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ABSTRACT Superinfection of cattle persistently infected with foot-and-mouth disease
virus (FMDV), with a heterologous FMDV strain has been shown to generate novel
recombinant viruses. In this study, we investigated the pathogenesis events within spe-
cific tissues associated with FMDV coinfections in cattle subjected to either simultaneous
or serial exposure to two distinct strains of FMDV. Both strains of FMDV (one each of
serotypes O and A) were similarly localized to the nasopharyngeal mucosa during the
early stages of infection. However, while no recombinant FMDV genomes were recov-
ered from simultaneously coinfected cattle, interserotypic recombinants were isolated
from nasopharyngeal tissue samples obtained at 48 h after heterologous superinfection
of a persistently infected FMDV carrier. Additionally, analysis of FMDV genomes obtained
from replicate nasopharyngeal tissue samples demonstrated that adjacent segments of
the mucosa were sometimes infected by distinct viruses, demonstrating a multifocal and
heterogeneous distribution of FMDV infection during primary and persistent phases of
infection. This work indicates that superinfection of FMDV carriers may be an important
source of emergent recombinant strains of FMDV in areas where multiple strains are co-
circulating.

IMPORTANCE Foot-and-mouth disease (FMD) is a socioeconomically impactful livestock
disease with a complex epidemiology and ecology. Although recombinant viruses have
been identified in field samples, the mechanisms of emergence of those viruses have
never been elucidated. This current study demonstrates how serial infection of cattle
with two distinct serotypes of FMD virus (FMDV) leads to rapid generation of recombi-
nant viruses in the upper respiratory tracts of infected animals. This finding is particularly
relevant in relation to the management of persistently infected FMDV carrier cattle that
can maintain subclinical FMDV infection for months to years after an initial infection.
Such carrier animals may function as mixing vessels that facilitate the emergence of
novel recombinant FMDV strains in areas where multiple virus strains are in circulation.

KEYWORDS FMD, FMDV, foot-and-mouth disease, cattle, foot-and-mouth disease virus,
infectious disease, pathogenesis, recombination

Foot-and-mouth disease (FMD) is a high-consequence viral infection of cloven-hoofed
livestock caused by foot-and-mouth disease virus (FMDV; genus Aphthovirus, family

Picornaviridae) (1). The global distribution of FMD, which is endemic in substantial parts of
Africa and Asia, has a critical impact on the regulation of international trade in animals and
animal products (2, 3). Therefore, considerable financial resources are invested in FMD con-
trol, both by countries directly affected by the consequences of the disease itself as well as
by those wanting to prevent FMDV incursions (4, 5).

The molecular epidemiology of FMDV is complicated because there are seven dis-
tinct serotypes, with multiple lineages and subtypes within those serotypes (6). No
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protection across serotypes is conferred by vaccination or previous infection (7).
Additionally, vaccination does not protect against subclinical infection of the upper
respiratory tract in exposed bovines (8–11).

Studies of FMDV phylogenetics based on whole-genome sequencing of field viruses
have shown that recombination involving different FMDV serotypes is common (12–
14). However, until recent years, most phylogenetic studies of FMDV have been based
exclusively on VP1 sequencing, which fails to capture the complexities of viral recombi-
nation occurring in nonstructural coding regions.

A substantial proportion of ruminants that recover from either clinical or subclinical ne-
oteric (primary) FMDV infection will progress to a persistent subclinical phase of FMDV
infection that may last for several months to years (15). In cattle, both primary and persis-
tent FMDV infection has been localized to distinct regions within the nasopharyngeal mu-
cosa (8, 9, 16, 17). In contrast, persistent FMDV infection in African buffalo (Syncerus caffer),
an important natural reservoir host for the virus, has been demonstrated to occur in epi-
thelial crypts of the palatine tonsils (18, 19).

The epidemiological relevance of FMDV carriers is controversial. A historical dispar-
ity exists between findings supporting infectiousness and counterclaims of irrelevance.
The potential for contagion is suggested by the well-established fact that infectious vi-
rus is present in the upper respiratory tract of carriers, and it has further been shown
that deposition of unadulterated oropharyngeal fluid (OPF) derived from persistently
infected cattle into the upper respiratory tracts of naive recipient cattle will cause ful-
minant disease (10, 20). Conversely, several small-scale experimental studies have
failed to demonstrate transmission of FMDV from persistently infected cattle to naive
animals kept in close contact for longer durations (21–23). Based on current regulations
dictated by the World Organization for Animal Health, the presence of FMDV carriers is
not tolerated in any country seeking to achieve FMD-free status (24). Additionally, due to
the risk of subclinical infection in vaccinated animals, the waiting period required to
regain official FMD-free status following an outbreak is substantially increased if vaccina-
tion is used as part of disease control efforts (24, 25).

We have previously demonstrated that heterologous superinfection of persistently
infected FMDV carrier cattle led to detection of dominant interserotypic recombinant
genomes in oropharyngeal fluid samples in 5 of 12 study animals as early as 10 days af-
ter superinfection. In contrast, no viral recombinants were detected in samples from
animals that were simultaneously coinfected with the same two viruses (26). These
findings indicate that under experimental conditions, persistently infected FMDV car-
rier cattle function as mixing vessels. In areas where multiple variants of FMDV are in
circulation, this mechanism may facilitate the emergence of novel recombinant viral
strains.

The current investigation is based on analysis of antemortem and tissue samples
from cattle that were euthanized at early time points following simultaneous coinfec-
tion or heterologous superinfection. Through a combined approach using molecular
diagnostic techniques, immunohistochemistry, and next-generation sequencing, we
explored the early pathogenesis of FMDV coinfection and demonstrate that intersero-
typic recombinants can be isolated from nasopharyngeal tissue samples within 48 h of
heterologous superinfection. Our findings affirm the relevance of persistently infected
FMDV carrier cattle as likely sources of recombinant FMDV strains and reiterate that
superinfected FMDV carriers represent a distinct category of animals that have not pre-
viously been examined for their epidemiological relevance.

RESULTS

Three groups of four cattle each were infected with FMDV A24 Cruzeiro (FMDV A24)
and FMDV O1 Manisa (FMDV O1M) simultaneously (Group 1) or separated by 21
(Group 2) or 35 days (Group 3) (Fig. 1). Two animals from each group were euthanized
for postmortem tissue harvest at 24 and 48 h after the simultaneous (Group 1) or final
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(Groups 2 and 3) virus exposure. Additional animals within each cohort were moni-
tored for longer durations (26).

Simultaneous coinfection. (i) Antemortem infection dynamics. The four animals
in Group 1 were infected with a mixed inoculum containing equal quantities (106

TCID50 [50% tissue culture infective dose]) of FMDV A24 and FMDV O1M. Nasal swabs
were positive for both viruses by quantitative real-time reverse transcriptase PCR (qRT-
PCR) in all four animals at 24 h postinfection (hpi) and at 48 hpi in one of the two ani-
mals kept to that time point, whereas the nasal swabs from the second animal were
negative (Fig. 2). No viral RNA was detected in serum samples from the two animals eu-
thanized at 24 hpi, whereas RNA from both viruses was detected in serum samples col-
lected at 48 hpi in the two animals that were kept to that time point. Additionally, one
serum sample obtained at 24 hpi from one of the animals kept through 48 h (ID no.
19-03) was positive for FMDV O1M RNA (Fig. 2). No clinical signs of FMD were observed
in any of the animals in this group prior to euthanasia.

(ii) Tissue distribution of FMDV. FMDV tissue distribution was determined by
strain-specific qRT-PCR systems, combined with virus isolation (VI) and confirmation of
virus strain identities in VI supernatants by qRT-PCR. At 24 hpi, all nasopharyngeal tis-
sue samples, comprised by the rostral and caudal segments of the dorsal surface of the
soft palate and the dorsal nasopharynx, were positive for both viruses by qRT-PCR and
VI (Fig. 3). Low quantities of FMDV A24 RNA, without concurrent isolation of infectious
virus, were detected in the lingual and palatine tonsils from one animal each.
Additionally, both viruses were isolated, with no FMDV RNA detected in the raw tissue
samples, from the nasopharyngeal tonsils as well as from either the medial retrophar-
yngeal or submandibular lymph nodes of both animals.

At 48 hpi, the distribution of FMDV in tissues was more widespread, consistent with
concurrent detection of viremia of both viruses (Fig. 3). In addition to the nasopharyn-
geal mucosal samples, infectious virus was also detected in samples of the lungs as
well as the lingual and palatine tonsils. Interestingly, infectious virus was also isolated

FIG 1 Study design. The study comprised three groups of four cattle each. Group 1 were simultaneously infected with foot-and-mouth disease virus
(FMDV) O1 Manisa and A24 Cruzeiro on day 0, Group 2 were infected with FMDV A24 Cruzeiro on day 0 and superinfected with FMDV O1 Manisa on day
21, and Group 3 were infected with FMDV A24 Cruzeiro on day 0 and superinfected with FMDV O1 Manisa on day 35. Two animals from each group were
euthanized for postmortem tissue harvest at 24 and 48 h after the final (or, for group 1, simultaneous) virus exposure.
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from lesion predilection sites, including the tongues of both animals and the coronary
band and interdigital cleft skin of one animal, despite a lack of any grossly visible
lesions at those sites (Fig. 3). Infectious virus was also, as at the earlier time point, iso-
lated from select lymph nodes even though viral RNA quantities were too low to be
detected in the original tissue macerates.

Overall, the distributions of the two viruses were similar and consistent with the dis-
tribution expected in animals infected with just one strain of FMDV.

Heterologous superinfection of FMDV carriers. (iii) Antemortem infection dy-
namics. Heterologous superinfection was investigated in two experimental groups:
Group 2 was infected with FMDV A24 on day 0 and superinfected with FMDV O1M on
day 21, whereas Group 3 was infected with FMDV A24 on day 0 and superinfected
with FMDV O1M on day 35.

All animals were confirmed to have been infected by the first (FMDV A24) virus ex-
posure with associated clinical FMD of expected severity observed in all but one indi-
vidual (Fig. 4 and 5). FMDV A24 RNA was consistently detected in nasal swabs through
8 to 14 days, and in sera from 7 of the 8 animals through 6 to 8 days. One animal in
Group 3 (ID no. 19-33) did not develop clinical FMD or viremia following inoculation,
but infection was confirmed based on consistent detection of FMDV RNA in nasal
swabs through 10 days postinfection (dpi) and detection of FMDV RNA as well of isola-
tion of infectious virus from oropharyngeal fluid samples collected from 14 to 31 dpi
(Fig. 5).

Seven of the eight animals were presumed to have been persistently infected with
FMDV A24 at the time of superinfection with FMDV O1M, based on isolation of FMDV
A24 from OPF samples up until 4 days prior to superinfection (Fig. 4 and 5). After this
time point, OPF harvesting was paused to avoid potential interference with the patho-
genesis of primary infection due to the scraping of the mucosal surface that is associ-
ated with collection of probang samples.

FIG 2 FMDV infection dynamics in simultaneously coinfected cattle. Strain-specific detection of FMDV RNA in nasal swabs (solid
lines, triangular markers) and sera (hatched lines, circular markers) from cattle simultaneously infected with FMDV O1 Manisa (red)
and FMDV A24 Cruzeiro (blue). Animals no. 19-01 and 19-02 (top row) were euthanized for tissue harvest at 1 day postinfection (dpi)
and animals no. 19-03 and 19-04 (bottom row) were euthanized at 2 dpi. No FMD lesions were observed in any of the animals.
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Animals in Group 2 were superinfected with FMDV O1M at 21 dpi. FMDV O1M RNA
was detected in nasal swabs at 24 hpi in one of the two animals that were euthanized
at that time point. Of the two animals that were euthanized at 48 hpi, FMDV O1M was
detected in serum at 24 and 48 hpi in one animal. Shedding in nasal swabs was
detected at 48 hpi in one animal and at both 24 hpi and 48 hpi in the other animal
(Fig. 4). There was no clinical FMD observed in any animal after the superinfection
within the period of observation.

In study group 3, which were superinfected at 35 dpi, FMDV O1M RNA was detected
in nasal swabs of all four animals at 24 hpi (Fig. 5). Of the two animals euthanized at 48
hpi, one had FMDV O1M-positive nasal swabs at both 24 and 48 hpi and a positive se-
rum sample at 48 hpi, whereas the other animal had a positive nasal swab at 24 hpi
but negative samples at 48 hpi (Fig. 5). There were no signs of clinical FMD in any of
the four animals after superinfection within the study period.

Tissue distribution of FMDV. (i) Superinfection on 21 dpi. The four animals in
group 2 were presumed to be persistently infected with FMDV A24 at the time of
superinfection based on isolation of FMDV A24 from OPF samples obtained at 14 and
17 dpi. This was confirmed in three of the animals by isolation of infectious FMDV A24
from nasopharyngeal tissue samples obtained at necropsies performed 22 and 23 days
after FMDV A24 infection (corresponding to 24 and 48 h after superinfection with
FMDV O1M; Fig. 6). FMDV A24 RNA was detected in a wider range of tissues compared
to infectious virus, which is consistent with previous studies investigating tissue distri-
bution of FMDV in convalescent animals (9, 16).

At 24 hpi, FMDV O1M was primarily isolated from nasopharyngeal tissues, with an
additional VI-positive/qRT-PCR-negative sample from the palatine tonsil of one animal.
As in Group 1, there was a wider distribution of infectious virus at 48 h after infection,
specifically in the one animal from which FMDV O1M was also detected in serum (ID

FIG 3 FMDV distribution in bovine tissues following simultaneous coinfection. Strain-specific FMDV detection in
tissue samples obtained at 24 and 48 h post-intranasopharyngeal deposition of a mixed inoculum containing equal
quantities of FMDV O1 Manisa (red) and FMDV A24 Cruzeiro (blue). Numbers in table represent log10 genome copy
numbers (GCN)/mg of FMDV RNA in tissue or log10 GCN/mL serum, for the specific virus. Color gradient indicates
increasing FMDV RNA quantities in samples that were positive by both strain-specific real-time reverse transcriptase
PCR (qRT-PCR) and virus isolation (VI), with virus specificity in VI supernatants determined by strain-specific qRT-PCR.
Numbers in uncolored cells indicate quantities of FMDV RNA detected in samples that were negative by virus
isolation for that specific virus; plus sign (1) indicates that virus isolation was positive but FMDV RNA content was
below the limit of detection.
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no. 19-11; Fig. 6). In this animal, FMDV O1M was isolated from samples of the lungs
and lesion predilection sites (tongue and coronary band/interdigital cleft skin).
However, in all animals, the highest quantities of FMDV RNA were found in the naso-
pharyngeal mucosal samples.

FIG 4 FMDV infection dynamics in cattle that were infected with FMDV A24 Cruzeiro on day 0 and superinfected with FMDV O1 Manisa on day 21. Strain-
specific detection of FMDV RNA in nasal swabs (solid lines, triangular markers), sera (hatched lines, circular markers), and oropharyngeal fluid (OPF; purple
line, diamond markers) from cattle sequentially infected with FMDV A24 Cruzeiro (blue and purple) and FMDV O1 Manisa (red). Shaded yellow area
represents the cumulative lesion score observed through the first 10 days of infection. Animals no. 19-09 and 19-10 (top row) were euthanized for tissue
harvest at 1 day post-superinfection, and animals no. 19-11 and 19-12 (bottom row) were euthanized at 2 days post-superinfection. Asterisk (*) indicates
that OPF samples were only collected on days 14 and 17.

FIG 5 FMDV infection dynamics in cattle that were infected with FMDV A24 Cruzeiro on day 0 and superinfected with FMDV O1 Manisa on day 35. Strain-
specific detection of FMDV RNA in nasal swabs (solid lines, triangular markers), sera (hatched lines, circular markers), and OPF (solid purple line, diamond
markers) from cattle sequentially infected with FMDV A24 Cruzeiro (blue and purple) and FMDV O1 Manisa (red). Shaded yellow area represents the
cumulative lesion score observed through the first 10 days of infection. Animals no. 19-33 and 19-34 (top row) were euthanized for tissue harvest at 1 day
post-superinfection, and animals no. 19-35 and 19-36 (bottom row) were euthanized at 2 days post superinfection. Asterisk (*) indicates that OPF samples
were collected twice weekly from days 14 to 31.
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(ii) Superinfection on 35 dpi. Of the four animals in Group 3, three were deter-
mined to have been persistently infected with FMDV A24 based on consistent isolation
of infectious virus in OPF samples prior to superinfection. This was consistent with
detection of FMDV A24 RNA and infectious FMDV A24 virus in nasopharyngeal tissue
samples from these animals collected postmortem. Neither infectious FMDV A24 nor
FMDV A24 RNA was found in nasopharyngeal tissue samples from the one animal that
had cleared infection (ID no. 19-35; Fig. 7). Consistent with previous findings, low to
moderate levels of FMDV A24 RNA were detected, without concurrent detection of in-
fectious FMDV A24, in the lymphoid tissues of these convalescent animals.

FMDV O1M was isolated from nasopharyngeal tissues from all four animals in
Group 3, with additional isolation of virus from the lingual tonsil in one individual.
There was no isolation of infectious FMDV O1M, nor detection of FMDV O1M RNA, in
lungs or lesion predilection sites in any of the animals in this group.

Overall, the distribution of the persistent FMDV A24 virus was more restricted compared
to that of the acute/neoteric FMDV O1M virus in all superinfected animals. Interestingly, in-
fectious FMDV O1M was isolated from all tissues in which persistent FMDV A24 virus was
detected (Fig. 6 and 7).

Virus localization by immuno-microscopy. The micro-anatomic localization of
FMDV in postmortem tissue samples was visualized using multichannel immunofluores-
cence microscopy and monoclonal antibodies raised against capsid proteins of FMDV
serotypes O (27) and A (28), as well as FMDV nonstructural protein 3D (29). As in previous
investigations of preclinical and persistent stages of FMDV infection in cattle (8, 9, 16), in all
3 cattle cohorts, FMDV antigen was exclusively detected in the epithelial cells overlaying
mucosa-associated lymphoid tissue (follicle-associated epithelium [FAE]) of the nasopha-
ryngeal mucosa. In tissues from simultaneously coinfected animals, approximately equal
amounts of FMDV A and FMDV O-positive epithelial cells were found in association with

FIG 6 FMDV distribution in bovine tissues following FMDV O1 Manisa (red) superinfection, 21 days
after initial infection with FMDV A24 Cruzeiro (blue). Strain-specific FMDV detection in tissue samples
obtained 24 and 48 h post-FMDV O1 Manisa superinfection. Numbers in table represent log10 GCN/
mg of FMDV RNA in tissue or log10 GCN/mL serum for the specific virus. Color gradient indicates
increasing FMDV RNA quantities in samples that were positive by both strain-specific qRT-PCR and VI,
with virus specificity in VI supernatants determined by strain-specific qRT-PCR. Numbers in uncolored
cells indicate quantities of FMDV RNA detected in samples that were negative by virus isolation for
that specific virus; plus sign (1) indicates that virus isolation was positive but FMDV RNA content was
below the limit of detection.
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subtle erosions in the surface of the nasopharyngeal mucosa (Fig. 8). In the superinfected
cattle that were persistently infected with FMDV A24 and acutely infected with FMDV
O1M, there was a disparity in the virus-specific antigen detection, with a markedly greater
number of cells being positive for FMDV O antigen compared to those positive for FMDV
A antigen. The FMDV O capsid antigen was primarily clustered around epithelial erosions,
whereas the FMDV A antigen was localized to clusters of few cells within the surface layer
of the FAE (Fig. 9). This discrepancy in the distribution of persistent versus acute infection
was further emphasized by a multitude of tissue sections being positive for FMDV O anti-
gen without concurrent detection of FMDV A (Fig. 10). This distribution was similar
between the 21-day and 35-day superinfection cohorts. The detection of FMDV 3D protein
in the tissue sections is indicative of viral replication. However, because the 3D protein is
highly conserved across serotypes, it is not possible to discern from which virus this expres-
sion originated.

Virus characterization by deep sequencing. To characterize within-host viral diver-
sity, full-length coding sequences of FMDV were obtained from four anatomically distinct
sites of the nasopharyngeal mucosa from all animals. The sample sites analyzed included
the rostral and caudal segments of the dorsal surface of the soft palate as well as rostral and
caudal segments of the dorsal nasopharynx, which represent consistent sites of both pri-
mary and persistent FMDV infection in cattle. One or two biological replicates (correspond-
ing to adjacent pieces of tissue) of each tissue compartment were included in the analyses.
Component virus identities were confirmed using Illumina sequencing paired with refer-
ence-based read mapping. For most samples, the virus identities obtained through next-
generation sequencing (NGS) corresponded to those obtained by qRT-PCR and VI (Fig. 11).
While most samples contained the same viruses across biologic replicates and across tissue
compartments within each animal, this was not always the case (Fig. 11). Thus, it was found
that adjacent tissue segments within the nasopharyngeal mucosa were sometimes infected

FIG 7 FMDV distribution in bovine tissues following FMDV O1 Manisa (red) superinfection, 35 days
after initial infection with FMDV A24 Cruzeiro (blue). Strain-specific FMDV detection in tissue samples
obtained 24 and 48 h post-FMDV O1 Manisa superinfection. Numbers in the table represent log10

GCN/mg of FMDV RNA in tissue or log10 GCN/mL serum for the specific virus. Color gradient indicates
increasing FMDV RNA quantities in samples that were positive by both strain-specific qRT-PCR and VI,
with virus specificity in VI supernatants determined by strain-specific qRT-PCR. Numbers in uncolored
cells indicate quantities of FMDV RNA detected in samples that were negative by virus isolation for
that specific virus; plus sign (1) indicates that virus isolation was positive but FMDV RNA content was
below the limit of detection.
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with different viruses, corroborating the heterogeneous distribution of infection that was
illustrated by immuno-microscopy (Fig. 8 to 10).

Viral sequences were further screened for the existence of interserotypic recombinant
FMDVs. This was initially accomplished through the identification of chimeric sequencing

FIG 8 FMDV coinfection in the bovine nasopharyngeal mucosa. (A) FMDV infection in the dorsal nasopharyngeal
mucosa at 24 h post-intranasopharyngeal deposition of a mixed inoculum containing equal quantities of FMDV O1
Manisa and FMDV A24 Cruzeiro. (B) FMDV VP1 (O1 Manisa = red, A24 Cruzeiro = green) is localized to cytokeratin1
epithelial cells (teal) within a surface erosion in a segment of follicle-associated epithelium. FMDV 3D protein
(orange) was detected in a cluster of a few cells within the same region. There is minimal to no colocalization of
FMDV O1M and A24. Panel A = �10 magnification. Panel B = �40 magnification with differential interference
contrast of region of interest showing separate and merged channels.
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FIG 9 FMDV O1 Manisa superinfection in bovine nasopharynx persistently infected with FMDV A24 Cruzeiro. (A)
Early-phase FMDV O1 Manisa infection in the dorsal nasopharyngeal mucosa at 48 h post-FMDV O1 Manisa
superinfection of an animal that was persistently infected with FMDV A24 Cruzeiro. (B) FMDV O1 Manisa VP1 (red)
is associated with multiple surface erosions within segments of follicle-associated epithelium (cytokeratin = teal).
FMDV A24 VP1 (green) is localized to a single cluster of cytokeratin1 epithelial cells directly adjacent to an
epithelial erosion. FMDV 3D protein (orange) was detected in a few cells within the same region. Panel A = �10
magnification. Panel B = �20 magnification with differential interference contrast of region of interest showing
separate and merged channels.
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reads. In brief, reads which mapped similarly to both the FMDV A24 and FMDV O1M refer-
ence genomes (i.e., chimeric reads) were extracted and then re-mapped to each reference
genome. Chimeric reads indicating shared breakpoints were identified across different naso-
pharyngeal tissue samples and replicates from animals no. 19-34 (breakpoint in 2B coding
region) and 19-36 (breakpoint in 3D coding region) (Fig. 12). Suspect recombinants were
detected at very low levels (,1%) in the dorsal nasopharynx and rostral and caudal seg-
ments of the dorsal soft palate of animal no. 19-34 (24 hpi), as well as in the dorsal nasophar-
ynx of animal no. 19-36 (48 hpi). In contrast, a recombinant virus estimated to comprise
approximately 21% of sequenced genomes was detected in a dorsal soft palate sample of
animal no. 19-36 (48 hpi). Specifically, this sample included full-length FMDV O1M, but also a
segment from the center of the 3D coding region through the 39 UTR (untranslated region)
derived from the FMDV A24 genome (breakpoint 7,441 to 7,460 on the FMDV O1M reference
genome) (Fig. 12). To confirm the presence of the recombinant in this sample, plaque purifi-
cation was performed and a total of 15 resultant plaque isolates were successfully Illumina
sequenced. Of the 15 sequenced plaque isolates, 4 included pure interserotypic FMDV O1M-
A24 recombinants with breakpoints precisely matching the predicted recombinant.

DISCUSSION

We have previously shown that persistently infected FMDV carrier cattle became
clinically or subclinically superinfected when exposed to a heterologous FMDV strain

FIG 10 Acute FMDV O1 Manisa infection in the bovine nasopharyngeal mucosa. Multiple foci of FMDV O1 Manisa
(red) infection associated with erosions within the mucosal surface of the dorsal soft palate at 48 h postinfection. The
VP1 antigen is exclusively detected within cytokeratin1 (teal) cells within segments of follicle-associated epithelium.
Image = �10 magnification. Inset: �40 magnification with differential interference contrast of region of interest.
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and that interserotypic recombinants could be detected in oropharyngeal fluid sam-
ples as early as 10 days after superinfection (26, 30). Our current investigation describes
the detailed infection dynamics and tissue distribution of viruses in cattle that were eu-
thanized for postmortem tissue harvest during the early stages of simultaneous coin-
fection or staggered superinfection.

The earliest isolation of interserotypic recombinants was at 48 h after superinfec-
tion, with additional suspected low-level recombinants detected in a different animal
as early as 24 h. Recombination among FMDV strains has been described under natural
and experimental conditions (12–14, 26); however, the specific mechanisms of occur-
rence and emergence (e.g., timing and anatomic site) have not been described. The
current findings further emphasize the frequency at which FMDV recombination occurs
in superinfected carrier animals, which may have important implications for FMDV mo-
lecular epidemiology. The lack of detection of recombinant genomes in samples from
the simultaneously coinfected cohort is similar to our previous findings (26) and sug-
gests that this form of coinfection may not be a relevant condition for FMDV recombi-
nation. This distinction is specifically noteworthy in this study because the micro-ana-
tomic distributions of the two viruses were essentially identical across cohorts, with
distinct viruses detected in adjacent epithelial cells within the nasopharyngeal mucosa.

It has been shown in vitro that FMDV recombination will occur in any cell that is
simultaneously infected with different virus variants (31–33). However, the mechanisms
and frequencies of the generation of detectable levels of recombinant viruses in
infected animals are not known. Acute FMDV infection induces an immediate cellular
antiviral response (34, 35). It can thus be speculated that a cell which has recently been
infected by one FMDV may be resistant to infection by a similar or different virus for

FIG 11 Characterization of FMDV infection by next-generation sequencing (NGS) in distinct compartments of the bovine nasopharynx. Viruses isolated
from four distinct compartments of the nasopharynx: rostral and caudal segments of the dorsal surface of the soft palate as well as rostral and caudal
segments of the dorsal nasopharynx were analyzed by NGS. All samples obtained from simultaneously infected animals (Group 1) contained both viruses
(purple cells). In animals which had been superinfected with FMDV O1 Manisa 21 or 35 days post-infection with FMDV A24 (Groups 2 and 3), FMDV O1
Manisa (red cells) had a wider distribution compared to FMDV A24. Only one tissue replicate contained FMDV A24 without concurrent detection of FMDV
O1M (blue cell). Split cells of different color designations indicate that different viruses, or combinations of viruses, were detected in replicate samples
within the same anatomic compartment. Asterisk(*) indicates that samples from animal no. 19-36 contained an interserotypic recombinant virus which was
confirmed through plaque purification and analysis of plaques by NGS.

FIG 12 Schematic of the interserotypic recombinant FMDV genome isolated from the dorsal soft palate of animal no. 19-36, obtained 48 h post-FMDV
O1M superinfection. The virus identified in four sequenced plaques was comprised of an FMDV O1M-derived genome from the 59 UTR through the center
of the 3D coding region and an FMDV A24-derived coding region from the mid-3D through the 39 UTR. In each alignment, horizontal rows colored light
grey indicate identity with the reference sequence while black banding indicates dissimilarity.
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some time thereafter. Persistent FMDV infection, in contrast, is not associated with an
induced antiviral state, but with potential downregulation of antiviral pathways (36,
37). However, high levels of systemic and secreted anti-FMDV antibodies are present in
carriers as well as in convalescent animals that have successfully cleared infection (21,
38, 39). Even though the distribution of persistent FMDV infection is limited to a dis-
tinct population of cells within the nasopharyngeal mucosa, it is possible that these
cells are highly susceptible to FMDV superinfection based both on their distinctly per-
missive phenotype and the downregulation of antiviral pathways. Although visualiza-
tion of the two distinct viruses within the same cell by immunofluorescence was not
accomplished, the molecular detection of recombinant viruses demonstrates that cel-
lular-level coinfection must have occurred. As in our previous findings (26, 30), the
recombinants found in the current study had capsid-coding regions derived from the
superinfecting FMDV O1M virus. Such recombinants may have an immunological
advantage over the persistently infecting FMDV A24 virus because the superinfected
animals will initially not have antibodies against FMDV O1M capsid. Our previous work
demonstrated that there was no cross-neutralization of the FMDV O1M virus by sera
obtained from the FMDV A24-infected animals prior to the superinfection (26).
However, lack of serum neutralizing capacity does not explain any advantage the
recombinant viruses, with FMDV O-derived capsids and FMDV A-derived nonstructural
coding regions, would have in relation to the parental FMDV O1M viruses. Thus, the
relative success of these recombinants is likely associated with other aspects of viral fit-
ness that are still unknown.

The interserotypic recombinant isolated in this investigation was obtained from an
animal that was superinfected with FMDV O1M at 35 days postinfection with FMDV
A24. Although there was no isolation of recombinant viruses from the 21-day superin-
fection cohort in the current investigation, our previous work demonstrated frequent
isolation of recombinant viruses in OPF samples obtained from carriers superinfected
at 21 dpi (26). Whereas the recombinant virus isolated in the current investigation had
a breakpoint within the 3D coding region, our previously published study demon-
strated breakpoints within other nonstructural coding regions (26, 30). Similar for both
investigations was the complete lack of detection of any recombinant viruses in any
samples from simultaneously coinfected cohorts.

In the superinfected cattle, there was a heterogeneous distribution of viruses across
the distinct regions of the nasopharyngeal mucosa. Specifically, samples from adjacent
regions, and even biological replicates from within the same region, occasionally con-
tained viruses of distinct serotypes or combinations of serotypes. Our previous studies
have shown that FMDV selectively infects specific segments of epithelium within the
bovine nasopharynx during both primary and persistent stages of infection (8, 9, 16,
17, 40). The same studies also indicated that microscopic identification of foci of FMDV
infection in the nasopharynx is exceedingly rare and minute, further suggesting an
uneven distribution of infection within the specific anatomic region. Combined, these
findings suggest that FMDV infection of the bovine upper respiratory tract is multifo-
cal, and that distinct foci of infection may contain viruses that could potentially evolve
independently over time. OPF samples obtained through scraping of the mucosal sur-
face using a probang cup (11, 15) are likely representative of a larger mucosal surface
area, which is supported by frequent detection of mixed virus populations in such sam-
ples (41).

The epidemiological relevance of FMDV carrier cattle is still controversial, yet gener-
ally assumed to be negligible due to the seemingly low level of contagion associated
with these animals (23, 42). Conflicting evidence includes the known presence of infec-
tious virus within the pharynx of carriers (10, 11) and the demonstrated transmissibility
of FMDV via OPF harvested from carriers (10, 20). However, superinfected carriers com-
prise a distinct category of animals because these individuals are concurrently persis-
tently and acutely infected. Despite the possible absence of clinical FMD signs, the ne-
oteric (early) phase of subclinical FMDV infection differs from the persistent phase of
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infection because viral shedding can often be detected in nasal swab samples (16).
Although it was not possible to assess the clinical outcomes of superinfection in the
animals included in the current investigation, the detection of recombinant viruses as
early as 24 to 48 hpi confirms that such recombinants were present during the early
phase of infection when virus shedding is most substantial.

The extensive diversity of FMDV is well-known, yet the sources and mechanisms of
the continuance of that diversity are incompletely understood across scales ranging
from the individual animal to the population. The similar micro-anatomic localization
of primary and persistent FMDV infection in cattle creates an environment which may
facilitate both the generation and propagation of novel recombinant virus strains, as
demonstrated in the current work. Under standard surveillance methods, superinfected
FMDV carriers remain largely undetected because field sampling is typically based on
the presence of suspect FMD lesions. Similarly, recombinant FMDV strains will not be
detected when genomic surveillance is based on VP1 sequencing alone. Thus, further
research is required to assess the prevalence and potential transmission risk associated
with superinfected FMDV carrier cattle and other ruminant species. Improved under-
standing of the mechanisms and relevance of the distinct forms of subclinical FMDV
infection will ultimately contribute to rational methods of FMDV control and elimina-
tion in regions of endemicity and following outbreaks in FMD-free regions.

MATERIALS ANDMETHODS
Viruses. The two viruses used in this study were bovine-derived strains of FMDV A24 Cruzeiro and

FMDV O1 Manisa. The pathogenesis of both viruses has been previously characterized in cattle using the
same inoculation system and dosage used in the current study (8, 16, 43). FMDV is considered a Tier 1
select agent in the United States. All work described here was performed within biosafety level 3 (BSL3)
or BSL3Ag laboratory facilities at the Plum Island Animal Disease Center (PIADC), New York, in accord-
ance with national and institutional policies overseen by the PIADC Biosafety and Select Agent Program
Office.

Animals and animal experiments. The current investigation was based on two separate experimen-
tal studies. All experimental procedures were approved by the PIADC institutional animal care and usage
committee (protocol no. 209-17-R) which ensures humane and ethical treatment of animals. The cattle
were approximately 10-month-old Holstein heifers procured from a USDA-certified vendor.

Study design. The 12 animals used for this investigation were part of a large-scale study of heterol-
ogous FMDV coinfection and recombination. The overarching study design, as well as clinical outcomes
and viral dynamics in animals observed through 28 to 70 days, have been previously reported (26). In
brief, three groups of four cattle each were exposed to 106 TCID50 each of FMDV A24 and FMDV O1M
through intranasopharyngeal deposition (43). Group 1 was simultaneously infected with both virus
strains in a mixed inoculum, Group 2 was initially infected with FMDV A24 on day 0 and superinfected
with FMDV O1M on study day 21, and Group 3 was initially infected with FMDV A24 on day 0 and super-
infected with FMDV O1M on day 35 (Fig. 1). Two animals from each study group were euthanized for tis-
sue harvest at 24 and 48 h after the final (or combined) virus exposure.

Clinical evaluation and antemortem sample collection. Jugular vein blood samples and nasal swabs
were collected at 0, 24, and 48 hpi from the simultaneously infected study group. From Groups 2 and 3, nasal
swabs and blood samples were collected every other day from days 0 through 10. Sample collection from
14 days after the first virus inoculation until the superinfection consisted of weekly blood sampling and
twice-weekly collection of nasal swabs and OPF by probang sampling (11, 15). After the superinfection, nasal
swabs and blood were collected at 24-h intervals until euthanasia. Nasal swabs and whole blood samples
were centrifuged to extract nasal fluid and sera. OPF samples were homogenized using 699/16G steel cannu-
las attached to 20-mL syringes as previously described (16). One aliquot of OPF designated for virus isolation
was treated with 1,1,2-trichlorotrifluoroethane (TTE) to dissociate virus-antibody complexes prior to freezing
(16, 44). All samples were stored at270°C until further processing.

Clinical examinations were performed approximately every other day from 0 to 10 days after the ini-
tial virus inoculation and at the time of euthanasia. Cattle were sedated by intramuscular injection of
xylazine hydrochloride (0.66 mg/kg) to enable thorough examination of the feet and oral cavities.
Sedation was reversed by intravenous injection of tolazoline (2.0 mg/kg). The progression of clinical
infection (lesion distribution) was measured by a quantitative cumulative scoring system. In brief, any
vesicular lesions observed within the oral cavity (dental pad, tongue, gingiva), lips, or nostrils counted
for 1 point, with additional points added for vesicles on any of the four feet (1 point per foot), resulting
in a maximum possible score of 5.

Postmortem sample collection. Study animals were sedated by intramuscular injection of xylazine
hydrochloride and euthanized by intravenous injection of an overdose of pentobarbital. Necropsies with
tissue sample harvest were performed immediately following euthanasia. A predetermined list of 16 dis-
tinct anatomic sites were sampled (Fig. 2 to 4). Sampled tissues were selected based on accumulated
knowledge of FMDV tissue distribution from previous studies (8, 9, 16, 17) and represented the upper
and lower respiratory tracts (nasopharynx and lungs), oral- and oropharyngeal cavities, lymph nodes
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associated with FMDV lesion predilection sites, and skin from the coronary bands and interdigital clefts
(Fig. 2 to 4). Each sampled tissue was divided into multiple ca. 30-mg aliquots that were placed in indi-
vidual tubes before being frozen over liquid nitrogen. An adjacent specimen from each tissue was di-
vided into replicates, embedded in optimal cutting temperature medium (Sakura Finetek, Torrance, CA),
placed in cryomolds, and frozen over liquid nitrogen. Tissue samples were kept frozen in the vapor
phase over liquid nitrogen and transferred to the lab within 2 h after collection for storage at 270°C
until further processing.

FMDV RNA detection. Two aliquots of each tissue sample collected at necropsy were thawed and
individually macerated in tissue culture medium using a TissueLyser bead beater (Qiagen, Valencia, CA)
and stainless steel beads (Qiagen cat. no. 69989). Total RNA was extracted from tissue macerates, serum,
nasal swabs, and OPF samples using Ambion’s MagMax-96 Viral RNA isolation kit (Ambion, Austin, TX)
on a King Fisher-96 Magnetic Particle Processor (Thermo Fisher Scientific, Waltham, MA). All tissue mac-
erates, sera, nasal fluid, and OPF samples were analyzed using qRT-PCR targeting the 3D region of the
FMDV genome (45), with forward and reverse primers adapted from Rasmussen et al. (46) and chemistry
and cycling conditions as previously described (47). Additionally, two strain-specific qRT-PCR systems
with primers and probes targeting the capsid coding regions were used to differentiate between the
two viruses in this study (26). All assays were run in parallel, with the extracted RNA analyzed simultane-
ously using the three detection systems. Cycle threshold (CT) values of ,38 were considered positive.
Cycle threshold values were converted to RNA copies per mL or mg using an equation derived from
analysis of serial 10-fold dilutions of in vitro-synthesized, strain-specific FMDV RNA of known concentra-
tion. The equations of the curve of RNA copy numbers versus CT values were further adjusted for the av-
erage mass of tissue samples and the specific dilutions used during sample processing.

Virus isolation. Aliquots of all macerated tissue samples and TTE-treated probang samples were
cleared of debris and potential bacterial contamination by centrifugation through Spin-X filter columns
(pore size 0.45 mm, Sigma-Aldrich). Virus isolation was performed using LFBK-avb6 cells (48, 49) follow-
ing a previously described protocol (50). The presence of amplified FMDV in VI supernatants was con-
firmed by qRT-PCR (universal and strain-specific systems).

FMDV sequence acquisition. FMDV sequence data were obtained from all OPF and nasopharyngeal
tissue samples from which FMDV could be isolated on LFBK-aVb6 cells using previously described
methodology (26). In brief, RNA was extracted from VI supernatants as described above. Samples were
reverse-transcribed using the Superscript II First-Strand Synthesis System (Invitrogen) with random hex-
americ primers. Each sample was run in duplicate, with one reverse-transcription reaction of each sam-
ple also including two 59-oriented FMDV-specific primers targeting the 39 UTR (59-ACGCTCGACA
TTTTTTTTTTTTTTTT) and the 2A coding region (59-GCCCRGGGTTGGACTC). Double-stranded (ds)-cDNA
was generated using the NEBNext Ultra II Nondirectional RNA Second-Strand Synthesis module (New
England BioLabs, Ipswich, MA) and purified with SPRIselect beads (Beckman Coulter, Brea, CA). The
sequencing library was prepared using the Nextera XT DNA Library Preparation kit (Illumina, San Diego,
CA) and sequenced on the NextSeq 550 platform with the 300-cycle kit (2 � 150-bp, paired-end). Reads
were trimmed and filtered for quality (settings: quality limit = 0.03, maximum ambiguous nucleotides =
2), including removal of the FMDV-specific primers, and competitively assembled to references A24
Cruzeiro (GenBank accession no. AY593768) and O1 Manisa (GenBank no. AY593823) in CLC Genomics
Workbench 12.X and 20.X (Qiagen). A minimum coverage of 10 reads was required for base calls; how-
ever, for the vast majority of sites, coverage far exceeded 1,000� reads per site.

Chimeric read analysis was performed as detailed by Arzt et al. (26). In brief, trimmed reads which
aligned equally well to both the FMDV A24 and FMDV O1M reference genomes were collected and sepa-
rately re-mapped to each reference. Re-mapped reads encoding chimeric nucleotide identity (;1:1 ratio
of FMDV A24:FMDV O1M or FMDV O1M:FMDV A24) were corroborated across technical replicates and
neighboring tissue isolates. Separately passaged nasopharyngeal tissues from animal no. 19-36 (48 hpi)
included evidence of interserotypic recombinant viruses alongside the majority of FMDV O1M non-
recombinant virus (Fig. 11). Specifically, for each of these samples, reads belonging to the full FMDV
O1M genome were present with very high coverage (.1,000 reads per site), while reads belonging to
the FMDV-A genome covered approximately half of the 3D coding region and the 39 UTR. The concord-
ance across these three samples strongly suggested the existence of an interserotypic recombinant
comprised of an FMDV O1M-derived genome from the 59 UTR through approximately half of the 3D
coding region and an FMDV A24-derived genome from that putative breakpoint in 3D through the 39
UTR. The relative abundance of this interserotypic recombinant in the caudal segment of the dorsal soft
palate sample from animal no. 19-36 was estimated to be ;21%. Plaque isolation was performed to
purify the recombinant identified in the dorsal soft palate sample from animal 19-36, as detailed previ-
ously (30). In brief, serial dilutions of the macerated sample were inoculated on LFBK-avb6 cells (48, 51)
and incubated for 48 h. Discrete plaques were picked and directly fed into the Illumina-sequencing pipe-
line described above. Similarly, the sequencing of separately passaged pharyngeal tissue from animal
19-34 included low-level evidence of recombinants with breakpoints within coding region 2B. However,
the proportion of recombinant viruses compared to non-recombinant parental strains in each sample
was estimated to be too low to confirm through plaque isolation.

Immuno-microscopy. After screening of tissue samples for FMDV RNA and infectious virus by qRT-
PCR and VI, respectively, detection of antigen in cryosections by immunohistochemistry (IHC) and multi-
channel immunofluorescence (MIF) was performed as previously described (9, 52). Slides were examined
with a wide-field epifluorescence microscope, and images were captured with a cooled, monochromatic
digital camera. Images of individual detection channels were adjusted for contrast and brightness and
merged in commercially available software (Adobe Photoshop CC; Adobe Inc., San Jose, CA). Alternate
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sections of analyzed tissues were included as isotype controls, and additional negative-control tissue
sections were prepared from corresponding tissues derived from non-infected cattle. FMDV structural
protein VP1 was detected using mouse monoclonal antibody 6HC4 for FMDV A24, and 10GA4 for FMDV
O1M (27, 28). Nonstructural FMDV 3D protein was detected using the mouse monoclonal antibody F19-
6 (29). MIF experiments also included labeling of epithelial cytokeratin using rabbit anti-cytokeratin (Life
Technologies cat no. 180059), as well as isotype control antibodies for the anti-FMDV antibodies corre-
sponding to mouse IgG1, IgG2b, and IgG3 (Invitrogen cat no. MG100, MG2B00, and MG300).

Data availability. Data have been deposited in the National Center for Biotechnology Information’s
Sequence Read Archive (SRA) under BioProject ID no. PRJNA662932.
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