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Over a decade ago, foot-and-mouth disease (FMD) re-emerged in Southern Africa specifically in beef exporting countries that had successfully maintained disease-free areas in the past. FMD virus (FMDV) serotype SAT2 has been responsible for a majority of these outbreaks. Epidemiological studies have revealed the importance of the African buffalo as the major wildlife FMD reservoir in the region. We used phylogeographic analysis to study dynamics of FMD transmission between buffalo and domestic cattle at the interface of the major wildlife protected areas in the region currently encompassing two largest Transfrontier conservation areas: Kavango–Zambezi (KAZA) and Great Limpopo (GL). Results of this study showed restricted local occurrence of each FMDV SAT2 topotypes I, II, and III, with occasional virus migration from KAZA to GL. Origins of outbreaks in livestock are frequently attributed to wild buffalo, but our results suggest that transmission from cattle to buffalo also occurs. We used coalescent Bayesian skyline analysis to study the genetic variation of the virus in cattle and buffalo, and discussed the association of these genetic changes in the virus and relevant epidemiological events that occurred in this area. Our results show that the genetic diversity of FMDV SAT2 has decreased in buffalo and cattle population during the last decade. This study contributes to understand the major dynamics of transmission and genetic variation of FMDV SAT2 in Southern Africa, which will could ultimately help in designing efficient strategies for the control of FMD at a local and regional level.
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INTRODUCTION

Foot-and-mouth disease (FMD) is one of the most important livestock diseases worldwide (OIE, World Organisation for Animal Health, 2009). FMD is caused by a single-stranded, positive sense RNA Aphthovirus from the Picornaviridae family. The genome has approximately 8,500 nucleotides (nt), of which ∼7,000 correspond to the open reading frame (ORF) that code for four structural proteins of the capsid and eight non-structural proteins. Among the capsid protein, VP1, which coded by 1D, is known to have important antigenic properties, it contains the RGD motif (Arg-Gly-Asp), which mediates the host cell receptor interaction in the GH loop. VP1 is the most variable protein-coding segment, and is the one traditionally used to study the distribution of the virus by looking at the sequence (Belsham, 2005; Carrillo et al., 2005).

Foot-and-mouth disease causes significant economic losses in endemic areas, and epidemics are devastating for livestock producers in disease-free countries due to their impact on beef exports restrictions (Perry and Rich, 2007; Knight-Jones and Rushton, 2013). Within Southern African countries, South Africa, Botswana, and Namibia have complied with the World Organization for Animal Health (OIE) standards and regulations, to certify FMD-free zones, where vaccination is not practiced (OIE, World Organisation for Animal Health, 2010). However, those countries struggle to control outbreaks originated from contacts with infected buffalo and illegal movements of livestock from neighboring countries. Banning of animal products trade due to FMD outbreaks results on far-reaching socio-economic consequences and, subsequently, impact on the development of the beef industry and society of affected countries (Scoones et al., 2010; Thomson et al., 2013b).

A unique feature of FMD epidemiology in Africa is the presence of the three South African Territories (SAT) serotypes FMD viruses (FMDV), namely, SAT1, SAT2, and SAT3, which are maintained within free ranging populations of African buffalo (Syncerus caffer). Interactions between infected buffalo and susceptible livestock result in FMDV transmission to livestock. However, the circumstances under which this transmission occurs remain poorly understood (Bastos et al., 2000; Sutmoller, 2002; Hargreaves et al., 2004; Jori et al., 2009). Specifically SAT2 serotype virus has been frequently detected from outbreaks in livestock (Bastos et al., 2003; Phologane et al., 2008).

Since the beginning of this century, transfrontier conservation areas (TFCA) have been established in Southern Africa to enhance biodiversity conservation and improve economic benefits of nature-based tourism and other related activities among rural communities living at the interface. The Kavango–Zambezi (KAZA) TFCA, and the Great Limpopo (GL) TFCA which encompass five (Botswana, Namibia, Zambia, Zimbabwe, and Angola) and three (South Africa, Mozambique, and Zimbabwe) countries, respectively, are the largest TFCAs in the region, including a total of 550000 km2 of protected areas. The ongoing creation of these TFCAs represents particular challenges at managing transboundary animal diseases (Thomson et al., 2013a). Those TFCA’s are home to large populations of African buffalo, while many rural communities live with their livestock at TFCA’s and surrounding areas (Brahmbhatt et al., 2011; Thomson et al., 2013a). The interaction between buffalo and livestock from surrounding communities has been described for some of the countries encompassed in these TFCA such as South Africa (Jori et al., 2009; Abu Samra et al., 2013), Zimbabwe (Caron et al., 2013; Miguel et al., 2013; Jori et al., 2016), Botswana (Eygelaar et al., 2015; Jori et al., 2015), and Zambia (Sinkala et al., 2014). Rural communities living on the outskirts of TFCA’s share common areas for pasture and water with other livestock owners and wild animals. The boundaries of protected areas can be delimited by a physical barriers such as a veterinary cordon fence or a river, allowing occasional contacts between cattle and buffalo (Jori et al., 2011). In other instances, physical barriers are entirely absent allowing regular contacts between both sympatric species, and the transmission of common pathogens, including FMD virus (Caron et al., 2013; Miguel et al., 2013). This situation renders the livestock/wildlife interface increasingly complex, a consequence that leads to the transmission of FMD to susceptible livestock (Brahmbhatt et al., 2011; Jori et al., 2016).

Previous studies of FMDV in the South African Development Community (SADC) attempted to assess the role of African buffalo in the epidemiology of FMDV and its transmission to domestic cattle at the wildlife–livestock interface by different approaches (Thomson et al., 1992, 2003; Jori et al., 2009; Brahmbhatt et al., 2011; Miguel et al., 2013; Jori and Etter, 2016). Although wildlife plays an important role in maintaining FMDV strains and occasional transmission to livestock and other wildlife species occur, some SAT viruses can also be maintained within livestock populations in countries where the disease has become endemic (Vosloo et al., 2002, 2009). However, dynamics of those transmissions and the importance of livestock or wildlife movements in the spread of FMD within sub-Saharan African countries have rarely been investigated (Tekleghiorghis et al., 2014).

To better understand the role of wildlife and livestock in maintaining and transmitting FMDV, we explored the transmission of FMD SAT2 virus between wildlife and livestock, at the interface of the main protected areas of Southern Africa using FMDV genetic data and phylogeographic analytical tools. Results here will contribute to elucidate the epidemiological dynamics of FMDV spread in Southern Africa and, ultimately, support disease prevention and control in the region.

MATERIALS AND METHODS

Data Source

A total of 139 sequences obtained by the Onderstepoort Veterinary Institute (ARC-OVI) from Southern Africa (n = 57) and published in GenBank (n = 82) were used for the analysis. Sequenced viruses were obtained from vesicular lesions of clinically infected animals (domestic livestock and to a minor extent African buffalo) and buffalo probang samples, collected during surveillance programs between 1983 and 2012. Buffalo surveillance programs for FMD monitoring were mostly implemented in the late 1980’s and early 1990’s in Hwange National Park (HNP) in Zimbabwe and Kruger National Park (KNP) in South Africa, respectively. Cattle isolates were collected during outbreak investigations that occurred in different locations at the periphery of TFCAs. Sequence information and related epidemiological data (location, species, and date of collection) were organized in a database compiled by ARC-OVI (Supplementary Material).

Sequences used in the analysis (n = 139) were selected based on the availability of SAT2 virus sequence, information of the host (cattle or buffalo), and location. If the given location was within at most 50 km from the limit of a TFCA, it was assigned to the corresponding TFCA interface. Otherwise, the location was assigned to the country where the outbreak occurred.

RT-PCR and Sequencing

Sequence analysis was performed at ARC-OVI, which is an OIE/FAO reference laboratory for FMD. The sequences corresponded to a partial VP1-coding segment of 384 nucleotides. The partial VP1-coding region was amplified using the WDA (Beck and Strohmaier, 1987) and VP1-AB (Bastos, 1998) primer set. This primer set was selected on the basis of its complementarity to the most conserved areas among different serotypes in the 2A/2B region, 33 nucleotides down-stream of the 3′ end of VP1-coding region. Direct DNA sequencing of amplicons yielded a consensus sequence representing the most probable nucleotide for each position. Sequences of the approximately 384 nucleotides of the VP1-coding region were compiled and edited using the BioEdit 5.0.9 software (Hall, 1999). The partial sequences correspond to nucleotide sites 265–648 of the complete VP1 coding segment, using SAT2 reference from published sequences (Bastos et al., 2003).

Sequence Analysis

Phylogenetic Tree Model Selection

The 139 sequences were aligned using Multiple Sequence Alignment Comparison by Log-Expectation, implemented in the software MUSCLE (Edgar, 2004). To ensure the accuracy of the phylogenetic reconstruction, different parameters priors needed to be defined. First we determined the best codon partition scheme and respective substitution model for the sequences included in the study based on the Bayesian Information Criteria using PartitionFinder software package (Lanfear et al., 2012).

Alternative clock and tree priors were evaluated to determine the parameters that best described the tree topology of the FMDV analyzed. Clock models assessed were strict clock, lognormal uncorrelated, and exponential uncorrelated. Uncorrelated clock models allow specifying a parameter for the variation of the nucleotide substitution rate across lineages. Sequences were analyzed as serially sampled data, using the year in which the sample was collected. Each of the clock models was run using coalescent constant population size, coalescent exponential growth, and coalescent Bayesian skyline tree priors. The analysis was done using BEAST software v1.8.2 (Drummond et al., 2012). Bayesian analysis makes use of Markov Chain Monte Carlo (MCMC) methods to compute the posterior probability density of the tree parameters. We run the chains for of 5 × 108 steps and sampled them every 104. We checked the model for convergence so that all parameters reached an effective sample size >200. We annotated the maximum clade credibility (MCC) Tree burning the first 1000 trees generated or until convergence of the chain. The final tree model was selected using the posterior simulation-based analog of Akaike’s information criterion (AICM; Raftery et al., 2007). Model parameters were assessed for convergence and mixing using Tracer (Rambaut and Drummond, 2007). The final model was used to reconstruct the phylogeny of SAT2 viruses. All analysis were run using computational resources available in CIPRES Science Gateway Portal (Miller et al., 2010).

Discrete Traits for Host Species and Location

The model that best fitted the data was used to estimate the ancestral character reconstruction of the virus phylogeny based on location and species, utilizing these categories as partitions. An asymmetric Bayesian stochastic search variable selection (BSSVS) matrix was used to estimate non-zero rates of virus transmission between the categories of host and location (Lemey et al., 2009) implemented in BEAST v.1.8.2. A strict clock model for the traits was used. The significance of virus exchange between hosts and locations was assessed by computing Bayes Factors (BF) implemented in the software SPREAD (Bielejec et al., 2011), BF > 3.0 was considered significant. We used a Google Earth map image to display significant transmission between locations.

Estimation of the Viral Population Size, in the Context of FMD Relevant Events

Additionally, to compare estimated effective viral population size in time, we constructed a Bayesian Skyline plot for cattle sequences only, buffalo sequences only, and a separate one with all sequences. The effective viral population size approximates the viral diversity in time. We further compared the changes of the viral diversity with events relevant to FMD occurrence in southern areas in Africa:

– From 1951 to 1965: Most of the countries in Southern Africa- except South Africa- remained under colonial rule and begun implementing FMD control. Veterinary fences initiated their construction during this period (Scoones et al., 2010). In the meantime, FMD was controlled by aphthisation until 1963 (Derah and Mokopasetso, 2005).

– Period 1965 to 1999: Mid 1960’s was the beginning of independence for most of African countries (Botswana, Namibia, and Zimbabwe). In this period, FMD vaccines were introduced, combined with the erection of veterinary cordon fences by the 1970’s (Baipoledi et al., 2004). These methods showed their success since de mid 1970’s up to the beginning of the XXIth century. Indeed, during the last two decades of the XXth century, very few outbreaks were reported (Bruckner et al., 2002; Baipoledi et al., 2004; Thomson et al., 2013a; Jori et al., 2016), facilitating the creation of export or free zones with and without vaccination in South Africa (Bruckner et al., 2002), Zimbabwe (Derah and Mokopasetso, 2005), Botswana (Falconer, 1972; Baipoledi et al., 2004), and Namibia (Bishi and Kamwi, 2008).

– From 2000 to current days: Since the beginning the XXI century there was a dramatic change in the epidemiological situation on Southern Africa. First, the land reform and political turmoil in Zimbabwe, disrupted ongoing FMD control programs in that country and the disease become thereafter endemic in cattle and wildlife (Jori et al., 2016). In addition, due to multiple factors, including the increase of buffalo and elephant densities in some areas (Jori and Etter, 2016), the porosity of fences (Jori et al., 2009, 2011) and the low capacity of available vaccines (Thomson, 2008), all countries in the region have been experiencing an important increase in the number of FMD outbreaks to levels rarely experienced before (Thomson et al., 2013a; Jori et al., 2016).

Assessment of Utilizing Partial VP1 Sequences

To assess if using partial VP1-coding region sequences, compared to using whole VP1, would affect the estimation of the tree topology or ancestral character reconstruction, we repeated the analyses using a subset of 42 viruses for which full VP1 sequences were available. Clock model and tree prior selected in the previous step were used. Location and species characters were specified as described above.

RESULTS

Most of the sequences used (82%, n = 114) were collected in protected areas currently encompassing TFCAs, of which 80 and 34 corresponded to the GL TFCA and KAZA TFCA, respectively. Zimbabwe also was represented by a higher number of sequences (n = 14), compared to fewer samples from Botswana (n = 4), Namibia (n = 3) and Zambia (n = 4). Regarding species, the number of cattle and buffalo samples was similar, with 62 and 77 sequences, respectively (Supplementary Table S1).

Phylogenetic Tree Prior Model Selection

The best partition and substitution models selected where codon position 1 + 2 substitution model TrN + I + G, and substitution model GTR + I + G for codon position 3. The model selected by AICM, and therefore used for the final analysis, was the exponential growth model (AICM = 14818). However, the AICM for the Bayesian Skyline was only slightly higher (AICM = 14888). The mean of the coefficient of variation in the final model was 0.93 (95%HPD 0.83–1.02), significantly different from 0, so the strict molecular clock was ruled out. The substitution rate per site per year estimated for the analyzed partial VP1 segment was 1.13 × 10-2 (95% HPD 8.61 × 10-3, 1.41 × 10-2). Specific substitution rates topotypes I, II, and III were 1.22 × 10-2 (95%HPD 9.01 × 10-3–1.57 × 10-2), 1.31 × 10-2 (95%HPD 9.42 × 10-3–1.71 × 10-2) and 1.28 × 10-2 (95%HPD 8.22 × 10-3–1.74 × 10-2) respectively.

Discrete Traits for Host Species and Location

Reconstruction of the FMD SAT2 phylogeny using the exponential growth tree prior and location and species as discrete traits is shown in Figures 1 and 2. FMDV serotype SAT2, topotypes I, II, and III as described by Knowles and Samuel (2003) are shown in Figure 1. Topotype I was mostly restricted to the GL TFCA area with three incursions into Zimbabwe in 1979 (95% HPD: 1970–1986), 1965 (95% HPD: 1952–1974), and 1999 (95%HPD: 1994–2001) and one further introduction into the current KAZA area in 1987 (95% HPD: 1985–1988), as evidenced by a virus isolated later in 1994. Topotypes II and III were geographically confined to the KAZA region and surrounding countries with some incursions of topotype II occurring into GL TFCA region in 1986 (95% HPD: 1985–1988) and again in 1999 (95% HPD: 1996–2001), into Zimbabwe in 1981 (95%HPD: 1977–1983) and in 1985 (95%HPD: 1976–1990), into Botswana in 1996 (95%HPD: 1991–2000) and into Namibia in 1994 (95%HPD: 1990–1997). Incursion of topotype III from KAZA into Zambia was evident in 1949 (95% HPD: 1920–1967), into Namibia in 1987 (1984–1989), into Botswana in 1967 (95% HPD: 1952–1974), and into GL 1994 (95% HPD: 1987–1999).
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FIGURE 1. Maximum clade credibility time-calibrated tree of FMDV SAT2 sequences analyzed. Tree branches and node colors correspond to the location with the higher probability. Location probabilities of ancestors at the origins are depicted by a pie chart. Colors of nodes in the enlarged sections of the tree correspond to the species with the highest probability. Phylogeny was estimated using partial VP1 (384 nt) sequences.
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FIGURE 2. Maximum clade credibility time-calibrated tree of FMDV SAT2 sequences analyzed. Tree branches and node colors correspond to the species with the higher probability. Species probabilities of ancestors at the origins are depicted by a pie chart. Phylogeny was estimated using partial VP1 (384 nt) sequences.



The BSSVS analysis used to determine significant transmission between locations showed strong evidence of transmission from both TFCAs to the respective countries in which they are circumscribed and from where outbreak samples were obtained (i.e., from KAZA TFCA into Zambia, Namibia, Botswana, and Zimbabwe, and from GL TFCA into Zimbabwe; Figure 3). There was no statistical support (BF < 3.0) of virus migration from GL TFCA to KAZA TFCA. In contrast, transmission from KAZA to GL TFCA was significant (Table 1). Topotype II phylogeny showed two transmission events from KAZA to GL TFCA: one of them in 1986 (95% HDP: 1985–1988) initially from buffalo, and detected in 1997 in infected buffalo and cattle in the GL TFCA (Figure 1). Another topotype II isolated in cattle was introduced into GL TFCA in 1999 (95%HPD: 1996–2001) shortly before being detected in 2001. This virus also caused outbreaks in cattle in Botswana in 2006.
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FIGURE 3. Significant transmission between countries and TFCAs: Kavango–Zambezi (KAZA) and Great Limpopo (GL) TFCAs areas are indicated with a red circle. Arrows represent significant transmission (BF > 3) as detected by BSSVS.



TABLE 1. Bayes factor of transmission rates found using asymmetric Bayesian stochastic search variable selection (BSSVS) between locations and species.
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Geographically, results showed a high probability of topotypes I and II ancestors being originated in the current region of the KAZA TFCA area (P = 0.86) in 1935 (95% HPD: 1904–1957). The origins of topotype III showed a higher uncertainty, the ancestor’s most likely location being KAZA (P = 0.49), but other areas within Namibia had a similar probability (P = 0.47) of originating this topotype.

There was strong evidence supported by BSSVS analysis of transmission from buffalo to cattle, and from cattle to buffalo (Table 1). Origins of the topotypes within a specific host did show high uncertainty of the probability of buffalo or cattle being the host of viruses in early years of the tree reconstruction (Figure 2). Topotype II showed a higher uncertainty of the species origins approximately until late 1980’s. Topotype III on the other hand showed a high probability of being a virus initially circulating in cattle and later transmitted to buffalo.

Phylogenetic reconstruction using a subset of sequences with full VP1 available, revealed that results of the analysis using partial VP1 were similar to those obtained using partial VP1 (Supplementary Figure S1). The substitution rate per site per year estimated for the complete VP1 sequence was lower: 6.87 × 10-3 (2.70 × 10-2–1.14 × 10-3), compared to the estimated rate for the partial sequence: 1.13 × 10-2 (95% HPD 8.61 × 10-3, 1.41 × 10-2).

Results of the viral population size of all FMDV, and viruses in cattle and buffalo are shown in Figure 4. There was an estimated increase of the viral population size until the mid 1970s, reaching a first peak that was mostly given by the peak of the viral diversity in cattle. During the following decade, the virus diversity slowly decreased in cattle but increased in buffalo. There was a steep fall of the virus diversity in both species previous to the year 2000, and a maintained low viral diversity in cattle until 2012, whereas virus diversity in buffalo was higher than that in cattle. Events related to FMD control and occurrence, which may have affected the effective viral population size, are indicated at the bottom of the Bayesian skyline plots (Figure 4). Although outbreaks in livestock in Southern Africa increased in early 2000s, and several outbreaks have been reported in Botswana and South Africa, the viral diversity dropped in the cattle population before this period and has remained low until the present. The genetic diversity of FMDV also decreased in the buffalo population, however, as expected, it has remained higher than the diversity observed in cattle.
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FIGURE 4. Bayesian skyline plot of FMDV SAT2. All sequences, buffalo sequences, and cattle sequences are depicted in blue, red, and green, respectively. The x-axis represents time, and the y-axis represents the estimated effective population size, which approximates viral diversity. The dotted lines represent the upper and lower 95% credibility intervals of the viral population size estimated by the Bayesian skyline demographic reconstruction. The three relevant periods of FMDV occurrence in Southern Africa (1951 to 1965, 1966 to1999, and 2000-current days), are indicated by gray lines.



DISCUSSION

Animal diseases in general and FMD in particular are known to circulate at the interface of any given protected area hosting buffalo populations in Sub-Saharan Africa. Viral transmission between TFCAs poses a complex scenario, because, animals co-existing with a certain FMDV strain develop immunity against that specific virus, but may be more susceptible to a different topotype, because of their likely antigenic differences (Bastos et al., 2001; Paton et al., 2005). Circulation of SAT 2 FMDV has been traditionally geographically circumscribed; while SAT 2 FMDV topotype I is found in the GL area, topotypes II and III occur in the KAZA area (Figure 1; Bastos et al., 2003). However, results from our study strongly support the scenario of sporadic FMDV SAT 2 migration from KAZA into GL, and from both TFCAs into nearby territories outside the TFCAs borders. Transmission of different FMDV topotypes between endemic areas, compromise the effective vaccine immunization if vaccine formulation does not include the appropriate antigens.

Our results suggest that FMDV-infected animals have likely been moved from the KAZA TFCA across Zimbabwe until reaching GL TFCA areas at least in three occasions (Figure 3). One of these events, has been previously described; viruses of topotype II, mainly found in buffalo from KAZA TFCA area were also found in buffalo in 1997 in a reserve close to the Zimbabwe area of Gonarezhou National Park, which currently encompasses the Zimbabwean side of the GL TFCA, and was further transmitted to livestock in surrounding areas (Hargreaves et al., 2004). Our results also suggest that introduction of topotype II into GL TFCA occurred again in 1998 (Figure 1), and was detected in cattle in 2001. This virus was subsequently found in cattle from Botswana within the KAZA interface, and later in 2006 it was found in cattle in areas of Botswana not related to KAZA. Additionally, FMDV topotype III identified for the first time in KAZA, was also found in cattle and buffalo of GL in Zimbabwe in 2002, having a likely epidemiological link. All these incursions of FMDV topotypes into their non-endemic areas have only caused local outbreaks, without reported data of becoming established or spreading beyond their original endemic areas.

The current endemic situation of FMD in Zimbabwe, which is home of the eastern area of KAZA TFCA and the northern area of GL TFCA, might have contributed to an adaptation of some FMDV strains to cattle. During the 2000–2002 period, Zimbabwe went under political instability and redistribution of land, after a period in which FMDV was relatively controlled. Such situation and the establishment of private game reserves with high number of buffalos, some of them translocated from FMD-infected areas, resulted in FMD becoming endemic, affecting all neighboring countries, especially those sharing TFCAs (Vosloo et al., 2006; Smitz et al., 2014).

Our results suggest that FMDV SAT2 topotype I, was transmitted in one occasion from GL TFCA into Zimbabwe and then into KAZA (Figure 1). Those viruses’ and their ancestors’ host were most likely buffalos. Another topotype I virus from GL TFCA apparently adapted to cattle, was further transmitted into buffalos from private Zimbabwean game reserves in Chinhoyi and Harare as well as buffalos and cattle in GL TFCA in 2002–2003. It is also important to note that FMDV topotypes I endemic to GL TFCA, and topotype II and III endemic to KAZA TFCA have transgressed between the TFCAs where they normally circulate, with no further reported consequences of becoming established and endemic in the newly introduced area, However, the potential for these viruses to spread further within naïve populations previously unexposed remains.

Regarding species ancestors, the probability of hosting the most recent common ancestor of all SAT2 viruses included in the study is not strongly supportive either for cattle or buffalo (probabilities close to 50%; Figure 2). Interestingly, results here strongly suggest that topotype III could have been a virus early adapted to cattle, and further spreading into buffalo in several occasions, although these results may have been biased by the high number of topotype III cattle samples, especially in early years. In a recent study, it has been suggested that it was buffalo the one that likely hosted the original virus, although using a different set of SAT2 samples (Hall et al., 2013).

Being able to relate the genetic diversity of the virus with the general epidemiological situation of FMD occurrence may help to predict FMD epidemics using genetic data. Results of the changes in the effective viral population size based on the sequences available can be related to the events of FMDV occurrence in South Africa. The pattern of viral population change analyzed in all SAT2 sequences available for our study is similar to that observed in buffalo samples alone (Figure 4). In general there is an increase of the viral population size in cattle until mid 1970s and in buffalo, which peaked in the mid 1980s and did not decreased drastically until mid to late 1990s. Control measures such as vaccination, and the erection of cordon fences that were implemented in the decades of the 1960s and 1970s, may be the reason why the virus population decreased during this period (Figure 4), however, the increased number of cattle samples (with low viral diversity) during the last decade can also influence this result. Furthermore although the viral population decreased in cattle, it continued to increase in buffalo. Starting in early 2000’s the, viral population showed a similar stationary trend rather than a decrease, in both cattle and buffalo samples.

After several years of disease freedom in meat exporting countries (Botswana, Namibia, and South Africa), FMD outbreaks have been consistently reported on a yearly basis since the early 2000s. This high incidence was likely due to an increased density of buffalo and cattle population, especially in areas surrounding conservation areas and changes in FMD control measures in Zimbabwe. Because FMDV is endemic to the buffalo population, where almost 100% seropositivity of healthy buffaloes sampled has been found (Thomson et al., 1992; Vosloo et al., 2002; Jori et al., 2016), most of these outbreaks at the interface of TFCAs have been attributed to buffalo from wildlife areas interacting with insufficiently immunized livestock (Sutmoller et al., 2000; Vosloo et al., 2002). Consistent with previous knowledge on the epidemiology of FMD in the region, our study supports transmission from buffalo into cattle; however, and most interesting, our results also support transmission from cattle into buffalo populations. This finding highlights the importance of livestock in the FMDV spread among cattle, between TFCA. Transmission and maintenance of disease among livestock may be a relevant event to consider in FMD epidemiology. Movements of animals or animal products can be responsible of the transportation and transmission of FMDV viruses within one country or even between different countries. This is even more likely in the case of clinically mild forms of the virus, which can travel long distances without being detected. Vaccination, quarantine and/or detection of infected livestock living or moving close to TFCA and sanitary control of buffaloes before being translocated between private game reserves into different areas in the country are crucial for preventing potential incursions of new FMD topotypes outside their original range.

Results in this study may have been influenced by biases associated with the non-random selection of samples, and potential under sampling of certain location and species. This limitation is common among phylogenetic studies, due to a non-random availability of sequences either from public databases or from diagnostic laboratories (Frost et al., 2015). In this case, sampling activities were conducted under surveillance and research activities, which normally depends on available economic resources that are not perennial. Because the African buffalo is known to be the natural reservoir and to have high disease prevalence, future studies should aim at obtaining regular samples from animals at different locations in order to contribute to a more complete reconstruction of the viral phylogeny at a regional level.

Assessment of analysis made with partial VP1 sequences have shown almost identical results of those obtained by using whole VP1. A more structured sampling and information of viral sequences may provide more accurate information to understand virus phylodynamics. However, in practice feasibility of such studies is limited by budget and logistics constrains.

CONCLUSION

Results from our study suggest that, in addition to buffalo, cattle may also play an important role in long distance spread of FMDV, facilitating migration and mixing of topotypes, which can reduce vaccine matching and compromise adequate immunization and success of vaccination campaigns. Early detection, immunization, and prevention of effective inter-species transmission should be stringent in order to control FMDV. Sporadic transmission between TFCAs stresses the need for implementation of control measures not only at a local level but also with a regional approach that should include the collaboration of all countries involved in the management of TFCAs.

AUTHOR CONTRIBUTIONS

Conceived and designed the study: AP, FJ, FM, BB. Viral sequencing: LH, RD, FM. Data compilation: LH, RD. Sequence analysis: BB. Wrote the paper: BB, FJ, FM, AP.

ACKNOWLEDGMENTS

This project was funded in part by grants from the USDA/ARS and CORUS (French Ministry of Foreign Affairs). The FMD virus database was compiled with funds from the SADC FMD Project. The present manuscript wishes to be the authors’ personal honor to the memory of Dr. RD, as a tribute to her scientific competence, and the contribution that she gave to our research project in these years of proficient collaboration.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fmicb.2016.00528

REFERENCES

Abu Samra, N., Jori, F., Xiao, L., Rikhotso, O., and Thompson, P. (2013). Molecular characterization of Cryptosporidium species at the wildlife/livestock interface of the Kruger National Park. Comp. Immunol. Microbiol. Infect. Dis. 36, 295–302. doi: 10.1016/j.cimid.2012.07.004

Baipoledi, E. K., Matlho, G., Letshwenyo, M., Chimbombi, M., Adom, E. K., Raborokgwe, M. V., et al. (2004). Re-emergence of foot-and-mouth disease in Botswana. Vet. J. 168, 93–99. doi: 10.1016/S1090-0233(03)00164-3

Bastos, A. D. (1998). Detection and characterization of foot-and-mouth disease virus in sub-Saharan Africa. Onderstepoort J. Vet. Res. 65, 37–47.

Bastos, A. D., Boshoff, C. I., Keet, D. F., Bengis, R. G., and Thomson, G. R. (2000). Natural transmission of foot-and-mouth disease virus between African buffalo (Syncerus caffer) and impala (Aepyceros melampus) in the Kruger National Park, South Africa. Epidemiol. Infect. 124, 591–598. doi: 10.1017/S0950268899004008

Bastos, A. D., Haydon, D. T., Forsberg, R., Knowles, N. J., Anderson, E. C., Bengis, R. G., et al. (2001). Genetic heterogeneity of SAT-1 type foot-and-mouth disease viruses in southern Africa. Arch. Virol. 146, 1537–1551. doi: 10.1007/s007050170077

Bastos, A. D., Haydon, D. T., Sangare, O., Boshoff, C. I., Edrich, J. L., and Thomson, G. R. (2003). The implications of virus diversity within the SAT 2 serotype for control of foot-and-mouth disease in sub-Saharan Africa. J. Gen. Virol. 84, 1595–1606. doi: 10.1099/vir.0.18859-0

Beck, E., and Strohmaier, K. (1987). Subtyping of European foot-and-mouth disease virus strains by nucleotide sequence determination. J. Virol. 61, 1621–1629.

Belsham, G. J. (2005). Translation and replication of FMDV RNA. Curr. Top. Microbiol. Immunol. 288, 43–70.

Bielejec, F., Rambaut, A., Suchard, M. A., and Lemey, P. (2011). SPREAD: spatial phylogenetic reconstruction of evolutionary dynamics. Bioinformatics 27, 2910–2912. doi: 10.1093/bioinformatics/btr481

Bishi, A., and Kamwi, J. A. (2008). Veterinary Science, Transboundary Animal Diseases and Markets: Pathways for Policy in Namibia. Transboundary Animal Disease and Market Access: Future Options for the Beef Industry in Southern Africa. Working Paper 4. Brighton: Institute of Development Studies. Available at: http://steps-centre.org/wp-content/uploads/VetScience_Briefing_Namibia.pdf.

Brahmbhatt, D. P., Fosgate, G. T., Dyason, E., Budke, C. M., Gummow, B., Jori, F., et al. (2011). Contacts between domestic livestock and wildlife at the Kruger National Park Interface of the Republic of South Africa. Prev. Vet. Med. 103, 16–21. doi: 10.1016/j.prevetmed.2011.08.003

Bruckner, G. K., Vosloo, W., Du Plessis, B. J., Kloeck, P. E., Connoway, L., Ekron, M. D., et al. (2002). Foot and mouth disease: the experience of South Africa. Rev. Sci. Tech. 21, 751–764.

Caron, A., Miguel, E., Gomo, C., Makaya, P., Pfukenyi, D. M., Foggin, C., et al. (2013). Relationship between burden of infection in ungulate populations and wildlife/livestock interfaces. Epidemiol. Infect. 141, 1522–1535. doi: 10.1017/S0950268813000204

Carrillo, C., Tulman, E. R., Delhon, G., Lu, Z., Carreno, A., Vagnozzi, A., et al. (2005). Comparative genomics of foot-and-mouth disease virus. J. Virol. 79, 6487–6504. doi: 10.1128/JVI.79.10.6487-6504.2005

Derah, N., and Mokopasetso, M. (2005). The control of foot and mouth disease in botswana and zimbabwe. Tropicultura 2005, 3–5.

Drummond, A. J., Suchard, M. A., Xie, D., and Rambaut, A. (2012). Bayesian phylogenetics with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29, 1969–1973. doi: 10.1093/molbev/mss075

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/gkh340

Eygelaar, D., Jori, F., Mokopasetso, M., Sibeko, K. P., Collins, N. E., Vorster, I., et al. (2015). Tick-borne haemoparasites in African buffalo (Syncerus caffer) from two wildlife areas in Northern Botswana. Parasit. Vectors 8:26. doi: 10.1186/s13071-014-0627-y

Falconer, J. (1972). The epizootiology and control of foot-and-mouth disease in Botswana. Vet. Rec. 91, 354–359. doi: 10.1136/vr.91.15.354

Frost, S. D. W., Pybus, O. G., Gog, J. R., Viboud, C., Bonhoeffer, S., and Bedfordg, T. (2015). Eight challenges in phylodynamic inference. Epidemics 10, 88–92. doi: 10.1016/j.epidem.2014.09.001

Hall, M. D., Knowles, N. J., Wadsworth, J., Rambaut, A., and Woolhouse, M. E. (2013). Reconstructing geographical movements and host species transitions of foot-and-mouth disease virus serotype SAT 2. MBio 4:e591-13. doi: 10.1128/mBio.00591-13

Hall, T. A. (1999). BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic Acids Symposium Ser. 41, 95–98.

Hargreaves, S. K., Foggin, C. M., Anderson, E. C., Bastos, A. D., Thomson, G. R., Ferris, N. P., et al. (2004). An investigation into the source and spread of foot and mouth disease virus from a wildlife conservancy in Zimbabwe. Rev. Sci. Tech. 23, 783–790.

Jori, F., Alexander, K. A., Mokopasetso, M., Munstermann, S., Moagabo, K., and Paweska, J. T. (2015). Serological evidence of Rift Valley fever virus circulation in domestic cattle and African buffalo in Northern Botswana (2010–2011). Front. Vet. Sci. 2:63. doi: 10.3389/fvets.2015.00063

Jori, F., Brahmbhatt, D., Fosgate, G. T., Thompson, P. N., Budke, C., Ward, M. P., et al. (2011). A questionnaire-based evaluation of the veterinary cordon fence separating wildlife and livestock along the boundary of the Kruger National Park, South Africa. Prev. Vet. Med. 100, 210–220. doi: 10.1016/j.prevetmed.2011.03.015

Jori, F., Caron, A., Thompson, P. N., Dwarka, R., Foggin, C., De Garine-Wichatitsky, M., et al. (2016). Characteristics of foot-and-mouth disease viral strains circulating at the wildlife/livestock interface of the great limpopo transfrontier conservation area. Transbound. Emerg. Dis. 63, e58–e70.

Jori, F., and Etter, E. (2016). A quantitative risk assessment of the transmission of foot and mouth disease at the wildlife/livestock interface of Kruger National Park, South Africa. Prev. Vet. Med. 126, 19–29. doi: 10.1016/j.prevetmed.2016.01.016

Jori, F., Vosloo, W., Du Plessis, B., Bengis, R., Brahmbhatt, D., Gummow, B., et al. (2009). A qualitative risk assessment of factors contributing to foot and mouth disease outbreaks in cattle along the western boundary of the Kruger National Park. Rev. Sci. Tech. 28, 917–931.

Knight-Jones, T. J., and Rushton, J. (2013). The economic impacts of foot and mouth disease - What are they, how big are they and where do they occur? Prev. Vet. Med. 112, 161–173. doi: 10.1016/j.prevetmed.2013.07.013

Knowles, N. J., and Samuel, A. R. (2003). Molecular epidemiology of foot-and-mouth disease virus. Virus Res. 91, 65–80. doi: 10.1016/S0168-1702(02)00260-5

Lanfear, R., Calcott, B., Ho, S. Y., and Guindon, S. (2012). Partitionfinder: combined selection of partitioning schemes and substitution models for phylogenetic analyses. Mol. Biol. Evol. 29, 1695–1701. doi: 10.1093/molbev/mss020

Lemey, P., Rambaut, A., Drummond, A. J., and Suchard, M. A. (2009). Bayesian phylogeography finds its roots. PLoS Comput. Biol. 5:e1000520. doi: 10.1371/journal.pcbi.1000520

Miguel, E., Grosbois, V., Caron, A., Boulinier, T., Fritz, H., Cornélis, D., et al. (2013). Contacts and foot and mouth disease transmission from wild to domestic bovines in Africa. Ecosphere 4, 1–32. doi: 10.1890/ES12-00239.1

Miller, M. A., Pfeiffer, W., and Schwartz, T. (2010). Creating the CIPRES Science Gateway for Inference of Large Phylogenetic Trees. New Orleans, LA: Gateway Computing Environments Workshop (GCE), 1–8.

OIE, World Organisation for Animal Health (2009). Foot and Mouth Disease- Technical Disease Card. Available at: http://www.oie.int/en/animal-health-in-the-world/technical-disease-cards/

OIE, World Organisation for Animal Health (2010). List of Foot and Mouth Disease Free Members. Available at: http://www.oie.int/eng/status/FMD/en_fmd_free.htm

Paton, D. J., Valarcher, J. F., Bergmann, I., Matlho, O. G., Zakharov, V. M., Palma, E. L., et al. (2005). Selection of foot and mouth disease vaccine strains–a review. Rev. Sci. Technol. 24, 981–993.

Perry, B. D., and Rich, K. M. (2007). Poverty impacts of foot-and-mouth disease and the poverty reduction implications of its control. Vet. Rec. 160, 238–241. doi: 10.1136/vr.160.7.238

Phologane, B. S., Dwarka, R. M., Haydon, D. T., Gerber, L. J., and Vosloo, W. (2008). Molecular characterization of SAT-2 foot-and-mouth disease virus isolates obtained from cattle during a four-month period in 2001 in Limpopo Province, South Africa. Onderstepoort J. Vet. Res. 75, 267–277.

Raftery, A. E. N., Newton, M. A., Satagopan, J. M., and Krivitsky, P. N. (2007). “Estimating the integrated likelihood via posterior simulation using the harmonic mean identity,” in Bayesian Statistics, eds J. M. Bernardo, M. J. Bayarri, and J. O. Berger (Oxford: Oxford University Press), 1–45.

Rambaut, A., and Drummond, A. (2007). Tracer Version 1.4. Available at: http://tree.bio.ed.ac.uk/software/tracer/

Scoones, I., Bishi, A., Mapitse, N., Moerane, R., Penrith, M. L., Sibanda, R., et al. (2010). Foot-and-mouth disease and market access: challenges for the beef industry in southern Africa. Pastoralism 1, 135–164.

Sinkala, Y., Simuunza, M., Muma, J. B., Pfeiffer, D. U., Kasanga, C. J., and Mweene, A. (2014). Foot and mouth disease in Zambia: spatial and temporal distributions of outbreaks, assessment of clusters and implications for control. Onderstepoort J. Vet. Res. 81, E1–E6. doi: 10.4102/ojvr.v81i2.741

Smitz, N., Cornelis, D., Chardonnet, P., Caron, A., De Garine-Wichatitsky, M., Jori, F., et al. (2014). Genetic structure of fragmented southern populations of African Cape buffalo (Syncerus caffer caffer). BMC Evol. Biol. 14:203. doi: 10.1186/s12862-014-0203-2

Sutmoller, P. (2002). The fencing issue relative to the control of foot-and-mouth disease. Ann. N. Y. Acad. Sci. 969, 191–200. doi: 10.1111/j.1749-6632.2002.tb04377.x

Sutmoller, P., Thomson, G. R., Hargreaves, S. K., Foggin, C. M., and Anderson, E. C. (2000). The foot-and-mouth disease risk posed by African buffalo within wildlife conservancies to the cattle industry of Zimbabwe. Prev. Vet. Med. 44, 43–60. doi: 10.1016/S0167-5877(99)00109-9

Tekleghiorghis, T., Moormann, R. J., Weerdmeester, K., and Dekker, A. (2014). Foot-and-mouth disease transmission in africa: implications for control, a review. Transbound. Emerg. Dis. 63, 136–151. doi: 10.1111/tbed.12248

Thomson, G. (2008). A Short Overview of Regional Positions on Foot-and-Mouth Disease Control in Southern Africa. Transboundary Animal Disease and Market Access: Future Options for the Beef Industry in Southern Africa. Working Paper 4. Brighton: Institute of Development Studies . Available at: http://www.steps-centre.org/ourresearch/vetscience.html

Thomson, G. R., Penrith, M. L., Atkinson, M. W., Atkinson, S. J., Cassidy, D., and Osofsky, S. A. (2013a). Balancing livestock production and wildlife conservation in and around southern Africa’s transfrontier conservation areas. Transbound. Emerg. Dis. 60, 492–506. doi: 10.1111/tbed.12175

Thomson, G. R., Penrith, M. L., Atkinson, M. W., Thalwitzer, S., Mancuso, A., Atkinson, S. J., et al. (2013b). International trade standards for commodities and products derived from animals: the need for a system that integrates food safety and animal disease risk management. Transbound. Emerg. Dis. 60, 507–515. doi: 10.1111/tbed.12164

Thomson, G. R., Vosloo, W., and Bastos, A. D. (2003). Foot and mouth disease in wildlife. Virus Res. 91, 145–161. doi: 10.1016/S0168-1702(02)00263-0

Thomson, G. R., Vosloo, W., Esterhuysen, J. J., and Bengis, R. G. (1992). Maintenance of foot and mouth disease viruses in buffalo (Syncerus caffer Sparrman, 1779) in southern Africa. Rev. Sci. Technol. 11, 1097–1107.

Vosloo, W., Bastos, A. D., and Boshoff, C. I. (2006). Retrospective genetic analysis of SAT-1 type foot-and-mouth disease outbreaks in southern Africa. Arch. Virol. 151, 285–298. doi: 10.1007/s00705-005-0629-3

Vosloo, W., Boshoff, K., Dwarka, R., and Bastos, A. (2002). The possible role that buffalo played in the recent outbreaks of foot-and-mouth disease in South Africa. Ann. N. Y. Acad. Sci. 969, 187–190. doi: 10.1111/j.1749-6632.2002.tb04376.x

Vosloo, W., Thompson, P. N., Botha, B., Bengis, R. G., and Thomson, G. R. (2009). Longitudinal study to investigate the role of impala (Aepyceros melampus) in foot-and-mouth disease maintenance in the Kruger National Park, South Africa. Transbound. Emerg. Dis. 56, 18–30. doi: 10.1111/j.1865-1682.2008.01059.x

Conflict of Interest Statement: 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.

Copyright © 2016 Brito, Jori, Dwarka, Maree, Heath and Perez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-07-00528-g003.jpg
Sm‘nern

Zambezia

L \
w

Map ito
\

Google eaith

US Dept of State GEograpfier
©2016 AfiGIS (Ply)

Data SI0, NOAA, UiS Wavy INGAIGERCOLS
image Landsat

zZ>»

600 mi






OPS/images/cover.jpg
, frontiers
in Microbiology

Transmission of Foot-and-Mouth
Disease SAT?2 Viruses at the
Wildlife-Livestock Interface of
Two Major Transfrontier
Conservation Areas in Southern
Africa





OPS/images/fmicb-07-00528-g004.jpg
- 600 —— All FMDV

—— Cattle FMDV

- 400 _ Buffalo FMDV

- 200

~ 600

- 400

- 200

Viral population size

0000000000077
- ~ 600
o %es
o .‘0... %00,
“..P “‘"‘u........ - 400
M’.’ ‘.W
/—’-\ = 200
P M“"" Mkl
‘ ! e

1951 1958 1965 1972 1978 1985 1992 1999 2005 201% Year

\ ] Y Y
|| Implementing of zoning and :
effective control measures OUtbrea.ks ":] TFCA
Several FMD successfully reduced FMD i surrounding livestock
Outbreaks outbreaks in the region

Beginning of control
measures implementation
(vaccination and fencing)

-Increased buffalo density around TFCA
-Since 2000, Redistribution of land/political
disturbances Zimbabwe





OPS/images/fmicb-07-00528-t001.jpg
From To

Location KAZA GL
GL Zimbabwe
KAZA Namibia
KAZA Botswana
Zimbabwe KAZA
KAZA Zimbabwe
Zambia KAZA
KAZA Zambia
Namibia Zambia
Namibia Botswana
Namibia Zimbabwe
Namibia GLTP
Namibia KAZA
Botswana Zambia
Botswana KAZA
Zambia GLTP
Botswana Zimbabwe
Botswana Namibia
Species Buffalo Cattle
Cattle Buffalo

Bayes factor > 3 was considered significant non-zero transmission.

BF

>1000
>1000
>1000
234.992
83.340
62.234
17.668
3.475
1.394
1.355
1.263
1.214
1.208
1.191
1.187
1.116
0.977
0.966
>1000
>1000





OPS/images/cross.jpg
®

o fark





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-07-00528-g001.jpg
Location Species
. Botswgna . Buffalo
N c

. Cattle
B | kaza
. Namibja
B zambia
. Zimbabwe

Topotype |

Topoty

e

pe Il ‘

1932 1952






OPS/images/fmicb-07-00528-g002.jpg
|
Species
- Buffalo
. Cattle

[ 1
i

|

A

B

e

e 2]

A ” ]

ol e afl 1]

1932

1952

1972

1992

2012





