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            Abstract
Anthrax is a globally important animal disease and zoonosis. Despite this, our current knowledge of anthrax ecology is largely limited to arid ecosystems, where outbreaks are most commonly reported1,2,3. Here we show that the dynamics of an anthrax-causing agent, Bacillus cereus biovar anthracis, in a tropical rainforest have severe consequences for local wildlife communities. Using data and samples collected over three decades, we show that rainforest anthrax is a persistent and widespread cause of death for a broad range of mammalian hosts. We predict that this pathogen will accelerate the decline and possibly result in the extirpation of local chimpanzee (Pan troglodytes verus) populations. We present the epidemiology of a cryptic pathogen and show that its presence has important implications for conservation.
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                    Figure 1: Bcbva occurrence and study sampling sites in sub-Saharan Africa.[image: ]


Figure 2: Bcbva cases in TNP.[image: ]


Figure 3: Phylogenomic tree of Bcbva isolates.[image: ]


Figure 4: Proportions of simulated chimpanzee communities surviving 150 years with and without presence of anthrax.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Necropsies performed since 1996.
The total number of necropsies performed per year in TNP from 1996 to 2015. Grey bars indicate the number of Bcbva-positive necropsies and are annotated with the associated proportion. In the years 2003 and 2010 only limited veterinary service was available at TNP owing to political insecurity in the region.


Extended Data Figure 2 Geographic location of Bcbva-positive carcasses in TNP.
Necropsies that tested Bcbva-positive in TNP since 2001. GPS data was available for 70 of all necropsies that tested positive (n = 81).


Extended Data Figure 3 Effect of mammalian DNA content on anthrax positivity in flies.
Shown is the probability of Bcbva positivity (PA) as a function of the amount of mammalian DNA (copies) found in a fly. The amount of mammal DNA was binned (bin width of 0.25) and the area of the points depicts the number of flies (range, 1–206) in the respective bins. The dashed line indicates the fitted model and the dotted lines the 95% confidence interval.


Extended Data Figure 4 Effect of season on anthrax positivity in flies.
The probability of Bcbva positivity (PA) over the course of a year (binned in 10-day periods) is shown. The area of the points depicts the number of flies in the respective 10-day period. The dashed line indicates the fitted model and the dotted lines the 95% confidence interval.


Extended Data Figure 5 Maximum clade credibility tree based on chromosomal sequences of Bcbva isolates from TNP (Côte d’Ivoire, n = 124) and Grebo (Liberia, n = 2).
One sequence per host (mammals or flies, two divergent isolates for fly 600) was included and the final alignment of variant sites measured 298 bp. The size of the nodes represents posterior probability values. The location of the root received a posterior probability of 1.


Extended Data Figure 6 Maximum likelihood tree for sub-Saharan Bcbva strains.
Maximum likelihood tree based on chromosomal sequences of Bcbva strains from Côte d’Ivoire, Cameroon, Central African Republic and Liberia. The alignment of variant sites measured 1,016 bp. Bootstrap values are shown above the branches and the scale bar indicates substitution per chromosomal site. The tree was rooted using TempEst version 1.5.


Extended Data Figure 7 Fly snapshot sampling scheme.
For the fly snapshot, flies were caught following a 2 × 2-km grid system within and outside the research area within 19 days. In total 908 snapshot flies were analysed.


Extended Data Figure 8 Genetic and geographic distances of Bcbva isolates from the fly snapshot.
a, Maximum likelihood tree based on chromosomal sequences of Bcbva isolates from the 19-day fly snapshot. Each dot represents one fly isolate. Colours were chosen to illustrate the distribution of genetically clustering isolates on the map presented in b. The final alignment of variant sites measured 123 bp. Bootstrap values are shown above all internal branches. The tree was rooted using the ‘best-fit’ option in Path-O-Gen version 1.2. The scale bar shows substitutions per site. b, Geographic origin of Bcbva isolates collected during the fly snapshot. Colours correspond to maximum likelihood tree in a. Large circles represent two isolates.


Extended Data Figure 9 Box plot of genetic and mean geographic distances.
Bcbva isolates from TNP were binned by relative genetic distance (bin size = 0.03, approximately 2.5 SNPs).The two most genetically distant isolates received a value of 1 and all other distances were scaled accordingly. Diamonds indicate the geographic distance means of the groups. To examine variation within genetic lineages, we analysed isolates with low genetic distance (maximum relative genetic distance <0.5, marked in blue) and their mean geographic distance. For low genomic distances, the linear regression of geographic distances on genetic distances has an R2 of 0.72 and a slope coefficient that differs significantly from zero (Student’s t-test, P = 4 × 10−5).


Extended Data Figure 10 Fly species composition based on generalized mixed Yule-coalescent model (GMYC) analysis.
a–c, Fly species composition for three sites with known Bcbva occurrence: TNP, Côte d’Ivoire (a); Dja Faunal Reserve, Cameroon (b); Dzanga-Sangha Protected Areas, Central African Republic (c). The proportions of flies per site (%) belonging to a single fly species identified with GMYC models are shown. Different colours indicate different taxonomic fly families.





Supplementary information
Supplementary Information
This file contains a detailed method section as well as additional tables (Tables S1-10) and figures (Fig. S1-8). (PDF 2638 kb)


Supplementary Table 1
This file contains results that were derived from the analyses of flies caught in TNP analyzed in this study. The file includes results from PCR and culture as well as flymeal analysis results for a selection of flies. (XLSX 148 kb)


Supplementary Table 2
This file contains results of fly meal analysis with taxonomic assignment at genus level. The file provides the number of sequences per amplicon assigned at genus level. (XLSX 97 kb)


Supplementary Table 3
This file contains results of fly meal analysis with taxonomic assignment at order level. The file provides the number of sequences per amplicon assigned at order level. (XLSX 24 kb)
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Anthrax is a disease that affects wildlife, livestock and humans, largely in low- and middle-income countries. To date, the disease has largely been studied in arid ecosystems, where outbreaks are commonly reported. Fabian Leendertz and colleagues study the dynamics of an anthrax-causing bacterium in a rainforest in Taï National Park, Ivory Coast, using mammal and fly samples collected over three decades. They find that anthrax is an important cause of mortality in diverse mammalian species, including chimpanzees, monkeys, duikers, mongooses and porcupines. Demographic modelling suggests that anthrax will speed up the decline of local chimpanzee populations, potentially leading to their extinction from the region.
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