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Foot-and-Mouth Disease virus (FMDV) is endemic in several regions and is a virus that can persist in the environment dependent on pH, relative humidity (RH), temperature, and matrix (i.e., soil, water, or air). Our previously published analysis of available viral persistence data showed that persistence is likely affected by interactions between RH, temperature, and matrix. Understanding these relationships will aid efforts to eliminate FMD, which has significant impacts on economies and food security. In Cameroon, West Africa, the livestock system consists of mobile (transhumant), transboundary trade and sedentary herds. Studying this system can provide information about the patterns of environmental detection of FMDV RNA that may influence approaches to virus elimination on premises during an outbreak. To improve our understanding of these patterns, we collected samples from individuals, vehicles, and along cattle pathways at three sedentary herds beginning on day one of owner-reported outbreaks, ending by day 30, and tested for the presence of FMD viral RNA using rRT-PCR. Our analysis suggests that detection decreases in soil surface samples with increased distance from herd and time from the first report of disease. Whereas time but not distance decreases detection in air samples. Interaction of RH and temperature suggests increased detection at high temperatures (>24°C) and RH (>75%), providing us with new information about the patterns of FMD viral RNA detection in and around cattle herds that could help to inform targeted virus elimination strategies, such as location and application of disinfectants.
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1. Introduction

Environmental detection of viral components using rRT – PCR is a way for outbreak investigators, researchers, and planners to evaluate patterns of detection in and around disease outbreak premises. How best to use this information is the question? This method detects viral components but does not tell us whether the virus is infectious without using methods such as virus isolation. Understanding where foot-and-mouth disease viral (FMDV) RNA may be detected in endemic settings, in the absence of vaccination or cleaning and disinfection, provides baseline information to support surveillance and virus elimination strategies that are tailored to the virus and the environment. While approaches to cleaning and disinfecting in developing countries may be extrapolated from industry best practices, data to support environmental sampling approaches are sparse (6, 10, 23). In particular, the interplay between routine environmental degradation of FMDV and the ability to detect viral RNA in extensive production settings has not been evaluated. Therefore, the purpose of this study was to evaluate the detection of FMDV by PCR testing in the environment around infected cattle herds under natural conditions. This information will help support the development of environmental sampling approaches and guide further investigation on this topic relevant to mitigation strategies.

FMDV can be found in all secretions and excretions of infected animals, and the virus has been shown to persist in the environment, dependent on a range of pH, relative humidity (RH), and temperature (1–3, 5, 14, 19, 20, 25, 29, 33, 39). Furthermore, interactions between RH, temperature, and the type of matrix FMD viral RNA is shed upon, such as soil, water, air, or fomites is likely to affect where FMD viral RNA presence is detected in the environment (23). Environmental transmission of FMDV has been shown to occur, and a recent experimental study by Colenutt et al. (9) estimated that environmental transmission alone may be sufficient to sustain an outbreak based on the basic reproduction number. Bravo De Rueda et al. showed that nearly 44% of transmission can result from environmental contamination with FMDV (6), while work by Colenutt et al. have highlighted the potential uses of environmental sampling for FMDV surveillance at animal aggregation points (11).

There are important biotic and abiotic factors that influence the distribution pattern and dispersal mechanisms of pathogens in the environment (27). In the case of FMD, a virus that is environmentally stable, the abiotic factors, such as temperature, RH, pH, and the matrix component (e.g., soil, feces, vegetation, inanimate surfaces, air, water, etc.) all interact to influence the duration of viral persistence. Mielke et al. (23), using a survival analysis of available literature data for FMDV persistence in the environment, showed that interactions of RH and temperature can affect survival probability. Specifically, at high RH (86%) and high temperatures (37° C), persistence (survival probability) of infectious viral particles can be expected to remain above 40% for 5 months on vegetation and 2 weeks on inanimate surfaces, suggesting that high RH provides protection for the virus when temperatures rise (23). Similarly, (7) in their review of airborne transmission of FMD noted that conditions conducive to high virus survival, such as RH >55% and gentle winds and a stable atmosphere, are needed for airborne transmission of FMD to occur (7). These effects are particularly important in settings where these conditions can be found (e.g., tropical settings, microhabitats on production sites). To understand detection patterns in these types of settings we examined a variety of environmental factors around FMD-affected herds on endemic sites.

In addition to environmental factors, how animals move within an agricultural system may influence viral dispersal, presence, and persistence. In Cameroon, there is a complex system of mobile herders (transhumant), transboundary trade herds, and sedentary (agropastoral and production) herds, which offer a variety of settings where FMD outbreaks routinely occur. The role of environmental transmission within this dynamic system is poorly understood, and virus elimination activities are not undertaken (22). This has resulted in a unique opportunity to begin to investigate patterns of environmental detection of FMD viral RNA in a natural setting.



2. Materials and methods

This study was conducted during 2016 on three sedentary cattle herds in the Adamawa Region of Cameroon, to characterize the spatial and temporal extent of FMD viral RNA detection around these herds. The herds were selected based on ease of access and amenability to reporting outbreaks. At the time of the study, the populations of each herd were 42, 47, and 52 head of cattle for herds 1, 2, and 3, respectively. The location and proximity to human or livestock activity varied by site with Herd 1 situated just outside a city center, Herd 2 situated in a remote location, and Herd 3 located near a city center and a local cattle market (Supplementary Figure S1). These herds are sedentary herds; however, the cattle are not cordoned in a specific site, but rather can roam within and beyond what might be considered traditional site boundaries. The three herds sell and buy animals from cattle markets and often animals from the herd accompany animals being sold. The unsold animals and those animals accompanying the herd at market are taken back to the herd. This practice could lead to the contamination of animals in those animal markets as well as introduce FMDV to the herds (21). The seroprevalence for non-structural proteins (NSP) ranges from 51.06 to 77.78% in cattle and 10.81 to 27.27 in sheep in this region (Table 1). There are two main seasons, the rainy season (April–November) and the dry season (December–March). The climate is tropical with average temperatures >20°C and < 40°C while RH ranges from ~30 to 80% (12). At each site, soil surface, air, and fomite samples were collected, and environmental conditions were measured and recorded during reported FMD outbreaks. In the endemic setting, cattle herds are infected at various times throughout the year and especially at times when new susceptible animals are present in the population (e.g., births). Cameroon is an endemic country and this study relied on the herder’s knowledge to identify when there was an outbreak of FMD in their herd. Previous infection in these herds is expected due to the endemic situation in the Adamawa Region. However, there is some use of movement restriction, antibiotics, and traditional formulations to treat suspect cases. Sample collection in each herd began at the first owner-reported outbreak based on clinical signs and then again at, +2 days, +5 days, +14 days, +21 days, and + 28 days from the first report.



TABLE 1 The NSP seroprevalence in each herd site location and on eneighboring region for cattel and sheep.
[image: Table1]

The analysis was completed in two parts, the first was a descriptive analysis for air, fomite, and soil surface samples, and the second was an advanced statistical analysis using the soil surface samples only. During the project, it was determined that there was not a reliable energy source in the field to collect air samples, therefore the volume of air sampled was not calculated and this data was used as presence/absence data. Additionally, at the time of study design, there was a lack of available literature data on FMD viral RNA survival in air, and there were limited samples for fomites in the study, which reduced our ability to run further analyses on these two sample types. However, using the soil surface data, Bayes theorem (4) was applied to the soil surface data to generate a model, produce prior values, and evaluate the posterior probability distribution of the model parameters conditional upon the predictors [RH (r), temperature (t), and an interaction (t:r)] and the response (probability of detection), rather than calculating a single point estimate as done in a classical frequentist approach.


2.1. Data On environmental conditions

Environmental conditions, including ambient temperature, and RH were recorded three times for at least 1 min upon arrival and prior to departure at each of the three sites. Relative humidity and temperature data were collected using a portable weather tracker (Krestel® 4,500 made in United States).



2.2. Surface samples


2.2.1. Sample collection

Soil surface sampling was completed using a 10 cm x 10 cm template to mark locations and gently swab the entire area with an electrostatic cloth. Prior to each use, the template was disinfected and dried. The disinfection method was carried out using Virkon® S, which is an effective disinfectant for surface microbes. One tablet was diluted in 500 mL of water and sprayed on the shoes of researchers, herders, and car tires. The locations of soil swabbing occurred in the center of the main cattle resting area (0 m) and at 50 m, 75 m, and 100 m points along three pathways, designated by cattle presence, and use as: (i) high cattle traffic, (ii) medium cattle traffic, and (iii) low to no cattle traffic (Supplementary Figure S2). When present, the herder, cattle owner (who does not accompany the herd in most cases), and a member of the herder’s family (not associated with cattle) had their shoes or feet sampled along with drivers, research personnel, and vehicle tires. Sampling shoes/feet and tires was completed by gently swabbing the entire bottom surface of the shoes/feet of each person using a pair of sterile forceps and a Kimwipe®. This sampling allowed for broad capture of viral RNA and movement associated with animals, human handlers, and fomites that may transfer FMD viral RNA.



2.2.2. Sample storage

The electrostatic cloth, used for swabbing soil, shoes/feet, or vehicle tires was placed in a tube with 10 mL viral transport media (VTM) and shaken vigorously for 20 s. VTM consisted of 500 mL DMEM (Dulbecco’s Modified Eagle Medium) (Life Technologies, 12,430–047), 500 mL Glycerol (Sigma, G5516-1 L), and 10 mL of Antibiotic/Antimycotic (Life Technologies, 15,240,062) (mixture formulated from personal communication with Plum Island Animal Disease Center). Two labeled cryotubes were used to hold 2 mL of the sample in VTM (1 mL each). The remaining buffer, cloth, and tube were then discarded. We attempted to gather negative control samples including swabs of the researcher’s shoes and vehicle tires upon entry and exit of the site. When the research team arrived on site, they parked off-site to prepare for entry to the site. The off-site arrival location was the designated place that negative controls of the researcher’s shoes would be collected. Researcher’s shoes and vehicle tires were exposed to the ground and/or road surface near the site prior to entry sampling. One tube of VTM was filled and labeled at the field site with no sample added as a field blank. All sample tubes were stored in a cooler on ice and then taken to a − 20°C freezer on the day of collection. At the end of the sampling period, the samples were taken to the final laboratory destination and placed in a − 80°C freezer. The researchers cleaned and disinfected their vehicles, shoes, and equipment after each visit to the site with Virkon®, and the sampling equipment was thoroughly cleaned at the field laboratory with soap and water using clean ground water sources.




2.3. Air samples


2.3.1. Sample collection

Air sampling was used to capture virus shedding from the host through aerosolized fluids or re-suspension from the surrounding environment by movement and wind disturbance. Impinger fluid was prepared with 370 mL of Glasgow Eagle’s Medium, 5 mL pen/strep, 5 mL of Fungizone or Amphotericin B, 10 mL of 5% Bovine Serum Albumin (BSA), and 10 mL of 1 M Hepes (Pirbright Institute guidance). Sampling took place during periods of no rainfall using cyclonic samplers (Microtek®) set up with 30 mL impinger fluid and a car battery as the power source. Air samplers were set up along the same traffic pathways where soil samples were collected (Supplementary Figure S2) and allowed to run for 2 h while cattle were present in the main resting area. Researchers remained on site to prevent disturbance by people or animals. In the center location an individual remained near the sampler to prevent damage to the sampler by the cattle. During operation, this person took care not to pass their hands or clothing over the sampler intake. Cyclonic samplers were operated starting at the farthest distance (100 m) and working toward the center of the herd (0 m). Each sampler was disinfected using the Virkon® S solution between sampling events according to procedures detailed by standard operating procedures personally communicated from the Torremorell laboratory at the University of Minnesota, which has worked extensively in evaluating methods of air sampling for viruses such as influenza (28).



2.3.2. Sample storage (Impinger fluid)

At the end of each two-hour sampling period, reservoirs were removed, and the impinger fluid was decanted into a labeled graduated cylinder. To maintain a volume of 30 mL, impinger fluid was added, and 2 mL of impinger fluid was saved and divided into two cryotubes. All sample tubes were stored in a cooler on ice and then taken to a − 20°C freezer on the day of collection. At the end of the sampling period, the samples were taken to the final laboratory destination and placed in a − 80°C freezer.




2.4. Laboratory analysis: rRT-PCR

Samples were tested for the presence of FMD viral RNA by amplifying the 3D polymerase gene via rRT-PCR at the National Veterinary Laboratory (LANAVET) in Garoua, Cameroon, following protocols published elsewhere (24). The primers and probes used were in accordance with the publication by Callahan et al. (8, 24) and the cycle threshold was set to <40 for a positive result (26). Due to laboratory and funding constraints, virus isolation was not performed on positive samples.



2.5. Model development

Data was separated into herd, distance, and path (set as factors), and temperature, RH, and day (centered and scaled to compare across units). Pairwise plots were used to visually inspect correlation across variables, which indicated that temperature and RH are highly correlated. Using the Moran’s I test, spatial autocorrelation was tested with a distance limit of >0 or < = 0.5, meaning that points with distances below 0.5 km are related. This test indicated that no spatial autocorrelation existed, across the three sedentary herd sites in Cameroon, with a value of p of 0.094 (Supplementary Table S1). A Bayesian analysis using informed and non-informed priors for all predictors was used to evaluate the field data. The use of informed or non-informed priors did not alter the model and therefore the remaining analysis was completed using the non-informed priors. The model with the informed priors is in the supporting documentation (Supplementary Tables S7–S9).



2.6. Generalized linear mixed effects model development

The Bayesian regression analysis was completed to evaluate the effect of environmental factors on the probability of detection, the models included:

I. Probability of Detection ~ (1| Herd) + V1 + V2 + V3 + V4 + RH

II. Probability of Detection ~ (1| Herd) + V1 + V2 + V3 +  V4 + temperature

III. Probability of Detection ~ (1| Herd) + V1 + V2 +  V3 +  V4 + RH + temperature

IV. Probability of Detection ~ (1| Herd) + V1 + V2 +  V3 + V4 +  RH + temperature + RH:temperature

The variables V1, V2, V3, and V4 represent the distance from the center of the herd (main resting area) at 0, 50, 75, and 100 m respectively, while ‘1|Herd’ is the random effect of herds in the study. Herds were set as a random effect to account for variability that may exist between herds in the field study based on the day of reporting, number of cattle infected, and other differences.




3. Results

To confirm the presence of FMD viral RNA in the environment, rRT-PCR was completed for 292 soil surface and fomite samples and 182 air samples (data is available in supporting documents). Through descriptive statistics and logistic regression, using Bayesian methods, parameters related to environmental detection of FMD viral RNA were estimated. Sampling was completed between August and November of 2016, when it is expected that temperatures increase, and RH decreases as the seasons change from wet to dry (Figures 1A,B).

[image: Figure 1]

FIGURE 1
 Field data points for (A) Temperature and (B) Relative humidity. The data points were collected across study activities from August to November in Cameroon West Africa.



3.1. Descriptive statistics

Using JMP (32), we analyzed the test positive proportions for FMD PCR-positives samples from fomite, soil surface, and air across the three study herds, designated as Herd 1, Herd 2, and Herd 3.


3.1.1. Fomites

The entry and exit values indicate differences for drivers, herders, vehicles, and researchers, suggesting that fomites entering the site on researchers (20%), driver shoes (14%), and vehicle tires (28%) have a higher test positive proportion than fomites on the site herders’ feet/shoes (8%) (Figure 2). Overall, vehicles, researchers, and drivers tested positive upon entry to the sites more often than herders, who tested positive at Herd site 2 only. Exit samples tested positive for vehicles and drivers at Herd site 2 and positive for vehicles at Herd site 3, while at Herd site 1 there were no test positive results across fomites on exit. Additionally, at the exit point for Herd site 2, driver and vehicle samples had a higher test positive proportion, while for Herd site 3 vehicle samples had a higher test positive proportion compared to the entry point (Table 2). Due to low sample numbers, testing for significant differences between these fomite types was limited.

[image: Figure 2]

FIGURE 2
 Test positive proportion of fomite and surface soil samples collected from field sites. These data points are listed by entry and exit for fomites and level of traffic for soil surfaces.




TABLE 2 The test positive proportion of fomite types at entry and exit for herd sites 2 and 3, showing that vehicles and drivers have a higher test positive proportion at exit compared to entry.
[image: Table2]



3.1.2. Soil surface

Initial analysis suggests an influence on FMD viral RNA detection from time, herd, distance, and traffic pathways. The test positive proportion for traffic pathways suggests that the low/no-traffic pathway had a higher positive proportion on soil compared to the high-traffic and medium-traffic pathways with overall test positive proportions of 23, 16, and 14%, respectively (Figure 2). Using the Chi- Square test. We found no significant difference in detection probability between the pathways or the herds. However, a higher probability of FMD viral RNA test positivity was indicated for week 1 compared to week 3 and for week 2 compared to week 3, with value of ps of 0.0265 and 0.0124, respectively (Figure 3 and Supplementary Table S2). Detection of FMD viral RNA by distance was more probable at the center of the herd (0 m) than at the farthest distance (100 m), with a value of p of 0.0305 (Figure 4 and Supplementary Table S2). As this was only the first step in analysis of the soil surface data, we did not report p-values corrected for multiple comparisons.

[image: Figure 3]

FIGURE 3
 Temporal test positive proportion of soil surface samples, showing the comparison of test positive proportions by time and herd. There was a significant difference in detection between week 2 and week 3 (value of p = 0.0124) and between week 1 and week 3 (value of p = 0.0265).


[image: Figure 4]

FIGURE 4
 Spatial test positive proportion of soil surface samples, illustrating the test positive proportions by distance and herd. Across distance there was as significant difference between distance 0 m and distance 100 m (value of p = 0.0305).




3.1.3. Air

Analysis of air samples also focused on the test positive proportion of FMD viral RNA samples across herd, time (days/weeks), distance, and traffic pathway. Similar trends in detection across time and distance with some variation between herds were noticed (Figures 5, 6). For instance, test positive proportion was 0.43 at Herd 1 compared to 0.2 at Herds 2 and 3 at distance 0 m. Additionally, Herd 3 showed an increasing trend in detection moving away from the center of the herd and reached 0.33 at 75 m before decreasing. Analysis of the traffic pathways suggested that the high-traffic pathway had higher detection within 50 m of the center with a test positive proportion of 0.33 compared to 0.26 for medium- and low-traffic pathways at the center (0 m) and 0.33 compared to 0.14 and 0.17 for medium- and low-traffic pathways at 50 m. The low- or no-traffic pathway had the same detection probability at distance 100 m compared to the center of the herd of 0.26.

[image: Figure 5]

FIGURE 5
 Temporal test positive proportion of air samples, which showed significant differences between week 2 and week 3 (value of p = 0.0177) and week 1 and week 3 (value of p = <0.0001).


[image: Figure 6]

FIGURE 6
 Spatial test positive proportion of air samples, which did not have significant differences in FMD viral RNA detection from the center to the periphery of the site. However, a significant difference in detection was shown between herd 1 and herd 2 (value of p = 0.0339).


Using the Chi-Square test, we made similar comparisons across time, herd, distance, and traffic pathway. We found a higher probability of detecting FMD viral RNA at Herd 1 than Herd 2 with a value of p of 0.0339. We did not find a difference in detection probability across distance (Figure 6) but, similar to findings in soil samples, there was a significant difference over time (Figure 5). The analysis suggests a higher probability of detection at week 1 compared to week 3 and week 2 compared to week 3, with p-values of <0.0001 and 0.0177, respectively (Supplementary Table S3). Figures 5, 6 illustrate the test positive proportion for the significant comparisons with probability intervals, showing higher uncertainty during weeks 2 and 4. Furthermore, there was a difference in detection probability between the study sites, with a higher probability of detection at Herd 1 compared to Herd 2. All non-significant comparisons for herds, pathways, distance, and time can be found in Supplementary Tables S4, S5 of the supporting information. As previously mentioned, the limited understanding of detecting FMD viral RNA in this environment drove us to use multiple univariate comparisons to avoid missing avenues of investigation for future work. A Bonferroni correction suggests that significance thresholds for p-values are 0.0083 for the effect of distance on detection in soil and time on detection in air, and 0.0167 for the effect of herd on detection in air and time on detection in soil.




3.2. Generalized linear mixed effect model selection using Bayesian methods

To investigate the influence of environmental factors on FMD viral RNA detection on the soil surface, we used generalized linear mixed effects models. Initially these models included day as a covariate, but this was not significant and was subsequently dropped from further analysis. Therefore, estimates may be considered as averages over the first month after reporting. When RH and temperature were modeled individually (Models I and II), they were both significant, while only temperature was significant when these variables were modeled together (Model III). Because RH exhibits variability across season in our study system, and was significant on its own, we tested an interaction term between RH and temperature and found this to be significant (Model IV). The DIC (deviance information criterion) for all models was within 5 points, but because the interaction term was significant, Model IV was chosen for further analysis. Model IV with non-informative priors was used to complete the rest of the analysis. From the model we found that RH, taken individually, did not suggest an effect on the detection probability (odds ratio of 0.99), while increasing temperature, taken individually, reduced the probability of detection (odds ratio of 0.40). However, the interaction between temperature and RH was shown to increase the probability of detection with an odds ratio of 2.19 (Table 3).



TABLE 3 The odds ratios for the variables included in the Bayesian logistic regression, Model IV.
[image: Table3]

For the distance covariates (V1–4) our analysis showed that the probability of detecting FMD viral RNA decreases as distance increases from the center of the herd at the main resting area on soil surface samples (Table 3 and Supplementary Table S2). Although the odds ratios decreased with increasing distance, the odds of detecting FMD viral RNA at 50 m and 75 m were not significantly different than the odds of detection at 0 m, while the odds of detecting FMD viral RNA at 100 m was significantly lower than the odds of detection at 0 m. This finding is supported by the previous univariate Chi-Square test that indicated a measurable difference in detection between distance 0 m and distance 100 m.



3.3. Predictions

To explain the observed interaction between temperature and relative humidity in soil surface samples we used Model IV to predict FMD viral RNA detection probability over distance from the center of a herd by temperature and RH values found in our study region. These predictions show the interaction of temperature and RH, and suggest that as temperature increases, higher RH values increase detection probability (Figures 7A–D). The comparison across temperatures from the lowest (24°C) to highest (31°C) suggests that when temperatures are at 24°C the probability of detection decreases with increasing RH but as temperatures increase to 28 and 31°C the probability of detection increases with increasing RH. Across distance the same pattern is seen and the increase in detection is most pronounced at distance 0 m, with a detection probability of near 0.45 at 31°C and 85% RH. This relationship was previously alluded to in the Chi-Square comparison of soil surface samples (Supplementary Table S2), which suggested a difference in detection between distance 0 m and 100 m.

[image: Figure 7]

FIGURE 7
 Predictions of FMDV Detection across distance based on environmental factors. This figure displays the results from the non-informed model used for prediction analysis for the detection of FMDV at each distance, 0 m (A), 50 m (B), 75 m (C), and 100 m (D). The figure shows that the overall trends are similar across the distances, with detection increasing at the highest temperature (31°C) when RH increases. This also suggests that this effect is more pronounced at the center of the herd (A).





4. Discussion

As previously stated, FMD viral RNA has been shown to be environmentally stable under optimal conditions, and FMD remains a disease of high priority globally. Endemic FMD poses a continued threat to livestock health and production and local livelihoods, and requires that local governments and livestock producers continue to plan for the possibility of FMDV transmission into their agricultural communities (15–17, 34, 38). The on-going burden of FMD can be mitigated by improving our understanding of environmental transmission, where FMD viral RNA may be detected, and the implications for virus elimination strategies as part of a disease control program in endemic, epidemic, and FMD free regions (30). In this study we attempted to understand various environmental drivers impacting viral detection in production settings in an endemic region with natural infection and no mitigation strategies (including no vaccination), which can serve as a baseline for further work.

The environmental conditions in this region fluctuate between a rainy and dry season with RH being highest from April to November (rainy season), and peaking near 80% between July and September, while temperatures fluctuate between 20 – <40° C throughout the year (18). Similar variations in environmental conditions can be found in regions of the United States and other countries around the world, which allows for comparisons of the patterns of FMD viral RNA detection in the study site to other areas for outbreak preparedness and response planning. Although, consideration for the study location, time period of sampling, and production style (cattle movement and mitigation activities), should be taken into account, this data can provide details about locations within livestock production sites where FMD viral RNA detection via environmental sampling is likely to occur. For instance, we found that an interaction of RH and temperature resulted in an increase in detection probability when these environmental factors increased together. This important finding suggests that as RH increases at high temperatures (>28° C) FMD viral RNA detection probability increases, reaching 45% probability of detection on the soil surface in the immediate area of a cattle herd, 31% probability of detection at 50 meters from the center, 25% probability of detection at 75 meters from the center and just under 20% probability of detection at the periphery (100 m) (Figures 7A–D). This finding, in particular, is supported by our previous survival analysis of literature data, which predicted increased persistence under extreme temperatures (37° C) and high RH (86%) (23). The review of FMDV aerosol spread by Colenutt et al. (11), also noted the impacts of relative humidity on the stability of the virus in aerosols, while noting that this varied by FMD serotype, with serotype A viruses more stable than serotypes O and C under comparable relative humidities. While this study did not identify virus serotypes, expectations around environmental sampling outcomes may need to be tailored to account for specific serotype differences, particularly if environmental sampling is being used as a component of a surveillance system.

These findings can influence how we think about using environmental sampling to delineate patterns of risk and exposure during FMD outbreaks, particularly in settings where high temperatures can be accompanied by high RH. These settings can include both regional and microclimate conditions, including areas within a production site, which could be targeted for cleaning and disinfection treatment or other virus elimination strategies when the right conditions are met. Managing virus in the environment is only one part of a control strategy and would still need to be combined with biosecurity and management of infected and convalescent animals. The environmental sampling results in this study pose questions as to the level of contamination around an outbreak site and the origin of this contamination. Multiple sources of FMD viral RNA particles could exist, including external sources to the herd such as human and animal movements associated with livestock markets and roadways. Our results suggest a difference in detection from the center out to the periphery of the site. This spatial difference, with higher detection probability at the center of the herd compared to the periphery (100 m), was indicated in the soil surface swabs only; air sampling did not have a significant spatial difference. This introduces questions about the mechanism of dispersal. Does increased RH and temperature cause aerosols to remain aloft, or are aerosolized FMD viral RNA particles being transported from the center of the herd beyond the distance fomites are being transported? The latter is quite plausible because FMD viral airborne spread has the potential to travel 0.1 km (or 100 m) from as few as 10 infected cattle ((13)) under ideal conditions. (7) noted that aerosols from other sources such as skin and fomites can be re-aerosolized through husbandry practices including the movement of people or animals, which may amplify the locations and distances at which FMD viral RNA can be found.

Additionally, the findings raise questions about the role of neighboring sources of FMDV and how they may impact detections on surrounding farms. The phenomenon of local area spread has been routinely used in FMD modeling to represent spread by unknown causes or mechanisms that are difficult to trace (e.g., wildlife or rodents) over short distances, which could be linked to environmental spread and contamination with the virus (31). In our study we found that our negative controls (researcher’s shoes on entry) tested positive at herd sites 1 and 2 but based on study standards for cleaning and disinfecting shoes and vehicles, we believe that the researchers were not a source of contamination but may have encountered a contaminated environment prior to entering the study site. In a recent study, environmental surveillance methods were assessed by sampling areas where FMD outbreaks were either ongoing or had occurred within the past 4 weeks, and investigators also recovered FMD viral RNA > 28 days post outbreak (10). As suggested in Colenutt et al., environmental detection of FMD viral RNA after outbreaks provides a basis for non – invasive surveillance and monitoring mechanisms in endemic areas (10, 11). We can take that a step further to help inform and understand the potential extent of the affected area and the timing for reliance on elimination through natural degradation, and cleaning and disinfection under environmental conditions at the outbreak location, which present a more feasible approach than testing. Many approaches use long periods of fallowing and have well-documented histories of no transmission once animals were returned to the environment (35–37).

Limitations in this study include the small number of outbreaks sampled, limited time period of sampling, and limited fomite sampling. Although, beyond the scope of this study, the use of virus isolation to understand when infectious virus is present as well as genetic sequencing to understand virus diversity in the environment would be beneficial to improve our understanding of the nuances of environmental contamination and detection. Bolstering the sampling effort with an increase in the number of outbreak sites and including non-outbreak sites where detection of FMD viral RNA is expected to be zero (non-livestock areas) would better elucidate the pattern of environmental presence of FMD viral RNA in this setting. As a start, our work suggests that this is an interesting area of research which may have more impact on FMD transmission than previously suspected. In this setting, animals were not removed from the outbreak herd site, therefore shedding could have occurred across the sampling time frame at varying levels as FMD spread through the herd. Recent work by Brown et al. (7), could be used to strengthen the sampling design. In addition, sampling other livestock types (swine, small ruminants, etc.) and testing for infectious virus from air and soil surface samples over time would greatly increase our understanding of temporal and spatial aspects of virus transmission and contamination associated with the environment and the benefits of different elimination standards [cleaning and disinfection, fallowing, or degradation by environmental factors (high temperatures combined with low RH)]. Given what we learned through this study, we would also suggest several improvements to the study design to better understand when and how researchers’ equipment may become contaminated. For instance, sampling after disinfecting equipment used on site, in addition to the entry and exit sampling completed in this study, would be helpful. Furthermore, it would be useful to clearly document through sampling that all cleaning and disinfecting procedures were followed.

Despite these limitations, we have compiled data that represents a unique set of foundational knowledge not yet captured in this region and have improved our understanding about the potential spatial and temporal patterns of FMD viral RNA detection in a natural setting. This knowledge provides new avenues of inquiry regarding outbreak response planning in free, epidemic, and endemic regions as to where and when PCR detection of environmental samples can be expected around infected cattle herds. This can be used to help target biosecurity measures, cleaning and disinfection, and improve interpretation of PCR-based test results where environmental presence of RNA may exist.



5. Conclusion

Our study detected widespread viral RNA positive samples in both soil and air around outbreak sites, highlighting the possibility of cross-contamination from surrounding livestock operations or structures, as well as greatly increased dispersal of viral RNA from the herd of origin. We have shown that an interaction between temperature and RH influences the spatial and temporal detection of FMD viral RNA in the environment, which provides a foundation for understanding patterns of FMD viral RNA detection that can inform mitigation strategies in endemic, epidemic, and free areas.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by the Ohio State University Institutional Animal Care and Use Committee; USDA; School of Veterinary Medicine and Sciences at the University of Ngaoundere (Department of Parasitology and Parasitic Disease guidelines). Written informed consent for participation was not obtained from the owners because a verbal consent was acquired from the cattle owners prior to swab collection.



Author contributions

SM completed the literature review, data cleaning and analysis, and wrote the manuscript. SL conducted the field work, sample processing, and review and editing of the manuscript. RG provided the study design conception, analysis guidance, and review and editing of the manuscript. AD provided the study design conception and review and editing of manuscript. SD provided the study design conception, field and sample processing oversight, and review of the manuscript. MA provided the study design conception, field and sample oversight, and review of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This material was made possible, in part, by a Cooperative Agreement from the United States Department of Agriculture’s Animal and Plant Health Inspection Service (APHIS). It may not necessarily express APHIS’ views. Additionally, this work was funded by NSF grant DEB-1015908 as part of the joint NSF-NIH Ecology of Infectious Disease program.



Acknowledgments

We thank the Ohio State University College of Veterinary Medicine for support of this work as well as the support provided through our funding agencies. We also thank José Gonzales (Wageningen Bioveterinary Research) and Noel Nelson (The Pirbright Institute) for their review of and comments on the air sampling protocol, Montse Torremorell (University of Minnesota) for training on use of air-sampling machines, Centre d’Appui á la Recherche et au Pastoralism (CARPA, Maroua, Cameroon) for support of research logistics, veterinary students from the University of Ngaoundéré for their assistance in field sampling, and the herders who gave their time and opened their farms to assist in our research.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1157538/full#supplementary-material



References

 1. Bachrach, HL, Breese,SS Jr, Callis, JJWRH, and Patty, RE. Inactivation of foot and mouth disease virus by pH and temperature changes and by formaldehyde. Proc Soc Exp Biol Med. (1957) 95:147–52. doi: 10.3181/00379727-95-23148

 2. Barlow, DF. The aerosol stability of a strain of foot-and-mouth disease virus and the effects on stability of precipitation with ammonium sulphate, methanol or polyethylene glycol. J Gen Virol. (1972) 15:17–24. doi: 10.1099/0022-1317-15-1-17 

 3. Barlow, DF, and Donaldson, AI. Comparison of the aerosol stabilities of foot-and- mouth disease virus suspended in cell culture Fluid or natural fluids. J Gen Virol. (1973) 20:311–8. doi: 10.1099/0022-1317-20-3-311

 4. Bayes, T, and Price, R. An essay towards solving a problem in the doctrine of chances. By the Late Rev. Mr. Bayes, F. R. S. Communicated by Mr. Price, in a letter to John Canton, A. M. F. R. S. Philos Trans R Soc Lond. (1763) 53:370–418. doi: 10.1098/rstl.1763.0053

 5. Bedson, SP, Maitland, HB, and Burbury, YM. Further observations on foot-and-mouth disease. J Comp Pathol Ther. (1927) 40:5–36. doi: 10.1016/S0368-1742(27)80002-0

 6. Bravo De Rueda, C, De Jong, MC, Eblé, PL, and Dekker, A. Quantification of transmission of foot-and-mouth disease virus caused by an environment contaminated with secretions and excretions from infected calves. Vet Res. (2015) 46:43. doi: 10.1186/s13567-015-0156-5 

 7. Brown, E, Nelson, N, Gubbins, S, and Colenutt, C. Airborne transmission of foot-and-mouth disease virus: a review of past and present perspectives. Viruses. (2022) 14:1–14. doi: 10.3390/v14051009 

 8. Callahan, JD, Brown, F, Osorio, FA, Sur, JH, Kramer, E, Long, GW , et al. Use of a portable real-time reverse transcriptase-polymerase chain reaction assay for rapid detection of foot-and-mouth disease virus. J Am Vet Med Assoc. (2002) 220:1636–42. doi: 10.2460/javma.2002.220.1636 

 9. Colenutt, C, Brown, E, Nelson, N, Paton, DJ, Eblé, P, Dekker, A , et al. Quantifying the transmission of foot-and-mouth disease virus in cattle via a contaminated environment. MBio. (2020) 11:1–13. doi: 10.1128/mBio.00381-20 

 10. Colenutt, C, Brown, E, Nelson, N, Wadsworth, J, Maud, J, Adhikari, B , et al. Environmental sampling as a low-technology method for surveillance of foot-and-mouth disease virus in an area of endemicity. Appl Environ Microbiol. (2018) 84:1–11. doi: 10.1128/AEM.00686-18

 11. Colenutt, C, Brown, E, Paton, DJ, Mahapatra, M, Parida, S, Nelson, N , et al. Environmental sampling for the detection of foot-and-mouth disease virus and peste des petits ruminants virus in a live goat market, Nepal. Transbound Emerg Dis. (2022) 69:3041–6. doi: 10.1111/tbed.14257 

 12. DeLancey, M. W., and Benneh, G. (2019). Cameroon. Encyclopaedia Brittanica. Available at: https://www.britannica.com/place/Cameroon.

 13. Donaldson, A, Alexandersen, S, and Mikkelsen, T. Relative risks of the uncontrollable (airborne) spread of FMD by different species. Vet Rec. (2001) 148:602–4. doi: 10.1136/vr.148.19.602

 14. Donaldson, AI. The influence of relative humidity on the aerosol stability of different strains of foot-and mouth disease virus suspended in saliva. J Gen Virol. (1972) 15:25–33. doi: 10.1099/0022-1317-15-1-25 

 15. Dórea, FC, Nöremark, M, Widgren, S, Frössling, J, Boklund, A, Halasa, T , et al. Evaluation of strategies to control a potential outbreak of foot-and-mouth disease in Sweden. Front Vet Sci. (2017) 4:118. doi: 10.3389/fvets.2017.00118 

 16. East, IJ, Martin, PAJ, Langstaff, I, Iglesias, RM, Sergeant, ESG, and Garner, MG. Assessing the delay to detection and the size of the outbreak at the time of detection of incursions of foot and mouth disease in Australia. Prev Vet Med. (2016) 123:1–11. doi: 10.1016/j.prevetmed.2015.12.005 

 17. Gale, SB, Miller, GY, Eshelman, CE, Wells, SJ, Safety, F, Medicine, VP , et al. Epidemic simulation of a foot and mouth disease outbreak in Minnesota. Rev Sci Tech. (2015) 34:895–905. doi: 10.20506/rst.34.3.2404

 18. Geographic.org. Weather data. Global Weather (2019). Available at: https://geographic.org/

 19. Grzitdnov, NN. The survival of foot-and-mouth disease virus on the wooly coat of animals. Tr Inst Vet. (1957) 195:W299–301. doi: 10.2214/AJR.09.3938

 20. Kindiakov, VI. The survival of foot-and-mouth disease virus in its environment. Tr Inst Vet. (1960) 4:133–41.

 21. Lendzele, SS, Koumba, AA, Rodrigue, MN, and Mavoungou, JF. Foot and mouth disease in Cameroon: a systematic review to support its progressive control. J Clin Vet Res. (2022) 2:1–14. doi: 10.54289/jcvr2200104

 22. Mielke, S. R. (2019). Environmental persistence of foot and mouth disease virus and the impact on transmission cycles in endemic regions [doctoral dissertation Ohio State University]. Available at: http://rave.ohiolink.edu/etdc/view?acc_num=osu1574079284530142

 23. Mielke, SR, and Garabed, R. Environmental persistence of foot-and-mouth disease virus applied to endemic regions. Transbound Emerg Dis. (2019) 67:543–54. doi: 10.1111/tbed.13383 

 24. National Veterinary Services Laboratories and Plum Island Animal Disease Center. (2017). Classical swine fever and foot and mouth disease rRT-PCR using the TaqMan fast virus 1-stepMaster mix on the applied Biosystems real – time PCR platform.

 25. Nauryzbaev, I. Foot-and-mouth disease virus persistence in the environment. Tr Vsesoyuz Inst Vet Sanit. (1966) 26:96–103.

 26. Paprocka, G. R. A. Ż.Y.N.A., Niedbalski, W. Ł. A. W., Sy, A. K. Ę., and Fitzner, A. Detection of foot-and-mouth disease virus in biological samples – recent diagnostic possibilities. Bulletin of the Veterinary Institute in Pulawy, (2010) 467–472.

 27. Peterson, AT. Biogeography of diseases: a framework for analysis. Naturwissenschaften. (2008) 95:483–91. doi: 10.1007/s00114-008-0352-5 

 28. Raynor, PC, Adesina, A, Aboubakr, HA, Yang, M, Torremorell, M, and Goyal, SM. Comparison of samplers collecting airborne influenza viruses: 1. Primarily impingers and cyclones. PLoS One. (2021) 16:e0244977–22. doi: 10.1371/journal.pone.0244977 

 29. Rozov, AA. Survival of foot-and-Mout disease virus on the body surfaces and in the organism of houseflies. Tr Usesoyuz Inst Vet Sanit. (1966) 26:104–9.

 30. Rweyemamu, M, Roeder, P, MacKay, D, Sumption, K, Brownlie, J, and Leforban, Y. Planning for the progressive control of foot-and-mouth disease worldwide. Transbound Emerg Dis. (2008) 55:73–87. doi: 10.1111/j.1865-1682.2007.01016.x 

 31. Sanson, R. L., Stevenson, M. A., and Moles-Benfell, N. (2006). Quantifying local spread probabilities for foot-and-mouth disease. Proceedings of the 11th international symposium on veterinary epidemiology and Economics. 2–4.

 32. JMP®. Version 12.2.0. NC: SAS Institute Inc., Cary, (1989–2023).

 33. Shil’nikov, VI. The survival of foot-and-mouth disease in water, soil, and on plants in the pre-tundra zone of the Komi USSR. Tr Vseoyuz Eksp Vet. (1959) 22:112–8.

 34. Stevenson, MA, Sanson, RL, Stern, MW, O’Leary, BD, Sujau, M, Moles-Benfell, N , et al. InterSpread plus: a spatial and stochastic simulation model of disease in animal populations. Prev Vet Med. (2013) 109:10–24. doi: 10.1016/j.prevetmed.2012.08.015

 35. USDA-APHIS-VS-CEAH. (2020). HPAI virus elimination: per-cubic-yard flat rates for table egg-laying bird barns and table egg storage and processing facilities (issue September). Available at: https://aglaw.psu.edu/wp-content/uploads/2022/11/HPAI-Virus-Elimination-Per-Cubic-Yard-Flat-Rates-Sep-2020.pdf

 36. USDA-APHIS-VS-CEAH. (2020). HPAI virus elimination: per-square-foot flat rates for floor-raised poultry (issue September). Available at: https://www.aphis.usda.gov/animal_health/downloads/animal_diseases/ai/hpai-virus-elimination-sqft-flat-rate.pdf

 37. USDA-APHIS. (2016). Highly pathogenic avian influenza, eliminating the HPAI virus: cleanup and testing for a virus-free frm for your birds. Available at: https://www.aphis.usda.gov/publications/animal_health/2016/hpai_elimination.pdf

 38. Van Andel, M. Does size matter to models? Exploring the effect of herd size on outputs of a herd-level disease spread simulator. Front Vet Sci. (2018) 5:1–11. doi: 10.3389/fvets.2018.00078 

 39. Wagener, K. Jauche und Jauchebeseitigung und ihre hygienische Bedeutung fur die Bekampfung der Maulund Klauenseuche. Arch Tierheilk. (1928) 58:247–68.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Patterns of foot-and-mouth disease virus detection in environmental samples in an endemic setting



		1. Introduction



		2. Materials and methods



		2.1. Data On environmental conditions



		2.2. Surface samples



		2.2.1. Sample collection



		2.2.2. Sample storage









		2.3. Air samples



		2.3.1. Sample collection



		2.3.2. Sample storage (Impinger fluid)









		2.4. Laboratory analysis: rRT-PCR



		2.5. Model development



		2.6. Generalized linear mixed effects model development









		3. Results



		3.1. Descriptive statistics



		3.1.1. Fomites



		3.1.2. Soil surface



		3.1.3. Air









		3.2. Generalized linear mixed effect model selection using Bayesian methods



		3.3. Predictions









		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fvets-10-1157538-t003.jpg
Odds Ratio (OR) for Model IV

Variable

RH
Temperature
RH:Temperature
Distance 50m
Distance 75m
Distance 100m

Raw model output can be found in

0.99

0.40

219

054

039

(0.40,244)
(0.15,0.98)
(0.98,4.86)
(0.17, 1.62)
(0.12,1.26)

(0.06,0.89)





OPS/images/cover.jpg
, frontiers | Frontiers in Veterinary Science

Patterns of foot-and-mouth
disease virus detection in
environmental samples in an
endemic setting












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
' frontiers Frontiers in Veterinary Science






OPS/images/fvets-10-1157538-g005.jpg
Legend

i week 1 week 2 week 3 week 4 o Herd1
o Herd 2
o Herd3
075
g
£ 05
g
g
&
g
&
025
0 . -

1 2 - 1 2 3 1 2 3 1 2 3
Herd
Each error bar is constructed using a 95% confidence interval of the mean.





OPS/images/fvets-10-1157538-g006.jpg
Legend

.0

o ° 50
.75
° 100

075

050

Positive Proportion

025

o

0 50 75 100 0 5 75 100 0 50 75 100
Distance
Each error bar is constructed using a 95% confidence interval of the mean.





OPS/images/fvets-10-1157538-g003.jpg
Legend

e week 1 week 2 week 3 o Herd 1
o Herd 2
o Herd3
075
g
£
2 050
g
&
g
&
025
0 - -
1 2 3 1 2 3 1 2 3
Herd

Each error bar is constructed using a 95% confidence interval of the mean.





OPS/images/fvets-10-1157538-g004.jpg
Legend

i# 0 50 75 100 o HarA
o Herd2
o Herd3
075
§
£ 050
3
[
&
025
0

1 2 3 1 2 3 1 20 3 1 2 3
Herd
Each error bar is constructed using a 95% confidence interval of the mean.





OPS/images/fvets-10-1157538-t002.jpg
Location Herd 2

Driver

Herder

Herd 3
Vehicle

Researcher

Sample Driver Herder Vehicle Researcher
Entry 020 025 0.16 00
Exit 050 00 033 00

At herd site 1 there was zero test positive proportion at exit

00

00

00

00

018

030

014

00





OPS/images/fvets-10-1157538-g007.jpg
Temperature —m 24C « » 28C =

A Detection at Distance 0(m)
1.00-

>

Z075-

2

8

i 580

2 0.50- ¢

2 5

8005 -t

o .

==

i
0.00- .r = . \1 .3 A . \.-

30 40 50 60 70 80

c Detection at Distance 75(m)
1.00-

>

0.75-

o o
N oo
a o

0100
30 40 50 60 70 80
Relative Humidity

Detection Probal

31c

B Detection at Distance 50(m)
1.00-

z

50.75-

S

3

< 50-

% 050

S

So025- :

K] Robodoobodiorog

OOOV.L-——_\!— U ! . .

30 40 5 60 70 80

o

Detection at Distance 100(m)
1.00-

0.75-
0.50-

0.25-

Detection Probability

Sl .
0.00 o

30 40 50 60 70 80
Relative Humidity





OPS/images/fvets-10-1157538-t001.jpg
Site (Herd code) Cattle (%) Sheep (%)

Velambai (herd 1) 53.85 1
Mbidjoro (herd 2) 77.78 27.27
Soukourwo (herd 3) 77.27 1471

Galim (neighboring herd) 5106 1081





OPS/images/fvets-10-1157538-g001.jpg
20-

28

%-

Sep Oat Nov

70-

50-

40

30-






OPS/images/fvets-10-1157538-g002.jpg
03

0.25

0.2

0.15

13/56
4/19 420
9/57
24 17 8/57
4 — 112
0.05 |
o/ o/
& & & & & &






