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Next-generation sequencing (NGS) techniques offer an unprecedented “step-change” increase in the quantity and
quality of sequence data rapidly generated from a sample and can be applied to obtain ultra-deep coverage of
viral genomes. This is not possible with the routinely used Sanger sequencing method that gives the consensus
reads, or by cloning approaches. In this study, a targeted-enrichment methodology for the simultaneous ac-
quisition of complete foot-and-mouth disease virus (FMDV) genomes directly from clinical samples is presented.
Biotinylated oligonucleotide probes (120 nt) were used to capture and enrich viral RNA following library pre-
paration. To create a virus capture panel targeting serotype O and A simultaneously, 18 baits targeting the highly
conserved regions of the 8.3 kb FMDV genome were synthesised, with 14 common to both serotypes, 2 specific to
serotype O and 2 specific to serotype A. These baits were used to capture and enrich FMDV RNA (as cDNA) from
samples collected during one pathogenesis and two vaccine efficacy trials, where pigs were infected with ser-
otype O or A viruses. After enrichment, FMDV-specific sequencing reads increased by almost 3000-fold. The
sequence data were used in variant call analysis to identify single nucleotide polymorphisms (SNPs). This
methodology was robust in its ability to capture diverse sequences, was shown to be highly sensitive, and can be
easily scaled for large-scale epidemiological studies.

1. Introduction

countries in South East Asia (SEA), where regular outbreaks of FMDV
serotypes O, A, and Asia-1 are reported (Gleeson, 2002; Knowles et al.,

Foot-and-mouth disease (FMD) is a highly contagious viral disease
that affects all mammalian species belonging to the order Artiodactyla.
It is an acute, systemic vesicular disease characterised by lesions de-
veloping on areas of friction, such as the tongue, mouth, nostrils, teats,
udders and feet. Despite low mortality rates in adult animals, FMD
severely decreases the productive capacity of livestock and results in
devastating economic loss and trade restrictions. The causative agent,
foot-and-mouth disease virus (FMDV), belongs to the genus Aphthovirus,
family Picornaviridae. There are seven FMDV serotypes (A, O, C, Asia-1,
SAT 1, SAT 2 and SAT 3). Cross-protection following infection or vac-
cination is serotype-restricted, and is not always complete if vaccines
contain different subtypes or variants of the same serotype (Sobrino
et al., 2001).

FMD is endemic in many parts of the world and occurs in most

2012; Rweyemamu et al., 2008). In this region, FMDV serotype O
viruses belonging to the O/SEA topotype (Mya-98 and Cam-94 strains),
O/ME-SA topotype (PanAsia lineage; the derivative Pan-Asia-2 sub-
lineage and O/Ind2001d sub-lineage) and O/Cathay topotype, serotype
A (ASIA topotype; SEA-97 strain) and serotype Asia-1 have been iden-
tified (Abdul-Hamid et al., 2011; Le et al., 2010a, b; Qiu et al., 2018).

Single-stranded RNA viruses, including FMDV, evolve rapidly due to
their large population size, high replication rate, and the lack of proof-
reading ability of their RNA-dependent RNA polymerase (Domingo and
Holland, 1997). These viruses exist as heterogeneous and complex po-
pulations comprising similar but non-identical genomes referred to as
‘intra-host genetic diversity’, but the evolutionary importance of this
phenomenon remains unclear (Domingo et al., 2002; Eckerle et al.,
2010; Holmes and Moya, 2002). Tracing and monitoring the
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transboundary movements of FMDV have been successfully achieved
using consensus sequences of the 1D coding region of the viral genome
(Kasambula et al., 2012; Knowles and Samuel, 2003; Samuel and
Knowles, 2001). However, over shorter epidemic time scales, where
viral populations have not substantially diverged, 1D sequencing alone
cannot provide the required resolution to discriminate between viruses
in field samples collected from neighbouring farms within outbreak
clusters (Cottam et al., 2009). Consensus sequencing using the Sanger
method identifies the predominant or major viral sequence in a sample
but is uninformative about minority variants that are present. Evidence
for population heterogeneity, where individual sequences differ from
the consensus sequence, was obtained routinely using cloning ap-
proaches (Airaksinen et al., 2003; Cottam et al., 2009), providing in-
sights into the evolutionary processes that shape viral populations.
Unfortunately, these cloning processes are laborious and usually pro-
vide only a limited resolution of the mutant spectrum within a sample.
Whole genome sequencing at the consensus level has proven to be a
powerful tool for the reconstruction of virus transmission trees
(Valdazo-Gonzalez et al., 2012). Next-generation sequencing (NGS)
techniques offer a “step-change” increase in the amount of sequence
data that can be rapidly generated from a sample and can be applied to
sequence viral genomes to obtain ultra-deep coverage (Wright et al.,
2011). Although the importance of minor variants remains unclear in
relation to both FMDV transmission and evolution (Holmes and Moya,
2002), it has been hypothesised that NGS may help to assess the me-
chanism of immune escape and virus evolution in both unvaccinated
and vaccinated animals (Hauck et al., 2018).

Conventional sequencing protocols are subject to biases such as
those encountered during PCR amplification and propagation in cell
culture, are restricted by the need for large quantities of starting ma-
terial, and do not convey sufficient information on how the virus is
evolving within the host before transmitting to other susceptible species
(Logan et al., 2014). NGS techniques create massive amounts of se-
quence data in parallel and can be used to produce a snapshot of genetic
diversity of the FMDV polyprotein coding region, at both intra-host and
intra-herd levels (Radford et al., 2012). This resolution enables mon-
itoring of the entire sequence swarm that exists within FMDV samples
and can be employed to assess the impact of transmission within and
between hosts upon sub-consensus polymorphisms (Paton et al., 2018).
A new method for deep sequencing of FMDV genomes using an en-
richment method with biotinylated oligonucleotide baits targeting the
FMDV genome is described.

2. Materials and methods
2.1. Sample collection

Samples were collected from pigs that were recruited for two in-
dependent vaccine efficacy studies (Nagendrakumar et al.,, 2015;
Vosloo et al., 2015; Wilna et al., 2015) and one pig pathogenesis trial
(unpublished). Oral and nasal fluids, and rectal samples were collected
using dry cotton swabs (Supplementary Table 1). The swabs were
transferred into vials containing 2 ml of virus transportation medium
(Basal Medium Eagles with 10% HEPES, 10% Tryptose Phosphate
broth, penicillin, streptomycin, gentamicin and amphotericin B).

In each of the vaccine studies, two groups of pigs were vaccinated
and challenged on day 4 or 7 post-vaccination using a pig-adapted
serotype O or A virus (Nagendrakumar et al., 2015; Wilna et al., 2015).
The samples collected on day 3 or 4 post-challenge were used in this
study. Swabs collected from two uninfected naive pigs were used as
negative controls. In the pig pathogenesis study, a group of donor pigs
was infected with a serotype O virus and a group of naive pigs was kept
in direct contact for 2, 4, 6, 8, 12, 24 or 48h (unpublished). The
samples collected from the donor pigs on day 3 or 4 post inoculation
and from the contact pigs on day 3 or 4 post contact were used in this
study (Supplementary Table 1).
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2.2. RNA extraction

Total RNA from the saliva, nasal and rectal swab samples
(Supplementary Table 1) was extracted in duplicate, using the InviMag
Virus RNA Mini kit/KF96 (Stratec Molecular) on an automated nucleic
acid extraction system (KingFisher* Flex Magnetic Particle Processor,
ThermoFisher Scientific) following the manufacturer’s protocol. Briefly,
swabs (described in Section 2.1) were placed into 2 ml of virus trans-
portation medium and 120 pl of suspension was used for RNA extrac-
tion. To obtain positive RNA controls, total RNA was extracted from
120 pl of a 10% w/v suspension, prepared from 1 g of epithelial sample
collected from the bulb of the heels of pigs infected with either a ser-
otype O or serotype A virus as described previously (Nagendrakumar
et al., 2015; Vosloo et al., 2015; Wilna et al., 2015). Duplicate RNA
samples were pooled before further processing. Positive control RNA
was extracted from a 10% virus suspension prepared from tissue lesions
containing pig-passaged challenge viruses (Nagendrakumar et al.,
2015; Vosloo et al., 2015; Wilna et al., 2015). Reverse transcription and
quantitative PCR (RT-qPCR) were performed using the Ambion AgPath-
ID MasterMix (Life Technologies), as per standard protocols (Shaw
et al., 2007), to quantify RNA (copy numbers/ml of total RNA) based on
Ct values. In vitro transcribed RNA was prepared using the Megascript
T7 kit (Ambion) from a plasmid, pBluescript KS+, containing 550 bp
from the 5’ UTR region of the FMDV genome (Boyle et al., 2004) and
used to generate a standard curve for each RT-qPCR run to quantify the
RNA. 18S ribosomal RNA was used as an internal control (Bas et al.,
2004).

2.3. Preparation of Illumina DNA libraries from viral RNA

Mlumina libraries were constructed from total RNA using the
NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New
England Biolabs) in conjunction with NEBNext Multiplex Oligos for
[lumina (New England Biolabs) according to the manufacturer’s in-
structions. Briefly, 5 pl of total RNA was added to first strand synthesis
buffer and random primers before incubating at 94°C for 2min to
generate RNA fragments larger than 500 nucleotides (nt). Following
first and second strand cDNA synthesis, double-stranded cDNA was
purified using Mag-Bind RxnPure Plus beads (Omega Bio-Tek) and
eluted in 60 pl nuclease-free water. To obtain a library size between 400
and 600 nt, size selection of the libraries was performed using Mag-Bind
RxnPure Plus beads (Omega Bio-Tek) in a two-step selection, by adding
35 ul, then subsequently 15 pl of beads to the reaction. The library was
eluted in 20 plnuclease-free water and amplified by PCR using the
following conditions: initial denaturation at 98°C for 30s; 20 cycles of
denaturation for 10 s at 98°C followed by annealing for 30 s at 60°C and
extension for 30s at 72°C and a final extension step for 5 min at 72°C
and a stop reaction at 4°C to hold. Libraries were purified using the
MinElute PCR Purification Kit (Qiagen), eluted in 25l nuclease-free
water, visualised on a 1.5% agarose gel and quantified using a
Bioanalyzer High Sensitivity DNA Assay (Agilent).

2.4. Enrichment of viral library

Biotinylated DNA baits that were complementary to the FMDV
genome, and 120 nt in length, were designed (Table 1) such that they
were located at least 500 nt apart on the FMDV genome, assuming an
average deep sequencing library size of the sample would be approxi-
mately 300nt, following protocols described earlier (Kamaraj et al.,
2019). Following this approach, the FMDV genomic RNA (after its
conversion to cDNA) was captured with fewer baits, unlike some similar
methodologies where placements of baits were tiled across the target
genome (Bonsall et al., 2005; Depledge et al., 2011; Houldcroft et al.,
2016; Miyazato et al., 2016; Vinner et al., 2015). Targeted FMDV
genome enrichment was achieved using custom designed biotinylated,
120-mer xGen Lockdown baits (Integrated DNA Technologies) using the
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Table 1

Oligonucleotide baits used for lock-down probe capture and enrichment of FMDV RNA from clinical samples. The start and end numbers represent the genomic position of the sequences based on O/MAY/7/2004. The

bait sequences were based on O/MAY/7/2004 (GenBank HQ632772 and A/VIT/4/2004 (GenBank HQ632773).

Tm (°C)

GC%

RC bait sequence

Start End

No

82.9

62.5

GGCCCCATCACCGTAGTCTGCTGCGGGGGGGAGACCGTAGAGCGTCGAACGGCCCCCAACAGGAGTGCCCAGGACAGCGCTAACGACCAAGTAGGCGGAGTGTTAAGAGTACTAGTCGGT
TTGTTACCAAGGAGGGAGTCCCGCGGCCACCATGCTCCGCTACGAAGCAACAATACCACTACTAACACTCGCCGGTGGACCGAGCGTGGAGTCAAT CACAGTACAAAGTGTTACCCCTCT
CAGGCGATTCATAGACCCAGTCGAAGAAAGGTTCATCGACATACCTAAACAACTGCAGGATGGCATTCAGCCAACAGTTGTCATTGTTGTTGGGCCTAGAGTAAAAGGTCTTCTTCTCAC
CGTTGTCACCAAGTTGTGTGTCCATAGAGTTCTGGTACTGCTGCATGTAGTAGTTGTTGATGATGCTCCCGGTGTTGCCTGACTGGTTCTGCGACCCAGTAGCCGGACTGGATTGTCCGG

190
691

309
810

80.1

55.0

75.7

45.8
5

5
6

1192
1693
2194
2695
3196
3697
4198
4699
5200
5701

1311

79.0

3.3
8.3
0.0

1812

<

CCACCAATAGGCAGCCCCCGTTGAACTGGTTCCCCACAGCGGTAACTTCGACGTCCCAGCCGTTCCTCATGTAGGCATATGAGTCGGTCAAGCCGCCGTAGACACCTTTGTGGTCAGTCG 81.3

2313

CCCTGTCCGAGTCCGTCTTCGTGGTCACGTATGGCACGTCACCTTCGAAGTGCAGAAACGTGGGACACGCCTCAGCCACATCCAAGAAGTTGGTGAACCGCCCCGGCAACATGTTGCGGG 82.4

2814

b

84.6

64.2

CACCGTAGTTCTCAACGGTAGCAGTCACGGGGTCGGCTGACTCGCCCGTCGAAGTGGTCTGCTGGCGGGCGTCCACAGGCAAGCGCAGCTCAAAGT CTTTGCCAGCGCTGGCCAGCACGA
AGTACGTCTCGGCCCTCTTCATGCGGTACAGCAGTTCTGTCACCCGGGTGGCTTTGATGGCACCGTAGTTGAAAGAGGTAGGCAGCGGCCTCGCCGCCTTCTGAACCAGCACCTGGAGAT

3315

82.2

59.20
55.0

3816

80.1

CGAAACTGAAGACAGGGGCCGGCACGTGAAAGAGACTGGAGAGTGAGTCGGAGATCTTCTTCACGACAAACGTGCTGTCCAGAATCTCAAGGCCGGTGTCAGCCAGCATGATGGCCACAA
CTGAATCGGTTCTGCCAGTGAAGTGGGTGGAAATTGCTTGCGCAAGCACGTTCGCAAGGAAACTCTTGCCCTGGCCGGATTTGCCTCGGAGGCAAACGACCACGGGCTCGGGTCTCGACT
CGACCCGGTCAATCACCTCTTGAACGAGTTGGTACACATTCTGAAGAGGCGGTTGGGGCTTGAACATGTCTTGCTGCATTCTCTTCATTTCGACTG CCATGCCGTTGAGAAGGGCGCAGT
CTTCAGCTTGTGGTTGCTCTTCCACAGATTTGGCGGGCTCGGAGTTCACGTCATCGCTCGTCTTGTGTCCTGGGAGAGTTCTCTCTCTGAAACCGACGGTGCTGGCACCGCTAGTCTCCA
TCACGCGGTTCCCACGGTGCAGCACCATGAGCGCGGCGTCTGAGAGCATGTCCTGTCCTTTTACTTTAATCTCAAACTCAAACACTCTGTAGTCACTGTCTGTCATGGCTCTGCCGTCCA

4317

82.3

58.3

4818

79.4

52.5

5319

11

80.7

56.7

5820

12

79.7

53.3

6202
6703
7204
7705
2768
2070

6321

84.4

62.5

CAACCCCTTCGTCCAGTCGCGGATCCTTGTTGGACAAGGCAGCGGGACCGTATTCGGGGTTGAACACACCGTGCGCCACGGTGGGTGCGAGCTTGGTTTTGCGCATGACGTGCACGCGCT
TACAGCCAACCGCAGATCCAATTTGCGGGCCGTTGTTTGAGTGCATTTGTGCACAAAACCTGCCAATCATCATCCTGGTGTAAAGAATATGTTCAACAGGCAGGACATCGACAATGCGGG

6822

14
15

78.1

48.3

7323

73.3

39.2

AAGTAACATCAGTAATGGAATGACCAAGAACAAAACCTTTGTCACTTTTGTCAGCTGGAGTAATGGTTTGACCAAGAGATTTGAAGTGAGGCTTGAGAGCCTCAAAGTCCAGATCATAAT

7824

73.1

55.8
6

CCAATAGGCGCTGCGCGTCCGTTCTTGTCTCAACATACGGTTTCCCGCCGTCGAAACAGAGAAAGGTGGGGCACGCCTCTGCTACATCCAACAAGTTTGTAAACCGCCCAGGGTAGTTGG

2828

172
18°

74.3

8.3

GGGGCAGTAGAGCTCGGCGCGCTTCATGCGCACGAGGAGTTCTCGGATCTCCGTGGCTCGAACCGCGCCGTAGTTGAAGGAGGCAGGGAGCTGTGCGGCGAGCCTCGCCGCGAGAGACCC

2130

@ Baits specific for serotype A.
b Baits specific for serotype O.
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complete genomic sequence of FMDV O/MAY/7/2004 (GenBank
HQ632772) targeting the O-Myanmar 98 lineage and FMDV A/VIT/4/
2004 (GenBank HQ632773.1) targeting the A SEA-97 lineage, respec-
tively (Table 1). To ensure that this minimalistic targeting did not
compromise our ability to obtain full genome coverage, all publicly
available full genome sequences for serotype O and A viruses were
analysed to assess the efficacy of each bait. Prior to capture of viral
sequences, 1 pl each of xGen universal blocking oligo TS-p5 and TS-p7
(Integrated DNA Technologies), matched accordingly to the library
index, was added to 20 pl of library DNA and 0.5 pl of 5 pg Cot-1 DNA
(Invitrogen) to block binding of baits to non-viral regions of library
fragments. Blocked libraries were ethanol precipitated and resuspended
in 2.5 pl of nuclease-free water, 3 ul Nimblegen hybridisation solution
and 7.5pl Nimblegen 2X hybridisation buffer (Roche). Following a
10 min incubation at room temperature, resuspended libraries were
denatured at 95°C for 10 min and cooled on ice before the addition of
the FMDV bait pool. A total of 3 pmol of baits was added and hybridised
to the libraries for 4h at 65°C. To capture virus-specific library frag-
ments, 100 ul of magnetic M-270 streptavidin Dynabeads (Life Tech-
nologies) were added to the hybridisation reaction and the mix was
incubated for a further 45 min at 65°C, with shaking at 2000 rpm in a
ThermoMixer C (Eppendorf). Streptavidin beads were washed to re-
move unbound DNA using the SeqCap EZ hybridisation and wash kit
(Roche) according to the manufacturer’s instructions. A post-capture
PCR amplification of with P1 and P2 primers (Illumina) was performed
using the following conditions: initial denaturation at 95°C for 2 min;
20 cycles of denaturation for 20 s at 95°C followed by annealing for 20 s
at 65°C and extension for 15s at 72°C and a final extension step for
3 min at 72°C and a stop reaction at 4°C to hold. The enriched library
was purified using the MinElute PCR Purification Kit (Qiagen) and
eluted in 25l nuclease-free water, visualised on a 1.5% agarose gel
and quantified using a Bioanalyzer High Sensitivity DNA Assay (Agi-
lent). All samples were subjected to the same library preparation and
enrichment treatment.

2.5. Analysis of sequencing data

For genome assembly and variant calling, sequencing reads were
subject to processing in the VIPR4 pipeline (https://github.com/nf-
core/vipr/). Briefly, adapters were trimmed and quality was assessed by
Skewer (Jiang et al., 2014) and FASTQC (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/), respectively. Host reads were re-
moved by the decont.py script (https://github.com/CSB5/decont/blob/
master/decont.py). The remaining non-host reads were assembled into
contigs using the BBTools Tadpole module (https://jgi.doe.gov/data-
and-tools/bbtools/). Contigs were expanded by incorporating un-
assembled viral reads through an iterative mapping process until no
further viral reads were incorporated (https://github.com/nf-core/
vipr/). A final mapping against this newly created assembly was per-
formed with BWA-MEM (Li and Durbin, 2009) and low-frequency
variants were identified by LoFreq2 (Wilm et al., 2012).

Exploratory data analysis was performed using Python (www.
python.org/). The minimum frequency of reads mismatched to the
consensus at a given position was initially set to 0.5% (1 in 200 reads).
Location and frequency of single nucleotide polymorphisms (SNPs)
along the FMDV genome were determined and, to ensure the positions
were correctly aligned, the coordinates were adjusted relative to a
multiple sequence alignment (MSA) for that serotype. Venn diagrams
showing the correspondence of SNP locations between different groups
of samples were constructed for comparison. Only the positions of SNPs
and no indel variants were considered for the data analysis.
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3. Results
3.1. Viral genome enrichment using baits

To create a virus capture panel targeting serotype O and A si-
multaneously, 18 baits targeting the highly conserved regions of the 8.3
Kb FMDV genome were designed using the full genome sequences of
FMDV O/MAY/7/2004 (GenBank HQ632772) and FMDV A/VIT/4/
2004 (GenBank HQ632773.1). Fourteen baits common to both ser-
otypes O and A, 2 baits specific to serotype O and 2 baits specific to
serotype A were pooled for the enrichment of FMDV RNA (as cDNA) in
the samples. To test the sensitivity of the baits, total RNA from tissue
suspensions containing pig-adapted serotype O or A challenge viruses
were used.

Mlumina libraries were constructed for the RNA derived from the
pig-adapted inoculum (O/VIT/2010 and A/VIT/5/2015) and either
sequenced directly, or enriched for FMDV genome with the bait panel
and then sequenced. The resulting reads from both unenriched and
enriched libraries were mapped against FMDV O/MAY/7/2004
(GenBank HQ632772), targeting the FMDV/O/SEA/Mya98 lineage, or
FMDV A/VIT/4/2004 (GenBank HQ632773.1), targeting the FMDV/A/
ASIA/SEA-97 lineage. The consensus genomes for the serotype O and A
viruses generated under the enriched conditions were matched with
genome sequences available in GenBank. Post enrichment mapping
achieved 93.70-96.25% genome coverage compared to < 10% without
prior enrichment. The sequence data of serotype O matched all the
serotype O isolates belonging to FMDV/O/SEA/Mya-98 lineage, and
that of serotype A matched with A/Asia/SEA97 lineage (results not
shown).

To test the specificity of the baits, total RNA isolated from oral and
nasal swabs collected from two uninfected naive pigs were used for the
construction of Illumina libraries and were sequenced either directly or
following enrichment with the bait panel. The resulting reads from each
condition were mapped against the consensus genome generated pre-
viously from the enriched condition. None of the oral or nasal swabs
collected from the uninfected naive pigs showed any FMDV-specific
reads. However, when oral and nasal swabs collected from infected pigs
were used for library construction, FMDV-specific reads were obtained
in samples without (Fig. 1A), and with (Fig. 1B) enrichment. FMDV-
specific reads were obtained from the pig-adapted virus inoculum of A/
VIT/2005 virus without (Fig. 1A), and with (Fig. 1B) enrichment. In the
unenriched and enriched libraries, a maximum of 10.96% and 99.34%
of the total reads were mapped as FMDV-specific, respectively. Use of

Standard Method
(all RNA sequenced)
10.96% of total reads mapped to virus
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the capture probes therefore resulted in an 11-fold enrichment of viral
genomic material, compared to the unenriched library, and resulted in
a marked improvement in the depth and coverage of the FMDV genome
sequence obtained.

3.2. NGS on clinical samples (oral, nasal and rectal swabs)

To measure the efficacy of the bait panel in clinical samples, the
enrichment protocol on thirty oral and nasal swabs was tested
(Supplementary Table 1). The FMDV genome composition to the host
genome for different samples varied from 0.10% to 95% before en-
richment. After enrichment, the FMDV component was between 94%
and 99.6% for both serotypes tested, and the number of FMDV-specific
reads increased almost 3000-fold to 95% (Supplementary Table 1). In
the first round of sequencing, poor reads were obtained from four ser-
otype O samples and eight serotype A samples. The Ct values of the
FMDV genome in these samples were > 30 (30.9-45). The library
preparation and sequencing protocols were repeated for these twelve
samples and the complete genomic sequence was obtained from two
serotype O and five serotype A samples.

As a result, full-length consensus genome sequences were obtained
from 13 out of 15 oral/nasal swabs from the serotype O vaccine study
samples (Fig. 2, A-D). Near full coverage ("98% and “"80%, respectively)
was obtained for the two rectal swabs (samples 24 and 25, Supple-
mentary Table 1; Fig. 2, D-E), which were also the samples that con-
tained the least amount of viral RNA as determined by RT-qPCR (Cr
values of 32.12 and > 40.0, respectively). From the serotype A vaccine
study samples, full-length genome sequences were obtained from 12 out
of 15 oral/nasal swabs (Fig. 3, A-C). Near full coverage was obtained
for the remaining three nasal swabs (Samples 34, 39 and 40, Supple-
mentary Table 1; Fig. 3, D-F), RNA from two of which (Samples 39 and
40) was not detectable when subjected to amplification by RT-qPCR.
Complete FMDV genome sequences were obtained from all the oral and
nasal swabs from the pig pathogenesis studies (Supplementary Table 1).

3.3. FMDV variant analysis

The minimum frequency of reads mismatched to the consensus at a
given position was initially set to 0.5% (1 in 200 reads). Changing the
threshold for SNP inclusion greatly influenced the number of variable
positions (Table 2). By plotting SNPs relative to their coordinate loca-
tion in the FMDV genome, the density of variable positions was ex-
amined (Fig. 4). Three positions (3833, 5261, 7599) stood out as being

Fig. 1. Sequence coverage maps of unenriched
(A) and enriched (B) library samples of pig
adapted A/VIT/5/2005 inoculum, generated
during optimisation of the enrichment pro-
tocol. Each map depicts the viral genome in 5
to 3’ orientation starting at 12 o’clock and
moving in a clockwise direction. The depth of
coverage at each position in the genome is in-
dicated by red shading and is shown on a logo
scale. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)

Enrichment Method
(specifically targets viral RNA)
99.34% of total reads mapped to the virus
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Fig. 2. Direct sequencing of clinical samples (serotype O). Schematic representations of the sequences obtained from FMDV-enriched NGS libraries derived from a
pig-adapted O/VIT/2010 (Mya-98 lineage) inoculum (A), as well as from representative oral (B), nasal (C) and rectal (D-F) swabs that were collected from pigs that
had been challenged 2-3 days previously. Each map depicts the viral genome in 5’ to 3’ orientation starting at 12 o’clock and moving in a clockwise direction. The
depth of coverage at each position in the genome is indicated by red shading and is shown on a log; scale. The fold enrichment compared to the sequences in the
inoculum was calculated as the ratio of the percentage of FMDV sequences mapped in the enriched samples to the unenriched sample. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

more frequently variable in type A viruses (Fig. 4, B2), while clusters of
SNPs were apparent for both type A and type O viruses. The majority of
observed variants were unique to single samples. However, a small
number were identified in multiple samples. Of these, a subset was
shared between the different treatment groups (Fig. 5).

4. Discussion

Reconstruction of viral transmission pathways relies on phyloge-
netic analysis of viral sequences recovered from field samples.
Molecular sequence data are an important component of FMD control
strategies, allowing the generation of phylogenetic trees (Knowles and
Samuel, 2003). Whole genome sequencing is a powerful tool for re-
constructing fine-scale transmission pathways due to the increased re-
solution of genomic information (Cottam et al., 2008; Wright et al.,
2013). Logan et al. (2014) described a methodology for generating
whole genome sequences on the Illumina MiSeq. Using this method,
94% of an FMDV genome that had previously been identified as cell
culture negative was recovered. King et al. (2016) reported a method of
PCR amplification of a 7.6kb fragment of the FMDV O; BFS 1860
genome (starting within the 5 UTR and ending after the stop codon of
the polyprotein encoding region) and subsequent deep sequencing to
characterise the diversity of FMDV populations in six infected cattle
present on a single farm during the series of outbreaks in the UK in
2007. The potential problem with this method is biased amplification of

a few target RNA molecules in subsequent PCR cycles, thereby less
common sequences will not be represented or detectable following
amplification and therefore will be missed, even with NGS.

This paper demonstrated proof of concept for obtaining high-quality
full-length FMDV genome sequence data directly from clinical samples,
including those containing very low concentrations of FMDV RNA,
without isolation and propagation of the virus in cell culture. All RNA
samples that had Cr values <31.10 (approximately 10°-10* copy
numbers/ml) consistently yielded full-genome coverage. In addition, a
number of samples (such as samples 36, 38 and 41, Supplementary
Table 1) gave full-genome sequence even when the RNA concentration
was at or below the limit of detection using RT-qPCR. In fact, genome
coverage of > 80% was obtained from every sample tested, demon-
strating the power of the enrichment technique for obtaining viral
genome sequence directly from clinical samples. However, no correla-
tion was found between the Ct values obtained in real-time RT-PCR and
the results of the sequencing with enrichment. In addition, the impact
of the integrity of genomic RNA, especially in degraded samples was
not assessed. The baits used were designed to specifically target the
FMDV-A and FMDV-O viruses used in this study. At 80-85% identity,
baits begin to bind at lower efficiency (Kamaraj et al., 2019). Although
these baits still contribute to the capture of the target genomes, baits
with sequence identities falling below 80% are not expected to effec-
tively pull down RNA. Therefore, it is recommended that if the target
genome does not have = 85% identity with the existing bait, a new bait
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Fig. 3. Direct sequencing of clinical samples (serotype A). Schematic representations of the sequences obtained from FMDV-enriched NGS libraries derived from a
pig-adapted A/VIT/2005 (SEA-97 lineage) inoculum (A), as well as from oral (B) and nasal (C-F) swabs that were collected from pigs that had been challenged 2-3
days previously. Each map depicts the viral genome in 5’ to 3’ orientation starting at 12 o’clock and moving in a clockwise direction. The depth of coverage at each
position in the genome is indicated by red shading and is shown on a log; scale. The fold enrichment compared to the sequences in the inoculum was calculated as
the ratio of the percentage of FMDV sequences mapped in the enriched samples to the unenriched sample. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 2

The number of variable positions based on the percentage threshold for SNP
inclusion. With an increase in the percent threshold, the number of SNPs and
the number of samples containing a SNP at a given position decrease.

Threshold (%) Number of SNP positions Number of clinical samples with

overlapping SNP positions”

Serotype A Serotype O Serotype A Serotype O
0.5 2200 1861 17 16
1 1762 1317 16 12
2 1256 975 15 12
3 998 834 14 11
4 845 743 13 10
5 725 671 13 8
10 330 475 13 7
20 104 339 10 6
30 49 233 4 5
40 21 118 2 3
50 2 17 1 1

# Samples were considered to have overlapping SNP positions if they shared
one or more genomic locations containing a SNP, but does not imply that those
SNPs are identical.

(s) be designed using the BaitMaker algorithm; available at GitHub
(https://umasangumathi.github.io/BaitMaker/).

The genetic dynamics of FMDV during persistent infections of
naturally infected Asian buffalo was investigated using NGS to obtain
21 near complete FMDV genome sequences from 12 sub-clinically in-
fected buffalo over a period of one year (Ramirez-Carvajal et al., 2018).
Seven persistently infected animals yielded more than one virus of the
same serotype, showing a long-term intra-host viral genetic divergence
at the consensus level of less than 2.5%. Quasispecies analysis showed
few nucleotide variants and non-synonymous substitutions of progeny
virus despite intra-host persistence of up to 152 days. The group em-
ployed a SISPA approach (Moser et al., 2016) to multiplex several
samples in a single instrument run. The SISPA method produced low
sequence coverage at the 3’ and 5’ ends of viral genomes (Djikeng et al.,
2008). The study also revealed that the heterogeneous depth of cov-
erage across the genome hindered the ability to detect SNPs or to in-
clude samples for pairwise analysis in areas with low coverage. It has
been reported that the structural elements of FMDV constrain NGS
(Logan et al., 2014) and viral-specific oligonucleotides based on con-
served sequences have been suggested to improve sequencing (Djikeng
et al., 2008). In this study, the latter method was used by developing
biotinylated oligonucleotide baits for the capture of FMDV RNA and
subsequent sequencing using the MiSeq platform.

Next-generation sequencing reveals the fine polymorphic
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substructure of the viral population, from nucleotide variants present at
just below 50% frequency to those present at fractions of 1%. A total of
2622, 1434, and 1703 polymorphisms were present in the inoculum
and the two foot lesions, respectively. Using variant call analysis, 2200
and 1861 SNPs were identified for serotype O and A, respectively, at a
set threshold of 0.5% (Table 2). Changing the threshold for SNP in-
clusion greatly influenced the number of variable positions. As the
threshold increased the number of samples that were variant at a given
position also changed (Table 2). With an increase in the per cent
threshold, the number of SNPs and the number of samples containing a
SNP at a given position decreased. Samples were considered to have
overlapping SNP positions if they shared one or more genomic locations
containing a SNP, but this does not imply that those SNPs are identical.
Therefore, the threshold percentage setting is very important in calling
SNPs and variants. This analysis, while basic, shows that the enrich-
ment method has great potential for facilitating advanced SNP analysis.
While not explored in great depth here, it clearly illustrates the high-
resolution SNP data that can be expected due to increasing the depth of
coverage via enrichment.

This technology has the potential to facilitate an in-depth study of
the intra-host genetic diversity during FMDV infection, with or without
vaccination, thereby revealing the location and frequency of SNPs
within specific viral populations under different selection criteria. Such
data, which are currently being evaluated for the genome sequences
reported herein, will provide further insights into, and enhance our
understanding of, the infection dynamics and evolutionary processes of
this highly varied and complex viral pathogen.
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