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Abstract
Metabarcoding of invertebrate-derived DNA (iDNA) is increasingly used to describe 
vertebrate diversity in terrestrial ecosystems. Fly iDNA has also shown potential as a 
tool for detecting pathogens. Combining these approaches makes fly iDNA a promis-
ing tool for understanding the ecology and distribution of novel pathogens or emerg-
ing infectious diseases. Here, we use fly iDNA to explore the geographic distribution 
of Bacillus cereus biovar anthracis (Bcbva) along a gradient from the forest within Taï 
National Park, Côte d'Ivoire, out to surrounding villages. We tested fly pools (N = 100 
pools of 5 flies) collected in the forest (N = 25 pools), along the forest edge (N = 50 
pools), and near surrounding villages (N = 25 pools) for Bcbva. Using the same iDNA, 
we sought to reconstruct fly and mammal communities with metabarcoding, with the 
aim of investigating potential links with Bcbva detection. We detected Bcbva in 5/100 
fly pools and positivity varied significantly across the habitat types (forest = 4/25, 
edge  =  1/50, village  =  0/25). It was possible to culture Bcbva from all positive fly 
pools, confirming their positivity, while sequencing of their whole genomes revealed a 
considerable portion of known genomic diversity for this pathogen. iDNA generated 
data about the mammal and fly communities in these habitats, revealing the highest 
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1  |  INTRODUC TION

Anthropogenic disturbance is causing major declines in local and 
global biodiversity. These changes have been linked to the emer-
gence of pathogens, not just in human populations, but among 
wildlife as well (Hale et al., 2022; Stegen et al., 2017). Systematic 
monitoring of both wildlife populations and their infectious diseases 
is needed to help inform conservation efforts and design disease 
emergence mitigation strategies (Butchart et al., 2010).

Long-term wildlife monitoring can be an effective tool for under-
standing mammal populations and their disease dynamics (Hoffmann 
et al., 2017; Kuisma et al., 2019). Unfortunately, long-term behavioral 
observations, that can lead to the recording of potential ill-health 
manifestations, and the detection and sampling of carcasses in the 
wild, are extremely resource intensive and, therefore, not particu-
larly scalable. Camera trapping represents a means to detect a diver-
sity of mammal species in an area, potentially even providing data 
on abundance (Gilbert et al., 2021), but can only detect extremely 
visible disease symptoms (Hockings et al., 2021) and cannot result 
in firm diagnosis, that is, the identification of the causative agent. 
Non-invasive sampling of mammal excreta (e.g., of feces, urine) has 
proven useful for detection of both mammals, the antibodies they 
produce when exposed to a pathogen, and the direct detection of 
pathogen genetic material (Mombo et al., 2020; Morin et al., 2016; 
Santiago et al., 2002), but fresh fecal sample collection can be chal-
lenging. This is particularly true in habitats like tropical rainforests, 
where feces quickly decompose and mammals that are not habitu-
ated to humans are typically hard to observe even briefly, let alone 
long enough to observe them defecating.

In contrast, trace amounts of animal DNA shed into the envi-
ronment (environmental DNA, eDNA) can be detected with me-
tabarcoding techniques and represents an effective and scalable 
tool for tracking the distribution of wildlife and at least some 
pathogens, particularly in aquatic ecosystems (Andruszkiewicz 
et al., 2017; Bohmann et al., 2014; Ficetola et al., 2008; Lynggaard 
et al., 2022; Stat et al., 2017). In terrestrial ecosystems, the animal 
DNA found in invertebrates that come into contact with animals or 
their by-products as part of their life cycle (e.g., leeches, sand flies, 

carrion flies) have shown their ability to rapidly assess mammal bio-
diversity in tropical and temperate ecosystems (Calvignac-Spencer 
et al., 2013; Gogarten et al., 2020; Hoffmann et al., 2018; Rodgers 
et al.,  2017; Schnell et al.,  2012). Crucially, invertebrate-derived 
DNA (iDNA) has also demonstrated its utility as a tool for detecting 
pathogens. Thus, iDNA can reveal information about the ecology of 
a pathogen, even where the invertebrate sampler is not a vector of 
the pathogen under scrutiny (Bitome-Essono et al., 2017; Hoffmann 
et al., 2017).

Such iDNA-based pathogen surveillance can be particularly use-
ful for novel pathogens or emerging infectious diseases, for which 
the host range and geographic distribution are initially poorly under-
stood or rapidly changing. For example, a new form of anthrax caused 
by Bacillus cereus biovar anthracis (Bcbva) was identified in dead wild 
chimpanzees in a tropical rainforest ecosystem in Taï National Park 
(TNP), Côte d'Ivoire, in 2001 (Leendertz et al., 2004). Genomic stud-
ies revealed that while chromosomally distinct from the causative 
agent of savannah anthrax, Bacillus anthracis, Bcbva shares two 
virulence plasmids with it, PX01 and PX02 (Klee et al., 2010). Both 
bacteria show vegetative and endospore stages in their life cycle, 
with clear evidence for replication inside mammal carcasses. Yet, it 
is still unclear how similar their ecologies are. Indeed, even the ap-
parent restriction of Bcbva to forested areas is uncertain—a recent 
seroprevalence study detected anti-Bcbva antibodies in the human 
population living around TNP but failed at linking seropositivity to 
forest use or contact to wildlife (Dupke et al., 2020).

Fly iDNA has clear potential to contribute to understanding the 
restriction of Bcbva to forest ecosystems and aspects of this patho-
gen's ecology. For classic anthrax, flies have been implicated as a 
potential mechanical vector and the high proportion of flies carrying 
viable Bcbva (~5% contained Bcbva), particularly in flies associated 
with monkey groups, supports the notion that flies play a role in 
spreading Bcbva as well (Fasanella et al., 2010; Gogarten et al., 2019; 
Hoffmann et al., 2017). Fly iDNA also contributed to understanding 
the ecology of the pathogen by expanding the putative host range of 
Bcbva, through detection of the bacterium and the DNA of a diver-
sity of mammal species in specific flies (Hoffmann et al., 2017). Fly 
iDNA also helped to understand the distribution of the pathogen at 

mammal diversity in the forest and considerable changes in fly community composi-
tion along the gradient. Bcbva host range estimates from fly iDNA were largely iden-
tical to the results of long-term carcass monitoring efforts in the region. We show 
that fly iDNA can generate data on the geographic distribution and host range of a 
pathogen at kilometer scales, as well as reveal the pathogen's phylogenetic diversity. 
Our results highlight the power of fly iDNA for mammal biomonitoring and pathogen 
surveillance.

K E Y W O R D S
Anthropized environments, Bacillus cereus biovar anthracis, biodiversity, environmental DNA 
(eDNA), invertebrate-derived DNA (iDNA), mammals, sylvatic anthrax, wildlife infectious 
diseases
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various spatial scales, from the prevalence of Bcbva across TNP, to 
an expansion of its known geographic distribution to include Liberia 
(Hoffmann et al., 2017).

Here, we use fly iDNA to explore the distribution of Bcbva along 
a gradient from the TNP forest to the surrounding villages. Using the 
same iDNA, we also aimed to reconstruct fly and mammal commu-
nities along this gradient with the aim of investigating potential links 
with Bcbva detection.

2  |  MATERIAL S AND METHODS

2.1  |  Study site and sample collections

Flies were trapped on a gradient spanning from pristine forest within 
TNP to the surrounding villages on alternate days from the end of 
July to the beginning of September 2021, during the rainy season. 
A total of nine trapping areas were located along three parallel tran-
sects, covering three different habitats. Specifically, three trapping 
areas were selected in villages' periphery, with traps located ~100 m 
away from the last house of the three villages (hereafter referred to 
as village habitat; Figure  1). Three areas were selected within the 
transition area between cultivated land and TNP, where degraded 
forest encountered cocoa fields or manioc/banana fields (hereafter 
referred to as the edge habitat; Figure 1). Lastly, three areas were 
selected well into the pristine forest within TNP, in a mix of swampy 
and dry primary forest (hereafter referred to as forest habitat; 
Figure 1).

Fly trapping was carried out for 20–30 min, depending on the 
trapping success, with the aim of collecting 40 flies per sampling 
event. Flies were trapped on the ground using custom-made nets 
(for a detailed description, see Calvignac-Spencer et al.,  2013; 
Hoffmann et al.,  2018). Internal organs of cow and pig were pur-
chased from the local market and used as bait and a piece of net min-
imized direct contact between flies and the bait. Previous analyses 
in TNP of the fly species attracted with a trapping approach using 
a piece of a decaying animal or a commercially available bait based 

on animal proteins that mimic a decaying carcass, described a diver-
sity of dipterans from three families (Calliphoridae, Sarcophagidae, 
and Muscidae; Calvignac-Spencer et al., 2013; Hoffmann et al., 2017, 
Gogarten et al., 2019). Flies were euthanized with ether and stored 
on silica at room temperature in 15 mL falcon tubes containing up to 
10–12 flies from a single trap (N = 2350). We selected 100 fly pools 
(5 random flies were selected from a single trap/pool) for this study; 
25 pools were from the forest, 50 pools from the edge, and 25 fly 
pools from the village. We elected to concentrate sampling on the 
edge, as this was the habitat that was the least well characterized 
in terms of Bcbva prevalence and the mammal community present.

2.2  |  DNA extraction

The DNA was extracted from these fly pools using the GeneMatrix 
Stool DNA purification kit (Roboklon, Berlin, Germany). In brief, five 
flies were transferred to a bead tube and sliced into smaller pieces 
with autoclaved scissors and then homogenized using the tissue 
lyser II (Qiagen). After centrifugation, supernatants were subse-
quently processed according to the manufacturer's protocol. DNA 
concentrations were then measured using the Qubit 3 fluorometer 
and the high sensitivity dsDNA assay kit (Invitrogen by Thermo 
Fisher Scientific).

2.3  |  Bcbva analyses

2.3.1  |  Detection using real time PCR

To determine Bcbva presence, fly pool extracts were screened with 
three quantitative PCR assays targeting three different gene mark-
ers (Hoffmann et al.,  2017). All extracts were tested for the first 
gene marker, pag (protective antigen gene, located on the pXO1 
plasmid; Ellerbrok et al., 2002). Samples that tested positive for the 
pag gene were subsequently screened for the presence of the sec-
ond gene marker capB (gene for capsule synthesis; located on the 

F I G U R E  1 Locations of fly trapping 
along the park boundary of Taï National 
Park. The area of the circles corresponds 
to the number of fly pools examined 
at each location, while the pie chart 
indicates the number of fly pools positive 
or negative for Bcbva. The color of the 
edges of the pie charts corresponds to the 
habitat type where sampling occurred.
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pXO2 plasmid) and the third marker, Island IV (chromosomal marker) 
that is specific for Bcbva, allowing to differentiate Bcbva and Bacillus 
anthracis (Klee et al., 2010). Like Hoffmann et al. (2017), we elected 
to use three quantitative PCR assays, rather than just a single assay 
for Island IV, to reduce false positives and increase certainty that we 
were detecting Bcbva and not Bcbva (or another hypothetical and 
yet unknown Bacillus cereus harboring Island IV) lacking virulence 
plasmids (a possibility that cannot be excluded but that would likely 
affect the bacterium's pathogenic potential). All assays were carried 
out with two PCR replicates per extract and only considered positive 
if both replicates were positive. Positive results were further con-
firmed by culture and whole genome sequencing (see below).

PCRs were carried out in a total volume of 25 μL, consisting of 
2.5 mM dUTPs, 50 mM MgCl2, 10 μM of each primer, 10 μM of the 
analogous probe, 1.25 U Platinum® Taq Polymerase (Invitrogen), 
2.5 μL 10× Rxn buffer (Invitrogen), and molecular grade water. The 
whole reaction was seeded with 200 ng DNA (N = 16) or 5 μL of DNA 
extracts when DNA concentration was below 40 ng/μl (N = 84). The 
following cycling conditions were used: 95°C for 10 min, followed 
by 45 cycles at 95°C for 15 s and at 60°C for 34 s. Quantitative PCR 
was carried out using the AriaMX Real-Time PCR system (Agilent 
Technologies) and analyzed using the Agilent AriaMx software 
system.

2.3.2  |  Culture from qPCR positive isolates

Bacterial culture was conducted via dilution streaking or spread plat-
ing of 10 μL fly pool-PBS supernatant onto R & F® Bacillus cereus/
Bacillus thuringiensis Chromogenic Plating Medium (R & F Products) 
and incubation at 37°C overnight. Bcbva suspicious, phospholipase-
C deficient (as indicated by white colony growth) single colonies 
were picked.

2.3.3  | Whole genome sequencing of Bcbva isolates

DNA extraction
DNA extraction was performed using the DNeasy Blood and Tissue 
kit, following the manufacturer's protocol for Gram-positive bacteria 
(Qiagen). Briefly, Bcbva suspicious colonies were individually picked 
for DNA extraction. Each colony was transferred into an extraction 
tube containing 162 μL of lysis buffer. Then 18 μL of lysozyme was 
added to each extraction tube and the colony was resuspended. This 
bacterial suspension was then extracted following the manufactur-
er's protocol for Gram-positive bacteria.

Bacterial DNA concentrations were measured with a Qubit 3 
fluorometer and the high sensitivity dsDNA assay kit (Invitrogen by 
Thermo Fisher Scientific).

Library preparation and sequencing
Bcbva libraries were prepared for whole genome sequencing using 
the Nextera XT DNA library prep kit (Illumina). Following the 

manufacturer's protocol, 1 ng of genomic DNA was tagmented, in-
dexed with the Nextera XT index primers and PCR amplified. The 
cycling conditions were as follows: 72°C for 3 min, 95°C for 30 s, 
12 cycles of 95°C for 10 s, 55°C for 30 s, 72°C for 30 s, and a final 
step of elongation of 72°C for 5  min. Amplified products were 
then cleaned up using MagSi NGSPREP Plus beads (Steinbrenner 
Laborsysteme GmbH) to purify the library DNA and short library 
fragments were removed. Libraries were then quantified using a 
Qubit, normalized and pooled for sequencing on an Illumina NextSeq 
2000 with P2 reagents and 2 × 150 cycles.

2.3.4  | Mammal and fly analyses

DNA extracts were also used to reconstruct the mammals and fly 
species diversity in and across the TNP using a metabarcoding ap-
proach. For mammal metabarcoding, a three-step PCR assay was 
used to reduce the amplification biases as described in Hoffmann 
et al.  (2017). For the first PCR assay, 130 bp of 16 S mitochondrial 
DNA was PCR amplified using two universal primers 16 S mam1(5′-
CGGTT​GGG​GTG​ACC​TCGGA-3′), 16 S mam2 (5′-GCT GTT ATC 
CCT AGG GTA ACT-3′) along with the two sets of blocking prim-
ers to reduce the amplification potential laboratory contamination 
from human and pig, 16 S mam_blk hum 3 (5′-CGGTT​GGG​GCG​ACC​
TCG​GAG​CAGAACCC-3′) and 16Smam_blkpig (5′-CGGTTGGGGT 
GACCT​CGG​AGT​ACA​AAAAAC-3′), respectively. PCRs were carried 
out with four PCR replicates for all samples and negative template 
controls. Each PCR was carried out in a total volume of 25 μL, where 
the reaction was seeded with 200 ng of DNA (N = 16) or 5 μL DNA 
if the DNA concentration < 40 ng/μL (N = 84). The reaction mixture 
included 2.5 mM dNTP (replaced by dUTP), 50 mM MgCl2, 10 μM of 
each primer, 10 μM of two blocking primers (human and pig), 0.3 U 
Amperase® uracil N-glycosylase (Invitrogen), 1.25 U Platinum® Taq 
Polymerase (Invitrogen), 2.5  μL 10× PCR Buffer (Invitrogen), and 
molecular grade water. Cycling conditions were as follows: 45°C for 
7 min, 95°C for 15 min, 42 cycles of 95°C for 30 s, 64°C for 30 s, 72°C 
for 1 min, followed by elongation at 72°C for 10 min. PCR-amplified 
products were then visualized on 1.5% agarose gel. All negative tem-
plate controls were negative on the gel, but were further processed 
as positive samples. For the latter, products of the expected size 
were gel-excised under the UV transilluminator and purified using 
the quick gel purification kit (purelink™; Invitrogen).

Gel-purified products were then submitted to a second PCR. 
For the PCR (total volume 25 μL), it was seeded with 5 μL of 16 S 
PCR-product, 2.5 mM dNTP, 4 mM MgCl2, 10  μM of each fusion 
primer (16Smam primer appended with overhang Illumina specific 
adapter sequence), 1.25 U Platinum® Taq Polymerase (Invitrogen), 
and 2.5 10× PCR Buffer (Invitrogen). Cycling conditions were as fol-
lows: 95°C for 5 min, 15 cycles of 95°C for 30 s, 64°C for 30 s, 72°C 
for 1 min, and a final elongation of 72°C for 10 min. These ampli-
fied products were cleaned using paramagnetic beads with 1.8 μL 
× MagSi NGSPREP Plus beads to 1 μL amplicon ratio and eluted in 
17.5 μL TET buffer.
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In parallel, we also proceeded with fly species metabarcoding, 
adapting the protocol of Gogarten et al.  (2022). Briefly, a 180 bp 
mitochondrial fragment of cytochrome oxidase C subunit 1 was di-
rectly PCR amplified using the ANML primers (Jusino et al., 2019) 
in fusion with Illumina adapters (total length ~ 250 bp). The primers 
were LC1490_adapter (5′-GTCTC​GTG​GGC​TCG​GAG​ATG​TGT​ATA​
AGA​GAC​AGG​GTC​AAC​AAA​TCATAAAGATATTGG-3′) and CO1-
CFMRa_Adapter (5′-TCGTC​GGC​AGC​GTC​AGA​TGT​GTA​TAA​GAG​
ACA​GGG​WAC​TAA​TCAATTTCCAAATCC-3′). Reaction mixture in-
cluded 2 μL of DNA extract, 2.5 mM dNTP, 4 mM MgCl2, 10 μM of 
each fusion primer, 1.25 U Platinum® Taq Polymerase (Invitrogen), 
and 2.5 μL of 10× PCR Buffer (Invitrogen) in a total volume of 15 μL. 
Cycling conditions were: 95°C for 5 min, 5 cycles of 94°C for 60 s, 
45°C for 90 s, 72°C for 90 s followed by 35 cycles of 94°C for 60 s, 
50°C for 90 s, 72°C for 60 s, and a final elongation of 72°C for 7 min. 
The PCR amplicons were then cleaned up using paramagnetic beads 
(MagSi NGSPREP Plus beads).

Amplicons from both the fly and mammal metabarcoding from 
each sample were then pooled and dual-indexed using a Nextera 
XT Index kit. Briefly, each of the 12.5 μL PCR mixtures contained 
1.25 μL of bead-purified PCR amplicons, 6.25 μL 2× KAPA HiFi 
HotStart ReadyMix (peqLab), 1.25 μL of each Nextera XT index 
primer (Illumina) and 2.5 μL of nuclease-free water. Cycling condi-
tions were 95°C for 3 min, 8 cycles of 95°C for 30 s, 55°C for 30 s, 
72°C for 30 s, and a final elongation step of 72°C for 5 min. The 
amplicons were further purified using 1.8 μL × MagSi NGSPREP 
Plus beads to 1 μL amplicon ratio and eluted in a 17.5 μL TET buf-
fer. The indexed amplicon libraries were then quantified using a 
Qubit 3 and the high sensitivity dsDNA assay kit (Invitrogen) and 
sequenced on an Illumina Nextseq 500 with a mid-output kit v.2 
and 2 × 150 cycles.

2.4  |  In silico analyses

2.4.1  |  Bcbva genomic analysis

Previously published whole genome sequencing data from Bcbva 
isolates collected in TNP were downloaded from the Sequence 
Read Archive (SRA) and converted to fastq files using the sra-toolkit 
(v. 2.22.0; Leinonen et al.,  2011). Fastp (v.0.12.4) was used for 
read adapter trimming and quality assessment (Chen et al., 2018). 
Genomic variants were called via the snippy tool (v. 4.6.0; https://
github.com/tseem​ann/snippy), comparing genomes to the Bcbva CI 
typestrain (GCA_000143605.1) and a variant-site multi fasta align-
ment was generated using SNP-sites (v.2.2.3; Page et al.,  2016). 
The DNA evolution model was selected via modeltest-ng (v. 0.1.7) 
and the tree was inferred in a maximum likelihood framework with 
the help of raxml-ng (v.1.1) starting from 20 random and 20 parsi-
mony trees (Darriba et al., 2020; Kozlov et al., 2019). Branch sup-
port values of the best ML tree were evaluated by performing 1000 
bootstraps and calculating Transfer Bootstrap Expectation values 
(Lemoine et al., 2018).

2.4.2  | Mammal metabarcoding

We joined paired-end raw reads using the illuminapairedend com-
mand of the OBITools package (v1.2.13), setting the minimum align-
ment score to 40 and removing any non-overlapping reads (Boyer 
et al.,  2016). Primer sequences were removed using the ngsfilter 
command in OBITools and then quality-trimmed with Trimmomatic 
(v0.36), using a minimum quality score of 30 over a sliding win-
dow of four bases, as well as a leading and trailing minimum qual-
ity score of 30 and a minimum surviving read length of 80 bp. We 
then de-replicated the surviving reads using the OBITools obiuniq 
command. We built a reference database using the OBITools ecoPCR 
(v0.2) command to run an in silico PCR on all mammal sequences 
in GenBank, allowing three mismatches between primers and ref-
erence sequences and a synthetic product length between 50 and 
800 bp. We then used this database to assign a taxonomy to surviv-
ing reads from our experiment using the OBITools ecotag command, 
with a minimum identity level of 0.97. Downstream analyses were 
based on sequences that were assignable to a mammal species.

Negative controls contained only a single read that could be as-
signed to the species level, but to conservatively avoid false posi-
tives, we only considered a species present when it was detected 
with at least 10 reads and the species represented at least 0.1% 
of the total assignable reads for the pool. In addition, the pipeline 
dropped reads assigned to domestic genera and frequent labora-
tory contaminants (i.e., those assigned to the genera Bos, Canis, Sus, 
Equus, and Homo), as well as reads that were assigned to the genus 
Macaca, for which a closer investigation with blast revealed that 
these represented a hit to a bacterial artificial chromosome and not 
the targeted 16 S barcoding region.

2.4.3  |  Fly metabarcoding

Primers were removed with cutadapt v2.1 (Martin, 2011) and as-
signed to amplicon sequence variants (ASVs) using the DADA2 pipe-
line (Callahan et al., 2016). Sequences trimmed for quality using the 
filtering parameters (maxN =  0, truncQ =  2, rm.phix =  TRUE and 
maxEE = 2, minLen = 20, trimRight = 1) with the filterAndTrim function 
and then denoised, merged, and chimeras removed with the DADA2 
pipeline implemented in R (Callahan et al., 2016). Reads were then 
assigned to taxa using the eukaryote CO1 reference set v4.0 with 
the RDP classifier (Porter & Hajibabaei, 2018; Wang et al., 2007). We 
followed the suggestion of Porter and Hajibabaei  (2018) and used 
bootstrap support cutoff value of 0.6 as this was shown to produce 
at least 99% correct assignments with barcodes of this length (Porter 
& Hajibabaei, 2018). To focus on flies, we then considered only ASVs 
that were assigned to the family Diptera at this threshold. Negative 
controls contained only two reads that were assigned to the family 
Diptera, but to conservatively avoid false positives, we considered 
a ASV present only when it represented at least 5% of the Dipteran 
reads for a given sample and at least 10 reads. This higher threshold 
compared to the mammal detections was selected as the fly pools 
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were known to contain five flies, rather than the trace amounts of 
mammalian DNA found in and on these flies.

Surviving ASVs were then assigned to molecular operational 
taxonomic units (MOTUs) by first aligning ASVs with Geneious 
Prime (v2021.2.2) and creating a phylogeny of the COI barcode 
using IQTREE (V2.2.0.3), testing for the best fitting model with 
ModelFinder (N  =  55 sequences). Bootstrap support was esti-
mated using the ultra-fast bootstrap procedure with 1000 pseudo-
replicates. Subsequent analyses focused on the best fitting model 
according to BIC (TIM2 + F + G4). This tree was then used as the 
input for a general-mixed Yule/coalescent (GMYC) analysis imple-
mented in the R package splits (Fujisawa & Barraclough,  2013), 
with the aim of delineating putative species (Pons et al., 2006). This 
approach required the tree be rooted and ultrametric, which was 
achieved using the chronos function in the R package ape (Paradis & 
Schliep, 2019) and midpoint.root function in the R package phytools 
(Revell, 2012). The GMYC approach resulted in the delineation of 34 
fly MOTUs, which formed the basis of subsequent analyses.

2.4.4  |  Statistical analysis and visualizations

We used a Fisher's exact to compare the Bcbva positivity in the 
three habitat types. To test for a difference in the number of mam-
mal or fly species detected per fly pool in the three habitat types, 
we used a Generalized Linear Model with a Poisson error structure 
and log link function (McCullagh & Nelder, 1989). We fit a model 
including habitat as a fixed effect and fit the model in R using the 
function glm. The sample for this model comprised 100 fly pools. To 
establish the significance of the full model, we used a likelihood ratio 
test (Dobson & Barnett, 2002), comparing its deviance with that of a 
null model comprising only the intercept.

A satellite image of the sampling region was downloaded from 
the google api and pie charts were plotted on this image using the 
ggmap, scatterpie, and ggplot2 R packages (Kahle & Wickham, 2013; 
Wickham, 2016). We constructed species accumulation curves of 
mammal and fly species diversity using the BiodiversityR, R pack-
age to calculate the expected mean species richness for different 
sample sizes (Kindt & Coe, 2005). We constructed Venn diagrams of 
species overlap between habitat types using the ggvenn R package 
(Yan, 2021). To account for differences in the number of fly pools 
tested in the different habitat types, for the Venn diagrams we 
downsampled the data to the minimum number of fly pools in a hab-
itat type (N = 25). The maximum likelihood phylogeny was plotted 
with the help of the ggtree package (Yu, 2020).

All statistical analyses were performed in R v4.2.1 (R Core 
Team, 2021).

3  |  RESULTS

We detected Bcbva in 5 of the 100 fly pools tested. Bcbva posi-
tivity of fly pools varied significantly across the three habitat types 

(forest = 4/25, edge = 1/50, and village = 0/25: Fisher's exact test; 
P = 0.026; Figure 1). It was possible to culture Bcbva from all five 
fly pools, confirming their positivity. We generated whole genomes 
from each of these pools with a chromosomal depth of coverage of 
at least 114 X.

We generated a total of 2,530,239 paired reads from the pooled 
16 S mammal metabarcoding and COI fly metabarcoding experi-
ment. Of these paired reads, 1,593,484 survived the obitools pro-
cessing pipeline for mammals and were assigned a taxonomic rank 
(x̄ per fly pool ± SD = 15,934 ± 9242 paired reads). The number of mam-
malian species per fly pool varied by habitat type (χ2 = 62.2, df = 2, 
p < 0.001; Figure  2a), with more mammal species detected per fly 
pool in the forest than either the edge or village (z = 6.47, p < 0.001); 
similarly, there were more mammal species in the edge than the vil-
lage (z = 3.85, p < 0.001). Species accumulation curves revealed that 
mammal diversity in the village plateaued well below the species 
diversity observed in the forest and edge (Figure  2b). In both the 
edge and the forest, the species accumulation curves had not yet 
plateaued, suggesting more species are yet to be described in these 
habitats. The initial rate of accumulation of novel species detections 
was higher in the forest than the edge habitat. There was consid-
erable overlap in the species detected in the edge and village habi-
tats, while none of the mammal species detected in the village were 
unique to the village. We detected five species in all habitat types 
(Cercopithecus campbelli, Campbell's monkey; Cercopithecus diana, 
Diana monkey; Cricetomys sp., giant pouched rat; Piliocolobus badius, 
western red colobus; Procolobus verus, olive colobus) and a num-
ber of species were detected in both the edge and the forest, but 
not the village (Atherurus africanus, African brush-tailed porcupine; 
Crossarchus sp.; Crossarchus obscurus, common kusimanse; Nandinia 
binotata, African palm civet; Philantomba maxwellii, Maxwell's dui-
ker; Potamochoerus porcus, red river hog), while Protoxerus stangeri, 
the forest giant squirrel, was the only species detected in both the 
forest and village, but not the edge. Prior to downsampling, there 
were eight species detected only in the forest (Anomalurus beecrofti, 
Beecroft's flying squirrel; Anomalurus derbianus, Lord Derby's scaly-
tailed squirrel; Cephalophus jentinki, Jentink's duiker; Cercopithecus 
nictitans, greater spot-nosed monkey; Crossarchus sp.; Dendrohyrax 
dorsalis, western tree hyrax; Hybomys trivirgatus, Temminck's striped 
mouse; Hyemoschus aquaticus, water chevrotain), while nine species 
were only detected in the edge (Cephalophus sp.; Cephalophus dorsa-
lis, bay duiker; Cercopithecus petaurista, lesser spot-nosed monkey; 
Colobus polykomos, king colobus; Crocidura grandiceps, long-headed 
shrew; Eidolon helvum, straw-colored fruit bat; Grammomys sp.; 
Lemniscomys striatus, Typical striped grass mouse; Mastomys natal-
ensis, Natal multimammate mouse; Mops condylurus, Angolan free-
tailed bat; Figure 2c).

All of the nine mammal species detected in Bcbva-positive fly 
pools (African brush-tailed porcupine, Campbell's monkey, Diana 
monkey, forest giant squirrel, giant pouched rat, greater spot-nosed 
monkey, Maxwell's duiker, olive colobus, western red colobus) were 
also detected in Bcbva-negative fly pools. Most of these species 
were not specific to the edge or forest, with the exception of greater 
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    |  7 of 12JAHAN et al.

spot-nosed monkey and Maxwell's duiker, that were found only in 
the forest, while the forest giant squirrel was detected in the forest 
and village. Decades of carcass monitoring in TNP have detected 
Bcbva in carcasses of Cephalophus sp., West African chimpanzees 
(Pan troglodytes verus), Hystricidae, Herpestidae, king colobus, 
western red colobus, Diana monkeys, lesser spot-nosed monkeys, 
Campbell's monkeys, and sooty mangabeys (Cercocebus atys), which 
suggest considerable overlap in carcass- and fly-based association of 
Bcbva and mammal species. Here, the forest giant squirrel, greater 
spot-nosed monkey, Maxwell's duiker, and giant pouched rat rep-
resent potential hosts detected for the first time in Bcbva-positive 
flies, though are in complete accordance with previous genus-level 
analyses of mammal detections in Bcbva-positive flies from the for-
est interior of TNP.

We generated a total of 488,546 paired fly COI metabar-
coding reads, of which 445,420 could be assigned a taxonomy 
with the RDP classifier (x̄ per fly pool ± SD  =  4454.18 ± 2920 paired 
reads). Of these, 442,034 were assigned to one of the 34 Dipteran 
MOTUs (x̄ per fly pool  =  4420 ± 2915 paired reads) and 432,065 
met the minimum proportion of reads in a sample thresholds 
(x̄ per fly pool = 4320 ± 2869 paired reads). Fly MOTU detection per fly 
pool varied significantly by habitat type (χ2 = 7.18, df = 2, P = 0.028; 
Figure 3a), with more fly MOTUs detected per fly pool in the edge 
than the village (z = 2.57, P = 0.01), with no significant difference in 
the fly MOTUs detected per fly pool in the forest or village. The fly 
species accumulation curve plateaued in the village habitat suggest-
ing much of the fly MOTU diversity had been described, but in both 
the edge and forest, the curves were still increasing at the maximum 
sample size, suggesting that further sampling would continue to re-
veal novel fly MOTUs in these habitats (Figure 3b). There were four 
generalist MOTUs that were detected in all habitats; these could be 

assigned to the families Calliphoridae and Sarcophagidae by the RDP 
classifier. In addition, there were many novel MOTUs detected only 
in one habitat (Figure 3b); the 10 MOTUs detected only in the edge 
belonged to the family Calliphoridae, while the 3 MOTUs detected 
only in the forest belonged to the family Calliphoridae, and the one 
MOTU detected only in the village belonged to the family Muscidae 
(Figure 3c). All six of the fly MOTUs detected in Bcbva-positive fly 
pools were also detected in Bcbva-negative fly pools and could be 
assigned to the families Calliphoridae and Sarcophagidae.

The five Bcbva genomes generated here span a considerable 
portion of known Bcbva diversity in this ecosystem (Figure 4). The 
one Bcbva detection in a fly captured at the edge revealed a genome 
identical to one of those sampled in the forest.

4  |  DISCUSSION

We used fly iDNA to explore the distribution of Bcbva along a gradi-
ent from villages to the forest. At the same time, iDNA generated 
data about the mammal and fly communities in these habitats, pro-
viding insights into the ecology of this pathogen. For both Bcbva 
and mammal species DNA, the detection rate varied across habitat 
types. The highest Bcbva detection rate was in the forest, where we 
also saw the highest mammal species richness and highest mammal 
detection rate in flies. We did not detect Bcbva in the village habi-
tat, which was also the most mammal and fly species-poor environ-
ment. The Bcbva that we detected with iDNA spanned much of the 
known genomic diversity of this pathogen generated with decades 
of carcass monitoring (Hoffmann et al., 2017). Similarly, the mam-
mal hosts detected in Bcbva-positive fly pools showed considerable 
overlap with the mammal species' whose carcasses contained Bcbva 

F I G U R E  2 (a) A box and whisker plot of the number of mammal species detections per fly pool in the different habitat types. The 
horizontal line in the whisker plots represents the mean, while the lower and upper bounds of the boxes indicate the first and third 
quartiles, respectively. The upper and lower whiskers extend to the largest and lowest values no more than 1.5 times the interquartile range 
away from the hinge. Raw data are plotted as points, with the color corresponding to the habitat type. (b) Mammal species accumulation 
curves for the three habitat types, with the colors indicating the different habitats as in a and c, with the shade areas indicating the 95% 
confidence interval. (c) Venn diagrams showing the overlap of the mammal species detected in each of the different habitat types. Data were 
downsampled for the Venn diagram so that the mammal detections are from the same number of fly pools (N = 25) in each habitat type.
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(Hoffmann et al., 2017). Our results highlight the power of iDNA for 
biomonitoring and pathogen surveillance of emerging and newly de-
scribed pathogens.

The high Bcbva detection rate in forest flies described here is 
not unprecedented (4/25 fly pools); indeed previous work in TNP 
on individual flies, found high Bcbva detection rates in flies form-
ing a long-term association with a group of sooty mangabeys in TNP 
(~7% of individual flies positive for Bcbva; Gogarten et al., 2019). 
A broader survey of flies across TNP forest also suggested a high 
positivity rate in the research area where hunting is rare (~5% of in-
dividual flies; Hoffmann et al., 2017). Interestingly, Bcbva positiv-
ity varied across the forest habitat and it was more likely to detect 
Bcbva in flies within the research area than adjoining forest where 
mammal diversity and biomass was lower because of hunting. In 
these TNP fly iDNA studies, Bcbva positivity was also more likely in 
flies that contained more mammal DNA, perhaps indicating recent 
contact with an animal carcass (Hoffmann et al., 2017). Our findings 
echo these results, in that Bcbva detection was highest in the forest 
habitat, where mammal detection rates in fly pools and overall mam-
mal species diversity were highest. We hypothesize that a larger 
number of mammal species and a higher mammal biomass support 
more Bcbva mortality in an area, which, in turn, results in more flies 
coming into contact with Bcbva.

Traditional survey techniques have been used in TNP to monitor 
populations of certain mammal species and found mammal declines 
that correlate with signs of hunting (Hoppe-Dominik et al., 2011; 
Köndgen et al.,  2008). While it was hypothesized that the forest 
edge represents a hostile environment for wild mammals due to ease 
of access to hunters, this was difficult to quantify in part because an-
imals might also modify their behavior to reduce detection in these 
hunting areas (Benhaiem et al., 2008). Our iDNA results suggest that 
mammal biodiversity is considerably lower at the forest edge than a 

few kilometers away in the forest. Some caution is warranted when 
interpreting iDNA for biodiversity monitoring, in that detecting the 
DNA of an animal need not mean the animal was alive in that hab-
itat (i.e., DNA could originate from wildlife carcasses hunted in the 
forest but processed in the village). Indeed, the detection of non-
human primate DNA in village flies might be indicative of the regular 
consumption of these species in the region (Refisch & Koné, 2005). 
While camera traps, acoustic monitoring, or dung counts can also 
be useful for detection of certain species, our findings suggest that 
iDNA represents a useful tool for describing biodiversity in edge and 
village ecosystems where mammal monitoring with traditional sur-
veys can be more challenging.

To reduce costs and increase our sample sizes, we used a fly 
pooling strategy. Pooling has drawbacks when studying pathogen 
ecology, in particular when looking for mammal host–pathogen 
detection correlations to assign a pathogen to a particular host or 
vector species, since it is not possible to make sure that host and 
pathogen DNA stem from a same individual fly (Alfano et al., 2021; 
Mwakasungula et al., 2022). This problem is even complicated by po-
tential DNA movements in the collection tube before the analyses, 
which might increase the frequency of spurious codetection events. 
These limitations can be compensated with larger sample sizes that 
enable more detections and allow the use of modeling approaches 
to identify codetections across multiple pools; this was not feasible 
here as we only had five Bcbva detections. Despite these challenges, 
the high degree of overlap between iDNA host species estimates 
and those generated from carcass monitoring suggests this pooling 
strategy can generate biologically meaningful results in keeping with 
the extremely broad host range known for this pathogen (Hoffmann 
et al., 2017).

In contrast to mammal diversity, fly MOTU diversity was higher 
at the forest edge than the forest or villages. A number of factors 

F I G U R E  3 (a) A box and whisker plot of the number of fly MOTU detections per fly pool in the different habitat types. The horizontal line 
in the whisker plots represents the mean, while the lower and upper bounds of the boxes indicate the first and third quartiles, respectively. 
The upper and lower whiskers extend to the largest and lowest values no more than 1.5 times the interquartile range away from the hinge. 
Raw data are plotted as points, with the color corresponding to the habitat type. (b) Fly MOTU accumulation curves for the three habitat 
types, with the colors indicating the different habitats as in a and c, with the shade areas indicating the 95% confidence interval. (c) Venn 
diagrams showing the overlap of the fly MOTUs detected in each of the different habitat types. Data were downsampled for the Venn 
diagram so that the fly MOTU detections are from the same number of fly pools (N = 25) in each habitat type.
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    |  9 of 12JAHAN et al.

might be involved in driving this pattern, but the habitat heteroge-
neity at the edge may support the presence of both more anthropo-
genic flies, those that thrive in more savannah like ecosystems, as 
well as forest specialists. This is in keeping with broader studies of 
invertebrate biodiversity at edges, that suggest even sharp habitat 
edges as defined by major changes in soils and plants do not serve 
as hard edges but broad transition zones for many invertebrate taxa 
(Dangerfield et al., 2003). Indeed, forest edges in a tropical forest in 
Indonesia showed higher levels of insect diversity than the forest 
interior (Darsono et al., 2020). Whether particular fly species are 
more likely to carry Bcbva is unclear, but the variation in fly species 
community composition might be linked to the variation in Bcbva 
detection rates across habitats.

Flies have been implicated as vectors for a number of pathogens, 
including Bacillus anthracis, the causative agent of classic anthrax 
(Blackburn et al., 2010; Greenberg, 1971; Turell & Knudson,  1987). 
Our finding of a Bcbva-positive fly pool at the forest edge, in areas 

frequently used by people, may represent a route of exposure to Bcbva. 
Flies can travel large distances, at the scales examined here; for exam-
ple, a mark–recapture experiment in TNP showed that flies moved at 
least 1.3 km in the forest with a monkey group (Gogarten et al., 2019). 
Similarly, flies can move at least a few 100 m across the forest edge 
into village areas around Kibale National Park, Uganda suggesting they 
may serve as mechanical vector between these ecosystems (Jahan 
et al., 2023). While the potential mobility of flies may impact the scale 
at which pathogen and mammal iDNA-based monitoring is meaningful, 
the biological signal extracted from the mammal and fly diversity es-
timates across these habitats suggests these fly populations are not a 
homogeneous population mixture at this spatial scale.

We detected an identical Bcbva isolate in a fly captured in the 
forest and edge. We previously described Bcbva diversity within car-
casses and found that isolates differed by a maximum of two chro-
mosomal single nucleotide polymorphisms (Hoffmann et al., 2017), 
suggesting these flies were likely exposed at the same carcass or 

F I G U R E  4 Maximum likelihood 
phylogeny of Bcbva chromosomes 
collected in TNP. The tree is midpoint 
rooted and internal branches with transfer 
bootstrap values below 0.7 are displayed 
in non-bold. Tip points are displayed 
for the sequences generated within this 
study, whereas the points color and shape 
represent the fly sampling location. The 
isolation sources of all sequences are 
illustrated by a colored strip. Substitutions 
per site are represented by the scale bar.
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epidemiologically linked carcasses. The lack of Bcbva detection in 
village areas suggests that Bcbva is not causing mammal mortality 
in this habitat at the scale seen in neighboring forests. While the 
seropositivity of people to Bcbva shows that exposure happens in 
this region, how this exposure happens is unclear and determining 
the impact of Bcbva on people and their livestock represents an im-
portant area of research.

Our results demonstrate the power of iDNA for biomonitoring 
and pathogen surveillance along gradients of anthropogenic distur-
bance. Fly iDNA revealed the spatial scope and host range of Bcbva 
at the forest edge and surrounding villages and supported a strict 
reliance of this bacterium on the rainforest ecosystem.
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