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   Botulism in wild birds is a widespread and potentially lethal disease raising major conservation issues. Botulism is also of public health concern. Due to the action of botulinum neurotoxins, mostly produced by Clostridium botulinum, botulism can affect wild birds, livestock, and humans. This study is part of a project aimed at improving our understanding of the pathogenesis of botulism in wild avifauna, which is still poorly understood. Indeed, the prevalence and dynamics of C. botulinum in the digestive tract or in bird tissue, whether as intermittent carriage related to environmental contamination or as part of the normal avian microbiota, is still unknown. In this study, we specifically addressed the presence of a healthy carrier status of wild birds, and its role in outbreaks. To answer this question, we monitored the estimated prevalence of C. botulinum in wild birds through samples from banded and swabbed birds as well as from hunted bird organs. Our results do not support the hypothesis of a healthy carriage outside of outbreaks, which raises the question of the bioavailability of the bacterium and toxin in the environment. Finally, the gene encoding botulinum neurotoxin type E was detected in keel muscle from a hunted bird, showing that recommendations on the consumption of wild bird meat are needed following a botulism outbreak.
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   1. Introduction.

 Avian botulism is considered to be one of the main causes of loss of waterfowl and shorebirds worldwide, inducing up to one million deaths in some wetlands (Rocke, 2006; Rocke and Bollinger, 2007; Hardy and Kaldhusdal, 2013). It can therefore have a huge impact on endangered species, on local populations, or on birds with limited distribution (Rocke, 2006). Studies from the literature have reported 15% loss of the western population of American white pelican (Pelecanus erythrorhynchos) in California (Rocke et al., 2004) and 7% loss of the total population of Black-faced spoonbills (Platalea minor) in Taiwan (BirdLife International, 2004) due to botulism outbreaks. The disappearance of the Great black-backed gulls (Larus marinus) from eastern Lake Ontario (Shutt et al., 2014) and declines in the population of Northern pintail (Anas acuta) in the United States (Friend et al., 2001) have been linked to botulism. An impact on White-headed duck (Oxyura leucocephala) and on Marbled teal (Marmaronetta angustirostris), both endangered and vulnerable species, has also been strongly suggested in Spain (Vidal et al., 2013). Botulism has been diagnosed in 264 species of birds, mostly belonging to waterbird families (Rocke, 2006), with the Anatidae and more precisely the Anatinae, covering dabbling ducks such as mallards (Anas platyrhynchos) and Common teal (Anas crecca), being the most affected family at least in France, Spain and South Africa (Anza et al., 2016; Ventujol et al., 2017; Russell et al., 2019). Multiple studies have been published over the last decade reporting avian botulism outbreaks in many places around the world ( Table 1 ). The impact of avian botulism is expected to increase in the future due to climate change, increasing urbanization, eutrophication, and invasive aquatic species (Anza, 2014; Espelund and Klaveness, 2014; Russell et al., 2019).

  Table 1 | Examples of publications reporting avian botulism outbreaks around the world, over the last decade. 

 

 Botulism is caused by the action of the botulinum neurotoxin (BoNT) that prevents the release of acetylcholine in the nerve endings, resulting in flaccid paralysis. Major clinical signs of avian botulism include difficulty or inability of birds to use their legs and wings to swim and fly, difficulty holding their neck in the final stages of the disease (Badagliacca et al., 2018), and prolapse of the nictitating membrane (Holmes, 2019), all common signs of botulism (Rocke, 2006). The disease often leads to respiratory problems and drowning of affected wild birds.

 BoNT is typically produced by Clostridium botulinum, a motile, Gram-positive, spore-forming and strictly anaerobic bacterium (Rasetti-Escargueil et al., 2019). Among all different BoNT types and subtypes described so far, avian botulism is mostly associated with BoNT type C/D (Woudstra et al., 2012; Anza, 2014; Le Gratiet et al., 2020), type C and type E (Lan Chun et al., 2015) in wild birds. BoNT C/D is currently the most common BoNT involved in avian botulism in Europe, while BoNT E is reported around the Great Lakes in the USA and Canada. BoNT C/D is produced by C. botulinum group III, part of the C. novyi sensu lato genogroup (Skarin et al., 2011). Mosaic BoNT C/D was first described in 2005 (Takeda et al., 2005) and differentiation between BoNT C and C/D requires the use of dedicated tools able to distinguish mosaic from non-mosaic types, such as subtyping PCR (Nakamura et al., 2010; Anniballi et al., 2012; Woudstra et al., 2012; Anniballi et al., 2013) or Endopep-MS (Bjornstad et al., 2014, Hansbauer et al., 2016).

 The pathogenesis of avian botulism and the factors behind the initiation of an outbreak in wild birds are not completely understood. Two different scenarios have been put forward: clinical signs may be due to intoxication through direct ingestion of preformed BoNT (Holmes, 2019), or to toxico-infection through ingestion of C. botulinum followed by in situ production of BoNT in the digestive tract (Rocke, 2006). The second scenario has been described in poultry in particular, where BoNT production in ceca is required to induce clinical signs (Miyazaki and Sakaguchi, 1978; Hyun and Sakaguchi, 1989). Persistence of C. botulinum in the digestive tract of sick wild birds has been reported, suggesting possible toxico-infection in wild birds, as already described in poultry (Anza et al., 2016). The extent of these intoxication/toxico-infection pathways and their role in avian botulism are currently unknown, but they likely coexist (Skarin et al., 2015).

 Carcasses are known to play a major role in avian botulism, as decaying matter is favorable for C. botulinum growth and BoNT production. Invertebrates, maggots in particular, are not sensitive to BoNTs and can concentrate BoNT and C. botulinum when they feed on decomposing tissue. Ingestion of these infected invertebrates by healthy birds will induce their death, resulting in perpetuation and amplification of the botulism outbreak, a phenomenon called the carcass-maggot cycle (Wobeser, 1997). The concomitant presence of decaying carcasses (due to any cause of bird death) and of C. botulinum (as a normal inhabitant of the bird digestive tract or after recent ingestion by the bird from its contaminated environment) can lead to a botulism outbreak (Rocke, 2006; Anza et al., 2016). Initiation of an avian botulism outbreak may therefore occur in any bird carcass when spores of C. botulinum are present in the digestive tract (Reynolds et al., 2021). Clostridium botulinum can be found in bird tissue (Reed and Rocke, 1992) and in bird feces (Matveev and Konstantinova, 1974). The prevalence and dynamics of C. botulinum in the digestive tract or in bird tissue, whether as intermittent carriage related to environmental contamination or as part of the normal avian microbiota, are however unknown.

 The objective of our study was to investigate the prevalence of C. botulinum in wild bird tissue by collecting samples in areas with or without botulism outbreaks, so as to provide new insights into the potential existence of C. botulinum carriage by apparently healthy birds (i.e., birds without clinical signs associated to botulism).

 
  2. Materials and methods.

  2.1. Study sites.

 Data used in this study were collected at four different sites in France ( Figure 1 ): (A) Grand Birieux pond (148 hectares, 80 ha for the pond only), (B) the natural reserve of Baie de l’Aiguillon (5,000 ha), (C) the wildlife reserve of Grand’Mare (147 hectares), and (D) the wildlife reserve of Lac du Der (5,700 ha in total).

  

 Figure 1 | Location of the four study sites. (A) Etang du Grand Birieux, (B) Baie de l’Aiguillon, (C) Grand’Mare, (D) Lac du Der. The green squares indicate sites where prevalence was estimated (see text) and no botulism outbreak was detected. The red squares indicate sites where prevalence was estimated and botulism outbreaks were detected. 

 

 
  2.2. Data collection.

  2.2.1. Sampling to estimate prevalence.

 First, we assessed the prevalence of C. botulinum in birds at the four sites, annually from 2018 to 2020, through sampling of hunted birds at site A, and through cloacal swab sampling at sites B, C and D.

 At sites B, C and D, the sampling strategy was opportunistic: we took advantage of capture and banding operations that already took place (generally between September and March, using traps such as cages or nets) to carry out cloacal swabbing on banded birds. All cloacal swabs were realized by trained and qualified banders. Swabbing was mostly carried out on two species, mallards and common teals, because these were the most frequently captured and banded birds, and because they are both of interest for the study of botulism (see 2.3 Data processing).

 In total, 171 banded birds were swabbed: 42 at Baie de l’Aiguillon (B), 23 at Grand’Mare (C), and 106 at Lac du Der (D). More banded birds were swabbed at site D because a botulism outbreak was detected there (based on clinical signs and detection of C. botulinum type C/D in symptomatic bird liver), so additional efforts were deployed to follow the dynamics of infection.

 At site A, a botulism outbreak was detected in September and October 2018. It was confirmed based on a white stork (Ciconia ciconia) found dead on the pond, whose liver was collected and analyzed and found to be positive for a gene coding for BoNT C/D and E (using the method developed in Le Maréchal et al., 2017). A post-mortem study was also carried out on 29 birds hunted around this pond in October 2018, with birds stored frozen at a temperature below -18°C (as recommended in Le Maréchal et al., 2017), until necropsy in November 2018. Necropsies were conducted in the local veterinarian laboratory by an experienced team that routinely conducts necropsies. Five organs were tested for the presence of C. botulinum: cecum, intestinal contents, liver, gizzard, and keel muscle from each hunted bird. To estimate prevalence, the analyzed ceca of these dead birds were considered equivalent to swabs collected on live banded birds at the other three sites, as the literature suggests that cloacal swabs and cecum can be used for C. botulinum type C/D detection, giving similar results (Vidal et al., 2013).

 
  2.2.2. Clostridium botulinum detection and diagnostic procedure.

  Clostridium botulinum was detected using real-time PCR targeting the gene encoding BoNT C/D and E, after enrichment as previously described (Le Maréchal et al., 2016; Le Maréchal et al., 2017; Souillard et al., 2021). A sample was considered positive when characteristic amplification was detected by PCR. The methods used in this study did not allow for a distinction between spores and vegetative cells as no thermal treatment was applied before the enrichment step.

 Regarding sampled organs, ceca, livers and keel muscles were analyzed at ANSES (French National Reference Laboratory for Avian Botulism, Ploufragan laboratory) using the method previously mentioned, while gizzards and intestinal contents were analyzed by the French National Reference Center for Anaerobic Bacteria and Botulism (Institut Pasteur) using the protocol described in Le Maréchal et al. (2019).

 The current recommendation for confirmation of avian botulism in France is the analysis of livers collected from at least four birds showing clinical signs (Le Maréchal et al., 2016). When sampling poultry, this standard protocol is easily applied, it is more difficult in wild avifauna where livers are collected from a small number of birds (usually on carcasses) and then tested.

 For the prevalence study at sites B, C and D, C. botulinum detection was based on cloacal swabs analyzed using real-time PCR for banded birds. Here, a positive case was defined as a swabbed banded bird for which the gene coding for BoNT was detected after the enrichment step followed by DNA extraction as previously described (Le Maréchal et al., 2016; Souillard et al., 2021).

 For the prevalence study at site A, post-mortem diagnosis was based on organs (cecum, intestinal contents, gizzard, keel muscle, and liver) analyzed using real-time PCR for hunted birds. Here, a positive case was defined as a hunted bird with an organ in which the gene coding for BoNT was detected.

 
 
  2.3. Data processing.

 We pooled common teals and mallards for analyses (i.e., we did not distinguish between the two species) as they share many biological and ecological characteristics: both are dabbling ducks (Anatinae) and are susceptible to botulism, they share the same mostly granivorous diet during winter, and are both abundant in France and in the three study areas. Pooling the two species also made it possible to work with a larger dataset. Ultimately, the swabbing dataset consisted of a total of 171 swabbed banded birds for sites B, C and D, and 29 hunted birds for site A (also common teals and mallards).

 To evaluate the dynamics of infection in the studied population at sites B, C and D, we estimated the prevalence at each site during each period of interest, defined as periods of the year with weather conditions as homogeneous as possible between the different sites and years (mean temperatures, humidity, and rainfall). Exposure of birds to C. botulinum is known to remain constant during consistent weather conditions. Since October did not have consistent meteorological conditions, we did not estimate prevalence during this month of the year. Indeed, we wanted to focus on sure and consistent periods from year to year, and after performing a PCA of three weather variables (temperature, precipitation, humidity), October was not constant among 2018, 2019 and 2020. At sites B, C and D, we therefore estimated botulism prevalence during the periods August/September, November/December and January/February, depending on the availability of data for each year. At site A, the available data provided only a snapshot of the prevalence (as they were collected over only one day), and it was not possible to study the dynamics of the outbreak.

 
  2.4. Data analysis.

 Once sufficient data were available, i.e., number of swabbed birds N > 10, we estimated the prevalence of C. botulinum detection with a Bayesian approach: under the assumption of a botulism outbreak in a site with a C. botulinum prevalence equal to p, the number n positive birds in the sample can be supposed to follow a binomial distribution, with parameters N (the total number of swabbed birds in the sample) and p. To estimate p, we supposed a uniform prior distribution on p (i.e., we supposed that the prevalence could take a priori any value between 0 and 100% with the same probability, so that the estimated prevalence depended only on the collected data and not on any expert prior knowledge). Under these conditions, it is well known that the posterior distribution on p is a beta distribution with parameters alpha = n+1 and beta = N-n+1 (Gelman et al., 2014). We were therefore able to estimate the limits of an 80% credible interval on the prevalence (interval with 80% chance of including the true value of the prevalence) with the function qbeta from the R software.

 For site A, we estimated C. botulinum prevalence in November 2018 by evaluating detection in ceca, but also separately for four other organs (intestinal contents, liver, gizzard, and keel muscle), to assess C. botulinum tropism. All statistical analyses were performed with R 4.0.3 and the interface Rstudio version 1.1.463.

 
 
  3. Results.

  3.1. Prevalence.

  3.1.1. Prevalence in banded birds (sites B, C and D).

 Among the three sites where banded birds were swabbed, outbreaks were detected only in the pond at Lac du Der (site D). Among all the banded birds swabbed in 2018, 2019 and 2020, C. botulinum type C/D was detected only in one cloacal swab in 2018 (on August 27) at site D. Estimated prevalence for this study site is presented in  Table 2 . In Baie de l’Aiguillon (site B) and Grand’Mare (site C), no botulism outbreaks were detected and the bacterium was not detected in any of the sampled birds. As noted above, the Bayesian estimation of prevalence based on these data yielded a maximum possible prevalence for each site and period ( Table 2 ).

  Table 2 | Credible interval (80%) on prevalence of positive swabbed banded birds in Baie de l’Aiguillon (B), Grand’Mare (C) and Lac du Der (D) and of positive ceca of hunted birds in Grand Birieux (A). 

 

   Table 2  shows that it was not possible to estimate credible intervals for many periods (5 out of 13), because an insufficient number of swabbed banded birds were available to allow for an estimate of informative intervals. Among all periods, no major differences in estimated prevalence were found between sites where botulism outbreaks were detected and sites where no outbreaks were detected, from the data on swabbed banded birds (from sites B, C and D). As a result, we could not rule out the possibility of an outbreak at sites B and C, but outbreaks were not detected with our limited sample size. Nevertheless, if we compare the credible interval of site A (for BoNT C/D) to the three other sites, it seems higher in positive ceca of hunted birds of site A (10.9-28.7%) than in swabbed banded birds of sites B, C and D.

 
  3.1.2. Prevalence in organs (site A).

 The aim was to better understand the contamination of birds during an ongoing botulism outbreak by studying tissue and organ contamination by C. botulinum, with an analysis of five matrices.

 Twenty-nine birds were hunted at this site, among which seven were positive for C. botulinum in at least one matrix. At the tissue level, among the 145 organs analyzed using real-time PCR, there were eight organs in which genes encoding BoNT C/D or E were detected. More precisely, the gene encoding BoNT C/D was detected in one gizzard and five ceca, and the gene encoding BoNT E was detected in a keel muscle and a cecum. Overall, among the eight positive organs, six were ceca. Considering this result, prevalence of C. botulinum in each organ was calculated ( Table 3 ).

  Table 3 | Credible interval (80%) on prevalence obtained for each analyzed organ of hunted birds in October 2018 at Grand Birieux (site A). 

 

 
 
 
  4. Discussion.

 The main objective of our study was to assess whether healthy carriers could take part in the mechanisms of emergence or persistence of a botulism outbreak. We found no major differences in estimated C. botulinum prevalence between sites where a botulism outbreak was detected and sites with no detected outbreak. The same result was reported in broilers in a study conducted to evaluate the detection of BoNT type C/D in the cecal contents of 100 flocks, in which the authors failed to detect C. botulinum using a similar method (Hardy and Kaldhusdal, 2013). Both this study and our results, conducted in the wild, therefore suggest that C. botulinum does not seem to be widespread in bird digestive tracts, even during an outbreak. Whether or not botulism outbreaks are detected, the bacterium is only rarely found in non-symptomatic birds.

 It is therefore still unclear whether C. botulinum is part of normal avian microbiota. It has been suggested that the C. botulinum level in the avian digestive tract is low, at least under the limit of detection of our methods (Popoff, 1989). This raises some new issues, such as possible upkeep mechanisms in the digestive tract. Asymptomatic carriage of BoNT type D/C by broilers has recently been demonstrated using the exact same method as the one used here (Souillard et al., 2021), supporting the hypothesis that the absence of detection could be interpreted as the absence of carriage or low excretion, and not as a methodological issue.

 Nevertheless, this result should be taken with caution, as the sample size in some areas during some periods were too small a sample to draw firm conclusions. It would therefore be interesting to determine a minimum sample size to obtain sufficiently informative credible intervals.

 Concerning the hunted birds during an ongoing botulism outbreak at the Grand Birieux site, we found that six of the eight positive organs were ceca. This result is consistent with other studies suggesting the specific role of ceca in the production of toxin. For example, in Reed and Rocke (1992), it was determined that mallards had “detectable type-C botulism spores in [ … ] livers or ceca” (Reed and Rocke, 1992); in Table II of the Haagsma study (1973), the authors also report 21 out of 41 mallards in which C. botulinum type C was found in ceca (Haagsma, 1973).

 Our investigations also revealed that a keel muscle was positive for the gene encoding BoNT E in a bird hunted during an ongoing botulism outbreak. The mechanism leading to contamination of this tissue is not known.

 We could hypothesize either ante-mortem translocation, or post-mortem contamination during the necropsy. Due to the small sample size (only one keel muscle found positive), it is difficult to draw definite conclusions regarding the possibility of contamination of muscles by C. botulinum. However, if confirmed, this result could be of major importance regarding public health: keel muscles are a prime part of the duck body consumed by humans after harvest. Efforts should be made to increase awareness of this risk and recommendations made available to limit the risk, for instance concerning cutting methods and cooking procedures.

 
  5. Conclusion.

 Through this study that aimed at estimating the prevalence of C. botulinum in wild birds, we were unable to rule out the hypothesis that there is no healthy carriage in wild birds outside of a botulism outbreak. Our results, however, confirmed that such carriage does not seem to be common and that a larger population of sampled birds is required to accurately determine C. botulinum prevalence. Considering the absence of detection of C. botulinum in avian digestive tracts, this study also raises the question of the role of bird exposure to C. botulinum and/or BoNT in the environment, and more generally the question of C. botulinum and/or BoNT bioavailability. This seems to be a crucial issue to better understand the mechanisms of infection of wild birds by C. botulinum and its pathogenesis, and should therefore be investigated further.
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