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Abstract

Bluetongue virus (BTV) is a vector-borne Orbivirus causing substantial livestock losses, with emergence
increasingly driven by climate change. Current surveillance mainly relies on testing individual animals,
which is invasive, resource-intensive and may miss early or subclinical circulation. We evaluated
environmental surveillance as a complementary approach using aggregated samples (n = 63) from BTV-
confirmed farms and a slaughterhouse during an outbreak. Farm samples included drinking water (n =
4), straw bedding (n = 9) and manure (n = 14), while slaughterhouse wastewater was monitored by grab
(n = 15) and passive sampling (PS) (n = 9), complemented by retrospective archived samples (n = 12).
BTV RNA was detected across multiple farm matrices despite few confirmed infected animals, with
highest detection in drinking water and straw. In wastewater, PS consistently detected BTV, including
days with limited slaughter from outbreak-declared municipalities. Retrospective monitoring detected
BTV weeks to months before official notifications. Environmental surveillance of aggregate samples
provides a sensitive, non-invasive early warning approach supporting BTV surveillance, situational
awareness and informed veterinary decision-making.

INTROUCTION

Currently, veterinary surveillance of viral pathogens relies primarily on clinical testing of suspected
animals, typically via blood sampling followed by PCR or serology (Rojas et al., 2019). Although
considered the gold standard, these approaches are resource-intensive, invasive, and dependent on the
presence of clinical signs, limiting their capacity to detect subclinical infections or early viral circulation
(Burrough et al., 2024).

Environmental surveillance has recently emerged as a complementary approach for animal disease
monitoring (Cronin et al. 2026), leveraging pathogen shedding into shared matrices such as manure,
bedding, drinking water, and wastewater (Xiao & Zhang, 2023). Because a single environmental sample
can represent hundreds to thousands of animals, it provides a cost-effective, population-level sentinel
system for detecting notifiable pathogens such as bluetongue virus (BTV), even in the absence of clinical
cases. This approach parallels wastewater-based epidemiology (WBE), which has revolutionized human
pathogen surveillance, supporting efforts ranging from poliovirus eradication to SARS-CoV-2 monitoring
and virome characterization (Singh et al. 2024). Despite this success, the application of environmental
surveillance in veterinary systems remains limited, and its potential for animal viruses is still poorly
understood.

Passive sampling (PS) offers an additional advancement by integrating viral signals over time and
improving detection sensitivity relative to grab sampling (West et al., 2023). While passive samplers have
been validated in wastewater virology (Bivins et al., 2022), their application to slaughterhouse
wastewater and animal viral surveillance has not yet been reported.

BTV impose substantial burdens on livestock and wildlife, with global economic impacts estimated at ~
USD 3 billion annually (Rushton & Lyons, 2015), and their emergence is increasingly driven by climate
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change (Thomson & Stanberry, 2022).

BTV (genus Orbivirus, family Sedoreoviridae) is a non-enveloped, segmented dsRNA virus with a
multilayered icosahedral capsid. Its genome comprises 10 segments encoding structural and non-
structural proteins, enabling frequent reassortment (Matthijnssens et al. 2022). Transmission primarily
occurs via Culicoides biting midges, whose distribution is highly climate-sensitive (El Moustaid et al.
2021).

Although fecal excretion has not been demonstrated, the systemic nature of BTV infection, characterized
by viremia, dissemination to skin, mucosal and lymphoid tissues, and associated lesions (Saminathan et
al., 2020), supports the plausibility of multi-route environmental shedding and thus environmental
detectability.

Here, we evaluate aggregated environmental sampling as a surveillance tool for BTV in livestock
systems by assessing viral detection in farm matrices (drinking water, straw bedding, manure) and
slaughterhouse wastewater, and by comparing passive and grab sampling strategies.

2. MATERIALS AND METHODS

2.1. Collection of samples from Slaughterhouse and
Farms

2.1.1. Farm samplings

Environmental sampling was conducted at 2 bovine and 1 sheep farms between June-November 2024 in
Catalonia during a BTV outbreak (Departament d’Accié Climatica, Alimentacié i Agenda Rural, 2024).
Samples were collected from multiple matrices, including drinking water (n = 4), manure (n = 14), straw
bedding (n =9), and surface swabs from drinkers and carcass containers (n = 2).

Farm selection and sampling logistics were coordinated by the Servei de Sanitat Animal from the
Departament d’Agricultura, Ramaderia, Pesca i Alimentacio of the Generalitat de Catalunya. Following
confirmation of BTV infection by the National Reference Laboratory (Algete, Spain), sampling was
conducted within approximately 15-30 days.

All samples were transported at 4°C in cold boxes to the laboratory, where they were processed
immediately upon arrival under Biosafety Level 2 (BSL-2) containment measures.

2.1.2. Slaughterhouse samplings

Slaughterhouse wastewater sampling was conducted at two facilities in Catalonia, Spain.
Slaughterhouse 1, located in the central-eastern Barcelona metropolitan area, processes approximately
2,000 cattle and 2,500 sheep per week, while Slaughterhouse 2, located in the north-eastern Barcelona
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metropolitan area, processes around 800 cattle per day. Animals at both facilities originate primarily
from farms in Catalonia, with additional livestock sourced from other regions of Spain.

An intensive sampling campaign was conducted at slaughterhouse 1 between October 8th and October
17th, 2024. During this period, three grab samples (200 mL each) of slaughterhouse wastewater were
collected on October 8, 9, 15, 16, and 17 (n = 15). In parallel, three passive samplers (PS) were deployed
on October 8, 15, and 16 and retrieved after 24 hours (n =9). Each PS contained one nylon (NY)
membrane (0.47 mm, Merck Millipore) and one nitrocellulose (NC) membrane (EZ-Pak flters, 0.4 mm,
Merck Millipore).

In addition, monthly grab samples of slaughterhouse wastewater were collected between April and
September 2024 as part of the VIRALERT project. These samples were obtained from both
slaughterhouse 1 (n = 6) and slaughterhouse 2 (n = 6).

All wastewater samples were transported to the laboratory at 4°C and stored at - 20°C until further
processing.

2.2. Sample Processing

A detailed flowchart of the processing steps for each sample type is provided in Supplementary Fig. 1.

2.2.1. Passive Samplers (PS)

PS were processed based on Mejias-Molina et al. 2024. Briefly, 1 NY and 1 NC membranes from the
same PS were cut under aseptic conditions and each membrane placed into PowerBead tubes
containing 700 pL of 0.25 M glycine buffer (pH 9.5). Samples were homogenized using a FastPrep®
instrument (4 m/s, 30 s) to release viral particles. Supernatants (350 pL) from both membrane types
were pooled and extracted together as described in Section 2.3.

2.2.2. Liquid matrices

Slaughterhouse wastewater (50 mL) was mixed with an equal volume of 0.25 M glycine buffer (pH 9.5),
shaken on ice for 30 min, and centrifuged at 4,750 x g for 30 min at 4°C. The alkaline glycine buffer
promotes viral desorption from organic matter and solids, improving elution efficiency (Peinado et al.,
2022). Viral particles from the supernatants were concentrated by ultrafiltration using the CP Select™
concentrating pipette (InnovaPrep®) and viruses were eluted with 0.075% Tween-20/Tris using Wet
Foam Elution™ cans (InnovaPrep®) adjusting the final volume to 350 pL with PBS 1X. Mean viral
recoveries from wastewater concentrated using the CP Select™ system were previously reported by our
group for MS2 (27.72 +24.46%) and MHV (7.51 + 6.14%) (Forés et al., 2021).

From open drinkers (cattle Farm 1, sheep Farm 1), 20 L of drinking water were sampled, whereas 2 L
were collected from narrow self-filling troughs (cattle Farm 2). Samples were concentrated using a two-
step ultrafiltration process with the InnovaPrep® large volume concentration kit followed by CP Select™
concentration (InnovaPrep®), yielding a final volume of 350 pL (Forés et al., 2022).
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2.2.3. Solid matrices

Straw bedding (80 g) was suspended in 200 mL of 0.25 M glycine buffer (pH 9.5), shaken on ice for 30
min, and centrifuged at 8,000 x g for 30 min at 4°C. Supernatants were filtered using Stericup filters (0.22
pum) (Millipore®) and concentrated using the CP Select™ system (InnovaPrep®), with viruses eluted in
350 pL.

For manure samples, 10 g of cattle manure were suspended in 90 mL of glycine buffer and shaken on ice
for 30 min. 10 g of sheep manure were first suspended in 20 mL PBS and incubated for 24 h at 4°C to
facilitate homogenization, followed by addition of 70 mL glycine buffer and shaken on ice for 30 min. All
suspensions were centrifuged at 8,000 x g for 30 min at 4°C, supernatants were concentrated using the
CP Select™ concentrating pipette (InnovaPrep®) and eluted with Wet Foam Elution™ cans (InnovaPrep®)
yielding a final volume of 350 pL.

2.2.4. Drinkers and carcase boxes surface sampling

The surface of drinkers and carcass boxes were screened by swabbing approximately 25 cm? using PBS
pre-moistened swabs (Deltalab) with PBS. After the screening the swabs were transported to the
laboratory in cold conditions and processed immediately upon arrival to the laboratory.

2.3. Nucleic acid extraction and molecular detection

Nucleic acids (NA) from all samples, except swabs (Section 2.2.4.), were extracted from 280 pL of viral
concentrate using the QlAamp Viral RNA Kit (Qiagen) on a QlAcube system and eluted in 80 yL of AVE
buffer following the manufacturer instructions. Viral NA from swabs were extracted by using the
PureFood GMO kit from Promega (AS1600). In brief, swabs were incubated in 300 pL lysis buffer and 30
uL proteinase K (PureFood GMO kit, Promega) at 56°C for 10 min. After recovery of the liquid phase,
nucleic acids were purified using the on the Maxwell® RSC instrument (Promega) and eluted in 80 pL of
the Elution Buffer from the kit.

To enable reverse transcription of dsRNA, extracts were denatured at 98°C for 3 min and cooled on ice
for 5 min. cDNA synthesis was performed using random primers and SuperScript™ IV Reverse
Transcriptase (Thermofisher) (23°C for 10 min, 55°C for 30 min, 85°C for 10 min). Both undiluted and
1:10 diluted NA extracts were processed to mitigate inhibition.

The molecular assays employed in this study are detailed in Supplementary table 1. BTV detection was
performed using nested (RT)PCR targeting segment 5 (Katz et al. 1993). Serotype identification was
conducted using serotype-specific nested (RT)PCR assays targeting segment 2 (Maan et al. 2012) of
circulating serotypes in Catalunya, BTV-4 and BTV-8 (SESC, 2024 & DEFRA, 2024). Nested (RT)PCR
reactions used 25 pL of TagMan® Environmental Master Mix 2.0 (Themofisher) with 10 uL cDNA for the
first round and 5 pL of product for the second round (final volume 50 pL).
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Bovine and ovine polyomaviruses (BPyV and OPyV) were quantified by qPCR as indicators of fecal/urine
contamination in all tested samples (Hundesa et al., 2010; Rusifiol et al., 2013) (Supplementary table 1).

Strict contamination control measures were implemented during nested (RT)PCR and qPCR procedures.
Negative extraction controls and non-template controls were included throughout all steps.

2.4. Sequencing, bioinformatic analysis, statistics and data
visualization

All BTV positive samples, except 2 drinking water samples, were confirmed by Sanger sequencing.
Sequences were curated using Geneious Prime 10.2.6 and queried against the NCBI nucleotide database
using BLASTn. Representative sequences generated in this study were deposited in GenBank under
accession numbers PX736862—-PX736870 (segment 5) and PX830591 (segment 2).

The sensitivity of the different environmental matrices for BTV and BPyV detection on farms, as well as
the sensitivity of grab sampling and PS for BTV detection in slaughterhouse wastewater, were compared
using Fisher’s exact test. For multiple comparisons, Bonferroni correction was applied. Differences were
considered statistically significant when p < 0.05.

Data visualisations were performed using R 4.1.2 (R Core Team, 2021) and ggplot2 package (Wickham,
2016).

2.5. Gathering outbreak data and animal origin information

To explore the relationship between BTV detection in slaughterhouse wastewater and reported clinical
outbreaks, information on the origin of slaughtered animals was obtained from slaughterhouse records.
These records included the municipalities of origin and the number of animals processed during the
sampling period. Data on officially reported BTV outbreaks were retrieved from the online database of
the Spanish Ministry of Agriculture, Fisheries and Food. All analyses were performed at the municipal
level; no information at farm level was available.

For the intensive sampling campaign (October 8th-17th, 2024), BTV cases reported between September
1st and October 17th, 2024 were considered. For the retrospective analysis of stored samples, cases
reported from 3 weeks before to 3 weeks after each sampling date were included.

Municipalities of origin of slaughtered animals were then cross-referenced with municipalities reporting
BTV outbreaks to evaluate the spatial agreement between wastewater detection and notified clinical
cases.

3. RESULTS

3.1. Monitoring of BTV in Aggregated Environmental
Samples from Farms
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BTV detection varied by matrix and farm (Fig. 1, Supplementary table 2). Drinking water (4/4) and swabs
(2/2) showed the highest positivity rate, followed by straw bedding (6/9), while manure showed lower
detection (3/14). Detection was significantly associated with sample type (Fisher’s test, p = 0.046), with
higher positivity in drinking water than manure (p = 0.008). Straw bedding showed a non-significant trend
versus manure after correction (p = 0.042), while no difference was observed between drinking water
and straw bedding (p = 0.5).

BTV positivity varied across farms, with the highest detection rate observed in Cattle Farm 2 (71.4%),
followed by Cattle Farm 1 and Sheep Farm 1 (45.5% each). In both cattle farms, BTV was consistently
detected in drinking water and straw bedding samples, whereas manure yielded lower detection rates
(14.3% in Cattle Farm 1 and 50% in Cattle Farm 2). In Sheep Farm 1, BTV was detected in all swab
samples (2/2), as well as in straw bedding (2/5) and drinking water (1/1), but was not detected in
manure (0/3) (Supplementary Table 2).

All positives were confirmed by Sanger sequencing except two drinking waters. Serotyping targeted BTV-
4 and BTV-8, the main circulating strains in the region (SESC, 2024; DEFRA, 2024), but amplification
succeeded only in Cattle Farm 2, where BTV-8 was confirmed (Accession no. PX830591).

BPyV and OPyV were used as indicators of fecal/urinary input. In cattle farms, BPyV was most frequent
and in higher loads in straw bedding and manure, with no detection in drinking water in Farm 2. In Sheep
Farm 1, OPyV was mainly detected in straw bedding, occasionally in manure, and absent in drinking
water, indicating higher recovery in fecal-associated matrices (Supplementary Table 2).

3.2. BTV Monitoring in Slaughterhouse Wastewater

A total of 24 wastewater samples were collected in October 2024 using passive sampling (PS, n=9) and
grab sampling (n = 15). Overall, BTV was detected in 37.5% (9/24) of samples, with higher detection in
PS (66.7%, 6/9) than in grab samples (20.0%, 3/15). PS showed consistent detection across sampling
events (3/3, 2/3, and 1/3 positive samples over successive events). The difference between methods
was significant (Fisher’s test, p = 0.036), suggesting higher sensitivity of PS (Fig. 2).

Serotyping of BTV-4 and BTV-8 from positive wastewater samples was unsuccessful due to lack of
amplification.

BPyV was used as a fecal indicator and detected in wastewater on October 8th and 17th, confirming
intermittent fecal contamination.

Retrospective analysis of frozen samples confirmed BTV RNA in both slaughterhouses outside the
sampling period. In slaughterhouse 1, detection occurred in September, while in slaughterhouse 2 BTV
was detected in July and August. BPyV was intermittently detected in both facilities (slaughterhouse 1:
May, August; slaughterhouse 2: July, September) (Fig. 3).

4. DISCUSSION

Page 8/17



4.1. Monitoring of BTV in Aggregated Environmental
Samples from Farms

Although direct fecal or urinary excretion of BTV has not been demonstrated, viral replication in skin and
tonsillar tissues (Darpel et al., 2012), together with lesions in the tongue and gastrointestinal mucosa
(Ayuti et al., 2025), supports the plausibility of environmental detection. BTV RNA may therefore reach
the environment via saliva, fecal contamination, and skin debris. In addition, as a non-enveloped
icosahedral virus, BTV is expected to show environmental stability, similar to other Sedoreoviridae
members (Matthijnssens et al., 2022).

Detection varied across farms and matrices, with higher positivity in drinking water and straw bedding
than manure (Fig. 1). Drinking water showed consistent detection across farms and enabled serotyping,
suggesting a key role for BTV environmental surveillance. This aligns with viral replication in tonsils and
shedding via saliva and nasal secretions (Darpel et al., 2012). Low BPyV detection in water further
supports a salivary origin. Its simpler processing also supports its use as a routine monitoring matrix.

Despite low PCR-confirmed infection rates (0.90%, 0.49%, 0.16%), BTV RNA was consistently detected
across farms in environmental samples, suggesting the sensitivity of environmental surveillance at low
prevalence. However, the limited number of farms restricts generalizability, and larger studies are
needed. Environmental sampling is non-invasive, reduces animal handling, and offers a practical
complementary approach to conventional veterinary sampling.

4.2. BTV Monitoring in Slaughterhouse Wastewater

This study evaluated wastewater surveillance for BTV detection in slaughterhouses using grab and PS,
being the first application of PS in this context. As a viremic virus (Gasparini et al., 2021), BTV detection
in wastewater is likely associated with blood released during slaughter, supported by the low detection
of BPyV, suggesting that fecal and urine inputs are minor compared with blood, tissue residues, and
cleaning water.

Overall, PS showed higher sensitivity and more consistent detection than grab sampling (Fig. 2), likely
due to time-integrated viral accumulation (West et al., 2023). Although direct comparison with composite
sampling was not feasible due to operational constraints, passive sampling consistently outperformed
grab sampling. On October 8th, when 12.82% of processed animals originated from municipalities with
reported BTV cases, all three grab-sample replicates were negative. Conversely, on October 9th, when
only 0.12% of animals originated from affected municipalities, BTV was detected in just one of three
grab-sample replicates. In contrast, all three passive samplers deployed during this period tested
positive for BTV, highlighting the greater sensitivity and temporal integration provided by passive
sampling. Although this suggests a link between detected RNA and daily slaughter batches, we cannot
totally exclude partial contribution from previous.
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Retrospective analysis also detected BTV RNA in both slaughterhouses (Fig. 3) in the absence of
officially reported outbreaks in source municipalities, suggesting undetected or underreported
circulation, suggesting its potential as an early-warning system.

In summary, PS appears as a sensitive sentinel tool for slaughterhouse surveillance, supporting early
detection and reconstruction of transmission dynamics. Further optimization of sampling and molecular
methods will improve its applicability for routine monitoring.

4.3. Limitations

Serotyping assays targeting BTV-4 and BTV-8 were selected based on reported circulation in Spain and
neighbouring European countries during the study period (Gondard et al., 2024). Serotype identification
was successful only in Cattle Farm 2, where BTV-8 was detected. Although BTV-8 was the dominant
strain in Catalonia at the time, amplification failed in the remaining farms and slaughterhouses. This may
reflect the limited robustness of the nested PCR typing assays used under environmental conditions,
where low viral loads and PCR inhibitors are common, as well as the use of identical primer sets in both
amplification rounds, reducing assay sensitivity. Additional factors such as RNA degradation or
fragmentation may also have impaired target amplification, while the presence of other serotypes not
efficiently detected by the assay cannot be excluded. These limitations highlight the need for serotyping
tools specifically optimized and validated for environmental surveillance.

A further limitation is that the persistence and environmental stability of BTV RNA in the analysed
matrices were not assessed. However, the aim was not to characterize RNA persistence, but to evaluate
whether environmental detection could support or trigger clinical surveillance. In this context, even
transient detection of BTV RNA may be considered relevant for guiding targeted veterinary actions.

5. CONCLUSIONS

This study demonstrates that aggregated environmental sampling is a sensitive and practical
complementary approach for the surveillance of BTV circulation in livestock systems. Despite low
apparent prevalence of clinically confirmed infections, BTV RNA was consistently detected in farm-level
environmental matrices, particularly drinking water and straw bedding, highlighting their suitability as
sentinel samples for early viral circulation.

Importantly, and at a larger scale, slaughterhouse wastewater surveillance provided BTV detection linked
to the geographical origin of slaughtered animals, with PS outperforming grab sampling in terms of
sensitivity and temporal consistency. Retrospective analysis further suggests possible underreported
circulation of BTV weeks to months prior to official outbreak notifications at the municipal level,
underscoring the capacity of wastewater-based surveillance to uncover silent or underreported
transmission, especially in cattle populations where infections are often subclinical.

Overall, these findings are a proof of concept that support the integration of environmental surveillance
at two different levels, farm and slaughterhouses into existing veterinary health frameworks. Such
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approaches offer a non-invasive, cost-effective, early warning system that can enhance outbreak
detection, improve epidemiological situational awareness, and support more timely and targeted disease
control interventions scalable to other emerging veterinary viruses.
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Figure 1

Detection of bluetongue virus (BTV) and polyomaviruses (bovine polyomavirus (BPyV) in cattle farms;
ovine polyomavirus (OPyV) in the sheep farm) in aggregate environmental samples collected on farms.
Bars show the percentage of positive samples by matrix (drinking water, straw bedding, and manure) for
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each farm; the number of samples is indicated (n). The table above the graphs summarizes key farm
characteristics, including farm type, herd size, and number of confirmed BTV-infected animals by
veterinarian authorities. Fisher test: * p < 0.05; ** p < 0.01
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Figure 2

Number of animals slaughtered between 8-17 October 2024 and BTV detection in slaughterhouse
wastewater using grab and passive sampling. Pie charts show the proportion of animals originating
from municipalities with (purple) and without (orange) officially declared BTV cases during the active
outbreak period (1 September—17 October 2024). Dark-coloured pie charts indicate BTV detection on the
corresponding sampling day and method, whereas light colours indicate no detection. Individual icons

represent replicates (grab samples or torpedo-style passive samplers), shown in dark colour when
positive and light when negative.
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Figure 3

Detection of bluetongue virus (BTV) in monthly grab samples collected from slaughterhouse 1 and
slaughterhouse 2 between April and September 2024. Results are reported as positive (+) or negative
(-). BTV positive samples are shown in dark blue, while negative samples are shown in light blue.
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