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13 Abstract: Buruli ulcer (BU), caused by Mycobacterium ulcerans, is a neglected tropical disease associated with
14 freshwater habitats. A variety of limnic organisms harbor this pathogen, including aquatic bugs (Hemiptera:
15 Heteroptera), which have been hypothesized to be epidemiologically important reservoirs. Aquatic Hemiptera
16 exhibit high levels of diversity in the tropics, but species identification remains challenging. In this study, we
17 collected aquatic bugs from emerging foci of BU in the Southwest Region of Cameroon, which were identified
18 using morphological and molecular methods. The bugs were screened for mycobacterial DNA and a selection of
19 20 mycobacteria-positive specimens from the families Gerridae and Veliidae were subjected to next-generation
20 sequencing. Only one individual revealed putative M. ulcerans DNA, but all specimens contained sequences from
21 the widespread alpha-proteobacterial symbiont, Wolbachia. Phylogenetic analysis placed the Wolbachia sequences
22 into supergroups A, B and F. Circularized mitogenomes were obtained for seven gerrids and two veliids, the first
23 from these families for the African continent. This study suggests that aquatic Hemiptera may have a minor role
24 (if any) in the spread of BU in Southwest Cameroon. Our metagenomic analysis provides new insights into the
25 incursion of Wolbachia into aquatic environments and generates valuable resources to aid molecular taxonomic

26 studies of aquatic Hemiptera.
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28

29  1.Introduction

30 Mycobacterium ulcerans is a slow-growing environmental pathogen that infects the skin and subcutaneous
31 tissues, causing Buruli ulcer (BU; also known as Bairnsdale/Daintree ulcer in Australia) [1]. BU is an emerging,
32 treatable but neglected skin infection that manifests as slowly developing, unspecific indolent nodules, papules, or
33 induration by oedema, which can progress to necrotizing skin ulcers [2]. BU treatment outcomes can be good if the
34  condition is diagnosed early, while late diagnosis can lead to extreme patient suffering and severe complications
35  necessitating surgery or even amputation of limb(s) [3,4]. Although the incubation period of M. ulcerans infection
36  has not been clearly defined, it is thought to vary from weeks to several months, with a median of 4 - 5 months
37  [56]

38 BU has been reported in over 35 countries [7], almost half of which are in Africa [2]. In Cameroon, the first
39  cases of BU were diagnosed in 1969 in 47 patients residing in a confined area near the villages of Ayos and
40  Akonlinga [8,9]. This was two decades after BU was first described in Australia [10] and some years after the first
41  casereportin Africa [11]. Although the number of BU cases in Cameroon has declined following active surveillance
42 inline with recent global trends [12], it is still a major public health problem in this country. New foci of infection
43 continue to emerge, while Bankim and Akonolinga remain as disease hot spots. From 2001 to 2014, the number of
44  BU endemic health districts rose from two to 64 [12-15].
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45 Mycobacterium ulcerans DNA has been detected in aquatic bugs (Hemiptera: Heteroptera) [16,17], other limnic
46  organisms (e.g., aquatic plants, fish, tadpoles and mosquitoes [18-20]) and environmental samples (freshwater and
47 soil [21,22]) in several ecological studies, but its route(s) of transmission from these sources has not yet been fully
48  established [23-25]. Emergence of BU has been linked to acquisition of a megaplasmid, pMUM, by Mycobacterium
49  marinum, a far less virulent environmental pathogen associated with aquatic habitats [26]. The megaplasmid
50  encodes for polyketide synthases and accessory enzymes for the biosynthesis of a macrolide toxin, mycolactone
51 [27], which is responsible for tissue damage and local immune suppression in BU [28]. Phylogenomic evidence
52 indicates that all mycolactone-producing mycobacteria (MPM) form a monophyletic group comprising three clonal
53 lineages, which should be considered ecovars of M. ulcerans rather than distinct species (the so-called
54 “Mycobacterium liflandii”, “Mycobacterium pseudoshottsii” and “Mycobacterium shinshuense”) [26]. It has been
55  hypothesized that M. ulcerans can be transmitted by human-biting aquatic bugs, notably those in the families
56  Naucoridae, Belostomatidae, Notonectidae and Nepidae [29-31]. Although it has been clearly established that M.
57  ulcerans specifically colonizes the salivary glands of biting bugs and they can transmit the pathogen to laboratory
58  rodents [16,31], their role as disease vectors in nature remains controversial. Indeed, it is highly unlikely they are
59  directly responsible for the majority of BU cases [32,33]. Nevertheless, as most families of aquatic bugs contain
60  species (or morphs) with flight ability [34], the colonization of aquatic bugs by M. ulcerans may be important in the
61  spread of the pathogen into new areas.

62 Previous studies in central Cameroon have implicated aquatic bugs as reservoirs and/or vectors of M. ulcerans,
63  with colonization of the insects being detected in a BU-endemic area but not a proximate non-endemic area [16].
64  The current study investigated aquatic bugs from the previously under-sampled Southwest Region of Cameroon
65  for signatures of M. ulcerans in order to map environmental sources and potential reservoirs of the pathogen, as
66  evaluating the presence of M. ulcerans in the environment is important in assessing the risks for human infection
67  [23,34,35]. Precise species identification and delimitation of aquatic bugs in tropical regions, where species diversity
68 s very high, can be challenging. Several authors have proposed the use of DNA barcoding targeting a standard
69  region of the mitochondrial gene, cytochrome ¢ oxidase subunit I (coi), in the taxonomy of true bugs [36,37].
70 Therefore, our study extended the previous use of DNA barcoding for identification of Cameroonian aquatic bugs
71 [38] in a more focused geographical area where BU appears to be emerging.

72 Recent reports of a high prevalence of the a-proteobacterial symbiont, Wolbachia, in aquatic insects [39] may
73 also be of epidemiological relevance. Although Wolbachia is the most widespread animal symbiont on Earth, being
74 found in >50% of terrestrial arthropod species [40], the extent of its penetration into aquatic environments remains
75  unclear. Wolbachia is known to affect the susceptibility of arthropod hosts to colonization by other microorganisms
76 (either positively or negatively, depending on specific combinations of pathogen, vector and Wolbachia strain [41-
77  43]) and can profoundly impede vector competence if artificially introduced into naive hosts [44]. Therefore,
78  interactions between M. ulcerans and Wolbachia in aquatic bugs have the potential to impact on the dissemination
79 of the pathogen in the host and perhaps the wider environment.

80 Here, we present the results of an intensive environmental and taxonomic survey of aquatic bugs in the
81  Southwest Region of Cameroon. Through a combination of traditional morphology-based taxonomy and DNA
82  barcoding coupled with metagenomics, we provide new insights into the diversity of aquatic Hemiptera in
83  Cameroon, acquire the first complete mitochondrial genomes from bugs for the country, and demonstrate that
84  while infection with M. ulcerans is virtually absent in bugs from the Southwest, they harbor surprisingly diverse
85  Wolbachia sequence types.

86 2. Materials and methods

87  2.1. Study sites

88 A cross-sectional descriptive study, in which study sites were selected using a multi-stage sampling approach,
89  was carried out in the Southwest Region of Cameroon. This region was chosen because it is BU-endemic, but very
90 little information on the disease (especially environmental sources of M. ulcerans) exists for this part of the country.
91  Localities endemic for BU have been identified in the Southwest Region, leading to the establishment of a BU
92 detection and treatment center; however, research and control efforts have so far been focused only in the three
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93  main BU-endemic foci (located in other administrative Regions): Akonlinga (Centre), Ayos (Centre) and Bankim
94  (Adamawa) [13,45].
95 Six health districts (HDs) from a total of 18 in the Southwest Region were selected for the study based on the
96  cumulative number of BU cases reported within a 14-year period (2001-2014) [12]. Two of the HDs (Mbonge and
97  Ekondo-Titi) are referred to as mesoendemic foci in the present study because they reported cumulative BU cases
98  of 75 and 37 respectively; values much lower than those reported by the three major endemic foci in Cameroon
99 [Akonolinga (1081), Bankim (557) and Ayos (485)] within the same 14-year period [12]. The other four HDs (Limbe,
100  Buea, Muyuka and Kumba) are referred to as hypoendemic foci because each reported <10 cumulative BU cases
101 within the stated period.
102 An initial scoping exercise was undertaken in the towns and accessible villages in each selected HD to i)
103 introduce the study to the local population and ii) map the sampling points (also termed as water bodies or
104  sampling sites). Some villages were poorly accessible by road and could only be reached by trekking. In each
105  locality, there was formal self-introduction to the traditional ruler followed by briefings on the study’s goals.
106  Sampling points were mapped with the assistance of the population. Almost all water bodies sampled were
107  shallow, slow-flowing (except after heavy rain) or stagnant water bodies with overhanging vegetation that were
108  used by community members for a variety of purposes (drinking, washing of clothes and/or vehicles, recreation,
109  cooking, fishing and bathing) and were persistent throughout the year. An exception with regard to depth was
110 Lake Barombi Mbo, a volcanic lake with an area of 5 km? and an average depth of 69 m, although only the shallows
111 accessible by wading were sampled (Figure S1C). The other sampling sites varied to a lesser degree with respect to
112 depth, size and exposure to sunlight (Figure S1A-D).

113 2.2. Sample collection and transportation

114 Aquatic bugs were collected from each of 25 water bodies (Figure 1) from 13t — 25t July 2017. The same
115  sampling methods were used at each site and the sampling was carried out between 9:00 am and 3:00 pm. The
116  aquatic bugs were captured by hauling a three-piece collapsible professional hand net (250 mm wide frame, 1 mm
117 in mesh size and 300 mm deep) (EFE & GB Nets, Lostwithiel, UK) from the water surface to the bottom substrate
118  for comprehensive sampling of specimens in the water column, the depth of which never exceeded ~1.3 m (wading
119  height). Epineustonic bugs observed moving across the water surface were also sampled opportunistically. At each
120  site, several sweeps with nets were performed within 40 min by a team of four workers and samples were placed
121 into a white plastic tray (EFE & GB Nets) in order to remove extraneous vegetable matter and non-hemipteran
122 animals. Putative hemipterans were transferred into a 50 mL polypropylene tube containing absolute acetone, kept
123 ina cooler and transported to the Laboratory for Emerging Infectious Diseases, University of Buea, for short-term
124 storage. Subsequently, the acetone was decanted and all samples were shipped to the University of Liverpool, UK,
125  under an import license issued by the UK Animal & Plant Health Agency. The acetone was replaced and the insects
126  stored at 4°C.

127 2.3. Aquatic bugs identification and morphotyping

128 Each bug was numbered uniquely for taxa identification. Using a stereomicroscope, taxonomic keys, written
129  descriptions, specimen comparisons, image verification and an extensive literature search [25,38,46-65] the aquatic
130  bugs were placed into families, genera, morphotypes and, wherever possible, species. Confirmation of the identity
131  of selected specimens was done by morphological comparisons with material in the collections of the Natural
132 History Museum, London.
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134 Figure 1. Sample collection sites in the Southwest Region of Cameroon.
135 2.4. DNA extraction from aquatic bugs
136 The bugs were rinsed with distilled water to remove acetone and each specimen was cut into several pieces

137  with a separate sterile disposable scalpel (Swann-Morton, Sheffield, England) before transfer into a 1.5 mL snap
138 cap tube. Ammonium hydroxide (150 pL, 1.5 M) (Sigma-Aldrich) was added to the tube and boiled in a heating
139 block at 100°C for 15 min [66]. The tubes were centrifuged at 5,000 x g for 1 min and reheated at 100°C for 15 min
140  with the lids open to evaporate ammonia and obtain a final volume of 70 — 100 puL. Insoluble material was removed
141  after centrifugation at 10,000 x g for 10 min and discarded. The concentration of DNA was determined by Quant-
142 iT PicoGreen dsDNA quantification assay using a microplate fluorimeter (Infinite F200, Tecan) and Magellan Data
143 Analysis Software (Tecan). The DNA samples were stored at 4°C.

144 2.5. Coi amplification (DNA barcoding)
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145 For DNA barcoding, the mitochondrial coi region was amplified. Unless stated otherwise, each conventional
146  PCR runin this study had a final volume of 20 uL comprising 10 uL BioMix Red master-mix (2X), 1 uL each primer
147  from a 10 uM working stock (final concentration, 0.5 M), 1 uL DNA template and 7 uL nuclease free water. All
148  PCR amplifications were conducted in a Biometra TRIO Thermal Cycler (Analytik, Jena, Germany) and
149 electrophoretic separations of PCR products were on a 1% agarose gel stained with SYBR Safe DNA Gel stain
150  (Invitrogen). The PCR products were visualized and photographed with a Safe Imager transilluminator
151 (Invitrogen). A negative control, in which DNA template was replaced with nuclease-free water, was included in
152 each PCR run.

153 The primers used for the amplification of the coi fragment (710 bp) were LCO1490: 5'-
154 GGTCAACAAATCATAAAGATATTGG-3' (sense) and HC02198: 5-TAAACTTCAGGGTGACCAAAAAATCA-3'
155  (antisense) [67]. PCR amplifications comprised initial denaturation at 94°C for 5 min, followed by 35 cycles of
156  denaturation at 94°C for 1 min, annealing at 50°C for 1.5 min and extension at 72 °C for 1 min. The final extension
157  was at 72°C for 5 min and the reactions were then held at 4°C. Selected amplicons were directly sequenced in both
158  directions by Macrogen (Seoul, South Korea) using the same primers used for PCR amplification.

159  2.6. Amplification of a mycobacterial rpoB gene fragment by quantitative PCR

160 Quantitative real-time PCR (qQPCR) was used for rapid screening to detect and quantify mycobacterial DNA
161  in asubset of aquatic bug specimens (see Results). The qPCR was designed to target a fragment (88 bp) of the RNA
162 polymerase B-subunit (rpoB) gene that is 100% conserved in most non-tuberculous mycobacteria, including MPM.
163 The following primers and probes were synthesized by Eurofins Genomics (Ebersberg, Germany): forward primer
164  (Myco-F: 5-GATCTCCGACGGTGACAAGC-3’), reverse primer (Myco-R: 5-CAGGAACGGCATGTCCTCG-3")
165  and Myco-probe (5-6FAM-ACGGCAACAAGGGCGTCATCGGCAAGATCCT-BHQ-1-3"). A 20 uL reaction mix
166  was prepared containing 1 pL DNA template, 10 uL SYBR Green Master Mix (2X) (Bioline), and final
167  concentrations of 0.5 uM for each primer and 0.25 uM for the probe in PCR-grade water. Amplification proceeded
168  on a CFB-3220 DNA Engine Opticon 2 System (Bio-Rad) at 50°C for 3 min (holding), 95°C for 5 min (initial
169  denaturation) followed by 40 cycles of 20 sec at 95°C and 40 sec at 60°C. To quantify the mycobacterial load of each
170  sample, each run included a standard curve with DNA concentrations corresponding to 1,000,000 to 0.1 copies per
171  reaction of a synthetic mycobacterial rpoB oligonucleotide standard (Eurofins Genomics), diluted in 100 ng/ul yeast
172 tRNA (Invitrogen, Carlsbad, CA, USA) to prevent aggregation. Each DNA standard dilution and sample was
173  assayed in duplicate. Opticon Monitor software (v. 3.1) was used for linear regression analysis based on tenfold
174  dilutions of the standard. Each PCR run included a negative control (PCR-grade water) and a positive control
175  (genomic DNA from Mycobacterium ulcerans NCTC 10417, Public Health England Culture Collections, Salisbury,
176  UK).

177 The frequency of rpoB-positive bugs was compared between meso- and hypoendemic sites using a y? analysis
178  at www.socscistatistics.com.

179 2.7. Confirmatory conventional PCRs for bacteria

180 For specimens positive with the rpoB qPCR, a 400 bp fragment of the 152404 insertion sequence from MPM
181  was amplified in a first-round PCR while the nested round amplified a 150 - 200 bp fragment. Both rounds of PCR
182  were performed with primers as previously described [68]. The PCR reactions were prepared as described above
183  for coi, except for the nested round in which 1 uL PCR product from the first-round PCR was used as a DNA
184  template. The PCR amplifications were carried out under the following conditions: initial denaturation at 95 °C for
185 15 min followed by 25 cycles of denaturation at 94 °C for 30 sec, annealing at 64 °C for 1 min and extension at 72 °C
186  for 1 min. The final extension was at 72 °C for 10 min. The cycling parameters for the nested round were identical
187  to those of the first round, except the number of cycles was raised to 30.

188 To amplify Wolbachia surface protein (wsp), primers wsp-81F and wsp-691R [69] were used at a final
189  concentration of 0.5 pM in 20-pl reactions with BioMix Red master-mix (see coi PCR above). The thermocycling
190  conditions comprised 35 cycles at 94°C for 1 min, 55°C for 1 min and 72°C for 1 min.

191  2.8. Metagenomic sequencing
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192 Twenty gerrid and veliid specimens with the highest copy numbers or mycobacterial rpoB were subjected to
193 next-generation sequencing on an Illumina HiSeq 4000 platform (Illumina, Inc., San Diego, CA, USA). [llumina
194  fragment libraries were prepared from genomic DNA using the Nextera XT kit as previously described [70] and
195  sequenced as paired-ends (2 x 150 bp) over two lanes, with a minimum of 280 million clusters per lane. Base-calling,
196  de-multiplexing of indexed reads, and trimming of adapter sequences was conducted as reported previously [70].
197  Raw data were submitted to the Sequence Read Archive at the National Center for Biotechnology Information
198  (NCBI) under BioProject PRINA542604 and accession numbers SRX5884614 - SRX5884633.

199 2.9. Taxonomic assignment

200 Taxonomic read assignments were performed using k-mer based classifiers Kraken v. 2.0.7 [71] and CLARK-S
201  v.1.2.5[72] with default settings. The output from Kraken2 or CLARK-S was visualized using the Krona v. 2.7 [73]
202 tool, creating hierarchical interactive pie-charts. MetaPhlAn2 v. 2.6.0 [74] was also used to identify bacterial species
203  and estimate their relative abundance across all 20 samples according to the database ‘mpa_v20_m200’. Velvet v.
204  1.2.10[75] wrapped by VelvetOptimiser v. 2.2.6 was used to assemble the 20 bug genomes to contig level. According
205  to these assemblies, GC-coverage plots (proportion of GC bases and Velvet node coverage) were generated using
206  BlobTools v. 1.0.1 [76]. Taxonomic assignment of these contigs was achieved using megablastn to search against
207  the nr database.

208  2.10. Mitogenome assembly and annotation

209 The mitogenome of each sample was assembled de novo using NOVOPlasty v. 2.7.2 [77], with the D.
210  melanogaster mitogenome as a seed sequence (NC_024511.2). Each circularized mitogenome assembly obtained
211  inthe first run was used iteratively as a seed sequence to run NOVOPlasty again. In all the assembly processes, the
212 k-mer length was set to 39 and other operation parameters in the configuration file were left on the default setting
213 or set to fit the features of the reads. Protein-coding, rRNA and tRNA genes were annotated with Mitos2 [78] by
214  searching the Refseq 81 Metazoa database using the invertebrate mitochondrial genetic code. The protein-coding
215  genes were manually added or edited, if necessary, after comparing with other hemipteran mitogenomes via
216  tblastn. The tRNAs were identified with the tRNAscan-SE search server v. 2.0 [79] by setting sequence source to
217  ‘other mitochondrial’ and genetic code for tRNA isotype prediction to ‘invertebrate mito’. Mitogenome sequences
218  were compared using BLAST Ring Image Generator v. 0.95 [80] to Perittopus sp. (JQ910988.1) [81], Aquarius paludum
219  (NC_012841.1) [82] and Gigantometra gigas (NC_041084.1) [83] reference sequences. Gene rearrangement analysis of
220  the assembled mitogenomes were visualized using the Mauve genome aligner v. 2015-02-25 [84]. MrBayes v. 3.2.6
221  [85] was run with the generation parameter set to ‘1 in 100 samples’ and the substitution model set to ‘GTR+G+I’
222 (the first 25% of samples were discarded as burn-in) to build a mitogenome tree based on protein super-alignments
223 as previously described [86]. The assembled mitogenomes were submitted to NCBI under accession numbers
224 MNO027271 - MN027279.

225 2.11. Barcode analysis of coi sequences and phylogenetics

226 All Sanger-sequenced coi reads were trimmed of ~50 poor-quality bases at the 5 and 3" end before assembly
227  using the cap3 [87] program. The assemblies were then submitted to the Barcode of Life Data (BOLD) System [88]
228  v.4under the project name “CBUG” and analyzed using the “Cluster Sequences” feature, which calculates pairwise
229  distance following alignment with an amino acid-based hidden Markov model. Gaps were handled by pairwise
230  deletion and the sequences were binned into operational taxonomic units (OTUs) by nearest-neighbor distance. The
231  coi sequences were compared with reference gerrid, veliid and mesoveliid sequences from NCBI and from a
232 previous Cameroonian barcoding study of aquatic bugs [38], in which the data were available in their
233 supplementary information but not BOLD Systems or NCBI. Alignments were performed using Mafft v. 7.402 [89]
234 with the‘--auto’ option and automatically trimmed with Gblocks v. 0.91b [90]. A phylogenetic tree for coi sequences
235  wasreconstructed using IQ-TREE v. 1.6.7 [91] with the parameters ‘-m MFP -alrt 1000 -bnni -bb 1000” to determine
236 the best-fit model for ultrafast bootstrap, and both Shimodaira—Hasegawa-like (SH)-like approximate likelihood
237  ratio tests and ultrafast bootstrapping were conducted to access branch supports within one single run.

238  2.12. Analysis of Wolbachia genes and phylogenetics
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239 Wolbachia reads assigned by Kraken2 were further assembled and scaffolded using SPAdes-3.7.1 [92] with the
240  ‘--careful’ function. Wolbachia protein-coding genes in these assemblies were predicted using Prokka v1.13 [93] with
241 default settings. One-to-one orthologs of Wolbachia protein-coding genes in five reference Wolbachia strains
242 (GCF_000008025.1  GCF_000073005.1, ~ GCF_000306885.1, = GCF_000008385.1, = GCF_001931755.2  and
243 GCF_000829315.1), each from a different taxonomic “supergroup” (higher-level clade), were identified by using
244 OrthoFinder 2.2.3 [94]. To investigate the Wolbachia supergroups in our samples, concatenated phylogenetic trees
245  were constructed for multiple orthologs (depending on the recovery of Wolbachia protein-coding genes in each
246  assembly) at the amino-acid level using IQ-TREE as described above. A phylogenetic analysis for the Wolbachia wsp
247  gene (trimmed PCR amplicons) was also performed using MrBayes with the same parameters as for the whole
248  mitogenome tree. Velvet-assembled contigs classified as Wolbachia bacteriophage (phage WO) were aligned onto a
249  complete phage genome (KX522565.1) from wVitA, a symbiont of the parasitoid wasp Nasonia vitripennis [95], to
250  identify the presence of phage in sequenced bug samples.

251 3. Results

252 3.1. Distribution of aquatic bugs in the Health Districts

253 Of the 1,113 aquatic insects collected in the Southwest Region, 1,102 were identified as true bugs (Hemiptera)
254  belonging to eight families and 29 putative genera. Specimens in each genus were further separated into
255  morphotypes, generating a total of 110 (of which 34 were represented by only one specimen each). Subsequently,
256 331 individual specimens were retained for species confirmation and voucher specimens while the remaining 771
257  were subjected to molecular analysis. Of the 25 sampling points, 17 (68 %) were in hypoendemic zones while the
258  remaing eight (32%) were in mesoendemic areas. Similarly, of the 1,102 aquatic bugs captured, 714 (64.8%) were
259  from the hypoendemic sites and 388 (35.2%) from the mesoendemic sites. The distribution of the aquatic bugs by
260  HD is shown in Figure 2.
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263 Figure 2. The distribution of the aquatic bugs collected in the Health Districts.

264  3.2. Composition of aquatic bug taxa

265 Most bugs collected belonged to just two families, with 498 (45.2%) from the Gerridae (water striders) and 426
266  (38.7%) from the Veliidae (riffle bugs). The Notonectidae, Naucoridae, Belostomatidae, Mesoveliidae,
267  Hydrometridae and Nepidae were represented by 54 (4.9 %), 52 (4.7 %), 36 (3.3 %), 18 (1.6 %), 11 (1.0 %) and 7 (0.6
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268 %) specimens, respectively (Figure 3). Overall, the population of aquatic bugs originating from families known to
269  bite humans was very low (149/1,102, 15.5%) and distributed in the HDs according to Table S1.

270 Visual inspection of the morphotypes indicated that Gerridae were dominated by Limnogonus spp. and the
271  Veliidae by Rhagovelia spp. (Table 1 and Figure 4). Overall, the specimens were allocated to 42 putative species,
272 some containing multiple morphotypes (Table 1). The family Gerridae was the most diverse, with 18 putative
273  species, followed by Naucoridae (8 putative species), Notonectidae (6 putative species), Veliidae (4 putative
274  species), Belostomatidae (3 putative species) and one putative species each for the families Mesoveliidae,
275  Hydrometridae and Nepidae. The Gerridae, Veliidae and Hydrometridae were present in all HDs (Table S2);
276  indeed, six sampling points (three in Buea HD and one each in Muyuka, Kumba and Mbonge) had only gerrids
277  and veliids.
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280 Figure 3. Aquatic bug families identified in this study and their distribution.
281 Table 1. Composition of aquatic bugs based on morphological characteristics and confirmation at the Natural History
282 Museum, London.
. . . No. of
Family (n) Genus Putative species Total °- 9
morphotypes
Limnogonus (L.) curriei Bergroth 1916 2 1
Limnogonus (L.) guttatus Poisson 1948 45 1
Limnogonus (L.) hypoleucus Gerstaecker
4 1
1873
Limnoeonis Limnogonus (L.) intermedius Poisson 1941 57 1
J Limnogonus (L.) poissoni Andersen 1975 83 1
Limnogonus (s. str.) cereinventris Signoret
30 1
1862
Li L. . 41 7
Gerridae (498) ZHIHLOgOMIS (L) spp
Limnogonus (s. str.) sp. 1 1
A i g1 3 1
Aquarius quarius remigis
Aquarius spp. 6 3
Tenagogonus olbovitlotus 6 1
Tenagogonus
Tenagogonus spp. 8 4
Trepobates Trepobates spp. 89 13
Metrobates Metrobates spp. 55 10
Metrocoris Metrocoris spp. 16 4
Neogerris Neogerris severini 1 1
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Rhagadotarsus Rhagadotarsus sp. 1 1
Eurymetra Eurymetra sp. 1 1
Eurymetropsis Eurymetropsis sp. 50 1
Rhagovelia Rhagovelia reitteri Reuters, 1882 184 1
Veliidae (426) Rhagovelia spp. 195 9
Microvelia Microvelia spp. 47 6
Walambianisops Walambianisops spp. 20 5
Anisops Anisops spp. 11 3
. Paranisops Paranisops sp. 1 1
Notonectidae (54) Enithares Enithares sp. 5 2
Notonecta Notonecta sp. 2 1
Nychia Nychia sp. 15 4
Aneurocoris Aneurocoris sp. 25 1
Illyocoris Illyocoris sp. 6 2
Laccocoris Laccocoris sp. 5 1
Naucoridae (52) Maccrocolis Maccroc'olis laticollis 2 1
Naucoris Naucoris ob'scuratus 2 1
Naucoris sp. 9 3
. Neomaccrocoris parviceps ocellatus 2 1

Neomaccrocoris ) . .
Neomaccrocoris parviceps parviceps 1 1
Belostomatidae Belostoma B.elostoma sp. 1 1
(36) Diplonychus Diplonychus sp. 34 6
Lethocerus Lethocerus sp. 1 1
Mesoveliidae (18) Mesovelia Mesovelia sp. 18 3
Hydr(zrlr;(;tndae Hydrometra Hydrometra sp. 11 1
Nepidae (7) Ranatra Ranatra sp. 7 1

1,102 110
283
284 Not all human-biting bugs (Table S1) were analyzed for the detection of M. ulcerans due to the high

285  intraspecific morphological polymorphism observed. For example, the 54 notonectids, placed in six putative
286  species, comprised 16 morphotypes with the most abundant morphotype having only five specimens. Similarly,
287  bugs in the families Mesoveliidae (18, 1.6 %) and Hydrometridae (11, 1.0 %) were also not analyzed for M. ulcerans
288  carriage because of their small numbers (Table 1).
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Limnogonus (L.) spp. Limnogonus (s.str.) spp.
\/ / / I\
7\ \
= YL
289 Rhagovelia spp.
290 Figure 4. Representative specimens of the most common genera of aquatic bugs identified in this study: Limnogonus
291 (Gerridae) and Rhagovelia (Veliidae).

292 3.3. Prevalence of mycobacterial DNA in the aquatic bugs

293 The mycobacterial rpoB gene was detected and quantified in 8.9% of the 771 specimens, comprising 13.2%
294 (53/405) from Gerridae and 4.4% (16/366) from Veliidae. The distribution of the positive specimens among the
295  putative species is detailed in Table 2. The positive specimens comprised 7.9% (21/266) from mesoendemic sites
296  and 9.5% (48/505) from hypoendemic sites (p = 0.457). None of the specimens positive for the mycobacterial rpoB
297  gene were positive for the M. ulcerans-specific 152404 sequence, although this region was successfully amplified
298  from the positive control.

299 Table 2. Detection and quantification of rpoB gene fragment in aquatic bugs from the study sites.
Famil . . Total B iti M B
amty Genus Putative species ot Tpo> Postiive eanrpo
(n) analyzed (%) copy no.

Limnogonus (L.) guttatus Poisson

Gerridae  Limnogonus 1948 39 779) 0
(405) Limiﬁiﬁéﬂg%ﬁmi 76 1) ®
lenog;?ilsssii) 11;z£ielr'medms 50 7 (14) 82

Limnogonus (ng 1czrriei Bergroth 2 0(0.0) 0

Limnogonus (s. str.) cereinventris 24 7 (29.2) 80

Signoret 1862
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Limnogonus (L.) hypoleucus

Gerstaecker 1873 2 1(50) 58
Limnogonus spp. 34 0 (0.0) 0
Aquarius Aquarius spp. 5 0(0.0) 0
Tenagogonus Tenagogonus spp. 8 2 (25.0) 13
Metrobates Metrobates spp. 42 5 (11.9) 47
Trepobates Trepobates spp. 70 4 (5.7) 50
Eurymetropsis Eurymetropsis sp. 46 4 (8.7) 112
Metrocoris Metrocoris spp. 7 1(14.3) 91
Veliidae Rhagovelia Rhagovelia reitteri Reuters 1882 171 3(1.8) 44
(366) Rhagovelia spp. 164 11 (6.7) 111
Microvelia Microvelia spp. 31 2 (6.5) 33
Total 771 69 (8.9)
300  3.4. Bacterial sequences in gerrid and veliid metagenomic datasets
301 As both epineustonic and nektonic bugs have been reported to have high infection rates with M. ulcerans in

302  other BU-endemic regions of Cameroon (see Discussion), we applied next-generation genomic sequencing to the
303 20 bug specimens with the highest rpoB copy numbers to confirm that they were infected only with non-MPM
304  species. Approximately 11 — 27 million reads were obtained per specimen (Table 3) and taxon-annotated GC-
305  coverage plots (“blob analysis”) revealed that several of the samples contained apparent bacterial sequences at
306  relatively high coverage (Figure S2). In most samples, the CLARK-S tool identified ~10-fold fewer bacterial k-mers
307  than did Kraken2 (data not shown), so was not used for downstream analyses of bacterial sequences. K-mers
308  identified as originating from Mycobacterium spp. by Kraken2 exhibited low abundance (<0.5% of all bacterial read-
309  pairs) in all specimens except for a Metrocoris sp. (Gerridae) from Muyuka, in which mycobacterial sequences
310  comprised almost 5% of all bacterial read-pairs (Table 3). However, 98% of these mycobacterial k-mers were
311  classified as deriving from Mycobacterium sp. WY10, a non-MPM soil-associated species [96], with no sequences
312 classified as M. ulcerans in this specimen. Only one specimen, a Limnogonus hypoleucus from Limbe, contained M.
313 ulcerans sequences at a proportion >0.1% of all bacterial sequences (84 read-pairs), accounting for ~50% of
314  mycobacterial sequences (Table 3).
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315 Table 3. Distribution of sequences classified as originating from Mycobacterium spp. and Wolbachia in 20 aquatic bug genomes as determined by Kraken2.
Sample Health Location Species Total All bacterial read Mycobacterium read M. ulcerans read Wolbachia read wsp
P District Code P reads pairs (% total) pairs (% bacterial) pairs (% bacterial) pairs (% bacterial) PCR
1 Buea BO5 Te””g"gso TSP 14767852 58,114 (0.39%) 82 (0.14%) 0 (0.00%) 125 (0.22%) -
2 Buea BO1 L’;"u"t‘t’ff;sus 13,155,711 75,982 (0.58%) 62 (0.08%) 1(0.00%) 17,278 (22.74%) +
3 Buea B02 Limnogonis 7 361 770 161,821 (0.59%) 53 (0.03%) 1(0.00%) 30,423 (18.80%) +
ceretventris
L
4 Buea BO4 HIHOSOMUS 12 617,275 57,802 (0.46%) 18 (0.03%) 0 (0.00%) 13,120 (22.70%) +
ceretventris
5 Buea BO2 Microveliasp.1 15,199,889 156,452 (1.03%) 35 (0.02%) 0 (0.00%) 6,017 (3.85%) +
6 Kumba K02 Metrobates sp.7 11,913,069 61,477 (0.52%) 73 (0.12%) 1(0.00%) 29 (0.05%) -
7 Kumba K02 Metrobates sp. 6 11,847,970 62,737 (0.53%) 57 (0.09%) 0 (0.00%) 70 (0.11%) -
8 Kumba K02 Metrobates sp.8 12,711,110 66,881 (0.53%) 68 (0.10%) 0 (0.00%) 32 (0.05%) -
9 Kumba K01 Rhagovelia reitteri 12,615,049 168,912 (1.34%) 148 (0.09%) 0 (0.00%) 106,556 (63.08%) +
10 Limbe L02 Limnogonuis 53 778 598 69,491 (0.51%) 172 (0.25%) 89 (0.13%) 7,470 (10.75%) +
hypoleucus
11 Mbonge Mb03 L’Zg’::iﬁus 13,897,927 87,297 (0.63%) 67 (0.08%) 0 (0.00%) 24,629 (28.21%) +
12 Mbonge Mb03 Llﬂ;’f;ﬁ”s 13,479,480 64,224 (0.48%) 75 (0.12%) 0 (0.00%) 13,345 (20.78%) +
13 Mbonge Mb02 Limnogonus 5 c07 805 113,606 (0.73%) 61 (0.05%) 0 (0.00%) 9,359 (8.24%) +
intermedius
14 Mbonge Mb04 L’;”;;’f:;”s 14,300,937 82,433 (0.58%) 57 (0.07%) 0 (0.00%) 13,412 (16.27%) +
15 Mbonge Mb06 Rhagoveliasp.2 14,197,736 129,978 (0.92%) 60 (0.05%) 0 (0.00%) 66,515 (51.17%) +
16 Muyuka Mu02 Metrocorissp. 1 14,136,653 72,422 (0.51%) 3,598 (4.97%)* 0 (0.00%) 142 (0.20%) -
17 Muyuka Mu05 Eurymetropsis sp. 14,455,526 62,105 (0.43%) 90 (0.14%) 0 (0.00%) 48 (0.08%) -
18 Muyuka Mu01 Trepobates sp.5 13,054,268 57,197 (0.44%) 37 (0.06%) 0(0.00%) 5,326 (9.31%) -
19 Muyuka Mu05 Rhagoveliasp.1 15,150,283 138,234 (0.91%) 59 (0.04%) 0 (0.00%) 5,186 (3.75%) -
20 Muyuka Mu05 Rhagovelinsp.1 14978846 131,153 (0.88%) 100 (0.08%) 0 (0.00%) 65,354 (49.83%) +

316  *98% of these reads were classified as deriving from Mycobacterium sp. WY 10.
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317 Strikingly, read-pairs classified as Wolbachia were more abundant than mycobacterial sequences
318  in 16/20 specimens, and in many cases, the differential in read-pair count between the two bacterial
319  genera was 2 - 3 logs (Table 3). However, Wolbachia read-pairs accounted for a very wide range of
320  bacterial sequences (0.05 — 63.08%) between specimens. Using a conventional PCR targeting wsp, we
321  were able to amplify this Wolbachia-specific gene from all 12 specimens with >6,000 Wolbachia read-
322 pairs, but from none of the samples with a lower Wolbachia DNA content (Table 3).

323 In order to classify the Wolbachia strains in the bug specimens, we applied three approaches.
324  First, Sanger sequencing of the wsp amplicons and a Bayesian phylogenetic analysis suggested that
325  most Wolbachia infections belonged to supergroup B, represented in the tree by strain wPip (Figure
326  5). Two specimens apparently deviated from this pattern, with a supergroup A sequence related to
327  wMel being amplified from Rhagovelia sp. 2, while a more divergent wsp sequence was recovered
328  from Microvelia sp. 1, which was nested between representative sequences from supergroups F and
329 D (Figure 5). Second, as wsp is known to recombine [97], especially between supergroups A and B
330  that co-infect numerous arthropod hosts, we also built trees from protein-coding Wolbachia
331  orthologues recovered from the metagenomic datasets. These supported the supergroup assignments
332 suggested by the wsp analysis in all cases, with the Wolbachia sequences from Microvelia sp. 1
333 indicating a placement in supergroup F (Figure S3). Third, the metagenomic phylogenetic analysis
334 tool MetaPhlAn2 identified matches with supergroup B Wolbachia genomes in almost all samples
335  with amplifiable wsp, although a strong signal assigned to a supergroup A genome (wMelPop) was
336  apparent in the Rhagovelia sp. 2 specimen (Figure 6). For the Microvelia sp. 1 sample, Wolbachia reads
337  were detected but not classified as being associated with a specific sequenced strain. The classification
338  of the Wolbachia reads by MetaPhlAn2 suggested that more than one strain might be present in several
339 samples, especially the Rhagovelia spp (Figure 6). Finally, it was noteworthy that sequences matching
340  the bacteriophage of Wolbachia (phage WO), which is known to carry the genes responsible for
341  Wolbachia-mediated reproductive manipulations in arthropods [98], were identified on numerous
342  contigs from the Rhagovelia sp. 2 specimen (Figure S4).
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343
344 Figure 5. Bayesian tree of Wolbachia surface protein gene sequences from 12 aquatic bug specimens
345 compared with those representing five major Wolbachia supergroups: wMel (from Drosophila
346 melanogaster), wPip (from Culex pipiens), wOo (from Onchocerca ochengi), wBm (from Brugia malayi),
347 wkFol (from Folsomia candida) and wCle (from Cimex lectularius). Letters in parentheses after Wolbachia
348 strain names refer to supergroup designations; suffixes after bug names in square brackets refer to
349 location codes (see Table 3).
350  3.5. Assembly of complete mitogenomes from gerrids and veliids and DNA barcoding
351 Of the 20 bug specimens subjected to next-generation sequencing, it was possible to assemble

352 circularized mitogenomes in nine cases, of which only two were from veliids. Annotation of these
353 genomes showed a gene order in both bug families that was typical of insects (Figure S5). The veliid
354  mitogenomes appeared to be approximately 100 bp shorter than those from gerrids (Figure S5, Figure
355 7). However, due to a well-recognized limitation of Illumina sequencing technology [99], it was
356  apparent that we achieved only low coverage of the control region (AT-rich region; see breaks in
357  Figure 7 at ~15 kbp) compared with three available references from gerrids and veliids, especially for
358  Metrocoris and Trepobates. Although putative differences in this region between species must be
359  confirmed using alternative sequencing technologies, it appears to be potentially useful for
360  discriminating between Limnogonus spp. (Figure 7A, B).
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Figure 6. Metagenomic phylogenetic analysis of Wolbachia sequences from 20 aquatic bug genomes as
determined by MetaPhlAn2 [74]. Wolbachia reference genomes are from symbionts of N. vitripennis
(wVitB), Culex pipiens molestus (wPip_Mol), Diaphorina citri (wDc), D. melanogaster (wMelPop),
Hypolimnas bolina (wBoll), and Culex pipiens pipiens (wPip).
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Figure 7. BLAST Ring Image Generator [80] plots for circularized mitogenomes of Gerridae (A, B) and
Veliidae (C). Details of reference genomes from NCBI are provided in the center of each map.

To evaluate the concordance between morphological identifications and DNA barcodes, 50
gerrid, veliid, and mesoveliid samples that produced bright coi amplicons by PCR were sequenced,
and 43 samples generated unambiguous alignments of forward and reverse reads. These were
supplemented by an additional nine coi sequences obtained from the Illumina sequencing effort,
producing a total of 52 sequences across 20 morphotypes. Twenty-one Sanger-sequenced samples
were flagged as containing stop codons by BOLD Systems but were retained for downstream
analyses. Sequence clustering by BOLD Systems produced 19 putative OTUs. A phylogenetic analysis
of the coi sequences from gerrids, veliids and mesoveliids incorporating sequences from the study of
Ebong et al. and top BLASTn hits from NCBI revealed incomplete resolution of bug families [e.g.,
note the position of “V5” veliid sequences from Ebong et al. and references for Stridulivelia spp.,
Microvelia americana and Perittopus horvathi (all Veliidae) on the tree; Figure 8]. However, clustering
of gerrid genera from our study (Trepobates, Eurymetropis, Metrocoris, Metrobates and Limnogonus) and
often species (L. hypoleucus, L. cereiventris, and to a large extent, L. intermedius) was clearly evident.
The inclusion of barcodes containing stop codons frequently, but not always, generated spurious
OTUs containing a single specimen in the BOLD cluster analysis as highlighted previously (Figure 8)
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384  [100]. This had a comparatively greater impact on the analysis of the smaller veliid dataset, although
385  a more likely explanation for the aberrant placement of our Mesovelia specimens is specimen
386  misidentification, since support for their positioning within a clade of Rhagovelia spp. was strong
387  (Figure 8). In summary, the 20 morphotypes were collapsed into 12 high-confidence OTUs once those
388  that contained only sequences containing stop codons (seven OTUs) were disqualified.

389 With the exception of the “V5” sequences from the Ebong et al. (2016) analysis [38] and our
390  “Mesovelia” specimens, clustering at the family level in both studies was consistent (Figure 8). A
391  phylogenetic analysis at the whole mitogenome level also clearly separated gerrid and veliid
392 specimens (including references from NCBI) into family-specific groups, while Limnogonus spp. were
393  resolved as a monophyletic clade with unambiguous segregation by species (Figure 9). The “V4”
394  sequences from Ebong et al. [38] appear to belong to our Rhagovelia spp. OTU 5, and the “Ge6”
395  sequences identified as L. hypoleucus in Ebong et al. [38] were positioned proximal to our own L.
396  hypoleucus (OTU 10) (Figure 8). However, we did not identify any Angilia spp. (“V1”) in our study
397  (Figure 8). Additional comparisons between the two works were not possible, as Ebong et al. [38] did
398  not provide putative identifications for several sequence clusters and their data are not held in BOLD
399  Systems. Nevertheless, it is striking that despite the much greater geographic coverage of the Ebong
400 et al. study [38], extending across most of Cameroon’s administrative Regions, they reported the
401  initial identification of five gerrid genera, of which only three (all observed by us) were corroborated
402 by DNA barcoding in their analysis. In our study located within one Region, eight gerrid genera were
403  recorded, of which five were selected for DNA barcoding and received strong phylogenetic support.
404 Four of these genera (Trepobates, Eurymetropis, Metrocoris, and Metrobates) were not observed in the
405  Ebong et al. study [38].
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Figure 8. (previous page). Phylogenetic tree of coi sequences from gerrids (green), veliids (blue) and
mesoveliids (dark red). Sequences from the current study are marked with an asterisk (*) and show
location codes in square brackets, references from NCBI show accession numbers, and sequences from
the prior study of Ebong et al. [38] are represented by short alphanumeric codes. The “Cluster
Sequences” feature at BOLD Systems [88] was used to generate the OTUs and nearest-neighbor
distances (in parentheses). Dubious OTUs (labelled in red text) are associated with stop codons in coi
sequences, indicated by a caret symbol (") after the putative species name. Numbers on the nodes of
the tree are in the format “SH-like approximate likelihood ratio test support (%)/ultrafast bootstrap

support (%)”.
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Figure 9. Bayesian tree of whole mitogenomes from nine Cameroonian aquatic bugs (Gerridae:
Limnogonus spp., Metrocoris sp., Trepobates sp.; Veliidae; Rhagovelia spp.) plus references from NCBI
(Gerridae: Aquarius paludum, Gigantometra gigas; Veliidae, Perittopus sp.). The tree was constructed
using protein-coding sequences only.

4. Discussion

Despite raised awareness of BU, reflected by increased public health concern and intensive basic
research efforts on M. ulcerans since the late 1990s, transmission of the pathogen and its maintenance
in the environment remain poorly understood. The role of aquatic Hempitera in the transmission of
M. ulcerans was first hypothesized in 1999 [29]. Subsequent studies demonstrated that M. ulcerans has
a predilection for the salivary glands of biting aquatic bugs (most studies have focused on Naucoridae
and Belostomatidae; [16,101]) and can transmit the pathogen to laboratory rodents [31]. It has also
been demonstrated that laboratory mice can develop BU lesions through contamination of miniscule
puncture injuries, including mosquito bites, with viable M. ulcerans [102]. This suggests that M.
ulcerans in the aquatic environment primarily infects humans via existing minor skin trauma but
could be inoculated mechanically by insect vectors through either infected arthropod saliva or
transfer of M. ulcerans on the skin surface into the bite wound. However, except perhaps for sporadic
cases [32], evidence for a vector role for biting aquatic bugs (or mosquitoes [103]) in BU transmission
in nature is weak [23].

A second potential role for aquatic Hemiptera in the epidemiology of BU is as maintenance hosts
or reservoirs that might serve to amplify M. ulcerans populations in aquatic environments and/or
spread the pathogen between water sources, especially as most aquatic Hemiptera are capable of
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439  flight. Hemiptera are one among many groups of aquatic organisms that can harbor M. ulcerans, with
440  other limnic invertebrates, fish, amphibians, and biofilms on aquatic plants all contributing to the
441 distribution of the pathogen in freshwater bodies and waterlogged soils [18-20,22,33,35]. In a very
442 large survey involving screening of >200,000 pooled specimens of aquatic animals for M. ulcerans in
443  two BU-endemic areas of Cameroon, Hemiptera did not have the highest prevalence rate of infection
444  but was the only taxon shown to be positive almost all year round [104]. Also in Cameroon, M.
445  ulcerans was detected in pools of aquatic Hemiptera at rates exceeding 30% in a BU-endemic area, but
446  was absent in bugs from a non-endemic zone 100 km away on the same river (the Nyong [16]).
447  Countering these findings, a collection of 22,832 invertebrates in Ghana failed to find any association
448  between M. ulcerans prevalence in hemipterans and BU endemicity between several villages [33]. A
449  subsequent metanalysis of the Ghanaian data identified oligochaete worms rather than Hemiptera as
450  key hosts in aquatic transmission networks [105], although the distribution of M. ulcerans was later
451 correlated more generally with the presence of benthic detritivores and filter—feeders rather than any
452 one taxonomic group [106].

453 The findings of our study contrast markedly with others from Cameroon in unearthing little
454  evidence for the presence of M. ulcerans in aquatic bugs. We sought to screen the bug specimens
455  rapidly with a general mycobacterial rpoB qPCR assay that allowed us to assess bacterial load, not
456  only qualitative presence, for downstream next-generation sequencing, which was originally
457  intended to provide data on the environmental strain(s) of M. ulcerans in the Southwest Region.
458  However, the fact that the rpoB-positive specimens were negative with the nested 152404 assay, which
459  targets a highly-repeated insertion sequence [26], strongly suggested that the bugs contained non-
460  MPM DNA. This lack of M. ulcerans was confirmed in most cases following whole genome
461 sequencing of 20 bug specimens with relatively high rpoB copy numbers. Although ~80 read-pairs
462  were classified as originating from M. ulcerans in one gerrid from a hypoendemic site (Limbe), this
463  extremely low signal (not confirmed by the 152404 assay) could originate from degraded M. ulcerans
464 DNA,; for instance, from gut contents or nucleic acids bound to the insect cuticle. Nevertheless, it is
465  suggestive of the presence of M. ulcerans at that site.

466 There are several possible reasons for the discrepancy between our findings and previous
467  surveys of M. ulcerans in aquatic bugs in Cameroon. The most obvious is that our study was much
468  smaller than those of Marion et al. [16] and Garchitorena et al. [104] in terms of the total number of
469  bugs collected, and we assayed insects individually rather than in small pools. The previous studies
470  were also undertaken in highly endemic areas for BU, with >10-fold more recorded human cases than
471  even our “mesoendemic” sites. The influence of seasonality is also potentially important, although in
472 areas of high endemicity, the positivity rate for M. ulcerans has been reported to be greatest in July —
473  August [16,104], which was a similar period to our field survey in the Southwest. Following the
474  publication of the hypothesis that biting bugs are vectors of M. ulcerans [29], subsequent studies have
475  tended to focus on biting taxa at the expense of non-biting bugs, whereas we paid greater attention
476  to gerrids and veliids, as they were much more abundant at our sampling sites. While a recent
477  ecological analysis linked infection of aquatic Hemiptera with M. ulcerans to the nektonic lifestyle of
478  predatory species that feed on animals their own size or even larger, occupy aquatic vegetation and
479  live towards the bottom of the water column [34], M. ulcerans infection of gerrids has been reported
480  from Cameroon previously at rates similar to other bug taxa [16]. Moreover, the pathogen has been
481 isolated from a gerrid from Benin [17].

482 The sequencing of the bug specimens in our study provided an opportunity to investigate other
483  components of the microbiome in these relatively little-studied insects. In this small sample,
484  Wolbachia was found not only to be the dominant symbiont but also to be represented by multiple
485  sequence types. While Wolbachia is ubiquitous in arthropods from terrestrial environments, very few
486  data on its distribution in aquatic species existed until recently, apart from analyses of
487  holometabolous, medically-important vectors with aquatic larval stages (principally mosquitoes
488  [107], but also blackflies [108,109] and some limited surveys in aquatic crustaceans [110,111]).
489  However, a 2017 metanalysis of Wolbachia prevalence in aquatic insects (n = 228 species) estimated
490  that >50% of species are infected, with Hemiptera exhibiting a particularly high prevalence (69%)
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491  [39]. Importantly, assessing Wolbachia infection by molecular methods alone (including
492  metagenomics) leads to potential pitfalls in interpretation, primarily due to high rates of lateral gene
493  transfer from Wolbachia into the host genome, which can lead to Wolbachia relics or “genomic fossils”
494 in species that may have lost the infection [112-114]. Host genomes containing sequences from more
495  than one supergroup have even been reported [115]. Therefore, our putative Wolbachia infections in
496  Cameroonian gerrids and veliids require confirmation by microscopy for whole bacteria or deeper
497  sequencing to recover closed bacterial genomes.

498 Whether all of the Wolbachia infections in the aquatic bugs are extant or not, in our very small
499  sample of fully-sequenced specimens, evidence for three Wolbachia supergroups was apparent.
500  Supergroups A and B are the most prevalent clades in arthropods worldwide, forming the basis of
501  the so-called Wolbachia “pandemic” [116,117]. Coinfection by both clades in a single host has been
502  described repeatedly [118,119], with some evidence for this in our own specimens. The presence of
503  supergroup F-like sequences in Microvelia sp. 1 was a more unusual finding, as this clade is less
504  widespread than the A and B supergroups, although it is also the only one known from both
505  arthropod and nematode hosts [120,121]. As the Wolbachia signal in this specimen was relatively low
506  (~6,000 read-pairs, or 0.04% of the total), the possibility that the clade F sequences originate from gut
507  contents or an arthropod or nematode parasite or parasitoid cannot be discounted at this stage
508  [122,123]. A priority for future research on association of aquatic bugs with M. ulcerans will be to
509  determine if Wolbachia influences this relationship and whether the presence of the symbiont might
510  explain the limited evidence of M. ulcerans infection in our specimens compared with other locations
511  in Cameroon. Notably, while most research on pathogen protection by Wolbachia in arthropods has
512 focused on artificial infections for vector-borne disease control [44], Wolbachia has also been reported
513 to influence susceptibility to pathogens in some natural systems [42,43].

514 A final contribution of our study was to extend the integrative taxonomy of aquatic Hemiptera
515  inCameroon following a previous published work [38]. Although the Ebong et al. study [38] included
516  a much greater number of specimens used for DNA barcoding (188) than our own from across the
517  whole country, our intensive field survey in the Southwest produced a similar number of barcodes
518  to Ebong et al. [38] for the Gerridae and Veliidae, and they were selected from a larger sample size
519  for these taxa. We obtained barcodes from four gerrid genera not observed in the Ebong et al. [38]
520 study (Trepobates, Eurymetropis, Metrocoris, and Metrobates) and complete mitogenomes for Trepobates,
521 Metrocoris and Limnogonus; the first to be published worldwide. The barcoding effort showed some
522 limitations, particularly with respect to the amplification of putative nuclear mitochondrial transfers
523 (which accumulate mutations) and/or the impact of high rates of heteroplasmy [100]. However, with
524  stringent interpretation of barcode segregation, biases caused by these artifacts can be minimized,
525  and the effects of mixing Sanger and next-generation sequencing technologies should also be
526  considered carefully [83].

527 We noted that separation of aquatic bug families by coi sequences was not perfect in all cases,
528  especially when considering reference sequences deposited in NCBI. Misidentifications are an
529  obvious explanation for this discrepancy, and probably also explain the aberrant placement of
530 Mesovelia spp. in our study. Unfortunately, although previous studies using a larger number of
531 characters (e.g., whole mitogenomes) have been published for Hemiptera, representation of aquatic
532 taxahasbeen patchy, with no inclusion of mesoveliid specimens for instance [81,82]. While our whole
533 mitogenome analysis for the small number of gerrid and veliid assemblies available separated the
534 two families unambiguously, future efforts should focus on obtaining complete mitogenomes from
535  mesoveliids too.

536 At the genus and species level, the coi barcoding proved its usefulness for gerrids in particular,
537  but sampling of a more diverse range of genera will be required before its utility with veliid
538  specimens can be firmly established. A very large barcoding effort for Hemiptera found that the
539  minimum interspecific distance was >3% for 77% of congeneric species-pairs, although a case of
540  identical barcodes between different genera of mirid bugs was uncovered [37]. An important
541 consideration in species infected with symbionts that can cause cytoplasmic incompatibility, such as
542 Wolbachia, is introgression of mitochondrial haplotypes following symbiont-driven selective sweeps
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543 [124). In some cases, this introgression can penetrate across hybrid zones during breakdown of
544  reproductive barriers [125-127]. In this respect, it is noteworthy that a phylogenetic analysis of
545  Limnogonus spp. using two mitochondrial and one nuclear marker found the two subgenera
546  (Limnogonus sensu stricto and the exclusively Afrotropical Limnogonoides) to be paraphyletic, as well
547  as weak bootstrap support for clades and species within Limnogonoides [128]. Although L. quttatus
548  was not included in that analysis, it is thought to be closely related to L. hypoleucus and L. poissoni
549  [128], and to the extent to which these species might be able to hybridize in nature, potentially sharing
550  Wolbachia strains, should be explored in future.
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