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Abstract

Foot-and-mouth disease (FMD) is a highly contagious viral disease that severely impacts
global food security and is one of the greatest constraints on international trade of animal
products. Extensive viral population diversity and rapid, continuous mutation of circulating
FMD viruses (FMDVs) pose significant obstacles to the control and ultimate eradication of
this important transboundary pathogen. The current study investigated mechanisms contrib-
uting to within-host evolution of FMDV in a natural host species (cattle). Specifically, vacci-
nated and non-vaccinated cattle were infected with FMDV under controlled, experimental
conditions and subsequently sampled for up to 35 days to monitor viral genomic changes as
related to phases of disease and experimental cohorts. Consensus-level genomic changes
across the entire FMDV coding region were characterized through three previously defined
stages of infection: early, transitional, and persistent. The overall conclusion was that viral
evolution occurred via a combination of two mechanisms: emergence of full-genomic minor-
ity haplotypes from within the inoculum super-swarm, and concurrent continuous point
mutations. Phylogenetic analysis indicated that individuals were infected with multiple dis-
tinct haplogroups that were pre-existent within the ancestral inoculum used to infect all ani-
mals. Multiple shifts of dominant viral haplotype took place during the early and transitional
phases of infection, whereas few shifts occurred during persistent infection. Overall, this
work suggests that the establishment of the carrier state is not associated with specific viral
genomic characteristics. These insights into FMDV population dynamics have important
implications for virus sampling methodology and molecular epidemiology.
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Introduction

Foot-and-mouth disease (FMD) is a highly contagious viral disease that affects wild and
domestic even-toed ruminants [1, 2]. FMD is a major global concern for livestock owners and
managers, and the disease has substantial impact on regulation of international trade in animal
products [3]. The classical signs of disease include oral and pedal vesicles and erosions, often
associated with lameness, pyrexia, and obtundation [2, 4]. The causative agent, FMD virus
(FMDV) is extremely contagious and disseminates rapidly amongst susceptible animals.
Although the disease is rarely fatal, FMD-endemic regions incur substantial economic burdens
associated with production losses and disease control [5]. Sporadic outbreaks in countries that
are normally free from FMD result in costly mediations including culling of large numbers of
animals and livestock movement restrictions as well as massive economic losses due to restric-
tions on trade in animal products.

FMDV (family: Picornaviridae, genus: Aphthovirus) is a positive-sense, single-stranded
RNA virus which exists in 7 defined serotypes; O, A, C, Asia-1, and Southern African Territo-
ries (SAT) 1-3. The FMDV genome encodes a total of 15 mature proteins translated from a
single polyprotein coding region approximately 7 kilobases in length. This includes two dis-
tinct forms of Leader protease (Lpro) known as Lab and Lb initiating at different start sites [6]
and three copies of the 3B (VPg) peptide (3B1, 3B2 and 3B3) [7]. The structural proteins VP1I,
VP2, VP3, and VP4 compose the capsid, with all but VP4 serving as major antigenic targets
and taking part in receptor-mediated host cell entry [4, 8]. Positive selection has been identi-
fied predominantly within the capsid-encoding regions, leading to elevated amino acid
replacement rates [9-11].

Existing population diversity and rapid, continuous mutation of circulating FMD viruses
pose significant obstacles to its control and ultimate eradication. FMDV and other picornavi-
ruses have some of the highest mutation rates measured, at approximately one mutation per
genome per replication cycle (~7.8 X 10~ nucleotides per copy) due to a low-fidelity RNA-
dependent RNA polymerase [12-14]. Although estimates vary between studies and serotypes,
FMDV nucleotide substitution rates are generally found to be higher within-host than
between-host (transmission chains) [10, 15-17]. Furthermore, the within-host diversity of
picornavirus populations has been shown to directly correlate with pathogenicity [18, 19]. The
role of viral quasispecies swarms in the evolution of FMDYV has been thoroughly described in
tissue culture-based studies[20]; however, few studies have investigated this phenomenon in
vivo in natural hosts[21-23].

In cattle infected with FMDYV, the initial site of viral replication has been localized to focal
regions of epithelium within the nasopharyngeal mucosa [24, 25]. The acute phase of disease
lasts approximately one week, however, a substantial proportion of infected cattle become sub-
clinical long-term carriers of the virus [26-28]. In carrier cattle, virus replication is restricted
to epithelial cells of the nasopharynx [29-31]. The role of these animals in transmission of
FMDYV is controversial. However, the occurrence of FMDV carriers, particularly amongst vac-
cinated animals, has important ramifications concerning international trade and outbreak
response measures [32, 33]. The FMDYV carrier state has conventionally been defined by the
presence of infectious virus in oropharyngeal fluid (OPF) >28 days past initial infection [34].
However, recent investigations have demonstrated that animals that clear infection can be dif-
ferentiated from those that become carriers as early as 10 days post infection (dpi) for vacci-
nated and 21 dpi for non-vaccinated cattle [30, 35]. These findings have led to the definition of
the transitional phase of FMDYV infection, which corresponds to the temporal window during
which FMDV is cleared from cattle that do not become carriers [30]. Transitional phase events
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thus comprise a critical stage of FMDYV pathogenesis wherein pivotal virus-host interactions
determine the outcome of the FMDYV carrier state divergence [30, 36].

Detailed analysis of longitudinal virus samples obtained from individual hosts has increased
understanding of antigenicity and important microevolutionary processes in RNA viruses
such as hepatitis C virus and influenza virus [37-39]. A vivid example of the importance of
events that take place during chronic infection is the case of poliovirus wherein the Sabin vac-
cine strain evolved pathogenicity in a patient over time [40, 41]. Recent publications examin-
ing the full-length FMDV genome have begun to elucidate the complexities of viral population
dynamics and behavior through transmission events and within hosts [21, 23, 42, 43]. A
detailed understanding of how FMDYV changes over time both within hosts and through
chains of transmission is key to understanding its pathogenesis and epidemiology.

The central aim of this study was to characterize changes that take place within the FMDV
coding region (CDS) across all stages of infection in vaccinated and non-vaccinated cattle. The
duration and longitudinal nature of this study enabled novel characterizations of emergent
FMDYV variants as related to disease stage, vaccination status, and haplotypic linkage.

Methods
Experimental design

This investigation was based on samples collected from cattle included in a large-scale investi-
gation of the FMDV carrier state, carried out at the Plum Island Animal Disease Center, New
York. All procedures involving animals were carried out in accordance with the experimental
protocol (protocol 209-15-R) that had been approved by the Plum Island Animal Disease Cen-
ter Institutional Animal Care and Use Committee. Details of the animal experiments and sam-
ple collection have been described in previous publications [24, 30, 44]. In brief, both
vaccinated (with a recombinant adenovirus-vectored FMDV serotype A vaccine [45]) and
non-vaccinated cattle were infected with FMDV-A24 Cruzeiro through intra-nasopharyngeal
inoculation [46] and monitored for up to 35 days post infection (dpi). All animals were sub-
jected to daily clinical examinations, and analgesics and anti-inflammatory drugs (flunixinme-
glumine, 1.1-2.2mg/kg; butorphanol tartrate, 0.1 mg/kg) were administered if needed to
mitigate pain associated with severe foot-and-mouth disease. Animals were euthanized for tis-
sue harvest at pre-determined time points throughout the study by intravenous injection of
sodiumpentobarbital (86 mg/kg).

Three distinct periods were used to define the progression of infection in individual ani-
mals: early, transitional, and persistent periods, which have different temporal boundaries in
non-vaccinated and vaccinated animals. In non-vaccinated cattle, the early phase (1-9 dpi)
corresponds to the clinical phase of disease with viremia and systemic generalization of infec-
tion. These animals recover from clinical disease and either clear infection completely during
the subsequent transitional phase (10-21 dpi) or maintain a subclinical infection of the naso-
pharynx through the persistent phase (>21 dpi). All vaccinated cattle included in this investi-
gation were protected against clinical FMD and systemic infection. For vaccinated cattle, the
early phase of infection comprised primary infection of the nasopharyngeal mucosa, and asso-
ciated shedding of low quantities of virus in oral and nasal secretions. Similar to non-vacci-
nated animals, a subset of the vaccinated cattle cleared infection during the transitional phase,
which in this cohort was defined as 7-14 dpi, based on distinct infection dynamics compared
to non-vaccinated animals [30]. For both vaccinated and non-vaccinated cattle, the persistent
phase of infection (>15 dpi and >21 dpi, respectively) consisted of subclinical persistence of
infectious FMDYV in the nasopharyngeal mucosa.
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Virus inoculum

The virus inoculum used to infect cattle in the current investigation was generated from a
field-derived strain of FMDV A24 Cruzeiro, which was grown in BHK-21 cells (ATCC,
Manassas, VA) and subsequently passaged twice in cattle. In passage 1, two cattle were inocu-
lated through intra-epithelial injection in the tongue. At 48 hours post inoculation, vesicular
lesions harvested from the tongue and feet of the infected cattle were used to generate a pooled
virus suspension. This suspension was used to infect a second cohort of three cattle through
tongue inoculation. At 48 hours post inoculation, a second pooled virus suspension was gener-
ated from tongue and foot vesicles of this second cohort. This second passage suspension was
aliquoted and stored at -70°C. All cattle included in the current investigation were inoculated
with 10° BTIDs, (50% infectious doses titrated in bovine tongue epithelium) of the second pas-
sage virus.

Samples

Samples included in the analysis were either derived from live animals (antemortem: nasal
fluid, saliva, oropharyngeal fluid (OPF), serum or after euthanasia (postmortem: vesicle epithe-
lium, and nasopharyngeal tissue samples). OPF was collected using a probang cup as previ-
ously described [47]). Tissue distribution of virus was investigated in samples obtained at
necropsy examinations which were performed at predetermined experimental endpoints,
regardless of disease progression. All samples were screened for the presence of FMDYV geno-
mic RNA and infectious virus. The detailed approach and outcome of these investigations
have been previously published [24, 30, 44].

For the current investigation, fifty-two specimens from 13 cattle were selected for FMDV
sequencing and analysis (S1 Fig). These samples were selected based upon positive isolation of
FMDYV and included samples from early, transitional, and persistent phases of infection from
both vaccinated and non-vaccinated cattle. This sample set included 41 samples from live ani-
mals and 11 postmortem tissue samples.

Virus sample processing and sequencing

Each sample was passaged a single time in LEBK-ovf6 cells until cytopathic effect was
observed (maximum 72 hrs) in order to ensure sufficient virus for subsequent steps. Thirty-
two samples were sequenced using a sequence-independent single primer amplification
method using the Illumina MiSeq platform as previously described [48]. An additional twenty
samples as well as the inoculum were sequenced on the Illumina NextSeq 500. For the Next-
Seq-sequenced samples, genomic FMDV RNA was extracted using the MagMAX RNA Isola-
tion Kit (Thermo Fisher Scientific) on the KingFisher particle processor. Three overlapping
amplicons were reverse-transcribed (SuperScript III, Thermo Fisher Scientific) and synthe-
sized from genomic RNA using primer pairs TGGTGACAGGCTAAGGATG / GCCCRGGGT
TGGACTC (5-UTR- 2A), AGTGTACAACGGGACGAGTAAGTAT / TTGCTCTCTCAATGT
ACTCACTCAC (VPI1 - 3A), and TGGCAATGTTTCAGTACGACT / CGCGCCTCAGAAACAGT
(2C - 3-UTR). Amplicons were quantified using the Qubit 2.0 fluorometer / RNA BR/HS Assay
Kit (Thermo Fisher Scientific) and normalized accordingly. Libraries were constructed with the
Nextera XT DNA Library Prep Kit (FC-131-1096, Illumina, San Diego, California, USA). All
reads were finished using CLC Genomics Workbench v. 9.5 (www.qiagenbioinformatics.com),
including primer removal and quality-trimming. All reads were mapped to the FMDV-A24 Cru-
zeiro reference genome. While the average coverage for the majority of samples was >2000
reads per site across the CDS, some samples provided relatively low coverage in some regions,
particularly near the 3’-terminus, thus a minimum coverage was set at 10 reads for base calling.
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For this reason, virus consensus sequences only (10 subconsensus data) were analyzed from the
experimental animal samples. The inoculum was the only material for which deep sequencing
data was utilized.

Sequence analysis: Alignment, statistics, variation

Alignments and pairwise distances were determined in MEGA 7.0 [49] and Geneious 7.1
(www.geneious.com [50]). Substitutions (nucleotide differences) were tabulated for each sam-
pled virus consensus sequence as compared to that of the inoculum consensus. Step-wise rates
were also calculated by counting substitutions between successive samples divided by the time
elapsed between samples. Step-wise rates were averaged across groupings according to vacci-
nation status and phase of infection. For instances in which there were multiple samples from
the same animal on the same date (differing only by sample type), total substitutions were
averaged solely for rate comparisons. The CLC Genomics Workbench low frequency variant
tool was used to determine site variation present in the inoculum at or above 2% with 0.75
strand-bias filter from 10.4 million reads mapped to its own consensus (200k average and 73k
minimum coverage across the CDS).

Phylogenetic analysis

The phylogenetic relationship between consensus viruses was modeled using PhyML 2.2 soft-
ware (www.atgc-montpellier.fr/phyml, [51]). An inoculum-rooted maximum likelihood tree
was constructed from 2000 sampled trees with the parameters: consensus threshold 0.5; model
HKY98, 4-bin gamma; T's/Tv 4.

FMDYV capsid protein modeling

Homology modeling of the inoculum was performed using PDB: 1FOD template with Prime
Homology modeling module of Schrédinger Maestro v.11[52]. Residues were mutated using
Maestro workspace and structures were minimized with Prime using the VSGB solvation
model. Protein structures were rendered using Schrédinger Maestro, PYMOL and APBS
plugin for surface electrostatics. Antigenic sites (A-1 to A-5) were defined as described in Fry
et al., 2005 [53].

Results
Clinical studies

This study was based upon analyses of virus samples harvested from animals that were part of
a large-scale experimental investigation of the FMDYV carrier state divergence in cattle. The
clinical outcomes of the experiments, including monitoring of infection in live animals and
determination of the tissue distribution of virus through defined phases of infection, have been
previously published [24, 30]. In brief, vaccinated and non-vaccinated cattle were infected
with FMDV strain A24 Cruzeiro through simulated-natural inoculation and were monitored
through 35 days. All vaccinated cattle were protected from clinical FMD, whereas all non-vac-
cinated cattle developed generalized FMD within 3-5 dpi. Vaccinated cattle were all subclini-
cally infected, and the occurrence and characteristics of persistent FMDV infection were
similar between vaccinated and non-vaccinated cohorts.

Variation present in the inoculum

In order to approximate the diversity of FMDYV circulating in an outbreak, the A24 Cruzeiro
virus inoculum used to experimentally infect all animals in these experiments was composed
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of pooled virus acquired from vesicles from three cattle inoculated with the same ancestral
strain (described in methods). The heterogeneity of the inoculum was investigated with ultra-
deep sequencing of the full genomic coding region. Across 10.4 million mapped reads, the var-
iant analysis identified 33 minority nucleotide variants present between 2.1 and 48.9%, distrib-
uted at unique sites across the protein coding region in all but the shortest coding regions, 2A
and 3B (Fig 1). Limitations of sequencing methodologies (e.g. inconsistencies in coverage) dic-
tated that consensus-level investigation of virus samples would be the most appropriate level at
which to analyze genetic data. In total, 20 (60.6%) of inoculum subconsensus variants subse-
quently emerged as the majority (consensus) in viral isolates from animal samples within this
study. Based upon phylogenetic relationships of the consensus sequences from animals’ sam-
ples and synchronous nucleotide changes, distinct clades were inferred within the inoculum
(see Results: Phylogenetic Associations). The clade-characteristic single nucleotide polymor-
phisms (SNPs) present within the subconsensus variation of this complex inoculum were con-
sidered to have greater diversity than could be attributed to a conventional quasispecies
swarm. On this basis, the heterogeneous inoculum is described herein as a super-swarm in
order to illustrate the constituent complexity derived from several individual swarms (Fig 1).

Region-specific comparisons of nucleotide substitutions

Consensus-level nucleotide changes were characterized in 52 virus samples obtained from 13
experimentally infected cattle (7 non-vaccinated and 6 vaccinated), through the experimental
period which lasted up to 35 days. A subset of animals was euthanized for harvest of tissue
samples at pre-determined time points during early and transitional phases of infection and
therefore did not contribute to the investigation of persistent phase viruses. Samples included
in the analysis were nasal fluid, saliva, oropharyngeal fluid (OPF), serum, vesicle epithelium,
and nasopharyngeal tissue samples. Comparing the 52 consensus-level virus sequences to the
parental inoculum consensus sequence revealed 545 total nucleotide changes distributed
across 168 sites, with at least one substitution in each viral protein’s coding sequence (Table 1).
The coding sequences for capsid proteins VP3 and VP1 had the highest proportions of substi-
tuted sites at 3.8 and 3.5%, respectively (Table 1). Additionally, VP3 and VP1 contained the
highest numbers of nonsynonymous changes and each coding region contained two codons
with nonsynonymous changes at different codon positions. Multiple amino acid substitutions
were found in capsid coding regions of all serially sampled animals. The lowest proportion of
nucleotide change occurred in VP4 (0.4%) and 3D (1.6%).

Sequence alignment

The consensus virus sequences obtained within the first five days of infection (acute phase)
were highly similar to the inoculum consensus. Substitutions in these early phase samples were
largely shared across multiple animals and all early phase shared substitutions were present at
frequencies greater than 5% in the inoculum (Fig 1 and S1 Fig). For example, inoculum sub-
consensus variants T1617C and G1903A were each identified at consensus level in the earliest
samples in 4 different animals, whereas variants A1755T, C1767T, and C2615T were each pres-
ent in the earliest consensus viruses from 11 of the 13 total hosts (S1 Fig). At later stages of dis-
ease, most new consensus-level changes present in samples were not among those detected at
subconsensus level in the inoculum (>2%) (Fig 1 and S1 Fig). The general trend across sample
consensuses was an increased divergence from the inoculum over time; however, this did not
occur consistently in all animals (Fig 2A and S1 Fig).
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G;r;ci)‘r::c Site Prsoi::m Reference Minority Change Minority % S::‘[')]Ite ﬁ';'::‘atl h I::es::‘%
Lpro 65 22 T C L-+P 44 - -
Lpro 234 & T syn 24 2 2 L1
VP4 726 T C syn 6.2 - -
VP2 o72 A G syn 29 2 2 ||
VP2 1,311 A G syn 2.3 - -
VP2 1372 172 A c K-Q 30 - -
VP2 1425 c T syn 105 3 2 0
VP2 1435 A G syn 10.4 - -
VP3 1599 G A syn 2538 3 1
VP3 1617 T c syn 285 8 |
VP3 1755 A T syn 478 40 11
VP3 1767 c T syn 489 41 11
VP3 1,893 A G syn 4.0 - -
VP3 1903 131 G A E-K 23.0 8 |
VP1 2241 A G syn 19.1 15 5 I
VP1 2300 42 T e =T 35 - -
VP1 2615 147 = T T+M 475 41 11 |
VP1 2639 155 T e VoA 33 2 1
2B 3,000 A G syn 3.2 - -
2B 3,021 T C syn 55 -
2C 3,615 C T syn 4.3 - -
2C 4,137 & T syn 18.7 15 5
2C 4171 283 G A VoM 476 16 6
3A 4628 117 G A S=N 232 8 5
3A 4684 136 A G N-D 36.5 24 8
3C 5148 66 g A D-E 10.1 5 5
3C 5319 T c syn 24 3 3
3D 5960 124 A G Q-R 50 - -
3D 6,435 A G syn 10.2 : -
3D 6,517 T C syn 3.0 3 3
3D 6,606 T c syn 58 5 3
3D 6,717 T C syn 22 - -
3D 6819 T C syn 27 9 5 I I

Fig 1. Subconsensus variants present above 2% frequency in inoculum ultra-deep sequencing. Reference is the consensus sequence of the
inoculum and minority represents the polymorphic base at each site. Nucleotide variation was not detected in inoculum 2A and 3B1-3 coding
regions. Sample count indicates the number of sample consensus sequences (of 52 total) that encoded each nucleotide found at the minority
(2-49%) level in the inoculum deep sequence. Animal count indicates the number of individual hosts that provided sequences with these
variants of the 13 total. If no value is indicated (-), no sample sequence encoded the inoculum’s minority nucleotide at the consensus level.

Roman numerals and colors indicate the presence of each specific site change in at least one clade member as described in Results:

Phylogenetic Associations.

https://doi.org/10.1371/journal.pone.0210847.9001

Table 1. Distribution of consensus-level nucleotide substitutions in sample viruses across the FMDV coding region in 52 sampled viruses.

Lpro | VP4 | VP2 | VP3 | VP1 2A 2B 2C 3A 3B 3C 3D Structural | Nonstructural | Total
Total Subs 22 1 34 134 107 3 20 88 46 16 25 49 276 269 545
# Loci 14 1 17 25 22 1 10 25 13 5 13 22 65 103 168
% of Region(s) 2.3 0.4 2.6 3.8 3.5 1.9 2.2 2.6 2.8 2.3 2.0 1.6 2.9 2.1 24
Synon. 7 1 11 15 8 0 9 17 6 4 11 17 35 71 106
Nonsyn. 7 0 6 10 14 1 1 8 7 1 2 5 30 32 62
% Nonsyn. 50.0 0.0 353 40.0 63.6 1000 | 10.0 | 32.0 | 538 | 20.0 | 154 | 227 46.2 31.1 36.9

Each site encoding a different nucleotide from the inoculum consensus was tallied. Total Subs is the aggregate substitution count across all 52 samples. Other measures

are based on the number of different divergent sites and the nature of the changes observed at those loci. For 3B, the tandem peptide coding regions were counted as

different regions (3B1, 3B2, and 3B3), subsequently compiled into a single column identified as 3B.

https://doi.org/10.1371/journal.pone.0210847.t001
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Fig 2. FMD virus change over the course of infection. a) The total number of nucleotide substitutions present at the consensus level at
each sampled time point compared to inoculum consensus b) Step-wise changes per day. The number of substitutions (nucleotide
differences between each sample consensus and the previous sample consensus) divided by the number of elapsed days between samples
plotted against each sample time since initial infection. Values from concurrent samples from the same animal (different tissues) were
averaged. Overlapping data points were slightly offset for clarity. Early, Transitional, and Persistent phases of infection are described in

methods.

https://doi.org/10.1371/journal.pone.0210847.9002

Nucleotide substitutions over time

Quantitation of consensus-level nucleotide changes within each animal during infection as
compared with the inoculum consensus indicated a variable, but overall positive slope of
sequence change over time (Fig 2A). However, reversions (down-turning curves) were com-
mon and occurred at least once in four of the seven serially-sampled animals. In order to
account for potential bottleneck events and adjust for elapsed time between samplings, nucleo-
tide changes from sample to sample over elapsed time were also plotted (Fig 2B). While the
sequences almost always differed at multiple sites between sampling dates, the rates of change
were relatively stable in vaccinated hosts over time as compared to non-vaccinated. Averaged
substitution rates from sequential samples within the distinct phases of disease demonstrated
that non-vaccinated animals had higher rates of sequence change compared to vaccinated ani-
mals during early (0.24 vs. 0.08 substitutions/site/year) and transitional (0.17 vs. 0.09 subs/site/
yr) phases (Table 2), though these differences were not statistically significant. During the per-
sistent phase, the substitution rates were similar for non-vaccinated and vaccinated cohorts
(0.11 versus 0.10 subs/site/yr). A gradual accrual of substitutions, consistent with canonical
evolutionary processes, was commonly observed as demonstrated by animal 14-34 between
17dpi-35dpi and animal 14-110 from 21dpi-35dpi (Fig 2A). However, the unprecedented
rates as measured alongside substitution patterns between consecutive samples consisting of
synchronous changes across the genome suggested a process that was more complex than
independent nucleotide substitution. Specifically, sample-to-sample substitution patterns that
represented irregular jumps in substitution rates (Fig 2) were highly suggestive of linkage
between variant nucleotides representing distinct genotypes. The rapidity and scope of this
phenomenon were exemplified in animal 14-34, where 17 nucleotide changes in 7 protein
coding regions, spanning Lpro to 3D, differed at the consensus level within a 24-hour period
(6 to 7 dpi; Fig 2 and S1 Fig). Subsequently, a set of 17 (mostly revertant) nucleotide changes
differed between 9 and 17 dpi in this same animal, suggesting shifts in dominance between
variant viral genomes.

Phylogenetic associations

Phylogenetic analysis led to delineation of seven distinct clades (I-VII, Fig 3). A unique set of
variant nucleotides defined each clade with a minimum of 2 substitutions differentiating clades

Table 2. Nucleotide substitution rates averaged across non-vaccinated and vaccinated cattle.

Substitutions /day
Substitutions /site /day

Substitutions /site /year

Substitutions /day
Substitutions /site /day

Substitutions /site /year

https://doi.org/10.1371/journal.pone.0210847.t002

Early Transitional Persistent

Average Substitution Rate—Non-vaccinated Cattle

4.55 3.22 2.02
6.49x107* 4.60x107* 2.88x107*
237x107" 1.68x 107" 1.05x107"
Average Substitution Rate—Vaccinated Cattle
1.48 1.73 1.93
211x107* 247x107* 2.75x107*
7.71x1072 9.01x1072 1.00x 107"
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Fig 3. Phylogenetic relationships between sampled virus consensuses. An inoculum-rooted maximum likelihood tree was created
using PhyML. Branch lengths are proportional to nucleotide differences. Clades have been delineated based upon the clusters present
here. Abbreviations: dpi-days post-infection, Na-nasal secretion, Np-nasopharyngeal tissue, OPF-oropharyngeal fluid, Sa-saliva, Se—

serum, Ves—epithelial vesicle.

https://doi.org/10.1371/journal.pone.0210847.9003

IV, VI, or VII (red, purple, and pink) and a maximum of 8 nucleotide changes differentiating
clade ITI members (green) from all other viruses. Importantly, the clade-characterizing nucleo-
tide changes identified in the animal samples were also present as subconsensus variants
within the inoculum, wherein they averaged 27.2% frequency (2.4-48.9%) (Fig 1). As expected,
when using the inoculum as the root, the earliest sampled virus sequences were basal, while
later samples tended to lay furthest from the root. Yet, there were numerous outliers such as
the 10 dpi nasopharyngeal tissue sample from animal 14-49 and the 8 dpi saliva sample from
animal 14-34 (both in clade III), for which the long branch lengths indicated that substantial
changes occurred at these intermediate time points. Viruses were initially expected to cluster
according to individual animal IDs, with sequential progression of divergence and later sam-
ples descending from earlier in-host viruses. However, that pattern was not consistent. Instead,

virus samples were often found to share a closer phylogenetic relationship with those obtained
from other animals (Fig 3). For example, clades I and V include viruses derived from 4 and 5

different hosts, respectively.
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Clade shifts within animals

A clade shift was defined by the consensus sequence obtained at a given time point sharing a
closer phylogenetic relationship to a different group of viruses as compared to the preceding
sample from the same animal. Clade shifts took place in all serially-sampled cattle except ani-
mal 15-54, from which only three samples from the transitional and persistent phase were
available for analysis. There were also instances of viruses of different clades coexisting in dis-
tinct samples collected at the same time point from an individual host (e.g. 14-25 at 3 dpi; Fig
4). However, there was no consistent pattern of association between the sample type and the
clade of virus identified (Fig 4). Interestingly, clade reversion (return of a clade previously
dominant within the same host) only occurred in vaccinated animals (animals 15-12 and 15-
13); thus, in non-vaccinated animals, once a clade was cleared to below consensus, it did not
return within the course of the study. There was no clear trend for any specific clade to domi-
nate early infection. Rather, viruses belonging to five of the seven clades were identified in
samples collected from the earliest samples (Fig 4).

There were several unique attributes to the clade shifts that occurred during the transitional
phase of infection. Overall, there was a relatively high quantity of clade shifts during this
period; all 7 clades and every animal sampled during this period manifested at least one clade
shift. Clades III and VI were only detected during a relatively small temporal window spanning
the end of the early phase through the transitional phase of infection; both of these clades were
extinguished during the transitional phase. There was a strong tendency for consensus virus
sequences not to undergo clade shifts during the persistent phase; however, individual consen-
sus nucleotide changes continued throughout this period and were substantial in some animals
(Figs 2 and 4). Only two clade shifts were identified during the persistent phase of infection,
and both occurred in (vaccinated) animal 15-13 which had a shift from clade V to I and then
back to V (Fig 4). Although 5 of the 7 clades were identified during persistent infection, clade
V was ultimately overrepresented in the final 35 dpi samples, present at the consensus level in
3 of the 5 cattle sampled at this late time point.

Structural analysis

The FMDV capsid surface proteins VP3, VP2 and VP1 contain several well defined antigenic
sites that are targeted by the antibody-mediated host response. Modeling and structural analy-
sis of the virus capsid was performed in order to correlate viral genomic changes with associ-
ated changes in virus capsid structure. This investigation focused on the detection of amino
acid substitutions present at sites, previously determined to be antigenically significant [53].
Structural modeling of the FMDV-A,, Cruzeiro capsid protomer including proteins VP1,
VP2, and VP3 indicated that major antigenic sites and adjacent regions harbored a substantial
proportion of variable residues (Table 3, Fig 5). As VP4 lines the capsid interior, it was
excluded from this part of the analysis. The two most common amino acid substitutions that
became fixed in the animal samples were in VP1 sites 144 and 147 (Table 3). Notably, these
amino acid residues are within the receptor-binding site in the antigenically dominant G-H
loop of VP1[54, 55] (Fig 5) and were also observed to be variable in a related study in which
the same inoculum was used [56]. A threonine to methionine substitution at VP1 site 147 was
the most frequently observed amino acid change (Table 3). This substitution preserves the
local hydrophobic pocket that is important for host receptor binding and antibody neutraliza-
tion (Fig 5B). Deep sequencing of the inoculum virus indicated that methionine was present at
this position at a frequency of 47.5% prior to exposure to animals, which may account for this
commonly observed substitution. In contrast to this finding at VP1 147, arginine at VP1 144
was present at <2% frequency in the inoculum, yet a serine to arginine substitution at this
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Fig 4. Consensus virus identity across infection. Boxes along each animal’s timeline indicates a virus sample. Colors and associated Roman numerals
indicate clades based on inferred phylogenetic relationships (see Fig 4). Inoculum at left has been hypothesized as the source of the seven variant viruses
detected. Abbreviations: DPI-days post-infection, Na-nasal secretion, Np-nasopharyngeal tissue (necropsy), OPF-oropharyngeal fluid (probang cup sample),
Sa-saliva, Se-serum, Ves—epithelial vesicle. Three phases of FMDV infection were used to define progression of infection in individual animals: early,
transitional, and persistent periods; temporal boundaries for the phases differ in vaccinated and non-vaccinated animals, as described in methods.

https://doi.org/10.1371/journal.pone.0210847.9004

position was found in 20 out of the 52 sampled viruses, all obtained >7 dpi (Table 3). Other
substitutions that occurred at sites adjacent to antigenically relevant locations and were found
in samples from multiple animals were threonine to lysine at VP3 175 (Fig 5A and 5C) and
glutamic acid to lysine or glycine at VP3 131 (Fig 5A). The VP3 T175K substitution was pres-
ent only in clade VI viruses and was found in samples from animals 15-12 and 15-14 during
early infection. Interestingly, the VP1 S144R and VP3 T175K substitutions did not co-exist in
any haplotype (Table 3), suggesting that the lysine at VP3 175 may represent an accommoda-
tion to the atypical serine at VP1 144 that was present in the inoculum and the majority of
early phase animal samples. VP1 199 is located at the VP1 C-terminus (Fig 5A and 5D) and
has also been identified as critical for integrin binding [57]. An aspartic acid to glycine substi-
tution at this position was found in two samples obtained at 10 and 14 dpi, respectively. This
D199G substitution causes a loss of local hydrogen bonding (Fig 5D) and can affect the
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Table 3. Amino acid substitutions in FMDYV capsid surface proteins.
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Table 3. (Continued)

VP2
Regional enum. 44 | 82 | 88 | 101 | 131
Antigenic site A2
Inoculum A | E M E
15-12 28 dpi OPF
15-12 35 dpi OPF
15-13 7 dpi OPF
15-13 14 dpi OPF
15-13 21 dpi OPF
15-13 28 dpi OPF
15-13 35 dpi OPF G
15-14 5 dpi Na T
15-14 17 dpi OPF
15-14 28 dpi OPF

z |z |z

VP3 VP1
195 | 70 | 75 | 99 | 131 | 139 | 175 | 179 | 190 | 28 | 32 | 96 | 144 | 147 | 155 | 160 | 196 | 197 | 199
Al Al Al | Al Al
A | D|A|T E R T I I H|I S S T A% A S S D
M A
M A
K M
G M G
K M
K M
G M
K M
\% \% R M
R M

dpi: days post infection. Np: nasopharyngeal tissue. Ves: vesicular epithelium. Sa: saliva, Se: serum, Na: nasal fluid, OPF: oropharyngeal fluid. Antigenic sites A1 and A2

are as annotated in Fig 5.

https://doi.org/10.1371/journal.pone.0210847.t003

conformation and surface charge of the antigenically critical VP1 C-terminus (Fig 5E, middle
panel). Other substitutions with potential influence on the capsid structure were VP2 residues
82, 88, and 131. Substitutions that occurred at these sites were transient and disappeared dur-
ing later stages of infection, highlighting the dynamic nature of virus evolution and host
pressure.

Discussion

In order to investigate FMDYV evolution within natural hosts, cattle were experimentally
infected with a complex, heterogeneous inoculum by a simulated natural route, after which
progeny virus samples were collected over the course of 35 days post inoculation. Analysis of
the virus consensus sequences obtained during different phases of infection suggested that at
least two distinct processes contribute to within-host FMDV genomic changes: 1) conven-
tional molecular evolution characterized by selection acting upon individual, de novo nucleo-
tide substitutions and/or resultant amino acid changes, and 2) emergence and regression of
full-genome minority haplogroup members over the course of infection.

The current study provides a detailed demonstration of the phenomenon of the multiplicity
of founding infections and emergence of subconsensus variants as a common mechanism of
FMDYV evolution in natural hosts through all stages of infection. These data also demonstrate
that consensus-level nucleotide changes detected during early infection were predominantly
present at the subconsensus level in the inoculum. The frequent haplotype shift observed
within hosts is consistent with previous investigations of FMDV molecular evolution that have
demonstrated that multiple divergent genotypes can be maintained within a host for extended
periods of time. Specifically, strong evidence has been presented of distinct FMDV subpopula-
tion co-existence in water buffalo (Bubalus bubalis) [15, 58] and cattle [59] during persistent
infection. Similarly, African Cape buffalo (Syncerus caffer) can simultaneously carry up to
three FMDV serotypes for as long as 185 days after initial infection [60]. Experimental studies
have demonstrated that some degree of FMDV population diversity was maintained through
transmission chains with specific variants reaching consensus in different acute-phase samples
[21, 42, 56, 61]. Recombination between FMDV genomes has also been demonstrated as a
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Fig 5. Consensus virus identity across infection. Boxes along each animal’s timeline indicates a virus sample. Colors and associated Roman numerals
indicate clades based on inferred phylogenetic relationships (see Fig 4). Inoculum at left has been hypothesized as the source of the seven variant viruses
detected. Abbreviations: DPI-days post-infection, Na-nasal secretion, Np-nasopharyngeal tissue (necropsy), OPF-oropharyngeal fluid (probang cup sample),
Sa-saliva, Se-serum, Ves—epithelial vesicle. Three phases of FMDV infection were used to define progression of infection in individual animals: early,
transitional, and persistent periods; temporal boundaries for the phases differ in vaccinated and non-vaccinated animals, as described in methods.

https://doi.org/10.1371/journal.pone.0210847.9005

mechanism of FMDYV evolution [62-65]. Unfortunately, the viruses in the present study were
not divergent enough to discern this phenomenon with confidence.

In the current study, the diverse virus subgroups present in the inoculum established multi-
ple founder infections and individual haplotypes subsequently emerged at the consensus level
at different times in different hosts. Phylogenetic analysis placed viruses from different animals
into shared clades, supporting the hypothesis that these viruses (clade members) shared a hap-
lotypic ancestry present in the inoculum. If this phylogeny had occurred purely by drift and
selection of non-linked nucleotide differences, the boundaries of each clade would be expected
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to be largely defined by substitutions unique to each animal. In contrast, 5 of the 7 clades con-
tained viruses sampled from multiple animals.

Comparing virus isolates collected at the same time and from the same animal but from dif-
ferent anatomic locations provided examples of 3 distinct phenomena of within-host diversity:
1) identical consensus sequences across samples, 2) within-clade divergent sequences, and 3)
viruses belonging to different clades. This range of possibilities demonstrates that at any spe-
cific time during infection, the virus population was evolving at both the individual nucleotide
and haplotypic levels and that this evolution occurred independently at different sites within
the same animal. The observed phenomenon of within-host diversity may have implications
for various aspects of pathogenesis and transmission. In particular, chains of transmission may
be affected, since only viruses at certain locations are likely to be directly transmitted to other
animals (e.g. nasal swabs and lesions, but not serum or OPF). The detection of distinct clades
in different samples from the same animal at the same time point suggests that independent
viral evolution may occur concurrently at various sites. However, failure to obtain sequence
from all sample types at all time points limited this aspect of the investigation.

This investigation included samples from both vaccinated and non-vaccinated cattle. As
previously reported [30], there were striking differences in infection dynamics between the
two cohorts; while all non-vaccinated animals had a phase of fulminant clinical disease with
systemic generalization, infection in vaccinated cattle was subclinical and restricted to the
upper respiratory tract. These differences in infection dynamics correlated with contrasting
evolutionary processes taking place in the different cohorts of cattle. While the substitution
rates measured in the present study were not interpreted as representing novel or fixed muta-
tions, these computations allowed for comparisons across disease phases and vaccination sta-
tus. Collectively, the virus substitution rate in non-vaccinated cattle was relatively high during
early infection and decreased through disease progression. Contrastingly, in vaccinated cattle,
the substitution rate was lower and relatively unchanged across progressing phases of disease.
Although multiple instances of re-emergence of specific clades were found within the vacci-
nated animals, this phenomenon could not be inferred in the non-vaccinated cohort. This
superiority of clade-specific clearance in non-vaccinated animals may reflect differences in the
host immune response during early [24] or late [30, 36] infection. One possible explanation is
that a primed immune response in vaccinated animals led to fewer clades successfully seeding
infection (i.e. tighter bottleneck).

It is likely that both evolutionary processes (clade emergence and within-clade evolution)
are ultimately influenced by host immune factors acting upon the viruses’ intrinsic abilities to
evade such pressures. In general, the higher proportion of substitutions, especially non-synon-
ymous changes, present in structural protein coding regions as compared to non-structural
regions (Table 1) suggests that conventional immunological pressures influence within-host
virus evolution. These observations are consistent with the concept of molecular memory
which suggests that the viral swarm retains previously adapted (e.g. escape mutant) viruses at
low frequencies as an explanation for the observed complexity of FMDV populations [20, 66,
67].

One of the intentions of this study was to investigate viral genomic changes associated with
different phases of infection defined as early, transitional, and carrier (persistent) phases. Con-
sensus viruses sampled during early infection were notably diverse in their clade associations,
which is of specific relevance as this is when infected animals are most contagious and likely to
transmit disease [68, 69]. The vast majority of early consensus-level nucleotide changes corre-
sponded to variants that were present at subconsensus level in the inoculum. This illustrates
that the diversity present in the primary infecting virus population has a substantial effect
upon the nature of the founding infection(s), further suggesting that the role of immune-
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driven selection is less influential than stochastic processes in the very early stages of FMDV
pathogenesis.

The transitional phase of infection is the period during which animals either successfully
clear the virus or develop into persistently infected carriers [30]. Therefore, this specific period
is of particular interest due to the potentially significant selective pressures by the host immune
response. FMDYV clade shifts occurred in every animal in the present study that was sampled
through the transitional phase of infection. Recent investigations have suggested that virus
clearance is associated with an activated cellular immune response [36, 44]. It is possible that
transitional phase clade shifts are a result of this activated host response, and that virus popula-
tions unable to effectively evade this pressure are those that allow for complete clearance. Con-
trastingly, clade shifts were largely absent during persistent infection. This finding also may
relate to the recent finding that cell-mediated killing as well as inflammatory- and apoptotic
pathways are reduced in carrier cattle [36, 44], potentially facilitating the stabilization of sur-
viving virus populations.

The limited but clear emergence of amino acid substitutions within, and near, well-defined
antigenic epitopes in the virus capsid inspired the analysis of capsid structural changes. Pre-
sumably, the strong selective pressure exerted by the adaptive immune response selects for epi-
tope escape variants. Most of these substitutions occurred in different clade backgrounds
which also suggests selective pressure dominating over stochastic drift. However, the only cap-
sid substitutions that were detected earlier than 5 dpi were pre-existent variants that were pres-
ent in the inoculum at high frequencies (nt positions 1903 (VP3 131) and 2615 (VP1 147) at
23.0% at 47.5%, respectively), suggesting a delay in mutation-evasion. Three of the amino acid
substitutions that occurred within receptor-binding domains, namely VP1 144, VP1 199 and
VP3 175 encoded qualitatively divergent amino acids, thereby drastically impacting local non-
covalent bonding. This suggests that strong selection related to host cell entry may be driving
these changes. The serine to arginine substitution at VP1 144 was found in all samples
obtained later than 10 dpi from non-vaccinated animals, and in 2 out of 4 vaccinated animals
that were followed through to the persistent phase of infection. Consequently, serine at VP1
144, which was present at a frequency over 98% in the inoculum, was maintained through to
the persistent phase of infection in only two vaccinated animals. This VP1 S144R change arose
in the background of clades I-V by way of two different codon mutations, strongly suggesting
that arginine is advantageous at this position. This is also consistent with most wild-type
FMDV sequences, which overwhelmingly contain arginine at this position [70]. The dynamic
appearance and disappearance virus populations coupled with substitutions at the major anti-
genic sites suggests the existence of an antigenic selection process during long-term (persis-
tent) infection. Additional investigations aimed at providing a comprehensive analysis of
FMDYV structural adaptations are ongoing.

It is possible that some of the output of the present study was affected by technical limita-
tions associated with sample collection and data acquisition. A specific challenge for some
samples was difficulty in obtaining sufficient viral RNA for sequence acquisition without a
cell-passage step [24, 30]. Additionally, suboptimal depth of sequence coverage in some
regions may have influenced consensus-level base determinations. However, the majority of
the genome had substantial depth of coverage (hundreds or thousands of reads) and it is likely
that the low coverage in problem regions (e.g. near 3’-UTR) did not affect the overall inference
of phylogenetic relationships (clade groupings). Furthermore, resequencing with either
improved coverage or non-passaged virus tended to produce identical consensus-level
sequence across the CDS (data not shown). While it remains a limitation of this study that the
consensus-level sequences may not accurately represent the dominant genomic form present
in the sample, the frequent observation of identical sequences between samples from different
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hosts, times and sample types strongly supports their fidelity. Additionally, important aspects
of FMDV evolution may also be encoded by the UTRs that were not sequenced in this study
due to technical limitations. Further investigations of sample deep sequence across the entire
FMDYV genome are underway, aimed at characterizing these virus populations in greater
resolution.

Conclusions

This investigation was the first study to evaluate the full FMDV coding sequence across multi-
ple animals through several distinct stages of infection in a natural host species. Characteriza-
tion of consensus viruses in animal samples indicated dynamic patterns of emergence of pre-
existing minority virus haplotypes (clade shifts). These clade shifts were responsible for the
majority of consensus-level changes in multiple sample types. However, individual nucleotide
substitutions, not otherwise associated with particular ancestral genotypes also occurred, pre-
sumably through point mutation. In every animal, the transitional phase of infection included
a clade shift, whereas few clade shifts occurred during persistent infection, despite ongoing
genomic changes. Overall, the data presented herein suggest that substantially different immu-
nological, virological, and pathological selective processes occur during distinct phases of
FMDYV infection. More specifically, these findings suggest that the combination of host selec-
tive pressures and viral evolutionary mechanisms which enable the establishment of FMDV
persistent infection may be distinct from the processes which allow maintenance of
persistence.

Supporting information

S1 Fig. Alignment of 52 consensus virus sequences with inoculum consensus as reference.
(PDF)

Acknowledgments

The authors would like to thank EJ Hartwig, GR Smoliga, and BP Brito for support in sample
preparation and sequence finishing as well as WM Fischer for helpful insights. IF is a recipient
of a Plum Island Animal Disease Center Research Participation program fellowship, adminis-
tered by Oak Ridge Institute for Science and Education (ORISE) through an interagency
agreement with the US Department of Energy.

Author Contributions
Conceptualization: Jonathan Arzt, Luis L. Rodriguez, Carolina Stenfeldt.
Data curation: Ian Fish, Steven J. Pauszek, Shannon L. Johnson.

Formal analysis: [an Fish, Shannon L. Johnson, Patrick S. Chain, Devendra K. Rai, Tony L.
Goldberg.

Funding acquisition: Jonathan Arzt, Luis L. Rodriguez.

Investigation: Jonathan Arzt, lan Fish, Steven J. Pauszek, Patrick S. Chain, Devendra K. Rai,
Elizabeth Rieder, Tony L. Goldberg, Carolina Stenfeldt.

Methodology: Ian Fish, Steven J. Pauszek, Shannon L. Johnson, Patrick S. Chain, Devendra K.
Rai, Elizabeth Rieder, Tony L. Goldberg.

Project administration: Jonathan Arzt.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210847  April 25, 2019 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210847.s001
https://doi.org/10.1371/journal.pone.0210847

@ PLOS|ONE

FMDYV evolution in cattle

Resources: Jonathan Arzt.

Supervision: Jonathan Arzt, Elizabeth Rieder, Luis L. Rodriguez, Carolina Stenfeldt.

Validation: Steven J. Pauszek, Patrick S. Chain, Tony L. Goldberg.

Visualization: Ian Fish.

Writing - original draft: Jonathan Arzt, Ian Fish, Carolina Stenfeldt.

Writing - review & editing: Jonathan Arzt, Ian Fish, Steven J. Pauszek, Shannon L. Johnson,

Patrick S. Chain, Devendra K. Rai, Elizabeth Rieder, Tony L. Goldberg, Luis L. Rodriguez,
Carolina Stenfeldt.

References

1.

10.

1.

12

13.

14.

15.

Alexandersen S, Zhang Z, Donaldson Al, Garland AJM. The pathogenesis and diagnosis of foot-and-
mouth disease. J Comp Pathol. 2003; 129(1):1-36. PMID: 12859905

Arzt J, Baxt B, Grubman MJ, Jackson T, Juleff N, Rhyan J, et al. The pathogenesis of foot-and-mouth
disease lI: viral pathways in swine, small ruminants, and wildlife; myotropism, chronic syndromes, and
molecular virus-host interactions. Transbound Emerg Dis. 2011; 58(4):305-26. Epub 2011/06/16.
https://doi.org/10.1111/j.1865-1682.2011.01236.x PMID: 21672184.

Knight-dones TJ, Rushton J. The economic impacts of foot and mouth disease—what are they, how big
are they and where do they occur? Prev Vet Med. 2013; 112(3—4):161-73. https://doi.org/10.1016/j.
prevetmed.2013.07.013 PMID: 23958457; PubMed Central PMCID: PMCPMC3989032.

Grubman MJ, Baxt B. Foot-and-mouth disease. Clin Microbiol Rev. 2004; 17(2):465-93. https://doi.org/
10.1128/CMR.17.2.465-493.2004 PMID: 15084510.

Knight-Jones TJ, Robinson L, Charleston B, Rodriguez LL, Gay CG, Sumption KJ, et al. Global Foot-
and-Mouth Disease Research Update and Gap Analysis: 2—Epidemiology, Wildlife and Economics.
Transbound Emerg Dis. 2016; 63 Suppl 1:14-29. https://doi.org/10.1111/tbed.12522 PMID: 27320163.

Belsham GJ. Influence of the Leader protein coding region of foot-and-mouth disease virus on virus rep-
lication. J Gen Virol. 2013; 94(Pt 7):1486-95. Epub 2013/03/22. https://doi.org/10.1099/vir.0.052126-0
PMID: 23515027.

Mason PW, Grubman MJ, Baxt B. Molecular basis of pathogenesis of FMDV. Virus Res. 2003; 91(1):9—
32. PMID: 12527435.

Han SC, Guo HC, Sun SQ. Three-dimensional structure of foot-and-mouth disease virus and its biologi-
cal functions. Arch Virol. 2015; 160(1):1—16. https://doi.org/10.1007/s00705-014-2278-x PMID:
25377637.

Mittal M, Tosh C, Hemadri D, Sanyal A, Bandyopadhyay SK. Phylogeny, genome evolution, and anti-
genic variability among endemic foot-and-mouth disease virus type A isolates from India. Arch Virol.
2005; 150(5):911-28. https://doi.org/10.1007/s00705-004-0469-6 PMID: 15662482.

Carrillo C, Lu Z, Borca MV, Vagnozzi A, Kutish GF, Rock DL. Genetic and phenotypic variation of foot-
and-mouth disease virus during serial passages in a natural host. J Virol. 2007; 81(20):11341-51.
https://doi.org/10.1128/JV1.00930-07 PMID: 17686868; PubMed Central PMCID: PMCPMC2045514.

Tully DC, Fares MA. The tale of a modern animal plague: tracing the evolutionary history and determin-
ing the time-scale for foot and mouth disease virus. Virology. 2008; 382(2):250-6. https://doi.org/10.
1016/j.virol.2008.09.011 PMID: 18945462.

Drake JW, Holland JJ. Mutation rates among RNA viruses. Proc Natl Acad Sci USA. 1999; 96
(24):13910-3. PMID: 10570172.

Duffy S, Shackelton LA, Holmes EC. Rates of evolutionary change in viruses: patterns and determi-
nants. Nat Rev Genet. 2008; 9(4):267-76. https://doi.org/10.1038/nrg2323 PMID: 18319742.

Wright CF, Morelli MJ, Thebaud G, Knowles NJ, Herzyk P, Paton DJ, et al. Beyond the consensus: dis-
secting within-host viral population diversity of foot-and-mouth disease virus by using next-generation
genome sequencing. J Virol. 2011; 85(5):2266—75. https://doi.org/10.1128/JV1.01396-10 PMID:
21159860; PubMed Central PMCID: PMCPMC3067773.

Barros JJ, Malirat V, Rebello MA, Costa EV, Bergmann |IE. Genetic variation of foot-and-mouth disease
virus isolates recovered from persistently infected water buffalo (Bubalus bubalis). Vet Microbiol. 2007;
120(1-2):50-62. https://doi.org/10.1016/j.vetmic.2006.10.023 PMID: 17113729.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210847  April 25, 2019 19/22


http://www.ncbi.nlm.nih.gov/pubmed/12859905
https://doi.org/10.1111/j.1865-1682.2011.01236.x
http://www.ncbi.nlm.nih.gov/pubmed/21672184
https://doi.org/10.1016/j.prevetmed.2013.07.013
https://doi.org/10.1016/j.prevetmed.2013.07.013
http://www.ncbi.nlm.nih.gov/pubmed/23958457
https://doi.org/10.1128/CMR.17.2.465-493.2004
https://doi.org/10.1128/CMR.17.2.465-493.2004
http://www.ncbi.nlm.nih.gov/pubmed/15084510
https://doi.org/10.1111/tbed.12522
http://www.ncbi.nlm.nih.gov/pubmed/27320163
https://doi.org/10.1099/vir.0.052126-0
http://www.ncbi.nlm.nih.gov/pubmed/23515027
http://www.ncbi.nlm.nih.gov/pubmed/12527435
https://doi.org/10.1007/s00705-014-2278-x
http://www.ncbi.nlm.nih.gov/pubmed/25377637
https://doi.org/10.1007/s00705-004-0469-6
http://www.ncbi.nlm.nih.gov/pubmed/15662482
https://doi.org/10.1128/JVI.00930-07
http://www.ncbi.nlm.nih.gov/pubmed/17686868
https://doi.org/10.1016/j.virol.2008.09.011
https://doi.org/10.1016/j.virol.2008.09.011
http://www.ncbi.nlm.nih.gov/pubmed/18945462
http://www.ncbi.nlm.nih.gov/pubmed/10570172
https://doi.org/10.1038/nrg2323
http://www.ncbi.nlm.nih.gov/pubmed/18319742
https://doi.org/10.1128/JVI.01396-10
http://www.ncbi.nlm.nih.gov/pubmed/21159860
https://doi.org/10.1016/j.vetmic.2006.10.023
http://www.ncbi.nlm.nih.gov/pubmed/17113729
https://doi.org/10.1371/journal.pone.0210847

@ PLOS|ONE

FMDYV evolution in cattle

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Valdazo-Gonzalez B, Kim JT, Soubeyrand S, Wadsworth J, Knowles NJ, Haydon DT, et al. The impact
of within-herd genetic variation upon inferred transmission trees for foot-and-mouth disease virus. Infect
Genet Evol. 2015; 32:440-8. https://doi.org/10.1016/j.meegid.2015.03.032 PMID: 25861750.

Parthiban AB, Mahapatra M, Gubbins S, Parida S. Virus Excretion from Foot-And-Mouth Disease Virus
Carrier Cattle and Their Potential Role in Causing New Outbreaks. PLoS One. 2015; 10(6):e0128815.
https://doi.org/10.1371/journal.pone.0128815 PMID: 26110772; PubMed Central PMCID:
PMCPMC4482020.

Vignuzzi M, Stone JK, Arnold JJ, Cameron CE, Andino R. Quasispecies diversity determines pathogen-
esis through cooperative interactions in a viral population. Nature. 2006; 439(7074):344-8. https://doi.
org/10.1038/nature04388 PMID: 16327776; PubMed Central PMCID: PMCPMC1569948.

Zeng J, Wang H, Xie X, Li C, Zhou G, Yang D, et al. Ribavirin-resistant variants of foot-and-mouth dis-
ease virus: the effect of restricted quasispecies diversity on viral virulence. J Virol. 2014; 88(8):4008—
20. https://doi.org/10.1128/JVI1.03594-13 PMID: 24453363; PubMed Central PMCID:
PMCPMC3993757.

Andino R, Domingo E. Viral quasispecies. Virology. 2015; 479-480:46-51. https://doi.org/10.1016/j.
virol.2015.03.022 PMID: 25824477; PubMed Central PMCID: PMCPMC4826558.

Morelli MJ, Wright CF, Knowles NJ, Juleff N, Paton DJ, King DP, et al. Evolution of foot-and-mouth dis-
ease virus intra-sample sequence diversity during serial transmission in bovine hosts. Vet Res. 2013;
44:12. https://doi.org/10.1186/1297-9716-44-12 PMID: 23452550; PubMed Central PMCID:
PMCPMC3630017.

Orton RJ, Wright CF, Morelli MJ, Juleff N, Thebaud G, Knowles NJ, et al. Observing micro-evolutionary
processes of viral populations at multiple scales. Philos Trans R Soc Lond B Biol Sci. 2013; 368
(1614):20120208. https://doi.org/10.1098/rstb.2012.0203 PMID: 23382425; PubMed Central PMCID:
PMCPMC3678327.

King DJ, Freimanis GL, Orton RJ, Waters RA, Haydon DT, King DP. Investigating intra-host and intra-
herd sequence diversity of foot-and-mouth disease virus. Infect Genet Evol. 2016; 44:286-92. https://
doi.org/10.1016/j.meegid.2016.07.010 PMID: 27421209; PubMed Central PMCID: PMCPMC5036933.

Stenfeldt C, Eschbaumer M, Pacheco JM, Rekant Sl, Rodriguez LL, Arzt J. Pathogenesis of Primary
Foot-and-Mouth Disease Virus Infection in the Nasopharynx of Vaccinated and Non-Vaccinated Cattle.
PLoS One. 2015; 10(11):e0143666. https://doi.org/10.1371/journal.pone.0143666 PMID: 26599543;
PubMed Central PMCID: PMCPMC4658095.

Arzt J, Pacheco JM, Rodriguez LL. The early pathogenesis of foot-and-mouth disease in cattle after
aerosol inoculation: identification of the nasopharynx as the primary site of infection. Vet Pathol. 2010;
47(6):1048-63. Epub 2010/07/01. https://doi.org/10.1177/0300985810372509 PMID: 20587691.

Burrows R. Studies on the carrier state of cattle exposed to foot-and-mouth disease virus. Journal of
Hygiene. 1966; 64(1):81-90. Epub 1966/03/01. PMID: 5219023.

Moonen P, Schrijver R. Carriers of foot-and-mouth disease virus: a review. The Veterinary quarterly.
2000; 22(4):193-7. https://doi.org/10.1080/01652176.2000.9695056 PMID: 11087128.

Alexandersen S, Zhang Z, Donaldson Al. Aspects of the persistence of foot-and-mouth disease virus in
animals-the carrier problem. Microbes Infect. 2002; 4(10):1099-110. PMID: 12191660

Pacheco JM, Smoliga GR, O’Donnell V, Brito BP, Stenfeldt C, Rodriguez LL, et al. Persistent Foot-and-
Mouth Disease Virus Infection in the Nasopharynx of Cattle; Tissue-Specific Distribution and Local
Cytokine Expression. PLoS One. 2015; 10(5):e0125698. https://doi.org/10.1371/journal.pone.0125698
PMID: 25996935; PubMed Central PMCID: PMCPMC4440813.

Stenfeldt C, Eschbaumer M, Rekant Sl, Pacheco JM, Smoliga GR, Hartwig EJ, et al. The Foot-and-
Mouth Disease Carrier State Divergence in Cattle. J Virol. 2016; 90(14):6344—64. https://doi.org/10.
1128/JV1.00388-16 PMID: 27147736; PubMed Central PMCID: PMCPMC4936139.

Zhang ZD, Kitching RP. The localization of persistent foot and mouth disease virus in the epithelial cells
of the soft palate and pharynx. J Comp Pathol. 2001; 124(2-3):89-94. https://doi.org/10.1053/jcpa.
2000.0431 PMID: 11222004.

Sutmoller P, Casas OR. Unapparent foot and mouth disease infection (sub-clinical infections and carri-
ers): implications for control. Rev Sci Tech. 2002; 21(3):519-29. Epub 2003/01/14. PMID: 12523693.

Robinson L, Knight-Jones TJ, Charleston B, Rodriguez LL, Gay CG, Sumption KJ, et al. Global Foot-
and-Mouth Disease Research Update and Gap Analysis: 7—Pathogenesis and Molecular Biology.
Transbound Emerg Dis. 2016; 63 Suppl 1:63—71. https://doi.org/10.1111/tbed.12520 PMID: 27320168.

Sutmoller P, McVicar JW, Cottral GE. The epizootiological importance of foot-and-mouth disease carri-
ers. |. Experimentally produced foot-and-mouth disease carriers in susceptible and immune cattle. Arch
Gesamte Virusforsch. 1968; 23(3):227-35. PMID: 5680590.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210847  April 25, 2019 20/22


https://doi.org/10.1016/j.meegid.2015.03.032
http://www.ncbi.nlm.nih.gov/pubmed/25861750
https://doi.org/10.1371/journal.pone.0128815
http://www.ncbi.nlm.nih.gov/pubmed/26110772
https://doi.org/10.1038/nature04388
https://doi.org/10.1038/nature04388
http://www.ncbi.nlm.nih.gov/pubmed/16327776
https://doi.org/10.1128/JVI.03594-13
http://www.ncbi.nlm.nih.gov/pubmed/24453363
https://doi.org/10.1016/j.virol.2015.03.022
https://doi.org/10.1016/j.virol.2015.03.022
http://www.ncbi.nlm.nih.gov/pubmed/25824477
https://doi.org/10.1186/1297-9716-44-12
http://www.ncbi.nlm.nih.gov/pubmed/23452550
https://doi.org/10.1098/rstb.2012.0203
http://www.ncbi.nlm.nih.gov/pubmed/23382425
https://doi.org/10.1016/j.meegid.2016.07.010
https://doi.org/10.1016/j.meegid.2016.07.010
http://www.ncbi.nlm.nih.gov/pubmed/27421209
https://doi.org/10.1371/journal.pone.0143666
http://www.ncbi.nlm.nih.gov/pubmed/26599543
https://doi.org/10.1177/0300985810372509
http://www.ncbi.nlm.nih.gov/pubmed/20587691
http://www.ncbi.nlm.nih.gov/pubmed/5219023
https://doi.org/10.1080/01652176.2000.9695056
http://www.ncbi.nlm.nih.gov/pubmed/11087128
http://www.ncbi.nlm.nih.gov/pubmed/12191660
https://doi.org/10.1371/journal.pone.0125698
http://www.ncbi.nlm.nih.gov/pubmed/25996935
https://doi.org/10.1128/JVI.00388-16
https://doi.org/10.1128/JVI.00388-16
http://www.ncbi.nlm.nih.gov/pubmed/27147736
https://doi.org/10.1053/jcpa.2000.0431
https://doi.org/10.1053/jcpa.2000.0431
http://www.ncbi.nlm.nih.gov/pubmed/11222004
http://www.ncbi.nlm.nih.gov/pubmed/12523693
https://doi.org/10.1111/tbed.12520
http://www.ncbi.nlm.nih.gov/pubmed/27320168
http://www.ncbi.nlm.nih.gov/pubmed/5680590
https://doi.org/10.1371/journal.pone.0210847

@ PLOS|ONE

FMDYV evolution in cattle

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Stenfeldt C, Belsham GJ. Detection of foot-and-mouth disease virus RNA in pharyngeal epithelium
biopsy samples obtained from infected cattle: investigation of possible sites of virus replication and per-
sistence. Vet Microbiol. 2012; 154(3—4):230-9. Epub 2011/08/13. https://doi.org/10.1016/j.vetmic.
2011.07.007 PMID: 21831538.

Stenfeldt C, Eschbaumer M, Smoliga GR, Rodriguez LL, Zhu J, Arzt J. Clearance of a persistent picor-
navirus infection is associated with enhanced pro-apoptotic and cellular immune responses. Sci Rep.
2017; 7(1):17800. https://doi.org/10.1038/s41598-017-18112-4 PMID: 29259271; PubMed Central
PMCID: PMCPMC5736604.

Rogers MB, Song T, Sebra R, Greenbaum BD, Hamelin ME, Fitch A, et al. Intrahost dynamics of antivi-
ral resistance in influenza A virus reflect complex patterns of segment linkage, reassortment, and natu-
ral selection. MBio. 2015; 6(2). https://doi.org/10.1128/mBio.02464-14 PMID: 25852163; PubMed
Central PMCID: PMCPMC4453542.

Hraber P, Korber B, Wagh K, Giorgi EE, Bhattacharya T, Gnanakaran S, et al. Longitudinal Antigenic
Sequences and Sites from Intra-Host Evolution (LASSIE) Identifies Immune-Selected HIV Variants.
Viruses. 2015; 7(10):5443-75. https://doi.org/10.3390/v7102881 PMID: 26506369; PubMed Central
PMCID: PMCPMC4632389.

Humphreys |, Fleming V, Fabris P, Parker J, Schulenberg B, Brown A, et al. Full-length characterization
of hepatitis C virus subtype 3a reveals novel hypervariable regions under positive selection during acute
infection. J Virol. 2009; 83(22):11456—66. https://doi.org/10.1128/JV1.00884-09 PMID: 19740991;
PubMed Central PMCID: PMCPMC2772701.

Dunn G, Klapsa D, Wilton T, Stone L, Minor PD, Martin J. Twenty-Eight Years of Poliovirus Replication
in an Immunodeficient Individual: Impact on the Global Polio Eradication Initiative. PLoS Pathog. 2015;
11(8):e1005114. https://doi.org/10.1371/journal.ppat. 1005114 PMID: 26313548; PubMed Central
PMCID: PMCPMC4552295.

Famulare M, Chang S, Iber J, Zhao K, Adeniji JA, Bukbuk D, et al. Sabin Vaccine Reversion in the
Field: a Comprehensive Analysis of Sabin-Like Poliovirus Isolates in Nigeria. J Virol. 2015; 90(1):317—
31. https://doi.org/10.1128/JVI1.01532-15 PMID: 26468545; PubMed Central PMCID:
PMCPMC4702576.

Juleff N, Valdazo-Gonzalez B, Wadsworth J, Wright CF, Charleston B, Paton DJ, et al. Accumulation of
nucleotide substitutions occurring during experimental transmission of foot-and-mouth disease virus. J
Gen Virol. 2013; 94(Pt 1):108-19. https://doi.org/10.1099/vir.0.046029-0 PMID: 23034594; PubMed
Central PMCID: PMCPMC3542721.

Cottam EM, Wadsworth J, Shaw AE, Rowlands RJ, Goatley L, Maan S, et al. Transmission pathways of
foot-and-mouth disease virus in the United Kingdom in 2007. PLoS Pathog. 2008; 4(4):e1000050.
https://doi.org/10.1371/journal.ppat. 1000050 PMID: 18421380; PubMed Central PMCID:
PMCPMC2277462.

Eschbaumer M, Stenfeldt C, Rekant Sl, Pacheco JM, Hartwig EJ, Smoliga GR, et al. Systemic immune
response and virus persistence after foot-and-mouth disease virus infection of naive cattle and cattle
vaccinated with a homologous adenovirus-vectored vaccine. BMC Vet Res. 2016; 12:205. https://doi.
org/10.1186/s12917-016-0838-x PMID: 27634113; PubMed Central PMCID: PMCPMC5025598.

Barrera J, Brake DA, Kamicker BJ, Purcell C, Kaptur R Jr., Schieber T, et al. Safety profile of a replica-
tion-deficient human adenovirus-vectored foot-and-mouth disease virus serotype A24 subunit vaccine
in cattle. Transbound Emerg Dis. 2017. https://doi.org/10.1111/tbed.12724 PMID: 29076657.

Pacheco JM, Stenfeldt C, Rodriguez LL, Arzt J. Infection dynamics of foot-and-mouth disease virus in
cattle following intranasopharyngeal inoculation or contact exposure. J Comp Pathol. 2016. https://doi.
org/10.1016/j.jcpa.2016.08.005 PMID: 27697284.

Sutmoller P, Gaggero A. Foot-and mouth diseases carriers. The Veterinary record. 1965; 77(33):968—
9. Epub 1965/08/14. PMID: 5890082.

Moser LA, Ramirez-Carvajal L, Puri V, Pauszek SJ, Matthews K, Dilley KA, et al. A Universal Next-Gen-
eration Sequencing Protocol To Generate Noninfectious Barcoded cDNA Libraries from High-Contain-
ment RNA Viruses. mSystems. 2016; 1(3). https://doi.org/10.1128/mSystems.00039-15 PMID:
27822536; PubMed Central PMCID: PMCPMC5069770.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger
Datasets. Mol Biol Evol. 2016; 33(7):1870—4. https://doi.org/10.1093/molbev/msw054 PMID: 27004904.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: an inte-
grated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics. 2012; 28(12):1647-9. https://doi.org/10.1093/bioinformatics/bts199 PMID: 22543367
PubMed Central PMCID: PMCPMC3371832.

Guindon S, Gascuel O. A simple, fast, and accurate algorithm to estimate large phylogenies by maxi-
mum likelihood. Syst Biol. 2003; 52(5):696—704. PMID: 14530136.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210847  April 25, 2019 21/22


https://doi.org/10.1016/j.vetmic.2011.07.007
https://doi.org/10.1016/j.vetmic.2011.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21831538
https://doi.org/10.1038/s41598-017-18112-4
http://www.ncbi.nlm.nih.gov/pubmed/29259271
https://doi.org/10.1128/mBio.02464-14
http://www.ncbi.nlm.nih.gov/pubmed/25852163
https://doi.org/10.3390/v7102881
http://www.ncbi.nlm.nih.gov/pubmed/26506369
https://doi.org/10.1128/JVI.00884-09
http://www.ncbi.nlm.nih.gov/pubmed/19740991
https://doi.org/10.1371/journal.ppat.1005114
http://www.ncbi.nlm.nih.gov/pubmed/26313548
https://doi.org/10.1128/JVI.01532-15
http://www.ncbi.nlm.nih.gov/pubmed/26468545
https://doi.org/10.1099/vir.0.046029-0
http://www.ncbi.nlm.nih.gov/pubmed/23034594
https://doi.org/10.1371/journal.ppat.1000050
http://www.ncbi.nlm.nih.gov/pubmed/18421380
https://doi.org/10.1186/s12917-016-0838-x
https://doi.org/10.1186/s12917-016-0838-x
http://www.ncbi.nlm.nih.gov/pubmed/27634113
https://doi.org/10.1111/tbed.12724
http://www.ncbi.nlm.nih.gov/pubmed/29076657
https://doi.org/10.1016/j.jcpa.2016.08.005
https://doi.org/10.1016/j.jcpa.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27697284
http://www.ncbi.nlm.nih.gov/pubmed/5890082
https://doi.org/10.1128/mSystems.00039-15
http://www.ncbi.nlm.nih.gov/pubmed/27822536
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
http://www.ncbi.nlm.nih.gov/pubmed/14530136
https://doi.org/10.1371/journal.pone.0210847

@ PLOS|ONE

FMDYV evolution in cattle

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

Schrodinger Release 2018-2: Maestro, Schrodinger, LLC, New York, NY, 2018. 2018. p. Schrddinger
Release 2018-2: Maestro, Schrédinger, LLC, New York, NY,.

Fry EE, Newman JW, Curry S, Najjam S, Jackson T, Blakemore W, et al. Structure of Foot-and-mouth
disease virus serotype A10 61 alone and complexed with oligosaccharide receptor: receptor conserva-
tion in the face of antigenic variation. J Gen Virol. 2005; 86(Pt 7):1909-20. https://doi.org/10.1099/vir.0.
80730-0 PMID: 15958669.

Mason PW, Rieder E, Baxt B. RGD sequence of foot-and-mouth disease virus is essential for infecting
cells via the natural receptor but can be bypassed by an antibody-dependent enhancement pathway.
Proc Natl Acad Sci U S A. 1994; 91(5):1932—-6. PMID: 81279009.

Logan D, Abu-Ghazaleh R, Blakemore W, Curry S, Jackson T, King A, et al. Structure of a major immu-
nogenic site on foot-and-mouth disease virus. Nature. 1993; 362(6420):566-8. https://doi.org/10.1038/
362566a0 PMID: 8385272.

Arzt J, Belsham GJ, Lohse L, Botner A, Stenfeldt C. Transmission of Foot-and-Mouth Disease from Per-
sistently Infected Carrier Cattle to Naive Cattle via Transfer of Oropharyngeal Fluid. mSphere. 2018; 3
(5). Epub 2018/09/14. https://doi.org/10.1128/mSphere.00365-18 PMID: 30209130; PubMed Central
PMCID: PMCPMC6135961.

Fry EE, Lea SM, Jackson T, Newman JW, Ellard FM, Blakemore WE, et al. The structure and function
of a foot-and-mouth disease virus-oligosaccharide receptor complex. The EMBO journal. 1999; 18
(3):543-54. https://doi.org/10.1093/emboj/18.3.543 PMID: 9927414.

Farooq U, Ahmed Z, Naeem K, Bertram M, Brito B, Stenfeldt C, et al. Characterization of naturally
occurring, new and persistent subclinical foot-and-mouth disease virus infection in vaccinated Asian
buffalo in Islamabad Capital Territory, Pakistan. Transbound Emerg Dis. 2018. https://doi.org/10.1111/
tbed.12963 PMID: 30035376.

Malirat V, De Mello PA, Tiraboschi B, Beck E, Gomes |, Bergmann IE. Genetic variation of foot-and-
mouth disease virus during persistent infection in cattle. Virus Res. 1994; 34(1):31-48. PMID: 7831963.

Maree F, de Klerk-Lorist LM, Gubbins S, Zhang F, Seago J, Perez-Martin E, et al. Differential Persis-
tence of Foot-and-Mouth Disease Virus in African Buffalo Is Related to Virus Virulence. J Virol. 2016; 90
(10):5132—40. hitps://doi.org/10.1128/JVI1.00166-16 PMID: 26962214; PubMed Central PMCID:
PMCPMC4859713.

Stenfeldt C, Hartwig EJ, Smoliga GR, Palinski R, Silva EB, Bertram MR, et al. Contact Challenge of Cat-
tle with Foot-and-Mouth Disease Virus Validates the Role of the Nasopharyngeal Epithelium as the Site
of Primary and Persistent Infection. mSphere. 2018; 3(6). Epub 2018/12/14. https://doi.org/10.1128/
mSphere.00493-18 PMID: 30541776; PubMed Central PMCID: PMCPMC6291620.

King AM, McCahon D, Saunders K, Newman JW, Slade WR. Multiple sites of recombination within the
RNA genome of foot-and-mouth disease virus. Virus Res. 1985; 3(4):373-84. PMID: 3000107.

Heath L, van der Walt E, Varsani A, Martin DP. Recombination patterns in aphthoviruses mirror those
found in other picornaviruses. J Virol. 2006; 80(23):11827-32. https://doi.org/10.1128/JVI1.01100-06
PMID: 16971423; PubMed Central PMCID: PMCPMC1642601.

Lewis-Rogers N, McClellan DA, Crandall KA. The evolution of foot-and-mouth disease virus: impacts of
recombination and selection. Infect Genet Evol. 2008; 8(6):786—98. https://doi.org/10.1016/j.meegid.
2008.07.009 PMID: 18718559.

Brito B, Pauszek SJ, Hartwig EJ, Smoliga GR, Vu LT, Dong PV, et al. A traditional evolutionary history
of foot-and-mouth disease viruses in Southeast Asia challenged by analyses of non-structural protein

coding sequences. Scientific Reports. 2018; 8(1). https://doi.org/10.1038/s41598-018-24870-6 PMID:
29691483

Ruiz-Jarabo CM. <Ruiz-Jarabo2000-memory in quasispecies.pdf>. 2000.

Perales C, Mateo R, Mateu MG, Domingo E. Insights into RNA virus mutant spectrum and lethal muta-
genesis events: replicative interference and complementation by multiple point mutants. Journal of
molecular biology. 2007; 369(4):985—-1000. https://doi.org/10.1016/j.jmb.2007.03.074 PMID: 17481660.

Orsel K, Bouma A, Dekker A, Stegeman JA, de Jong MC. Foot and mouth disease virus transmission
during the incubation period of the disease in piglets, lambs, calves, and dairy cows. Prev Vet Med.
2009; 88(2):158-63. https://doi.org/10.1016/j.prevetmed.2008.09.001 PMID: 18929417.

Charleston B, Bankowski BM, Gubbins S, Chase-Topping ME, Schley D, Howey R, et al. Relationship
between clinical signs and transmission of an infectious disease and the implications for control. Sci-
ence. 2011; 332(6030):726-9. https://doi.org/10.1126/science.1199884 PMID: 21551068.

Kotecha A, Wang Q, Dong X, lica SL, Ondiviela M, Zihe R, et al. Rules of engagement between alphav-
beta6 integrin and foot-and-mouth disease virus. Nat Commun. 2017; 8:15408. Epub 2017/05/24.
https://doi.org/10.1038/ncomms 15408 PMID: 28534487; PubMed Central PMCID: PMCPMC5457520.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210847  April 25, 2019 22/22


https://doi.org/10.1099/vir.0.80730-0
https://doi.org/10.1099/vir.0.80730-0
http://www.ncbi.nlm.nih.gov/pubmed/15958669
http://www.ncbi.nlm.nih.gov/pubmed/8127909
https://doi.org/10.1038/362566a0
https://doi.org/10.1038/362566a0
http://www.ncbi.nlm.nih.gov/pubmed/8385272
https://doi.org/10.1128/mSphere.00365-18
http://www.ncbi.nlm.nih.gov/pubmed/30209130
https://doi.org/10.1093/emboj/18.3.543
http://www.ncbi.nlm.nih.gov/pubmed/9927414
https://doi.org/10.1111/tbed.12963
https://doi.org/10.1111/tbed.12963
http://www.ncbi.nlm.nih.gov/pubmed/30035376
http://www.ncbi.nlm.nih.gov/pubmed/7831963
https://doi.org/10.1128/JVI.00166-16
http://www.ncbi.nlm.nih.gov/pubmed/26962214
https://doi.org/10.1128/mSphere.00493-18
https://doi.org/10.1128/mSphere.00493-18
http://www.ncbi.nlm.nih.gov/pubmed/30541776
http://www.ncbi.nlm.nih.gov/pubmed/3000107
https://doi.org/10.1128/JVI.01100-06
http://www.ncbi.nlm.nih.gov/pubmed/16971423
https://doi.org/10.1016/j.meegid.2008.07.009
https://doi.org/10.1016/j.meegid.2008.07.009
http://www.ncbi.nlm.nih.gov/pubmed/18718559
https://doi.org/10.1038/s41598-018-24870-6
http://www.ncbi.nlm.nih.gov/pubmed/29691483
https://doi.org/10.1016/j.jmb.2007.03.074
http://www.ncbi.nlm.nih.gov/pubmed/17481660
https://doi.org/10.1016/j.prevetmed.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18929417
https://doi.org/10.1126/science.1199884
http://www.ncbi.nlm.nih.gov/pubmed/21551063
https://doi.org/10.1038/ncomms15408
http://www.ncbi.nlm.nih.gov/pubmed/28534487
https://doi.org/10.1371/journal.pone.0210847

