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Data-driven modeling of incursions of high-consequence, transboundary pathogens

of animals is a critical component of veterinary preparedness. However, simplifying

assumptions and excessive use of proxy measures to compensate for gaps in available

data may compromise modeled outcomes. The current investigation was prospectively

designed to address two major gaps in current knowledge of foot-and-mouth disease

virus (FMDV) pathogenesis in pigs: the end (duration) of the infectious period and the

viability of FMDV in decaying carcasses. By serial exposure of sentinel groups of pigs to

the same group of donor pigs infected by FMDV A24 Cruzeiro, it was demonstrated

that infected pigs transmitted disease at 10 days post infection (dpi), but not at 15

dpi. Assuming a latent period of 1 day, this would result in a conservative estimate

of an infectious duration of 9 days, which is considerably longer than suggested by

a previous report from an experiment performed in cattle. Airborne contagion was

diminished within two days of removal of infected pigs from isolation rooms. FMDV

in muscle was inactivated within 7 days in carcasses stored at 4oC. By contrast,

FMDV infectivity in vesicle epithelium harvested from intact carcasses stored under

similar conditions remained remarkably high until the study termination at 11 weeks

post mortem. The output from this study consists of experimentally determined data

on contagion associated with FMDV-infected pigs. This information may be utilized

to update parameterization of models used for foot-and-mouth disease outbreak

simulations involving areas of substantial pig production.
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INTRODUCTION

Foot-and-mouth disease (FMD) is a high-impact viral disease capable of infecting all
cloven-hoofed domestic livestock and numerous wildlife species (1). The causative
agent, foot-and-mouth disease virus (FMDV; genus: Aphthovirus, family: Picornaviridae)
causes initial infection via the upper respiratory- or gastrointestinal tracts (depending
on host species), followed by systemic generalization with lameness, inappentence, and
vesicular lesions on the feet and in the mouth as characteristic clinical findings (2, 3).
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FMD is endemic in large parts of the world, including most
of Africa, the Middle East, and Asia, as well as certain
regions of South America (4). By contrast, Europe, North
America, Australia, and New Zealand, are kept free of FMD
by means of strict regulation of import of animals and
animal products as well as by extensive control programs
designed to rapidly detect potential incursions. Due to the
potentially catastrophic consequences associated with incursions
of FMDV into previously free countries (5), substantial efforts are
invested into veterinary preparedness and contingency planning.
Such endeavors often include mathematical modeling of FMD
outbreaks within defined geographic regions for the purpose
of estimating disease spread and impact, and to evaluate the
effect of applied control measures (6). Outbreak simulations
are critically dependent upon appropriate parameterization of
models. Essential input parameters need to reflect the detailed
structure of the susceptible population, as well as intrinsic factors
of host-pathogen interactions that capture the progression of
infection and contagiousness within individual animals.

Model parameterization for FMD outbreak simulations is
often based upon meta analyses of published experimental
studies (7–9). Although there are clear benefits of utilizing
available published data for this purpose, simplifying
assumptions and extensive use of proxy values are often
needed to compensate for gaps in available data. Specifically,
the timing of infectiousness in relation to initial exposure and
the appearance of clinical signs of disease is of critical value
for modeling within-herd transmission of FMD. However,
infectiousness, i.e., the ability of an infected animal to transmit
infection to in-contact animals, is rarely directly quantified
in controlled FMDV experiments. Instead, proxies such as
detection of viral genome in secretions, or observed clinical signs
of disease are often used to estimate infectiousness for model
parameterization (7, 8).

Previous works have demonstrated that the selection and
definition of proxies can lead to greatly varying estimates for
the onset and duration of infectiousness in FMDV-infected
cattle and pigs (10, 11). Such variation in input parameters can
lead to substantially different estimates of outbreak dispersal
and duration in downstream modeling. Additionally, it was
demonstrated that failure to account for preclinical (incubation
phase) infectiousness in FMDV-infected pigs substantially under-
estimated the outcomes of FMD outbreak simulations in areas
of dense pig production (10). However, a factor that has
received less attention, but that is potentially of similarly critical
importance for FMD modeling, is the end of infectiousness
in infected hosts, which contributes to definition of the total
infectious period. This factor would likely be of greatest impact
in scenarios in which disease detection is delayed, or when
timely depopulation of infected farms may not be possible. The
latter of those circumstances will likely be an issue if an FMD
incursion were to affect multiple large livestock holdings, as
available resources for depopulation and carcass disposal may be
overwhelmed (12–14).

Unless properly disposed of, carcasses of infected animals
on depopulated farms may represent a substantial source of
contagion (15). It has been reported that FMDV in carcasses

will become inactivated due to post mortem acidification (16,
17). Although this has proven to be the case in muscle (18),
the greatest viral loads during clinical FMD are in vesicular
epithelium at peripheral sites (19). These sites are less likely to be
affected by systemic acidification and core temperature changes
due to autolysis and are by their peripheral location at the exterior
of the carcass also in direct contact with the environment.

This current study reports the descriptive results from an
experiment that was prospectively designed to evaluate the end of
infectiousness in group-housed FMDV-infected pigs. Additional
output includes longitudinal sampling of muscle and vesicle
epithelium from carcasses of pigs that had been euthanized
during the clinical phase of FMD and air sampling in rooms from
which infected pigs had been removed.

METHODS

Virus
The virus used for the current study was a cattle-derived isolate
of FMDV A24 Cruzeiro that had been passaged once in pigs.
The pathogenesis and transmission characteristics of this specific
virus isolate in pigs have been described in detail in previous
publications (19–21).

Animals
Animal experiments were carried out within BSL3Ag research
facilities at the Plum Island Animal Disease Center, New York.
All experimental procedures were approved by the institutional
animal care and use committee that functions to ensure ethical
and humane treatment of animals (protocol 231-17). The animals
used were female Yorkshire pigs weighing∼25 kg at delivery. The
pigs were delivered to the facility as one batch and allowed two
weeks of acclimation in the facility prior to start of the study.

Study Design
Sixteen pigs were divided into four groups of four pigs each.
Group 1, which were assigned as the “donor pigs”, were
infected with FMDV by intra-oropharyngeal (IOP) inoculation
as previously described (22). In brief; sedated pigs were placed in
dorsal recumbency and 2ml of diluted inoculum was deposited
onto the surface of the tonsil of the soft palate using a blunt-
ended cannula. Each pig received a challenge dose of 100, 50%
infectious doses titrated in vivo in pig heel bulb epithelium (23),
which corresponded to 107, 50% tissue culture infectious doses
(TCID50) when back-titrations were performed using the highly
sensitive LFBKαvβ6 cell line (24, 25). At 3 pre-determined time
points, corresponding to 5, 10, and 15 days post inoculation (dpi)
of the donor pigs, the four donor pigs were relocated to co-
habitate with 4 pigs of study groups 2, 3, and 4, respectively,
for 24 h each. The contact exposure consisted of co-housing the
4 donor pigs with the 4 susceptible recipients within separate
animal isolation roomswith 17.5m2 (group 2) or 10.2m2 (groups
3 and 4) available floor area. Feed was provided on the floor
at the start of the contact exposure period. After each of the
24 h exposure periods, the donor pigs were moved back to their
original room and remained in isolation until the subsequent
exposure period. After completion of exposure of study group
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4 (16 dpi of the donors) the donor pigs were euthanized and
removed from the study. The contact-exposed pigs in groups
2–4 were monitored for 14 days post exposure (dpe), or until
development of fulminant FMD.

Sample Collection
Antemortem samples consisted of whole blood obtained by
jugular venipuncture, and oropharyngeal fluid (OPF) obtained by
swabbing the oropharynx using a large cotton swab. Swabs were
immediately submerged in 2ml of minimum essential media
with 25mMHEPES and were subsequently centrifuged to extract
absorbed fluid. Blood samples were separated by centrifugation
and aliquots of serum and OPF were stored at −70oC until
further processing. Samples were collected prior to inoculation or
exposure (0 dpi/dpe). The donor pigs were sampled every other
day from 0 to 6 dpi, and again at 10 and 15 dpi. Contact-exposed
pigs were sampled every other day from 0 to 10 dpe, and again
at 14 dpe. Additional OPF swabs were collected so that samples
were obtained from all pigs at the beginning and end of the
contact exposure periods (i.e., from donor pigs, additional OPF
samplings were done at 5, 11, and 16 dpi, and for contact-exposed
pigs at 1 dpe).

The onset and progression of the pigs’ clinical status (lesion
distribution) was quantitated using a previously described
scoring system (26). In brief, each of 16 digits having a
characteristic FMDV lesion contributed one point toward a
cumulative score, with four additional single points added for
lesions within the oral cavity, on the snout, on the lower lip, and
on carpal/tarsal skin, respectively, resulting in a maximum score
of 20.

FMDV Recovery From Muscle and Vesicular Lesions

Post Mortem
The viability of FMDV in muscle and vesicle epithelium after
death of the animals was evaluated by post-mortem sampling
at repeated time points. Initially, the four pigs from study
group 2 of the transmission study reported herein were utilized
for this purpose. Based on the findings from these initial
samples, additional pig carcasses were recruited from unrelated
experimental studies in order to extend the post mortem
sampling period and to include a second strain of FMDV. These
studies comprised pigs that had been infected with the same
strain of FMDV A24 as was used in the transmission study,
or with a bovine-derived strain of FMDV O/SKR/2010 (27).
All pigs utilized for post-mortem sampling were euthanized
during acute FMD by intravenous injection of an overdose of
sodium pentobarbital “Fatal plus R©” (85.8 mg/kg) under deep
sedation (Telazol, Ketamine, and Xylazine at 3, 8, and 4 mg/kg,
respectively). Carcasses were stored intact in metal cans lined
with plastic bags at 4oC throughout the sampling periods.

From the first batch of FMDV A24-infected pigs (study
group 2), samples of vesicular epithelium and skeletal muscle
(semitendinosus) were obtained at 0, 1, 3, and 5 days post
mortem (dpm). The second batch of FMDV A24-infected pigs
were subjected to sampling of vesicular epithelium at 5, 10, and
19 dpm. The third batch of pigs were infected with FMDV
O/SKR/2010, and samples of vesicle epithelium were harvested

at approximately weekly intervals from 4 to 37 dpm. The fourth
batch of pigs were infected with FMDV A24; muscle samples
were obtained at 0, 7, and 14 dpm, with vesicle epithelium
samples harvested at approximately weekly intervals from 0 to
77 dpm. The final sampling at 77 dpm also included harvest of
submandibular lymph nodes, neck skin, and bone marrow.

FMDV recovery in tissue samples obtained from pig carcasses
was evaluated by qRT-PCR and virus isolation (VI). Additionally,
virus titrations were performed on all vesicle epithelium samples
from batch 4 carcasses and on additional tissues harvested at
77 dpm that were VI-positive. Titer values expressed as log10
TCID50 were used for statistical analysis of virus decay: a simple
linear regression with day as the independent variable and titer as
the dependent variable was used to estimate the titer half-life and
duration of detection.

Air Sampling
Air sampling in the rooms housing experimental groups 2 and
3 was performed using a Model 1,000 air pump developed by
the Program Executive Office for Chemical Biological Defense
(PEO-CBD), fitted with an original DFU filter assembly holding
two separate Lockheed Martin polyester filter disk (1.0 lm filter,
diameter 47mm, Catalog number DFU-P-24; Lockheed Martin,
Washington DC, USA) as previously described (21). The airflow
through the unit was 15 l/min, and the pump was placed out of
reach of the animals. The filter disk were removed and replaced
at 24 h intervals. The pump was left running in between daily
sample collections, and the filters were removed prior to cleaning
of the animal rooms, with the pump turned off as the room was
cleaned to avoid sampling of artifactually re-suspended aerosols.
Pumps were started the day before the start of contact exposure,
and the first filters (0 dpe) were removed before the FMDV-
infected donor pigs entered the room. Air sampling in room 2
continued through 8 days after euthanasia of the contact-exposed
pigs and washing of the room. Air sampling in room 3 continued
for 24 h after removal of the last pigs.

FMDV RNA Detection in Serum, Swabs and
Tissues
Tissue samples (ca 20mg) were thawed and macerated using
a TissueLyser bead beater (Qiagen, Valencia, CA) and stainless
steel beads (Qiagen cat. no. 69989). Air filters were cut in
quarters and disrupted using a similar approach as for tissue
samples, but with washed glass beads (combination of bead
sizes 425–600µm and ≤106µm; Sigma cat. nos. G4949/G8772).
The air filter “homogenate” was subsequently centrifuged to
extract the fluid that had been absorbed by the filter. Tissue-
and air filer macerates, serum, and swab samples were analyzed
using quantitative real-time RT-PCR (qRT-PCR), targeting the
3D region of the FMDV genome (28) with forward and reverse
primers adapted from Rasmussen et al. (29), and chemistry and
cycling conditions as previously described (30). Cycle threshold
values were converted into FMDV genome copy numbers (GCN)
per ml by use of a standard curve derived from analysis of 10-fold
dilutions of in-vitro synthesized FMDVRNA. The equation of the
curve of GCN vs. Ct values was further adjusted for dilutions used
during processing of samples.
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Virus Isolation
Aliquots of macerated tissue samples and air filters were
cleared from debris and potential bacterial contamination
by centrifugation through Spin-X R© filter columns (Costar
Cat.no 8163). Clarified samples were subsequently analyzed for
infectious FMDV through virus isolation (VI) on LFBK αvβ6
cells (24, 31), following a protocol previously described (32).
Presence of FMDV was further confirmed by qRT-PCR analysis
of VI cell culture supernatants.

OPF samples obtained from donor pigs at the beginning of
each of the 3 contact exposure periods, as well as select post
mortem tissue samples (see above), were titrated on LFBK αvβ6
cells in micro-titer plates using similar methods as described
above, but with end point titers (TCID50) determined using
standard methods (33).

RESULTS

Donor Pigs
All 4 pigs within the donor group developed clinical FMD of a
similar severity and timeline as has previously been described for
this virus isolate (19, 22). Vesicular lesions appeared at 2–3 dpi,
and all pigs were viremic and shedding high quantities of FMDV
RNA (6.15–8.25 log10 GCN/ml) by the first sampling time point
at 2 dpi (Figure 1, Table 1). All four donor pigs had reached their
maximum cumulative lesion scores by 4 dpi (Figure 1).

Contact Transmission of FMD
Group 2; 5 dpi
At the beginning of the first contact exposure at 5 dpi, the clinical
conditions of the donor pigs were improving. They were all
non-febrile and ambulant, but with moderate lameness and with
ruptured vesicular lesions on their feet. The range of FMDVRNA
detected in OPF from the donor pigs at 5 dpi was 6.12–7.08 log10
GCN/ml (average 6.66 log10 GCN/ml). Three of four donor pigs
had measurable FMDV titers in OPF at 5 dpi, ranging from 102.25

to 103.25 TCID50 (Table 1). At 6 dpi, corresponding to the end of
contact exposure of group 2, the level of FMDV RNA detection
in OPF of the donors was 6.08–6.89 log10 GCN/ml (average 6.41
log10 GCN/ml), and none of the OPF samples had a measurable
FMDV titer.

The contact-exposed pigs in group 2, which were exposed to
the donors from 5 to 6 dpi, all hadmoderate levels of FMDVRNA
in OPF swabs at the end of the contact exposure (1 dpe; range
5.03-6.85 log10 GCN/ml, average 5.75 log10 GCN/ml). All 4 pigs
in group 2 were viremic at 2 dpe, and all had vesicular lesions
at 3 dpe (Figure 1B). The pigs in group 2 were euthanized at 4
dpe and were subsequently subjected to post mortem sampling
of muscle and vesicular lesions.

Group 3; 10 dpi
At 10 dpi, corresponding to the start of contact exposure of
group 3, the donor pigs had recovered from apparent clinical
FMD. They were all ambulatory and moving freely without
marked lameness. Vesicular lesions were healing, although re-
epithelializing vesicular erosions were present on their feet. At
10 dpi, FMDV RNA shedding in OPF of the donor pigs ranged

from 4.79 to 6.63 log10 GCN/ml (average 5.82 log10 GCN/ml). An
FMDV titer of 102.62TCID50 was measured in 1 of 4 OPF samples
obtained at that time point, whereas the OPF of the 3 additional
pigs was negative for infectious virus. At the end of exposure of
group 3, at 11 dpi, the measured FMDVRNA detection in OPF of
the donor pigs was 4.05–6.05 log10 GCN/ml (average 5.07 log10
GCN/ml; Table 1).

FMDV RNA was present in OPF swabs of all the contact-
exposed pigs of group 3 at the end of exposure (1 dpe; range
5.64–6.85 log10 GCN/ml, average 5.91 log10 GCN/ml). Two of
the pigs were viremic at 2 dpe, with viremia confirmed in the
remaining two pigs at the subsequent sampling at 4 dpe. Two of
the pigs had vesicular lesions at 3 dpe, and vesicles were detected
at 4 and 5 dpe, respectively, in the remaining 2 pigs (Figure 1C).
The two pigs that developed vesicles at 2 dpe were euthanized
on the subsequent day, and the remaining two pigs were both
euthanized at 6 dpe.

Group 4; 15 dpi
At 15 dpi, which was the start of contact exposure of group 4,
the clinical conditions of the donor pigs had further improved.
All 4 pigs still had recognizable healing FMD lesions on their feet
and were shedding detectable quantities of FMDV RNA in OPF
(range 4.68–5.31 log10 GCN/ml, average 5.12 log10 GCN/ml). At
the end of the final contact exposure, FMDV RNA levels in OPF
from the donor pigs were 4.85–6.28 log10 GCN/ml (average 6.11
log10 GCN/ml). All virus titrations of OPF obtained from the
donor pigs at 15 dpi were negative (Table 1).

FMDV RNA was detectable in OPF from all contact-exposed
pigs of group 4 at the end of exposure (range 4.49–5.09 log10
GCN/ml, average 4.76 log10 GCN/ml). However, all subsequent
samples were FMDV-negative, and none of the 4 pigs developed
clinical FMD (Figure 1D).

Detection of FMDV in Air
Air sampling was performed in the rooms housing study groups
2 and 3, starting at 1 day prior to contact exposure, and ending at
8 or 1 day(s) after removal of the pigs from the rooms for group
2 and 3, respectively (Figure 2). The inoculated donor pigs were
housed with the contact groups from 0 to 1 dpe. In both rooms,
detected FMDV RNA levels decreased slightly after removal of
the donor pigs (2 dpe), to then increase by the following day
(3dpe), suggesting increased virus shedding by the newly infected
contact-exposed pigs. The 4 pigs in group 2 were euthanized at
4 dpe, after which the room was rinsed with steam - hot water
hosing with no detergent or disinfectant. Low levels of FMDV
RNA was detected in air samples from this room for another
7 days (up to 11 dpe), but there were no VI-positive samples
after removal of the pigs (Figure 2). Two pigs from group 3 were
euthanized at 5 dpe, and the other 2 at 6 dpe. The room was
similarly washed after removal of the pigs, and the final air filter
sample was collected the following day. All air filter samples from
room 3 were positive by both qRT-PCR and VI (Figure 2).
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FIGURE 1 | Transmission dynamics of FMDV during late infection. (A) Four pigs in group 1 (donors) were infected with FMDV A24 Cruzeiro by intra-oropharyngeal

inoculation on day 0. (B–D) The 4 donor pigs were subsequently co-mingled with study groups 2, 3, and 4, for 24 h each, on days 5, 10, and 15 post infection,

respectively. Graphs show average quantities (geometric means +/- standard deviation) of FMDV RNA (log10 GCN/ml) in serum (red) and oropharyngeal fluid (OPF;

green), as well as cumulative lesion scores (shaded blue). Orange, yellow, and green rectangles correspond to the time frame during which the donors were housed

together with groups 2, 3, and 4, respectively.
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TABLE 1 | Donor pig characteristics during contact exposure periods.

Experimental

group

Contact

exposure time

point (dpi of

donors at start

of exposure)

Mean FMDV

RNA in OPF at

start of exposure

(log10 GCN/ml)

Mean FMDV

RNA in OPF at

end of exposure

(log10 GCN/ml)

Number of

titer-positive

OPF samples at

start of exposure

Highest FMDV

titer in OPF at

start of exposure

(log10 TCID50/ml)

Confirmed

transmission to

contact-exposed

pigs

2 5 6.66 6.41 3 3.250 Yes

3 10 5.82 5.07 1 2.625 Yes

4 15 5.12 6.11 0 NA No

FIGURE 2 | FMDV detection in air samples. FMDV RNA quantities and isolation of infectious FMDV from dry air filters collected from isolation rooms housing pigs that

were exposed to FMDV-infected donor pigs for 24 h at 5 (red) or 10 (blue) days post infection of the donors. The Y-axis represents FMDV RNA quantities (Ct values)

determined by qRT-PCR. Colored symbols indicate samples from which infectious virus was isolated, while X indicate virus isolation-negative samples. The donor pigs

were in the sampled rooms from 0 to 1 days post exposure (dpe). The 4 contact-exposed pigs in group 2 (red) were euthanized and removed at 4 dpe. Two of 4 pigs

in room 3 (blue) were euthanized at 4 dpe, and the remaining 2 pigs at 6 dpe. Air sampling continued for 1 or 8 days after removal of the last pig from the rooms.

Post-mortem Viability of FMDV in Skeletal
Muscle and Vesicular Epithelium
Post-mortem sampling of vesicle epithelium and skeletal
muscle was performed on 4 distinct batches of pig
carcasses that had been infected with either FMDV A24
Cruzeiro or FMDV O/SKR/2010, following slightly different
sampling schedules.

Samples of semitendinosus muscle were obtained from
batches 1 and 4 (n = 7), which had both been infected with
FMDV A24 Cruzeiro. Low to moderate quantities of FMDV
RNA (3.1-6.3 log10 GCN/mg) were detected in all muscle samples
(Figure 3). However, virus isolation was only positive at 0 dpm

(directly post euthanasia), 1 dpm (2 of 4 samples), and 5 dpm (1
of 4 samples; Figure 3).

By contrast, all vesicle epithelium samples obtained from

batches 1 through 4 (n= 13) from 0 to 77 dpmwere positive both

by qRT-PCR and VI. FMDV RNA quantities were substantially

higher compared to muscle samples (6.34-8.12 log10 GCN/mg;
Figure 4A). There were no differences in RNA quantities or
duration of viability across batches or viruses (the latest samples
from FMDV O/SKR/2010-infected carcasses were obtained at
37 dpm).

Virus titrations were performed on all vesicle epithelium
samples from batch 4 carcasses (0–77 dpm). Titers ranged from
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FIGURE 3 | FMDV detection in the semitendinosus muscle of pig carcasses. FMDV RNA quantities (log10 GCN/mg) in muscle samples from FMDV-infected pigs

obtained from 0 to 14 days post mortem (dpm) from carcasses stored at 4oC. Colored symbols indicate samples from which infectious virus was isolated, while X

indicate virus isolation-negative samples. Carcasses from batch 1 (n = 4) were samples at 0, 1, 3, and 5 dpm and carcasses from batch 2 (n = 3) were sampled at 0,

7, and 14 dpm. All symbols represent individual sample replicates (n = 7), horizontal lines are means.

an average of 107.2TCID50/g at 0 dpm, to an average of 104.4

TCID50/g at 77 dpm (Figure 4B). A simple linear regression
fitted to the viral decay data had a negative slope (−0.034). The
half-life was estimated to be 128 days and the X-intercept (titer
= 100) was estimated to be 203 days (95% confidence interval =
159 to 295 days).

FMDV RNA was detected in submandibular lymph nodes,
neck skin, and bonemarrow harvested from FMDVA24-infected
carcasses at 77 dpm (3.66–4.89 log10 GCN/mg; Figure 5). Two
bone marrow samples were VI-positive, with titers of 103.25 and
103.35 TCID50/g, respectively (Figure 5).

DISCUSSION

Data-driven models for FMD outbreak simulations represent a
critical component of FMD preparedness in countries that are
normally free of FMD (6). Although a considerable amount
of data describing FMD progression in infected animals can
be extrapolated from published experimental studies, only a
fraction of such studies were originally designed to evaluate
disease transmission. Replacement of actual transmission data by
more readily available proxy measures can lead to substantially
skewed estimates for infectivity (10, 11). Additionally, as disease
transmission is highly context-dependent, it is important that
estimates used formodel parameterization are appropriate for the
host species and housing/management conditions represented in
the model. Previous studies have shown that individual housing
of animals for one-on-one contact transmission trials can
substantially reduce disease transmission (34). Thus, even though

a one-to-one study design allows for precise measurements of
virus shedding from individual animals for transmission proxy
evaluation, the set-up may provide skewed estimates as the
transmission characteristics of the disease are altered compared
to conventional group-housing settings.

In this current investigation, we addressed a critical
knowledge gap related to the end (duration) of infectiousness
in group-housed FMDV-infected pigs. A single group of donor
pigs subjected to simulated-natural FMDV exposure were used
to expose sequential groups of contact pigs at pre-determined
time points during late infection. The outcome of this trial
demonstrated that transmission occurred at 5 and 10 dpi, but
not at 15 dpi. The clinical conditions of the donor pigs improved
throughout the study. At 5 dpi, although non-febrile and
ambulant, there was still visible lameness and some reluctance to
walk within the group. At 10 dpi, the donor pigs weremore active,
and were freely walking/running during the clinical examination
and relocation to the contact exposure room. Although moderate
quantities of FMDV RNA were measured in OPF of the donor
pigs at 10 dpi, the titers of infectious virus were below the limit of
detection in all but 1 donor pig at the start of contact exposure.
There were, however, healing FMD lesions at the coronary bands
of all the donor pigs, and it is highly possible that the contagion
of donor pigs at this time point was associated with virus in
residual lesions rather than in aerosols or secretions. This is
further supported by the fact that FMDV in secretions would be
expected to be associated with secretory immunoglobulin during
later stages of infection.

Virus shedding, as defined by detection of FMDV RNA in
OPF, was still detectable in samples from the donor pigs at the
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FIGURE 4 | FMDV detection in vesicle epithelium of pig carcasses. (A) FMDV quantities (log10 GCN/mg) in samples of vesicle epithelium obtained from 4 separate

batches of pig carcasses infected with FMDV A24 Cruzeiro or FMDV O/SKR/2010 and stored at 4oC from 0 to 77 days post mortem (dpm). All samples were positive

by virus isolation. (B) FMDV titers (log10 TCID50/g) in vesicle epithelium obtained from 3 carcasses infected with FMDV A24 Cruzeiro from 0 to 77 dpm. All plotted

values represent geometric means and range. The fitted line represents a simple linear regression with day as the independent variable and individual sample titers as

the dependent variable (slope = −0.034, half-life = 128 days).

beginning and end of the last contact exposure at 15–16 dpi.
Furthermore, OPF from all the contact-exposed pigs in group 4
was positive for FMDV RNA at the end of the contact exposure.
These findings support the concept of a minimum quantity of
FMDV being required to cause infection in exposed pigs (35–37),

and that the cumulative amount of virus that the pigs in group 4
were exposed to, was below the threshold of infectivity.

We have previously used a similar experimental design to
demonstrate that FMDV-infected pigs are capable of transmitting
disease ∼1 day prior to the appearance of clinical signs (10, 20).
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FIGURE 5 | FMDV detection in select tissue samples at 77 days post mortem.

FMDV quantities (log10 GCN/mg) in samples of submandibular lymph nodes,

neck skin, and bone marrow harvested from carcasses of pigs infected with

FMDV A24 Cruzeiro after 77 days of storage at 4oC. Colored symbols indicate

samples from which infectious virus was isolated, while X indicate virus

isolation-negative samples. *FMDV titers in two samples of virus

isolation-positive bone marrow were 103.35 and 103.25 TCID50/g, respectively.

All symbols represent individual sample replicates (n = 3), horizontal lines are

means.

During early infection, successful transmission was associated
with increasing quantities of FMDV RNA detected in OPF
of the donor pigs (20, 37). The findings from this current
study suggests that a similar quantitative shedding approach is
not appropriate to determine the end of the infectious period.
Specifically, the FMDV RNA quantities detected in OPF from
the donor pigs were similar between the second exposure at
10-11 dpi and the third exposure at 15–16 dpi despite the
transition from contagious to non-contagious status. Based
upon this finding, it is likely that the contagion associated
with pigs in late phases of FMD is not due to FMDV present
in OPF.

The experimental approach of using the same group of
donor pigs to expose multiple groups of contact pigs was
intended to minimize sources of variation other than the time
post infection of the donors. Although this design may have
resulted in additional stress of the donor pigs as they were
moved between the contact groups, we believe this would not
have affected experimental transmission since contagion was
not correlated with shedding of FMDV in donors. Rather, the
remnant vesicle epithelium on the donor pigs contained high
quantities of infectious virus, and this is likely to have been the
most substantial determinant of transmission during late stages
of infection.

The combined output from the current and previous
transmission studies suggests that the infectious period for
FMDV-infected pigs lasts for at least 9 days (1 through 10 dpi),
which is substantially longer than what has been published for

cattle (11). Furthermore, this suggests that the rate of propagation
of an FMD outbreak may be substantially impacted by the
livestock composition within the affected region.

Nonetheless, it is noteworthy that the cumulative evidence
from direct transmission experiments herein and previously
published (20, 30) indicate that the actual infectious period
in FMDV-infected pigs is shorter than what would have been
estimated if using detection of FMDV RNA in OPF as a proxy
for infectiousness.

The transmission study reported herein was performed using
a single FMDV strain and limited animal numbers. It would
thus be relevant to expand the data set by performing similar
investigations using additional FMDV strains since previous
experimental studies have suggested that there may be strain-
specific variability in FMDV transmission parameters (21) and
environmental stability.

FMDV virulence and host tropism are known to vary by strain
rather than serotype as is demonstrated by the FMDV O Cathay
lineage which differs from other serotype O FMDVs by being
highly infectious to pigs, but not cattle (38, 39). Therefore, in
order to generate robust and representative data, experimental
determinations of end-of-infectiousness should ideally be
performed for multiple strains within relevant serotypes.

We have previously shown that infectious FMDV could be
detected in ambient air for up to 6 days after removal of infected
pigs from a room that housed vaccinated (clinically protected)
cattle (40), whereas no virus was detected in rooms housing
similarly vaccinated cattle that had been infected by intra-
nasopharyngeal deposition of the same virus (unpublished). In
this current investigation, isolation of virus from air filters was
only possible for up to 24 h after removal of infected pigs, while
detection of FMDV RNA continued for up to 7 days. It is likely
that the presence of cattle in the room of the previous study had a
substantial impact on the humidity and temperature in the room,
possibly affecting environmental survival of the virus. Additional
environmental sampling, such as swabbing of dry surfaces, would
be needed to better assess the residual contagion in mechanically
cleaned spaces.

FMDV is known to be sensitive to high temperatures and
pH values outside a range of 7–7.5 (41–43). It has also been
shown that FMDV in muscle tissue gets inactivated within
few days post mortem, even when stored at low temperatures
(18), which was consistent with the findings from the current
study. This is presumed to be associated with the generation
of lactic acid from glycogen due to autolysis in muscle. In the
current study, the post-mortem viability of FMDV in vesicle
epithelium was substantially different, as virus isolation from
lesion sites was positive, with measurable virus titers, as far
out as 77 days post mortem. Due to biosafety regulations,
the carcasses used to evaluate FMDV postmortem viability in
the current study were stored in a designated cold storage
room at 4oC, and we were not able to evaluate virus viability
at higher temperatures. However, this temperature would
realistically simulate an FMD outbreak occurring during the
colder season of the year in temperate climate zones. As an
example of that phenomenon, it was reported that cold weather
substantially impeded decontamination efforts and contributed
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to dissemination of the November 2010 FMDV serotype O
outbreak in South Korea (44).

There is limited published information regarding viability of
FMDV in animal products other than meat through prolonged
post-mortem durations. One available review paper by Cottral
(18) summarizes the data available at that time, and reports
that FMDV remained viable in bone marrow stored at 1–
4oC for up to 7 months, while virus could be isolated from
lesions from guinea pigs for as long as 2 years (18). Conversely,
more recent studies of alterations of temperature and pH in
animal carcasses in warm climatic conditions suggest that FMDV
would likely become inactivated within 24 h when ambient
temperatures reach 30–35oC (45). Additional data is needed to
evaluate FMDV viability in vesicle epithelium at varying ranges
of temperature and humidity. In this current study, carcasses
were kept intact in order to assess if autolysis, putrefaction,
and associated acidification occurring within tissues and body
cavities would affect conditions at peripheral lesion sites. Based
upon the findings of long-term viability of FMDV in porcine
tissues, further studies should be performed assessing viability
of additional viral strains with longer duration and variations in
ambient conditions.

CONCLUSIONS

The current investigation demonstrated that FMDV A24-
infected pigs were capable of transmitting disease as late as
10 days post infection, which corresponded to 9 days after
presumed onset of infectivity (20), and 8 days after appearance
of clinical signs. The same pigs were non-contagious at 15 dpi.
There is clearly some uncertainty associated with this range
as there were no contact trials performed between 10 and 15
dpi. However, one important detail to note is that pigs that
were largely clinically recovered, with only minor remnants of
FMD lesions, were still capable of transmitting disease. Airborne
contagion diminished shortly after removal of infected animals
and mechanical cleaning of isolation rooms. However, evidence
from previous studies suggest that this may vary substantially,
likely depending on relative humidity. Although FMDV in
muscle was inactivated within few days post mortem, contagion
in vesicle epithelium from intact carcasses stored at 4oC remained
high through 11 weeks. This finding should be considered in
relation to appropriate handling and disposal of animal carcasses
during FMD outbreaks, especially in cold weather conditions.

describing the end of infectiousness in pigs and FMDV viability
in post-mortem porcine tissues update the available parameters
for modeling of FMD in populations of pigs.
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