accuracy get continuously better, making new applications acces-
sible for veterinary surveillance. Furthermore, regarding applications in
the field of diagnostic and epidemiological surveillance of pathogens, a
remaining rate of nucleotides mismatches can be accepted since it does
not impact typing and decision-making.

Based on our findings, ONT could be readily applied to whole-
genome sequencing of other poxviruses, such as Myxoma virus in rab-
bits, Lumpy skin disease virus in ruminants, and potentially zoonotic
poxviruses, such as Monkeypoxvirus. Recently, a combination of
Illumina and ONT protocols has been successfully applied to sequencing
of a 128 kbp genome of parapoxvirus (Günther et al., 2017). Global
surveillance of emerging poviruses and comprehension of their evolu-
tion will dramatically benefit from this increasing availability of com-
plete genomes.
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