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Abstract: The genetic diversity of foot-and-mouth disease virus (FMDV) poses a challenge to the
successful control of the disease, and it is important to identify the emergence of different strains in
endemic settings. The objective of this study was to evaluate sampling of clinically healthy livestock
at slaughterhouses as a strategy for genomic FMDV surveillance. Serum samples (n = 11875) and
oropharyngeal fluid (OPF) samples (n = 5045) were collected from asymptomatic cattle and buffalo
on farms in eight provinces in southern and northern Vietnam (2015 to 2019) to characterize viral
diversity. Outbreak sequences were collected between 2009 and 2019. In two slaughterhouses in
southern Vietnam, 1200 serum and OPF samples were collected from asymptomatic cattle and buf-
falo (2017 to 2019) as a pilot study on the use of slaughterhouses as sentinel points of surveillance.
VP1 sequences were analyzed using discriminant principal component analysis and time-scaled
phylodynamic trees. Six of seven serotype O and A clusters circulating in southern Vietnam from
2017-19 were detected at least once in slaughterhouses, sometimes pre-dating outbreak sequences
associated with the same cluster by 4-6 months. Routine sampling at slaughterhouses may provide
timely and cost-effective strategy for genomic surveillance to identify circulating and emerging
FMDV strains.

Keywords: Genetic diversity; Phylogenetics; Subclinical infection; FMD outbreaks; Disease control,
Surveillance, Sentinels

1. Introduction

Foot-and-mouth disease (FMD) is a contagious disease affecting cloven-hoofed mam-
mals that causes recurrent outbreaks, subclinical infection, and substantial economic
losses in infected regions[1]. Foot-and-mouth disease virus (FMDV) is endemic in many
developing countries of Asia and Africa, where limited veterinary resources create a need
for cost-effective surveillance measures. Surveillance for transboundary animal diseases,
such as FMD, typically relies on passive surveillance through outbreak reporting, which
sometimes leads to delayed control measures and greater disease spread. Early detection
of outbreaks is important to enforce preventive measures and mitigate the impact of the
disease, particularly for rapidly evolving RNA viruses, such as FMDV, that have a broad
genetic and antigenic diversity. Sampling of animals across the host population to ascer-
tain the prevalence of infection (with or without evidence of clinical signs) is referred to
as active sampling, and can be performed in farms, animal markets, or slaughterhouses
to provide a timelier indicator of infection prevalence in a population, particularly if cou-
pled with sequencing to detect emerging variants [2,3, 4].

Farm-based active surveillance through randomized sampling would be considered
the benchmark of understanding the prevalence and distribution of diseases. Various
studies have reported farm-based genomic surveillance of subclinical FMDYV strains in
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endemic regions [5,6,7,8]. However, routine farm-based surveillance is often impractical
based upon logistical complexity and expense, particularly in rural settings with sub-op-
timal infrastructure. Slaughterhouses are concentration points where animals from many
farms aggregate, and can potentially serve as a convenient, quasi-representative sample
of animals from the surrounding host population [9,10,11]. This strategy is employed in
veterinary public health to detect diseases or zoonoses of public health concern, such as
Fasciola or bovine tuberculosis [9,12,10]. Slaughterhouse data alone, and in combination
with other variables, have also been utilized for determining the risk factors associated
with preserving the quality of meat, and evaluating antibiotic usage in farm animals
[13,14]. In most countries, only visual inspections of carcasses are performed in slaughter-
houses, though depending on the pathogen, effective disease surveillance can be achieved
at slaughterhouses by combining laboratory testing with visual inspection [15,10]. For ex-
ample, routine slaughterhouse surveillance and laboratory testing to detect emerging dis-
eases is conducted in the European Union (EFSA and ECDC )[16] and the USA (USDA
and APHI)[13].

Slaughterhouse-based surveillance is typically passive in nature and is employed for
diseases with poor antemortem diagnostic options, and slow-spreading pathogens and
parasites that do not require a rapid response; hence it is rarely used for rapidly spreading
diseases such as FMD. However, there is substantial and often sub-clinical spread of FMD
in endemic countries [1] that is not captured by passive surveillance of reported outbreaks.
Active surveillance at slaughterhouses, defined here as the laboratory testing of randomly
or purposively selected samples at the slaughterhouse, may provide a cost-effective ap-
proach to identifying undetected viral circulation and identifying prevalent or emerging
strains. The utility of a slaughterhouse-based genomic surveillance system has not been
evaluated for FMDYV but could be valuable to improve genomic surveillance in endemic
regions for early detection and selection of appropriate vaccines.

Most countries in Southeast Asia (SEA) are FMDV endemic. In Vietnam, serotypes O
and A currently circulate in the country [5]. Serotype O causes 80% of outbreaks, with
four distinct lineages present: ME-SA (Mya-98), SEA (PanAsia), O-Ind2001, and Cathay.
The PanAsia lineage is currently dominant, having been introduced in 2006 [17]. O/Ind
2001d was introduced into the Southern part of the country in 2015 and is currently circu-
lating along with the PanAsia lineage [18]. In addition, the Mya-98 lineage was first iden-
tified in Vietnam in 1998 and continues to cause sporadic outbreaks [19]. Serotype A
FMDVs identified in the country belong to the SEA/97, genotype IX and are closely related
to strains from Laos and Thailand [5,20]. From these observations, it is apparent that
FMDV dynamics within Vietnam are characterized by the periodic introduction or emer-
gence of new variants of both serotypes, some of which may become widespread within
the country. To develop appropriate control measures or inform vaccine selection, it is
important to identify emerging lineages as early as possible. Active surveillance rather
than passive outbreak surveillance could provide this opportunity.

The objective of this study was to evaluate sampling of clinically normal ruminant
livestock at slaughterhouses as a strategy for genomic surveillance of FMDV under en-
demic conditions. Specifically, we investigated the extent to which viruses recovered from
slaughterhouses reflect the diversity found in the source population (inferred by farm
sampling), and whether they can serve as sentinels for the early detection of outbreak
strains identified through passive surveillance.

2. Materials and Methods

2.1. Study populations and sampling design
2.1.1. Farm-based sampling

Cattle and buffalo farms from eight provinces in northern (Lang Son, Phu Tho, Bak
Kan, Ha Tinh) and southern (Ninh Thuan, Dong Thap, Dak Lak, Binh Phuoc) Vietnam
were selected for this study based on the recent outbreak history and their identification
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as FMD hotspots [21,22]. Selected provinces bordering China (Bak Kan, Lang Son ), Laos
(Ha Tinh) and Cambodia (Dak Lak, Binh Phouc, Dong Thap) were selected to capture the
potential introduction of FMDVs through transboundary movement. A serial cross-sec-
tional study was carried out across these provinces. Briefly, in each province, 70 to 450
farms (average herd size =3 animals) were serially sampled from 2015 to 2019. Sera and
oropharyngeal fluid (OPF) were collected from 30 to 250 animals per province per time
point (Table 1). Animals that were seropositive for FMDV non-structural proteins (NSP)
on the first round of sampling were re-sampled in consecutive rounds. The number of
animals tested from each farm was variable across time, as was the time point in which
farms were first initiated into the study.

Table 1: Descriptive characterization of longitudinal farm sample screening for FMDV

NSP-serology, detection of FMDV RNA in oropharyngeal fluid (OPF), and sequence iso-

lation.

Province Sampling Dates No. of farms NSP Serol-  RNA Detec- No. VP1
ogy (posi- tion in OPF Sequences
tive/total); Samples (posi- Obtained
Percent pos- tive/total); Per-
itive cent positive

Ninh Thuan Oct 2016 69 (1010/1290);  (72/1003); 23

Jun — Sep 2017 78.3% 7.2%
Jun - Sep 2018
Jan — Feb 2019
Dong Thap Aug 2015 135 (888/1965); (197/882); 98
2 Oct 2016 45.2% 22.3%
S
A= Jun, Sep — Nov
E 2017
E Jun — Aug 2018
"g’ Jan — Feb 2019
@ Dak Lak Aug 2015 212 (1233/2173);  (97/1230); 7.8% 72
Aug 2017 56.7%
Jun - Oct 2018
Jan — Feb 2019

Binh Phuoc Sep 2015 160 (84/514); (2/80); 2.5% 0
16.3%

Lang Son 2015 227 (208/1387);  (3/223); 1.3% 1

2016 15%
§ Jun - Sep 2017
§ May - Aug 2018
E Phu Tho 2015 442 (269/1256); (2/274); 0.8% 0
= 2016 21.4%
E Aug - Nov 2017

Jun - Sep 2018
Jan — Feb 2019
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Bak Kan Oct 2016 303 (1264/2790);  (73/1241);5.8% 22
Aug - Nov 2017 45.3%
Jun - Sep 2018
Jan — Feb 2019
Ha Tinh Aug 2015 274 (86/500); (0/112); 0% 0
17.2%

2.1.2. Slaughterhouse-based sampling

Two cattle and buffalo slaughterhouses in Long An and Tay Ninh provinces in south-
ern Vietnam were selected as pilot locations for genomic surveillance (Table 2). These
slaughterhouses were selected partly because of their proximity to Cambodia, in order to
investigate transboundary movements of FMDVs between these countries and due to an-
imal movement from northern to southern Vietnam [23]. Animals collected from several
farmers in surrounding communes were typically brought to the slaughterhouses by mid-
dlemen. Serial cross-sectional sampling was carried out from 2017 to 2019 every 15 days.
Approximately 30 animals were sampled (serum and OPF) from each slaughterhouse in
each round of sampling.

Table 2: Descriptive characterization of slaughterhouse sample screening from two slaugh-

terhouses in southern Vietnam.

Province = Sampling Dates NSP Serology RNA Detection No.VP1 Sequences
(positive/total); in OPF Samples  Obtained
Percent positive (positive/total);
Percent positive
Long An  Oct 2017 — May (179/480); 37.3% (51/480); 10.6% 51
2018
Jan — Feb 2019
Tay Ninh ~ Oct 2017 - Jun 2018  (277/480); 57.7% (71/480); 14.8% 71
Jan — Feb 2019

2.2. Outbreak virus sequences

Outbreak sequences from across the country were also included in this study to quantify
the genetic diversity of FMDV captured by passive surveillance activities. Sampling of
outbreaks typically occurs after an outbreak (i.e., clinical signs in one or more animals) is
reported and followed up. Sampling is usually conducted by the Ministry of Agricul-
ture and Rural Development( MARD), Vietnam, sometimes in collaboration with the
United States Department of Agriculture (USDA). Not all outbreaks are reported,
and not all reported outbreaks are sampled. Outbreak sequences (VP1 region) from
cattle, buffalo and pigs were generally obtained through sampling epithelium and oro-
pharyngeal fluid. 80 and 26 serotype O and A outbreak sequences, respectively, were
available from 2009 to 2019 from MARD, USDA, and GenBank, which were assumed to
represent outbreak samples collected as part of passive surveillance.

2.3. Laboratory analysis
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Serum samples were screened for the presence of antibodies against FMDV non-struc-
tural proteins (NSP) using a 3ABC ELISA (Priocheck®, Prionics, Netherland) following
manufacturers’ instructions as previously described [5]. OPF and epithelium (outbreak)
samples were screened for the presence of FMDV using virus isolation (VI), followed by
detection of viral RNA in VI supernatant using gRT-PCR as previously described[24,25].
Samples that were positive for viral RNA were subjected to sequencing using one of sev-
eral methods. Samples from 2013-2015 were sequenced using the Sanger method as pre-
viously described[5] to obtain VP1 sequences, or by next generation sequencing (NGS)
to obtain full open reading frame (ORF) sequences. For NGS sequences, overlapping RT-
PCR amplicons covering the full ORF were produced using three sets of primers [23],
and amplicons were sequenced as previously described [26]. Samples from 2016-2017
were sequenced by NGS of RT-PCR amplicons covering the P1 region as previously de-
scribed[27]. Finally, sequences from 2018-2019 were sequenced by NGS using random
and FMDV-specific primers to obtain the complete genome as previously described
[28,26]. All NGS sequencing was performed using the Illumina NextSeq platform. Read
quality filtering, de novo assembly, and assembly to previously published references of
regionally endemic lineages were implemented in CLC Genomics Workbench v12 (Qi-
agen). Sequences of the VP1 region were utilized in this study.

2.4. Analysis of diagnostic data

The proportions of NSP-positive and rRT-PCR positive animals were calculated for each
province for each year for farm-based sampling and for each round of slaughterhouse
sampling. To determine whether slaughterhouses are a good indicator of infection prev-
alence in the surrounding population, we compared apparent seroprevalence and per-
cent positive on rRT-PCR (OPF sampling) at slaughterhouses and from farms in neigh-
boring provinces during the same time period.

2.5. Phylogenetic analysis
2.5.1. Identification of circulating clusters

In order to document the effectiveness of slaughterhouse surveillance as a vehicle for
genomic surveillance, we first classified sequences into genetic clusters of closely related
viruses. Delineation of different clusters enabled tabulation of when and where distinct
FMDV variants were detected.

Using the sequence data for the VP1 region of FMDV, we used a discriminant analysis of
principle components (DAPC) to find the optimal clustering of sequences that mini-
mized within-cluster genetic variation and maximized between-cluster distance, follow-
ing [29]. Resulting clusters correspond to clades on a phylogenetic tree. Nine principal
components were able to explain 90% of the variability in the genetic data and were
used for the discriminatory clustering analysis for both Serotype O and A. The Bayesian
information criterion (BIC) was used to determine the parsimonious number of clusters.
This analysis was performed with the R package adegenet [30].

Sequences from each cluster were blasted against NCBI and WRLFMD prototype line-
ages to identify the lineage to which each cluster belonged. The clusters were also com-
pared with the currently used vaccine strains in a maximum-likelihood phylogenetic
tree. For large clusters identified by DAPC (>10 sequences), the locations and time of
appearance of sequences in different parts of Vietnam were mapped using ESRI ArcGIS.

2.5.2. Time-scaled phylogenies
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In order to identify the emergence of different viral clusters through time and docu-
ment the timeliness of slaughterhouse surveillance in detecting new clusters, a time-
scaled phylogenetic analysis was performed using the Bayesian Evolutionary Analysis
Sampling Tree (BEAST v1.10.4) software for both serotype A (132 sequences) and O (193
sequences). For serotype O, a total of 72 sequences from farm-based sampling, 41 se-
quences from slaughterhouses, and 80 sequences from outbreaks were included in the
analysis. For serotype A, 30 sequences from farm-based sampling, 16 sequences from
slaughterhouses, and 86 sequences from outbreaks were included. Because farm sam-
pling was longitudinal, in some cases, the same animal was consecutively sampled at
different rounds, resulting in nearly identical sequences from the same animal. In such
instances, only the first sequence per animal was included. All available outbreak and
slaughterhouse sequences were used. Sequences were screened for recombination prior
to further analysis using RDP4 software[31] and aligned using MUSCLE algorithm [32].
The best-fit nucleotide substitution model was the HKY model, which was identified
through JMODEL test [33].

A relaxed uncorrelated log-normal molecular clock was tested with four different popu-
lation models (constant, expansion, exponential, and Bayesian Skygrid), with the mar-
ginal likelihood of each candidate model compared using path-sampling and stepping-
stone estimators [34]. Each model was run for 200 million iterations on CIPRES [35].
Tracer 1.7.1 was used to assess the conversion of the chains visually and for effective
sample sizes of >200 [36]. A relaxed clock coalescent Skygrid model was selected for
both serotype O and A. A maximum clade credibility (MCC) was constructed from
10,000 posterior samples of trees (discarding 10% burn-in), and annotated using ggtree
[37,38]. Time to most common recent ancestor (tMRCA) of each cluster and 95% highest
posterior densities (95%HPD) were obtained from the MCC tree.

3. Results

3.1. Descriptive data (sample screening)

A total of 11,875 serum samples and 5,045 OPF samples from farms were tested via
NSP-ELISA and rRT-PCR, respectively, and 216 VP1 sequences were obtained (Table 1).
Overall, 42.4% (95%CI: 32.2-52.1%) of serum samples were NSP-positive, and 8.8%
(95%CI: 3.4-15.1%) of OPF were rRT-PCR-positive; 1200 serum samples and 1200 OPF
samples were collected from slaughterhouses, and 95 sequences were obtained (Table 2).
Across 16 rounds of sampling, 37.3% (95%Cl:32.9-41.7%) of serum samples were NSP-
positive and 10.6% (95%CI: 4.1-16%) were rRT-PCR-positive in the Long An slaughter-
house, whereas 51.8% (95%Cl: 47.3-56.4%) of serum samples were NSP-positive and
16.7% (95%Cl: 9.6-24%) were rRT-PCR-positive in the Tay Ninh slaughterhouse. Detailed
summaries of diagnostic results by year and province are reported in Supplementary Ta-
bles S1-7.

The proportion NSP sero-positive in both slaughterhouses had substantial variabil-
ity across samplings, and confidence intervals were quite wide due to relatively low sam-
ple size per time point (Figure 1a). Thus, it was difficult to pinpoint differences between
the two slaughterhouses or discern temporal trends. Farm sampling data were available
from two provinces (DakLak and Ninh Thuan) located in the same region as the slaugh-
terhouses, sampled at approximately similar time points. In these provinces, on-farm
prevalence was similar to what was determined in the slaughterhouses, but confidence
intervals were wide (Figure 1b). Amongst NSP-positive animals at slaughterhouses (Long
An: n =167; TayNinh: n = 231), 30.5% (95% CI: 20-38%) and 30.7% (95% CI:22-40%) were
rRT-PCR positive, respectively (Figure 1 b).
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Figurel: A) Proportion of animals NSP-positive in farms and slaughterhouses from
August 2017 to June 2018. B) rRT-PCR detection rate of FMDV RNA in oropharyngeal
fluid from farms and slaughterhouses from August 2017 to June 2018. Error bars
represent 95% confidence intervals. Slaughterhouses were in Long An and Tay Ninh.
Farms were in Ninh Thuan and Dak Lak.

3.2. Cluster analysis

For both serotypes, the first nine principal components accounted for 90% of the
variability in the genetic data. Through application of DAPC using these nine
components, nine clusters were identified based on genetic diversity within serotype O
and eight clusters were identified within serotype A. For serotype O, seven clusters
belonged to the MESA-PanAsia lineage and two of the clusters belonged to Mya-98 and
Cathay lineages. For Serotype A, all clusters belonged to the SEA/97 lineage (Figure 3
and Supplementary Figure S2). Six of nine and four of eight serotype O and A clusters,
respectively, had >10 sequences, each with an average within-cluster genetic distance of
1.0 - 6.6% in the VP1 region. Supplementary tables 8 and 9 show details of clusters with
more than ten sequences, including the lineage to which they belong, place of isolation
across years, species, and within- and between-group genetic distances for both serotype
O and A. An examination of the number of sequences isolated per cluster through time
reveals a pattern whereby a particular cluster emerges (or is first detected), peaks, and
subsequently declines in frequency through time (Figure 2 A and B).
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Figure 2: Number of sequences isolated per genetic cluster per year for A) serotype O
and B) serotype A from the year 2010 to 2019. Serotype O cluster 6 and 9 belonged to the
Mya-98 lineage, cluster 7 to the Cathay lineage, and all the other clusters belonged to the
Pan Asia lineages . All serotype A clusters belonged to the SEA/97 lineage.

Some (17/56, 30.1%) sequences in serotype A-cluster 9 were identified as recombinant
sequences within a different study analyzing full-length sequences [39]. Although the
VP1 portion of these viruses is not recombinant and belongs to A/Sea-97, other parts of
the genome belong to O/ME-SA/Pan-Asia. Due to the phylogenetic clustering of these 18
sequences with other sequences for which full-length genomes were not available, it is
likely that all sequences within this cluster were the same A-O recombinant.

3.3. Phylogenetic data analysis

To evaluate the utility and timeliness of slaughterhouse surveillance, we focused only on
the large clusters (>10 sequences per cluster) that were identified in the southern part of
the country during the time period in which active sampling was conducted at
slaughterhouses in this region (2017-2019). Four and three clusters met these criteria for
serotypes O and A, respectively. Of these seven serotype O and A clusters circulating in
southern Vietnam at this time, six were detected at slaughterhouses, which suggests that
slaughterhouse sampling is effective for revealing the diversity of circulating FMDVs in
the host population (Figures 3-4, Supplementary Tables S8-9). The one cluster which was
not detected at slaughterhouses was one that only contained outbreak sequences from
pigs (Serotype O-Mya-98 ,Cluster 6), which were not sampled within as part of farm-
based or slaughterhouse surveillance efforts.

For one of the six clusters detected at slaughterhouses (Serotype O cluster 2), detection
through active slaughterhouse surveillance preceded passive outbreak surveillance by 4-
6 months (Figure 3). Specifically, the serotype O cluster 2 sequences associated with
outbreaks in the northern Vietnam in 2018 was detected in slaughterhouses in southern
Vietnam in 2017 (Figure 5). For three clusters in serotype O (clusters 8, 9, 10) and one
cluster in serotype A (cluster 4), clusters were detected in outbreak samples before
appearing in active farm and slaughterhouse samples. However, the outbreak samples
occurred during time periods during which no active surveillance was conducted for
four of these clusters.
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Table 3: Summary of clusters with >10 sequences for both serotype O and A. Sequences
were obtained from outbreaks (OB), farms (FA), and slaughterhouses (SH). Regions of
the country are divided as northern, central and southern Vietnam. *Clusters that were

circulating in southern Vietnam during period of slaughterhouse sampling

Serotype/  Source Number of se- Total number of Region of first detection  Earliest date detected

cluster ID quences per source sequences

O-1 OB 1 20 South (FA) 2012-04-13
FA 19

O-2t OB 9 73 South (SH) 2017-01-10
FA 22
SH 42

O-6t OB 21 21 South (OB) 2018-02-07

0-8 OB 25 34 North (FA) 2010-12-22
FA 9

O-9t OB 10 13 Central (OB) 2013-10-07
FA 2
SH 1

O-10* OB 2 16 South (OB) 2015-09-10
FA 3
SH 9

A-4t OB 19 21 Central (OB) 2013-10-09
FA 1
SH 1

A-5t FA 6 20 Central (FA) 2017-01-08
OB 5
SH 9

A-9 FA 5 56 Central (FA) 2017-01-08
OB 50

A-10* FA 6 12 South (FA) 2018-10-03

SH
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4. Discussion

This study provides a proof-of-concept that, in endemic settings, active surveillance
of asymptomatic animals at slaughterhouses can be an effective means of genomic sur-
veillance for FMDV. We identified six distinct serotype O and four serotype A genetic
clusters through sequencing FMDVs recovered from serial cross-sectional sampling at
selected slaughterhouses in southern Vietnam, active surveillance at farms in the same
region, and passive surveillance based on outbreak reporting throughout the country.
The data herein indicate that most (6 out of 7) large clusters circulating in southern Vi-
etnam between 2017-19 were detected at least once at slaughterhouses. In addition, our
results suggest that slaughterhouse-based surveillance can provide more timely infor-
mation on circulating or emerging FMDYV variants as compared to passive detection
through outbreaks. Specifically, some variants were detected at slaughterhouses four to
six months prior to their association with reported outbreaks. These results demonstrate
the potential utility of systematic genomic surveillance across a network of slaughter-
houses in endemic countries.

While slaughterhouse surveillance was able to capture the underlying diversity
documented in farms of the same region, proportion positivity for FMDV RNA detec-
tion (rRT-PCR) and sero-reactivity (NSP-ELISA) were highly variable through time
which precluded making any conclusions about the representativeness of slaughter-
house samples for estimating prevalence. This was further complicated by the difference
in the time schedule of sampling at slaughterhouses and farms, and insufficient sample
sizes per time point. Both sampling efforts were not truly random. Additionally, because
these slaughterhouses were in border provinces, some animals may have arrived
through transboundary animal movements, which may not be representative of sero-
prevalence in farms in the region. Despite these challenges, this study demonstrates that
sentinel surveillance at slaughterhouses is convenient and inexpensive, and while
slaughterhouse-based sampling may not provide precise estimates of prevalence, rou-
tine genomic surveillance at slaughterhouses may be effective for early detection of
novel FMDV variants.

Within the scope of this study, circulating viruses in Vietnam were associated
with the serotype A SEA/97 lineage and the serotype O Cathay, Pan Asia and Mya-98
lineages, with Pan Asia being the most common. This finding is consistent with other
recent molecular epidemiology studies in Vietnam [5,23 ,40]. Analysis of 325 viral se-
quences collected from slaughterhouses, farms, and outbreaks revealed nine genetic
clusters within these lineages. These genetic clusters do not correspond to the spatial
clustering of outbreaks reported in different parts of Vietnam [21]. For example, the 73
sequences belonging to serotype O-cluster 2 were found throughout the country (Fig-
ure 5). Viruses isolated from slaughterhouses clustered together with viruses recovered
from farms during the same period, indicating that slaughterhouses are representative
of FMDV circulation at the farm level. Indeed, six out of seven clusters identified in
southern Vietnam from 2017-2019 were detected at least once at these two slaughter-
houses. The one cluster not detected in slaughterhouses was comprised exclusively of
outbreak samples from pigs, demonstrating a limitation of the active surveillance
schemes in this study (sampling asymptomatic/carrier ruminants at slaughterhouses
misses lineages with tropism for pigs). Nonetheless, the diversity of FMDVs detected at
slaughterhouses was largely representative of the diversity identified in the general pop-
ulation, as quantified from farm-based sampling and passive surveillance.

Sequences identified from Vietnam were closely related to viruses isolated from
adjacent countries, indicating a role of transboundary animal movement for FMDV
spread and highlighting the importance of regional approach to control FMD in Vi-
etnam[23]. In order to identify and control incursions of novel FMDV variants promptly,
it is important to incorporate genomic surveillance as a part of routine surveillance at
key locations. Our results demonstrate how monitoring slaughterhouses in southern
Vietnam, bordering Cambodia, was able to provide early detection of novel variants that
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could potentially have been introduced from neighboring countries. Rather than imple-
menting slaughterhouse surveillance across the entire country, it could be cost-effective
to employ a “risk-based” approach whereby a network of sentinel slaughterhouses
could be strategically established with consideration to transboundary animal move-
ment and outbreak hotspots. Our results suggest that such a network could identify
new FMDYV variants in a similar timeframe and in some cases earlier compared to the
current status quo of passive surveillance. Such early warning could provide more time
for authorities to decide on appropriate control measures and vaccine selection.

Slaughterhouse sampling did not result in earlier detection of genetic clusters in all
cases. For clusters that were detected through outbreak sampling (passive surveillance)
prior to subclinical detection (active surveillance at slaughterhouses), the outbreak data
was not aligned spatially or temporally with the period in which slaughterhouse sam-
pling was conducted. Thus, the apparent delay in detection at slaughterhouses relative
to outbreak reporting may reflect that the cluster was not circulating in populations near
the slaughterhouses during the period of sampling. However, a larger network of
slaughterhouse-based surveillance throughout the country may have detected such clus-
ters earlier.

Time-scaled phylogenies illustrated that closely related viruses were identified in
farms both before and after they are detected as associated with an outbreak. Infectious
FMDV was isolated from OPF samples in animals sampled 6-12 months after the out-
break-associated sequence. These animals sampled in slaughterhouses and farms did not
have clinical signs of FMD at the time of sampling, and thus detection of virus in such
animals represented either persistent infections in carrier animals or early (acute) sub-
clinical (neoteric) infections [1]. Related to this, the recovery of viruses in OPF samples
collected from persistently infected carriers introduces some uncertainty in the dating of
the incidence of infection, as the sample collection date is surely later than the infection
date[41,42,43]. This could potentially have impacted the date estimates in the time-
scaled phylogenies, though we do not think that it changes our general conclusions in
relation to the representativeness and timeliness of slaughterhouse-based surveillance.

It is apparent from our data that genetic clusters emerged and disappeared across
time. Unfortunately, the nature of this study did not allow for examination of drivers of
cluster emergence. Because cross-protection amongst related strains may only be partial,
immune-driven interactions among co-circulating viruses at the population level could
lead to the replacement of existing clusters with new clusters. Cross-protection may re-
sult in clinical protection from a different strain of the same serotype, but still may allow
for viral replication, transmission, and immune-mediated selection, thus creating ecolog-
ical or evolutionary selection pressures for viral evolution and cluster turnover. A simi-
lar phenomenon of serial subclinical infections with distinct heterologous and homolo-
gous strains of FMDV was demonstrated in Asian buffalo in Pakistan [8]. Alternatively,
FMDV evolution and circulation of specific genetic clusters in endemic settings may be a
product of stochastic spatiotemporal processes (e.g., founder effects) within heterogene-
ously structured host populations[44] , which combine to generate a pattern of introduc-
tion, spread, and fade out of clusters over time.

5. Conclusions

Active surveillance plays a key role in controlling contagious diseases such as
FMD[45,46]. The effectiveness of such surveillance is dependent upon early detection of
viral variants using appropriate molecular tools combined with sensibly executed surveil-
lance systems. In this study, we demonstrate a proof-of-concept that active surveillance
in sentinel slaughterhouses can capture much of the genetic diversity of circulating en-
demic FMDVs. Our results suggest that routine genomic surveillance in slaughterhouses
would provide representative and timely data on both established and emerging genetic
variants, in some cases detecting novel variants four to six months prior to their detection
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via passive surveillance. These results underscore the potential utility of systematic ge-
nomic surveillance for FMDV and other pathogens in slaughterhouses in endemic coun-
tries.

Data Availability Statement: Sequences of the FMDV genome that support the findings
of this study are being in the process of submission to the GenBank. Accession numbers
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publication.

Supplementary Materials: Table S1: Serology and OPF screening from farms in each province in
2015, Table S2: Serology and OPF screening from farms in each province in 2016, Table S3: Serology
and OPF screening from farms in each province in 2017, Table S4: Serology and OPF screening from
farms in each province in 2018, Table S5: Serology and OPF screening from farms in each province
in 2019, Table S6: Slaughterhouse Serology and OPF sample collection summary Long An, Table S7:
Slaughterhouse Serology and OPF sample collection summary Tay Ninh, Table S8: Large cluster
information of serotype O, Table S9: Large cluster information for serotype A, Figure S1: Sero-
type O clusters with other sequences from South East Asian countries Cambodia, Laos, Malaysia,
Thailand. Figure S2: Serotype A clusters with other sequences from South East Asian countries
Cambodia, Laos, Malaysia, Thailand.

Author Contributions: JA, KV, UG, and AP conceived the project. UG,MB analyzed data, per-
formed analysis, and wrote the manuscript. JA and MB performed laboratory analyses. D. H. D, B.
H.H,NT.P,V.VHN.V.L, M. P, L. T. V, P.V. D were involved in data collection. KV, JA, MB, and
AP involved in the development study design, interpretation of results, and helped to draft the
manuscript. All authors edited and gave the final approval for publication

Funding: This research was funded in part by ARS-CRIS Project 1940-32000-061-00D. Additional
funding was provided by the Cooperative Biological Engagement Program of the U.S. Department
of Defense, Defense Threat Reduction Agency.

Conflicts of Interest: The authors declare no conflict of interest.
References
1. Stenfeldt, Carolina, and Jonathan Arzt. “The Carrier Conundrum; A Review of Recent Advances and Persistent Gaps Re-

garding the Carrier State of Foot-and-Mouth Disease Virus.” Pathogens 9, no. 3 (March 2020): 167.
https://doi.org/10.3390/pathogens9030167.

2. Cameron, A.R., A. Meyer, C. Faverjon, and C. Mackenzie. “Quantification of the Sensitivity of Early Detection Surveil-

lance.” Transboundary and Emerging Diseases, May 14, 2020. https://doi.org/10.1111/tbed.13598.

3. Armson, Bryony, Simon Gubbins, Valérie Mioulet, Ibrahim A. Qasim, Donald P. King, and Nicholas A. Lyons. “Foot-and-
Mouth Disease Surveillance Using Pooled Milk on a Large-Scale Dairy Farm in an Endemic Setting.” Frontiers in Veterinary

Science 7 (2020). https://doi.org/10.3389/fvets.2020.00264.

4.  Thumbi, Samuel M., M. Kariuki Njenga, Elkanah Otiang, Linus Otieno, Peninah Munyua, Sarah Eichler, Marc-Alain
Widdowson, Terry F. McElwain, and Guy H. Palmer. “Mobile Phone-Based Surveillance for Animal Disease in Rural
Communities: Implications for Detection of Zoonoses Spillover.” Philosophical Transactions of the Royal Society B: Biological

Sciences 374, no. 1782 (September 30, 2019): 20190020. https://doi.org/10.1098/rstb.2019.0020.

5. Carvalho Ferreira, H. C. de, S. J. Pauszek, A. Ludi, C. L. Huston, J. M. Pacheco, V. T. Le, P. T. Nguyen, et al. “An Integra-
tive Analysis of Foot-and-Mouth Disease Virus Carriers in Vietnam Achieved Through Targeted Surveillance and Molecu-

lar Epidemiology.” Transboundary and Emerging Diseases 64, no. 2 (April 2017): 547-63. https://doi.org/10.1111/tbed.12403.




Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 August 2021

16 of 20

10.

11.

12.

13.

14.

15.

16.

Bertram, Miranda R., Shankar Yadav, Carolina Stenfeldt, Amy Delgado, and Jonathan Arzt. “Extinction Dynamics of the
Foot-and-Mouth Disease Virus Carrier State Under Natural Conditions.” Frontiers in Veterinary Science 7 (2020): 276.

https://doi.org/10.3389/fvets.2020.00276

Omondi, George P., Francis Gakuya, Jonathan Arzt, Abraham Sangula, Ethan Hartwig, Steven Pauszek, George Smoliga,
et al. “The Role of African Buffalo in the Epidemiology of Foot-and-Mouth Disease in Sympatric Cattle and Buffalo Popu-
lations in Kenya.” Transboundary and Emerging Diseases 67, no. 5 (2020): 2206-21. https://doi.org/10.1111/tbed.13573.

Farooq, Umer, Zaheer Ahmed, Khalid Naeem, Miranda Bertram, Barbara Brito, Carolina Stenfeldt, Steven J. Pauszek, Mi-
chael LaRocco, Luis Rodriguez, and Jonathan Arzt. “Characterization of Naturally Occurring, New and Persistent Subclin-

ical Foot-and-Mouth Disease Virus Infection in Vaccinated Asian Buffalo in Islamabad Capital Territory, Pakistan.” Trans-

boundary and Emerging Diseases 65, no. 6 (2018): 1836-50. https://doi.org/10.1111/tbed.12963.

Innocent, Giles T., Lucy Gilbert, Edward O. Jones, James E. McLeod, George Gunn, Iain J. McKendrick, and Steve D. Al-
bon. “Combining Slaughterhouse Surveillance Data with Cattle Tracing Scheme and Environmental Data to Quantify En-
vironmental Risk Factors for Liver Fluke in Cattle.” Frontiers in Veterinary Science 4 (2017).

https://doi.org/10.3389/fvets.2017.00065.

Willeberg, Preben W., Conor G. McAloon, Erik Houtsma, Isabella Higgins, Tracy Ann Clegg, and Simon J. More. “The
Herd-Level Sensitivity of Abattoir Surveillance for Bovine Tuberculosis: Simulating the Effects of Current and Potentially
Modified Meat Inspection Procedures in Irish Cattle.” Frontiers in Veterinary Science 5 (2018).

https://doi.org/10.3389/fvets.2018.00082.

Arguello, Hector, Avelin6 Alvarez-Ordofiez, Ana Carvajal, Pedro Rubio, and Miguel Prieto. “Role of Slaughtering in Sal-
monella Spreading and Control in Pork Production.” Journal of Food Protection 76, no. 5 (May 2013): 899-911.
https://doi.org/10.4315/0362-028X.JFP-12-404.

Kao, Szu-Yu Zoe, Kimberly VanderWaal, Eva A. Enns, Meggan E. Craft, Julio Alvarez, Catalina Picasso, and Scott J. Wells.
“Modeling Cost-Effectiveness of Risk-Based Bovine Tuberculosis Surveillance in Minnesota.” Preventive Veterinary Medi-

cine 159 (November 1, 2018): 1-11. https://doi.org/10.1016/j.prevetmed.2018.08.011.

Peterson, Erik, Marta Remmenga, Amy D. Hagerman, and Judy E. Akkina. “Use of Temperature, Humidity, and Slaugh-
ter Condemnation Data to Predict Increases in Transport Losses in Three Classes of Swine and Resulting Foregone Reve-

nue.” Frontiers in Veterinary Science 4 (2017). https://doi.org/10.3389/fvets.2017.00067.

Savin, Mykhailo, Gabriele Bierbaum, Jens Andre Hammerl, Céline Heinemann, Marijo Parcina, Esther Sib, Alexander
Voigt, and Judith Kreyenschmidt. “Antibiotic-Resistant Bacteria and Antimicrobial Residues in Wastewater and Process
Water from German Pig Slaughterhouses and Their Receiving Municipal Wastewater Treatment Plants.” Science of The

Total Environment 727 (July 20, 2020): 138788. https://doi.org/10.1016/j.scitotenv.2020.138788.

Fertner, Mette, Matt Denwood, Anna Camilla Birkegard, Helle Stege, and Anette Boklund. “Associations between Anti-
bacterial Treatment and the Prevalence of Tail-Biting-Related Sequelae in Danish Finishers at Slaughter.” Frontiers in Veter-

inary Science 4 (2017). https://doi.org/10.3389/fvets.2017.00182.

Bonardi, S. “Salmonella in the Pork Production Chain and Its Impact on Human Health in the European Union.” Epidemi-

ology & Infection 145, no. 8 (June 2017): 1513-26. https://doi.org/10.1017/5095026881700036X.




Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 August 2021

17 of 20

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Le, Van Phan, Thi Thu Hang Vu, Hong-Quan Duong, Van Thai Than, and Daesub Song. “Evolutionary Phylodynamics of
Foot-and-Mouth Disease Virus Serotypes O and A Circulating in Vietnam.” BMC Veterinary Research 12 (November 29,
2016). https://doi.org/10.1186/s12917-016-0896-0.

Vu, Le T., Ngo T. Long, Barbara Brito, Carolina Stenfeldt, Nguyen T. Phuong, Bui H. Hoang, Steven J. Pauszek, et al. “First
Detection of Foot-and-Mouth Disease Virus O/Ind-2001d in Vietnam.” PLoS ONE 12, no. 6 (June 9, 2017).
https://doi.org/10.1371/journal.pone.0177361.

Van Diep, Nguyen, Trinh Thi Bich Ngoc, Le Quoc Hoa, Bui Thi To Nga, BoKyo Kang, Jinsik Oh, Nguyen Thi Lan, and
Van Phan Le. “O/SEA/Mya-98 Lineage Foot-and-Mouth Disease Virus Was Responsible for an Extensive Epidemic That
Occurred in Late 2018 in Vietnam.” Archives of Virology 165, no. 11 (November 2020): 2487-93.
https://doi.org/10.1007/s00705-020-04763-8.

Vp, Le, Nguyen T, Lee Kn, Ko Yj, Lee Hs, Nguyen V¢, Mai Td, et al. “Molecular Characterization of Serotype A Foot-and-
Mouth Disease Viruses Circulating in Vietnam in 2009.” Veterinary Microbiology 144, no. 1-2 (January 11, 2010): 58-66.
https://doi.org/10.1016/j.vetmic.2009.12.033.

Lee, H.S,, Pham, T.L., Wieland, B., Temporal patterns and space-time cluster analysis of foot-and-mouth disease (FMD)
cases from 2007 to 2017 in Vietnam. Transbound Emerg Dis 2020. 67, 584-591. https://doi.org/10.1111/tbed.13370.

Bertram, M.R., Bravo de Rueda, C., Garabed, R., Dickmu Jumbo, S., Moritz, M., Pauszek, S., Abdoulkadiri, S., Rodriguez,
L.L., Arzt, J., Molecular Epidemiology of Foot-and-Mouth Disease Virus in the Context of Transboundary Animal Move-
ment in the Far North Region of Cameroon. Front. Vet. Sci. 2018a.5. https://doi.org/10.3389/fvets.2018.00320

Brito, Barbara, Steven J. Pauszek, Michael Eschbaumer, Carolina Stenfeldt, Helena C. de Carvalho Ferreira, Le T. Vu, Ngu-
yen T. Phuong, et al. “Phylodynamics of Foot-and-Mouth Disease Virus O/PanAsia in Vietnam 2010-2014.” Veterinary
Research 48, no. 1 (April 13, 2017): 24. https://doi.org/10.1186/s13567-017-0424-7.

Stenfeldt, C., J. M. Pacheco, G. R. Smoliga, E. Bishop, S. J. Pauszek, E. J. Hartwig, L. L. Rodriguez, and J. Arzt. “Detection
of Foot-and-Mouth Disease Virus RNA and Capsid Protein in Lymphoid Tissues of Convalescent Pigs Does Not Indicate
Existence of a Carrier State.” Transboundary and Emerging Diseases 63, no. 2 (2016): 152-64.
https://doi.org/10.1111/tbed.12235.

Pacheco, Juan M., Jonathan Arzt, and Luis L. Rodriguez. “Early Events in the Pathogenesis of Foot-and-Mouth Disease in
Cattle after Controlled Aerosol Exposure.” The Veterinary Journal 183, no. 1 (January 1, 2010): 46-53.
https://doi.org/10.1016/.tvjl.2008.08.023.

Bertram, Miranda R., Rachel M. Palinski, Rajeev Ranjan, Jitendra K. Biswal, Steven J. Pauszek, Ethan ]. Hartwig, George R.
Smoliga, et al. “Genome Sequences of 18 Foot-and-Mouth Disease Virus Outbreak Strains of Serotype O Sublineage
Ind2001d from India, 2013 to 2014.” Microbiology Resource Announcements 8, no. 33 (August 15, 2019).
https://doi.org/10.1128/ MRA.00776-19.

Xu L, Hurtle W, Rowland JM, Casteran KA, Bucko SM, Grau FR, Valdazo-Gonzalez B, Knowles NJ, King DP, Beckham
TR, McIntosh MT. Development of a universal RT-PCR for amplifying and sequencing the leader and capsid-coding re-
gion of foot-and-mouth disease virus. | Virol Methods. 2013 Apr;189(1):70-6. doi: 10.1016/j.jviromet.2013.01.009. Epub 2013
Feb 1. PMID: 23380590.

Palinski, Rachel M., Miranda R. Bertram, Le T. Vu, Steven J. Pauszek, Ethan ]J. Hartwig, George R. Smoliga, Carolina Sten-
feldt, et al. “First Genome Sequence of Foot-and-Mouth Disease Virus Serotype O Sublineage Ind2001e from Southern
Vietnam.” Microbiology Resource Announcements 8, no. 10 (March 7, 2019). https://doi.org/10.1128/MRA.01424-18.




Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 August 2021

18 of 20

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Jombart, T., Devillard, S., Balloux, F., Discriminant analysis of principal components: a new method for the analysis of

genetically structured populations. BMC Genetics 2010.11, 94. https://doi.org/10.1186/1471-2156-11-94

Jombart, Thibaut. “Adegenet: A R Package for the Multivariate Analysis of Genetic Markers.” Bioinformatics 24, no. 11
(June 1, 2008): 1403-5. https://doi.org/10.1093/bicinformatics/btn129.

Martin, D.P., Murrell, B., Golden, M., Khoosal, A., Muhire, B., RDP4: Detection and analysis of recombination patterns in
virus genomes. Virus Evolution 2015.1. https://doi.org/10.1093/ve/vev003

Edgar, R.C., MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Research
2004.32, 1792-1797. https://doi.org/10.1093/nar/gkh340

Darriba, D., Taboada, G.L., Doallo, R., Posada, D., jModelTest 2: more models, new heuristics and parallel computing.
Nature Methods 9, 2012. 772-772. https://doi.org/10.1038/nmeth.2109

Baele, Guy, Philippe Lemey, and Marc A. Suchard. “Genealogical Working Distributions for Bayesian Model Testing with
Phylogenetic Uncertainty.” Systematic Biology 65, no. 2 (March 2016): 250-64. https://doi.org/10.1093/sysbio/syv083.

M. Miller, W. Pfeiffer, and Terri Schwartz, “Creating the CIPRES Science Gateway for Inference of Large Phylogenetic
Trees,” 2010 Gateway Computing Environments Workshop (GCE), 2010, https://doi.org/10.1109/GCE.2010.5676129.
Rambaut A, Drummond A (2007) Tracer version 1.7.1, Computer program and documentation distributed by the author.

http://tree.bio.ed.ac.uk/software/tracer/. Accessed 12/21/20

Rambault A (2006-2009) Fig Tree Tree Figure Drawing Tool, Version 1.4.4 http://tree.bio.ed.ac.uk/software/figtree/.
Accessed 12/21/20

Yu, G, Smith, D.K,, Zhu, H., Guan, Y., Lam, T.T.-Y., ggtree: an r package for visualization and annotation of phylogenetic
trees with their covariates and other associated data. Methods in Ecology and Evolution 8, 2017.28-36.
https://doi.org/10.1111/2041-210X.12628

Bertram, Miranda R., Barbara Brito, Rachel M. Palinski, Ian H. Fish, Steven J. Pauszek, Ethan J. Hartwig, George R.
Smoliga, et al. “Novel Recombinant Foot-and-Mouth Disease Virus Circulating in Vietnam.” Microbiology Resource An-

nouncements 10, no. 1 (January 7, 2021). https://doi.org/10.1128/MRA.01263-20.

Bertram, M.R., Vu, L.T., Pauszek, SJ., Brito, B.P., Hartwig, E.J., Smoliga, G.R., Hoang, B.H., Phuong, N.T., Stenfeldt, C.,
Fish, LH., Hung, V.V,, Delgado, A., VanderWaal, K., Rodriguez, L.L., Long, N.T., Dung, D.H., Arzt, J., Lack of Transmis-
sion of Foot-and-Mouth Disease Virus From Persistently Infected Cattle to Naive Cattle Under Field Conditions in Vi-

etnam. Front. Vet. Sci. 2018b 5. https://doi.org/10.3389/fvets.2018.00174

Bertram, M.R., Yadav, S., Stenfeldt, C., Delgado, A., Arzt, J., Extinction Dynamics of the Foot-and-Mouth Disease Virus
Carrier State Under Natural Conditions. Front Vet Sci 7, 2020.276. https://doi.org/10.3389/fvets.2020.00276

Bronsvoort, B.M. deC, Handel, 1.G., Nfon, C.K,, Serensen, K.-J., Malirat, V., Bergmann, I., Tanya, V.N., Morgan, K.L., Re-
defining the “carrier” state for foot-and-mouth disease from the dynamics of virus persistence in endemically affected

cattle populations. Scientific Reports 2016.6, 29059. https://doi.org/10.1038/srep29059

Hayer, S.S., VanderWaal, K., Ranjan, R., Biswal, ].K., Subramaniam, S., Mohapatra, ].K., Sharma, G.K., Rout, M., Dash,
B.B., Das, B, Prusty, B.R,, Sharma, A K,, Stenfeldt, C., Perez, A., Delgado, A.H., Sharma, M.K., Rodriguez, L.L., Pattnaik,
B., Arzt, ]., Foot-and-mouth disease virus transmission dynamics and persistence in a herd of vaccinated dairy cattle in

India. Transbound Emerg Dis 2018. 65, e404—e415. https://doi.org/10.1111/tbed.12774




Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 August 2021

19 of 20

44,

45.

46.

Fournié, G., Waret-Szkuta, A., Camacho, A., Yigezu, L.M., Pfeiffer, D.U., Roger, F., A dynamic model of transmission and
elimination of peste des petits ruminants in Ethiopia. Proc Natl Acad Sci U S A 2018. 115, 8454-8459.
https://doi.org/10.1073/pnas.1711646115

Shapshak P, Sinnott J, Somboonwit C, Kuhn J, Feldblyum T, Segal D. Seasonal and Pandemic Influenza Surveillance and
Disease Severity Global Virology I - Identifying and Investigating Viral Diseases. 2015 May 761-789. PMCID:
PMC7121762.

Henritzi, D., Petric, P.P., Lewis, N.S., Graaf, A., Pessia, A., Starick, E., Breithaupt, A., Strebelow, G., Luttermann, C., Par-
ker, LM.K,, Schroder, C., Hammerschmidt, B., Herrler, G., Beilage, E.G., Stadlbauer, D., Simon, V., Krammer, F., Wacheck,
S., Pesch, S., Schwemmle, M., Beer, M., Harder, T.C., Surveillance of European Domestic Pig Populations Identifies an
Emerging Reservoir of Potentially Zoonotic Swine Influenza A Viruses. Cell Host Microbe 2020.28, 614-627.e6.
https://doi.org/10.1016/j.chom.2020.07.006




Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 August 2021

20 of 20




