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Abstract

Background: Wolbachia, a widespread bacterium that can influence mosquito-
borne pathogen transmission, has recently been shown to infect Anopheles (An.)
species that are malaria vectors in Sub-Saharan Africa. Although there are studies
reporting strains in the An. gambiae complex, the apparent low density and low
prevalence rates requires further investigation. In contrast, strains in other species
appear higher density allowing a greater understanding of phylogenetics and more
accurate determination of prevalence rates in wild mosquito populations.

Methods: Anopheles mosquitoes were collected in the Faranah and Maferinyah
regions of Guinea in June-July 2018. RNA was extracted from 542 females and
reverse transcribed to determine Wolbachia prevalence rates, demonstrate gene
expression and estimate relative strain densities using quantitative PCR. Molecular
confirmation of mosquito species and Wolbachia multilocus sequence typing (MLST)
was carried out to analyse phylogenetic relationships of newly discovered strains.
Results: Low prevalence rates were detected in An. gambiae s.s. (0.0: 2.9%) and
novel Wolbachia strains were discovered in two species: the wAnMe strain in An.
melas (18/168: prevalence rate of 10.7%) and the wAnsX strain in a previously
unidentified Anopheles species we have termed ‘An. species X' (1/1). Novel strains
were phylogenetically diverse, with wAnMe clustering with Wolbachia Supergroup A
strains, and wAnsX closest to Supergroup B strains. Significantly higher density
strains were present in An. species X and An. melas compared to An. gambiae s.s.
and were comparable in density to a novel Wolbachia strain discovered in Culex
watti termed wWat.

Conclusions: The discovery of novel Wolbachia strains provides further insight into
the strain diversity within Anopheles species. Confirmation of gene expression for all
MLST and wsp genes for wAnsX and wAnMe strains and qPCR analysis indicates
these are candidate strains for transinfection to create stable infections in other
Anopheles species. They have the potential for use in Anopheles biocontrol

strategies either through population replacement or suppression control strategies.
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Background

Wolbachia endosymbiotic bacteria are estimated to infect ~40% of insect species [1]
and natural infections have been shown to have inhibitory effects on human
arboviruses in mosquitoes [2—4]. High density Wolbachia strains have been utilised
for mosquito biocontrol strategies targeting arboviruses as they induce synergistic
phenotypic effects. Drosophila Wolbachia strains that have been transinfected into
Aedes (Ae.) aegypti and Ae. albopictus induce inhibitory effects on arboviruses, with
maternal transmission and cytoplasmic incompatibility (Cl) enabling introduced
strains to spread through populations [5-12]. The successful release and
establishment of Wolbachia-transinfected Ae. aegypti populations in Cairns,
Australia [13] was followed by further evidence of strong inhibitory effects on
arboviruses from field populations [14]. Further follow up studies in Townsville,
Australia [15] and Kuala Lumpur, Malaysia [16] have now shown that

Wolbachia frequencies have remained stable since initial releases and there is a

reduction in human dengue incidence in the release sites.

Wolbachia has also been postulated to have the potential to be used for biocontrol
strategies targeting malaria transmission by Anopheles species [17]) and initial
laboratory experiments were able to demonstrate that transient infections in An.
gambiae reduce the density of Plasmodium (P.) falciparum parasites [18].
However, as with arboviruses there is variability in the level of inhibition of malaria
parasites for different Wolbachia strains in different mosquito species [19-21]. A
major step forward was achieved through the transinfection of a Wolbachia strain
from Ae. albopictus (wWAIbB) into An. stephensi and the confirmation of P.

falciparum inhibition [22].

The interest in using Wolbachia for biocontrol strategies targeting malaria
transmission in Anopheles mosquitoes further increased due to the discovery of
natural strains in numerous malaria vectors of Sub-Saharan Africa [23—-28]. The
An. gambiae s.l. complex, which consists of multiple morphologically
indistinguishable species, including several major malaria vector species, appears
to contain diverse Wolbachia strains (collectively named wAnga) at both low
prevalence in mosquito populations and at low infection densities [23,26—-29]. In

contrast, the recently discovered wAnM and wAnNsA strains, found in An. moucheti
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and An. species A respectively, are higher density infections that dominate the
mosquito microbiome [24]. Interestingly, the presence of Wolbachia strains in
Anopheles was inversely correlated to other bacteria species, such as Asaia that
are stably associated with several species [30—32]. Evidence for this ‘mutual
exclusion’ between competing bacterial species in Anopheles was also present
from analysis of field collected mosquitoes from multiple countries in Sub-Saharan
Africa [24]. In this study, we collected wild Anopheles mosquitoes from two
regions of Guinea in June-July 2018 and characterised the natural Wolbachia
strains to provide further evidence for the presence of these endosymbionts in

malaria vectors.

Methods.

Study sites & collection methods. Anopheles adult mosquitoes were collected
from two regions in Guinea. Human landing catches (HLCs) and larval dipping were
conducted in three villages in the Faranah Prefecture; Balayani (10.1325, -10.7443),
Foulaya (10.144633, -10.749717), and Tindo (9.9612230, -10.7016560) [33]. Three
districts were selected for mosquito collections in the Maferinyah sub-prefecture
using a variety of traps [34]. BG sentinel 2 traps (BG2) (Biogents), CDC light traps
(John W. Hock), gravid traps (BioQuip) and stealth traps (John W. Hock) were used
to sample adult mosquitoes in Maferinyah Centre (09.54650, -013.28160),
Senguelen (09.41150, -013.37564) and Fandie (09.53047, -013.24000). Mosquitoes
collected from traps and HLCs were morphologically identified using keys and stored
in RNAlatere (Invitrogen) at -80°C [33,34].

RNA extraction and generation of cDNA. RNA was extracted from individual
whole mosquitoes using Qiagen 96 RNeasy Kits according to manufacturer’s
instructions and a Qiagen Tissue Lyser Il (Hilden, Germany) with a 5mm stainless
steel bead (Qiagen) per sample to homogenise mosquitoes. RNA was eluted in

45 uL of RNase-free water and stored at -70°C. RNA was reverse transcribed into
complementary DNA (cDNA) using an Applied Biosystems High Capacity cDNA
Reverse Transcription kit. A final volume of 20 pL contained 10 pL RNA, 2 pL 10X
RT buffer, 0.8 uL 25X dNTP (100 mM), 2 pL 10X random primers, 1uL reverse
transcriptase and 4.2 pL nuclease-free water. Reverse transcription was undertaken
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in a Bio-Rad T100 Thermal Cycler as follows: 25°C for 10min, 37°C for 120min and
85°C for 5min and cDNA stored at —20°C.

Molecular mosquito species identification. Species identification of the An.
gambiae complex was initially undertaken using diagnostic species-specific PCR
assays to distinguish between the morphologically indistinguishable sibling species
[35,36]. To determine species identification for samples of interest and samples that
could not be identified by species-specific PCR, sequences were generated by
Sanger sequencing of ITS2 PCR products [34,37].

Wolbachia detection and amplification of Wolbachia genes. Wolbachia
detection was first undertaken targeting the conserved Wolbachia genes
previously shown to amplify a wide diversity of strains; 16S rDNA gene using
primers W-Spec-16S-F: 5'-CATACCTATTCGAAGGGATA-3’ and W-Spec-16s-R:
5-AGCTTCGAGTGAAACCAATTC-3 [38] and Wolbachia surface protein (wsp)
gene using primers wsp81F: 5-TGGTCCAATAAGTGATGAAGAAAC-3’ and
wsp691R: 5’-AAAAATTAAACGCTACTCCA-3’ [39]. PCR analysis was also
undertaken on cDNA to determine any evidence for the presence of Cl-inducing
genes CifA (primers 5’-TGTGGTAGGGAAGGAAAGAGGAAA-3’, 5'-
ATTCCAAGGACCATCACCTACAGA-3’) and CifB (primers 5'-
TGCGAGAGATTAGAGGGCAAAATC-3, 5'-
CCTAAGAAGGCTAATCTCAGACGC-3’) [40]. Multilocus strain typing (MLST) was
undertaken to characterize Wolbachia strains using the sequences of five
conserved genes as molecular markers to genotype each strain. In brief, 450-500
base pair fragments of the gatB, coxA, hcpA, ftsZ and fbpA Wolbachia genes were
amplified from individual Wolbachia-infected mosquitoes using previously
optimised protocols [41]. Primers used were as follows: gatB_F1: 5'-
GAKTTAAAYCGYGCAGGBGTT-3', gatB_R1: 5'-
TGGYAAYTCRGGYAAAGATGA-3, coxA_F1: 5-TTGGRGCRATYAACTTTATAG-
3’, coxA_R1: 5’-CTAAAGACTTTKACRCCAGT-3’, hcpA_F1:5-
GAAATARCAGTTGCTGCAAA-3’, hcpA_R1: 5°-GAAAGTYRAGCAAGYTCTG-3,
ftsZ_F1: 5-ATYATGGARCATATAAARGATAG-3’, ftisZ R1: 5'-
TCRAGYAATGGATTRGATAT-3', fbopA F1: 5-GCTGCTCCRCTTGGYWTGAT-3’
and fbopA_R1: 5-CCRCCAGARAAAAYYACTATTC-3'. If initial amplification with
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these primers was unsuccessful, the PCR was repeated using the standard
primers but with the addition of M13 adaptors. If no amplification was detected
using standard primers, further PCR analysis was undertaken using degenerate
primer sets, with or without M13 adaptors [41]. PCR reactions were carried out in
a Bio-Rad T100 Thermal Cycler using standard cycling conditions and PCR
products were separated and visualised using 2% E-Gel EX agarose gels
(Invitrogen) with SYBR safe and an Invitrogen E-Gel iBase Real-Time

Transilluminator.

Sanger sequencing. PCR products were submitted to Source BioScience
(Source BioScience Plc, Nottingham, UK) for PCR reaction clean-up, followed by
Sanger sequencing to generate both forward and reverse reads. Where Wolbachia
PCR primers included M13 adaptors, just the M13 primers alone (M13_adaptor_F:
5-TGTAAAACGACGGCCAGT-3 and M13_adaptor_R: 5’-
CAGGAAACAGCTATGACC-3’) were used for sequencing, otherwise the same
primers as utilised for PCR were used. Sequencing analysis was carried out in
MEGA7 [42]. Both chromatograms (forward and reverse traces) from each sample
were manually checked, edited, and trimmed as required, followed by alignment by
ClustalW and checking to produce consensus sequences. Consensus sequences
were used to perform nucleotide BLAST (NCBI) database queries, and for
Wolbachia genes searches against the Wolbachia MLST database
(http://pubmist.org/wolbachia). If a sequence produced an exact match in the
MLST database we assigned the appropriate allele number, otherwise we
obtained a new allele number for each novel gene locus sequence for Anopheles
Wolbachia strains through submission of the FASTA and raw trace files on the
Wolbachia MLST website for new allele assignment and inclusion within the
database. Full consensus sequences were also submitted to GenBank and
assigned accession numbers. The Sanger sequencing traces from the wsp gene
were also treated in the same way and analysed alongside the MLST gene locus

scheme, as an additional marker for strain typing.

Phylogenetic analysis. Alignments were constructed in MEGA7 by ClustalW to
include all relevant and available sequences highlighted through searches on the
BLAST and Wolbachia MLST databases. Maximum Likelihood phylogenetic trees
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were constructed from Sanger sequences as follows. The evolutionary history was
inferred by using the Maximum Likelihood method based on the Tamura-Nei
model [43]. The tree with the highest log likelihood in each case is shown. The
percentage of trees in which the associated taxa clustered together is shown next
to the branches. Initial tree(s) for the heuristic search were obtained automatically
by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances
estimated using the Maximum Composite Likelihood (MCL) approach, and then
selecting the topology with superior log likelihood value. The trees are drawn to
scale, with branch lengths measured in the number of substitutions per site. Codon
positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps
and missing data were eliminated. The phylogeny test was by Bootstrap method

with 1000 replications. Evolutionary analyses were conducted in MEGA7 [42].

Wolbachia quantification. To estimate Wolbachia density across multiple mosquito
species, RNA extracts were added to Qubitrm RNA High Sensitivity Assays
(Invitrogen) and total RNA was measured using a Qubit 4 Fluorometer (Invitrogen).
All RNA extracts were then diluted to produce extracts that were 2.0
nanograms (ng)/pL prior to being used in quantitative Reverse Transcription PCR
(QRT-PCR) assays targeting the 16S rRNA gene [26]. A synthetic oligonucleotide
standard (Integrated DNA Technologies) was designed to calculate 16S rDNA
gene copies per pL using a ten-fold serial dilution (Supplementary figure 1).
16S rDNA gene real time gRT-PCR reactions were prepared using 5 pL of
QuantiNova SYBR Green RT-PCR Kit (Qiagen), a final concentration of 1uM of each
primer, 1 pL of PCR grade water and 2 pL template DNA, to a final reaction volume
of 10 uL. Prepared reactions were run on a Roche LightCycler® 96 System for 15
minutes at 95°C, followed by 40 cycles of 95°C for 15 seconds and 58°C for 30
seconds. Amplification was followed by a dissociation curve (95°C for 10 seconds,
65°C for 60 seconds and 97°C for 1 second) to ensure the correct target sequence
was being amplified. Each mosquito RNA extract was run in triplicate alongside
standard curves and NTCs and PCR results were analysed using the LightCycler®

96 software (Roche Diagnostics).

Asaia detection. Asaia PCR screening was undertaken by targeting the
16S rRNA gene using primers Asafor: 5-GCGCGTAGGCGGTTTACAC-3’ and
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Asarev: 5-AGCGTCAGTAATGAGCCAGGTT-3’ [31,44]. Asaia 16S rDNA gene real
time gRT-PCR reactions were prepared using 5 pL of QuantiNova SYBR Green RT-
PCR Kit, a final concentration of 1uM of each primer, 1 pL of PCR grade water and 2
pL template DNA, to a final reaction volume of 10 pL. Prepared reactions were run
on a Roche LightCycler® 96 System for 15 minutes at 95°C, followed by 40 cycles of
95°C for 15 seconds and 58°C for 30 seconds. Amplification was followed by a
dissociation curve (95°C for 10 seconds, 65°C for 60 seconds and 97°C for 1

second) to ensure the correct target sequence was being amplified.

Statistical analysis. Normalised gRT-PCR Wolbachia 16S rRNA gene copies per

puL were compared using unpaired t-tests in GraphPad Prism 7.

Results

Mosquito species and Wolbachia strain prevalence rates. Prevalence rates of
natural Wolbachia strains were variable depending on Anopheles species and
location (Table 1). Wolbachia strains were detected in An. gambiae s.s. mosquitoes
from Faranah with prevalence rates ranging from 0.0 - 2.9% (termed wAnga-Guinea)
and Wolbachia in An. melas (10.7% prevalence — termed wAnMe) and in the only
female unidentified Anopheles species ‘X’ (termed wAnsX) from Senguelen in the
Maferinyah sub-prefecture. The molecular phylogeny of the ITS2 gene confirmed
molecular mosquito species identification of the unidentified Anopheles species ‘X’
(Figure 1) and An. melas (Figure 2). All ITS2 sequences were deposited in
GenBank (accession numbers XXXXX — XXXXX) (Supplementary Table 1). The
ITS2 fragment sequenced from the unidentified Anopheles species ‘X’ was most
similar to Anopheles sp. 7 BSL-2014 (GenBank accession number KJ522819.1) but
at only 93.2% sequence identity, and An. theileri (GenBank accession number
MH378771.1) with 90.9% sequence identity (both full query coverage).

Wolbachia strain typing. Although we were able to amplify the 16S rRNA
fragments of the natural strain in An. gambiae s.s., we were unable to obtain
sequences of sufficient quality and were also unable to amplify the wsp gene. In
contrast, we obtained 16S rRNA (Figure 3) and wsp sequences (Figure 4) from both
wAnsX and wAnMe strains. Phylogenetic analysis of both genes shows that the

WAnNSsX strain is most closely related to Wolbachia strains of Supergroup B (such as
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wPip, wAIbB, wAnsA, wAnM, wMa and wNo). In contrast, the wAnMe strain is most
closely related to Wolbachia strains of Supergroup A (such as wMel, wAIbA and
wAuU). Typing of the wAnsX wsp nucleotide sequence highlighted that there were no
exact matches to wsp alleles currently in the Wolbachia MLST database
(https://pubmlst.org/wolbachia/), and only one of the four hypervariable regions
(HVRs) matched a known sequence (HVR3: allele 3). Whereas the wAnMe wsp
sequence matched allele 23 within the database (Table 2). All Wolbachia gene
sequences of sufficient quality to generate a consensus were deposited into
GenBank (accession numbers XXXXX — XXXXX) (Supplementary Tables 2 and 3).

MLST was undertaken to provide more accurate strain phylogenies. This was
successfully done for the novel Wolbachia strains wAnsX and wAnMe but we were
unable to amplify any of the five MLST genes from Wolbachia-infected An. gambiae
s.s. from Faranah. New alleles for all five MLST gene loci (sequences differed from
those currently present in the MLST database) for wAnsX, and novel allelic profiles
for both strains confirm the diversity of these novel Wolbachia strains (Table 2). The
phylogeny of wAnsX based on concatenated sequences of all five MLST gene loci
confirms this strain clusters within Supergroup B (Figure 5). This demonstrates this
is a novel strain as comparison with a wide range of strains (including all isolates
highlighted through partial matching during typing of each locus) shows these strains
are distinct from currently available sequences (Figure 5, Table 2). MLST gene
fragment amplification was more variable for wAnMe requiring hcpA 'A strain’
specific primers (hcpA_F1: GAAATARCAGTTGCTGCAAA, hcpA_AspecR1:
TTCTARYTCTTCAACCAATGC) to generate sequence of sufficient quality for
analysis of the hcpA gene (hcpA_F1). Concatenation of the MLST loci also confirms
wAnNMe is closest to strains belonging to Supergroup A, including wMel and wAIbA
(as suggested by 16S and wsp gene phylogenies). Consistent with our previous
study looking at novel Wolbachia strains in Anopheles species using MLST [24],
these results highlight the lack of concordance between Wolbachia strain phylogeny
and their insect hosts across diverse geographical regions. Our PCR analysis also
did not result in any amplification of CifA or CifB gene fragments for either the
wAnsX or wAnMe strains, although we are unable to determine if this could be due
to sequence variation preventing amplification given these are novel Wolbachia

strains.
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Wolbachia strain densities and relative abundance. The relative densities of
Wolbachia strains were estimated using gRT-PCR targeting the 16S rRNA gene
after first standardising total RNA (ng per reaction). This allowed direct comparisons
between phylogenetically diverse Anopheles species and accounts for variation in
mosquito body size and DNA extraction efficiency between samples. This also
allows a comparison to another novel natural Wolbachia strain present in Cx. watti
(termed wWat strain) collected in Maferinyah, the same sub-prefecture of Guinea.
wWat strain gene sequences were deposited into GenBank (accession numbers
XXXXX = XXXXX). 16S rRNA gRT-PCR analysis revealed a mean of 1.50E+04 (+/-
4.37E+03) 16S rRNA copies/pL for the wAnsX strain in the single individual (Figure
6, Supplementary table 4). A lower mean density was found for the wAnMe strain in
An. melas individuals (n=18) with 6.69E+02 (+/- 2.34E+02) 16S rRNA copies/uL.
We compared the densities to the wWat strain in Cx. watti females also collected in
the Maferinyah region and found a mean density of 2.37E+04 (+/- 5.99E+03). The
density of the wWat strain was significantly higher than the wAnMe strain (Unpaired
T-test, p=0.002). Individual An. gambiae s.s. extracts that were identified as
Wolbachia-infected by amplification of the 16S rRNA gene [38] did not result in any
16S rRNA gRT-PCR amplification suggesting a very low titre Wolbachia strain

present in this species.

Wolbachia and Asaia co-infections. Individual mosquitoes shown to be infected
with the wAnsX or wAnMe strain were screened for the presence of Asaia bacteria
using gRT-PCR. Co-infections were detected in both the single An. species X (Asaia
16S rRNA Ct value = 34.92) and in all An. melas (h=18, mean Asaia 16S rRNA Ct
value = 29.65 +/- 2.95) (Supplementary table 4).

Discussion

Endosymbiotic Wolbachia bacteria are particularly widespread through insect
populations but were historically considered absent from the Anopheles genera [45].
The discovery of additional novel natural strains of Wolbachia in Anopheles species
suggests that the prevalence and diversity has been significantly under-reported to
date. Since 2014, there have been several reports of Wolbachia strains in major

malaria vectors, such as sibling species in the An. gambiae complex [23,26-29] and
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An. moucheti [24]. This study provides strong evidence for Wolbachia strains in An.
melas, a species within the An. gambiae complex, which can be an important local
vector of malaria in West-African coastal areas where it breeds in brackish water,
mangrove forests and salt marshes [46,47]. It's importance as a local malaria vector
was shown in Equatorial Guinea where the average number of malaria infective An.

melas bites/person/year was recorded at up to 130 [48].

The discovery of the wAnsX strain (with a high Wolbachia titre measured by qRT-
PCR) led to retrospective confirmation of the host mosquito species using ITS2
Sanger sequencing. In this study and previous studies, accurate molecular
identification is important given the difficulties of morphological identification and
inaccuracies of diagnostic species PCR-based molecular identification [49]. Our
ITS2 analysis revealed that this species of Anopheles, which we have termed
‘species X', is most closely related to Anopheles sp. 7 BSL-2014 (GenBank
accession number KJ522819.1) and An. theileri (GenBank accession number
MH378771.1). Anopheles sp. 7 BSL-2014 was collected in the Western Kenyan
Highlands but little is known about this species [50]. An. theileri was collected in the
Democratic Republic of Congo [51] and was found to be infected with Plasmodium

sporozoites in eastern Zambia [52].

The results of this study also highlight the requirement to provide as much genetic
information as possible for a newly discovered strain of Wolbachia (particularly low
titre infections). The first discovery of Wolbachia strains in wild An. gambiae
populations in Burkina Faso resulted from sequencing of the 16S rRNA gene
identifying Wolbachia sequences, rather than screening using Wolbachia-specific
genes [28]. A more recent comprehensive analysis of the An. gambiae complex
through screening of An. gambiae genomes (Ag1000G project) concluded that
determining whether a Wolbachia strain is present in a given host based on the
sequencing of one gene fragment (often 16S rRNA) is problematic and caution
should be taken [29]. In this study, we were only able to amplify a Wolbachia 16S
rRNA gene fragment from An. gambiae s.s., which is consistent with numerous
recent studies in which low density strains have been detected [23,25]. As a result,
caution must be taken in the biological significance of this strain. Other explanations

for the amplification of 16S rRNA gene fragments include Wolbachia DNA insertions
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into an insect chromosome or contamination from non-mosquito material such as
ectoparasites or plants [29]. In contrast to previous studies, we extracted RNA from
An. gambiae s.s. individuals, demonstrating expression of the 16S rRNA gene,
and indicating amplification is more likely of bacterial gene origin, rather than
through integration into the host genome. However, these results are consistent
with previous studies in which every Wolbachia 16S rRNA amplicon and sequence

attributed to An. gambiae is unique and appears at very low titre [29].

The densities of the wAnsX and wAnMe strains (measured using gRT-PCR) are
significantly higher than resident Wolbachia strains in An. gambiae s.s. (which were
not detectable using this assay targeting the 16S rRNA gene). However, caution is
also required for the wAnsX strain as we only collected one individual of this
unidentified Anopheles species. The wAnMe strain appears to have both an
intermediate prevalence rate and density and further studies are required to
investigate this strain across more diverse geographical areas. The detection of
Wolbachia-Asaia co-infections in An. species X and An. melas was in contrast to our
previous study [24] but Asaia can be environmentally acquired at different mosquito
life stages and the prevalence and density was significantly variable across
different Anopheles species and locations [24]. These contrasting results suggest a
complex association between these two bacterial species in wild Anopheles
mosquito populations and given that Asaia is environmentally acquired, this

association will be highly location-dependent.

Wolbachia strains in An. species A (wAnsA) and An. moucheti (wWAnM) [24] and now
An. melas (wAnMe) and An. species X (wAnsX) have complete MLST and wsp
profiles and are at significantly higher densities when compared to strains detected
in An. gambiae s.s. from the same countries. As Wolbachia density is strongly
correlated with arbovirus inhibition in Aedes mosquitoes [5,6,11,53], higher density
strains in Anopheles species would be predicted to have a greater impact on malaria
transmission in field populations. In this study, we screened for P. falciparum
infection and found very low prevalence rates (<1%) (data not shown) preventing
any statistical analysis on Wolbachia-Plasmodium interactions. This study and
previous studies measuring a direct impact on Plasmodium infection in wild

populations are dependent on parasite infection rates which can be low even in
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malaria-endemic areas [24] and particularly for the infective sporozoite stage [54].
Low pathogen prevalence rates are also limiting factors in assessing the effect of
natural strains of Wolbachia on arboviruses in wild mosquito populations [55]. In
addition to looking at effects on Plasmodium prevalence in field populations, further
work should look to undertake vector competence experiments with colonised
populations and to determine if these Wolbachia strains are present in tissues such
as the midgut and salivary glands which are critical to sporogony. Furthermore, an
assessment of how these Wolbachia strains are being maintained in field
populations is needed, and to determine if the CI reproductive phenotype can be

induced by these strains (despite no evidence for this from our PCR analysis).

Conclusions

The discovery of two additional novel Wolbachia strains in Anopheles mosquitoes,
present at higher density than resident strains in An. gambiae s.s. in Guinea,
provides further evidence of the under-reporting of natural strains in the Anopheles
genus. Although the debate continues over the biological significance (or even
presence of natural strains in the An. gambiae complex), this study provides strong
evidence of two additional novel strains with higher density infections. Candidate
Wolbachia strains for mosquito biocontrol strategies require synergistic phenotypic
effects to impact the transmission of mosquito-borne pathogens and further studies
are needed to determine if these strains would induce Cl and what effects they may

have on host fitness.
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Figures

Figure 1. Anopheles species phylogenetic analysis of the ITS2 gene. Maximum
Likelihood molecular phylogenetic analysis of Anopheles ITS2 sequences to
demonstrate An. species X (red) phylogeny. The tree with the highest log likelihood
(-3250.26) is shown. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site. The analysis involved 128 nucleotide sequences.
There was a total of 169 positions in the final dataset. The An. gambiae complex is
shown as a compressed sub-tree (blue). For comparison, various field-collected
Anopheles sequences, previously obtained [24] are included, in addition to

sequences obtained from GenBank, with their accession numbers provided.
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KT160244.1 Anopheles coluzzii isolate Kara2 (Togo)

KT284725.1 Anopheles gambiae strain DRSTP (M form - coluzzii) (Sao Tome and Principe)
KT160243.1 Anopheles gambiae isolate Lofa1 (Liberia)

JN994138.1 Anopheles gambiae (Keele colony strain)

GQ870317.1 Anopheles gambiae voucher 104 (Uganda)

GQ870315.1 Anopheles gambiae voucher 10573 (Mali)

EU104644.1 Anopheles gambiae isolate H12P (S form - gambiae ss) (Angola)
EU104634.1 Anopheles gambiae isolate 804 (M form - coluzzii) (Angola)
DRC-KAL1 An. gambiae ss (W+)

DRC-MIK2 An. gambiae ss (W+)

DRC-KIN1 An. gambiae ss (W+)

UGA-BUT4 An. gambiae ss (W-)

63 [UGA-BUT3 An. gambiae ss (W-)

UGA-BUT2 An. gambiae ss (W-)
MAD-ANT3 An. gambiae ss (W-)
MAD-ANT2 An. gambiae ss (W-)
MAD-ANT1 An. gambiae ss (W-)
UGA-BUT1 An. gambiae ss (W-)
65 | GQ870322.1 Anopheles gambiae voucher 165 (Uganda)

GUI-KSK2 An. gambiae ss (W-)

DRC-KAT3 An. gambiae ss (W-)

GHA-DOGS5 An. coluzzii (W-)
GHA-DOG4 An. coluzzii (W-)

GHA-DOG3 An. coluzzii (W+)

GHA-DOG2 An. coluzzii (W+)

GHA-DOG1 An. coluzzii (W+)

GQ870313.1 Anopheles merus voucher 10304 (Tanzania)
GHA-DOG6 An. melas (W-)

@ GUI An. melas 1 (W+)

@ GUI An. melas 2 (W+)
87
@ GUI An. melas 3 (W+)

GQB70314.1 Anopheles melas voucher d36 (Cameroon)

= @ Anopheles bwambae (2 sequences, Uganda)

—65| @ Anopheles quadriannulatus (3 sequences, Ethiopia / Zambia)

DRC-KAL2 An. arabiensis (W+)
UGA-BUTS5 An. arabiensis (W-)
DQ287772.1 Anopheles arabiensis clone CAL191 (Nigeria)

GQ870321.1 Anopheles arabiensis voucher 10336 (Tanzania)

99 | UN994133.1 Anopheles arabiensis (Zambia)
KJ522814.1 Anopheles arabiensis (Kenya)
KR014833.1 Anopheles arabiensis haplotype AN15 (Zambia)

KT160245.1 Anopheles arabiensis isolate Yemen3 (Yemen)

0.001
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Figure 2. An. gambiae complex species phylogenetic analysis of the ITS2
gene. Maximum Likelihood molecular phylogenetic analysis of the ITS2 gene for the
An. gambiae complex, showing representative wAnMe-infected An. melas individuals
from Guinea (green). The tree with the highest log likelihood (-785.62) is shown. The
tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. The analysis involved 45 nucleotide sequences. There was a total of 475
positions in the final dataset. For comparison, sequences from the An. gambiae
complex, previously obtained [24], and from GenBank, with accompanying accession

numbers, are included.
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Figure 3. Wolbachia strain phylogenetic analysis using the 16S rRNA gene.
Maximum Likelihood molecular phylogenetic analysis of the 16S rRNA gene for
wAnsX-infected individual (red) and representative wAnMe-infected individuals
(green) from Guinea. The tree with the highest log likelihood (-685.48) is shown. The
tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. The analysis involved 18 nucleotide sequences. There was a total of 338
positions in the final dataset. Sequences obtained from Anopheles species
previously [24] are shown in blue. Accession numbers of additional sequences
obtained from GenBank are shown, including wPip (navy blue), wAnga-Mali (purple)

and wAnga-Burkino Faso strains (maroon).
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Figure 4. Wolbachia strain phylogenetic analysis using the wsp gene. Maximum
Likelihood molecular phylogenetic analysis of the wsp gene for resident strains in An.
species X (WAnsX, red) and An. melas (wAnMe, green) from Guinea. The tree with
the highest log likelihood (-3646.57) is shown. The tree is drawn to scale, with

branch lengths measured in the number of substitutions per site. The analysis

involved 86 nucleotide sequences. There was a total of 431 positions in the final

dataset. Reference numbers of additional sequences obtained from the MLST
database (IsoN; Isolate number) or GenBank (accession number) are shown. Strains

isolated from mosquitoes are shown in blue, with those strains from other Anopheles

species highlighted in bold.
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Figure 5. Wolbachia multilocus sequence typing (MLST) phylogenetic analysis
of Wolbachia strains in An. melas and An. species X. Maximum Likelihood
molecular phylogenetic analysis from concatenation of all five MLST gene loci for
resident Wolbachia strains from An. species X (WAnsX; red) and An. melas (WAnMe;
green). The tree with the highest log likelihood (-11404.41) is shown and drawn to
scale, with branch lengths measured in the number of substitutions per site. The
analysis involved 102 nucleotide sequences. There were a total of 2063 positions in
the final dataset. Concatenated sequence data from Wolbachia strains downloaded
from MLST database for comparison are shown with isolate numbers in brackets
(IsoN). Wolbachia strains isolated from mosquito species are shown in blue, with
those strains from other Anopheles species highlighted in bold. Strains isolated from
other Dipteran species are shown in navy blue, from Coleoptera in olive green, from
Hemiptera in purple, from Hymenoptera in teal blue, from Lepidoptera in maroon and

from other, or unknown orders in black.
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Figure 6. wAnsX, wAnMe and wWat Wolbachia strain densities in wild caught
female mosquitoes from the Maferinyah sub-prefecture of Guinea. Total RNA
extracted from individual mosquitoes was standardised to 2.0 ng/uL prior to
being used in gRT PCR assays targeting the 16S rDNA gene. A synthetic
oligonucleotide standard was designed to calculate 16S rDNA gene copies per
pL of RNA using a serial dilution series and all samples were run in triplicate in

addition to no template controls.


https://doi.org/10.1101/772855
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/772855; this version posted September 24, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Tables

Table 1. Wolbachia prevalence rates in Anopheles species collected in two
regions of Guinea in 2018. Species containing Wolbachia-infected individuals are
denoted in bold.

) Collection ) Wolbachia+t/total Prevalence
Region ) Species o
location individuals rate (%)
An. gambiae s.s. 4/139 29
An. coluzzii 0/1 0.0
Balayani _ _ _
An. gambiae/coluzzii hybrid 0/1 0.0
Unknown species 0/1 0.0
An. gambiae s.s. 0/26 0.0
Faranah
Faranah An. coluzzii 0/1 0.0
An. gambiae s.s. o/67 0.0
Foulaya ; _ ,
An. gambiae/coluzzii hybrid 0/1 0.0
An. gambiae s.s. 1/48 2.1
Tindo An. coluzzii 0/1 0.0
An. gambiae/coluzzii hybrid 0/2 0.0
An. coluzzii 0/22 0.0
Fandie An. gambiae s.s. 0/2 0.0
An. melas 0/3 0.0
An. coluzzii o/7 0.0
An. coustani 0/3 0.0
Maferinyah
An. gambiae s.s. 0/1 0.0
An. squamosus 0/8 0.0
Maferinyah
An. coluzzii 0/26 0.0
An. coustani 0/1 0.0
An. gambiae s.s. 0/8 0.0
Senguelen An. melas 18/168 10.7
An. species X 11 100.0
An. squamosus 0/1 0.0
An. gambiae/coluzzii hybrid 0/3 0.0
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Table 2. Novel resident Wolbachia strain WSP typing and multilocus sequence
typing (MLST) gene allelic profiles. Newly assigned novel alleles for wAnsX are
shown in bold red font. *wAnMe hcpA could not be assigned a novel allele number
due to a possible double infection which was unresolvable, therefore the allele
number of the closest match (CM) is shown with the number of single nucleotide

differences to the closest match in brackets.

WSP typing allele numbers MLST gene allele numbers
Mosquito Wolbachia
species strain
wsp HVR1 HVR2 HVR3 HVR4 gatB COXA hcpA ftsz fbpA
CM1
An. melas wAnMe 23 1 12 21 19 1 1 3 1

2

An. sp. X WANsX 737 264 297 3 323 285 282 310 246 454
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Supplementary Figure 1. Wolbachia 16S rRNA gene gRT PCR representative standard

curve generated with a synthetic oligonucleotide standard through ten-fold serial dilutions (A)

to measure 10E+6 to 10E+2 gene copies per L (B).

Supplementary Table 1. Additional sample details and ITS2 and CO1 GenBank

accession numbers for mosquito species identification. The species and target gene

fragment are shown for Wolbachia-infected individuals and the accession number on

GenBank.
Sample ID Species Gene fragment Accession number
An. sp. X An. species X ITS2 XXXXX
An. melasl An. melas ITS2 XXXXX
An. melas2 An. melas ITS2 XXXXX
An. melas3 An. melas ITS2 XXXXX
Cx. wattil Cx. watti co1 XXXXX
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Supplementary Table 2. Wolbachia 16S GenBank accession humbers. Sample codes,

Wolbachia strain names and GenBank accession numbers for Wolbachia 16S.

Sample ID Strain 16S

An. melasl wAnMe XXXXX
An. melas2 wAnMe XXXXX
An. melas3 wAnMe XXXXX
An. sp. X WANsX XXXXX

Supplementary Table 3. Wolbachia wsp and MLST gene GenBank accession numbers.

Wolbachia strain names Wolbachia wsp, and MLST gene sequence Genbank accession

numbers.
Strain wsp gatB COXA hcpA ftsZ fbpA
wAnMe XXXXX XXXXX XXXXX XXXXX XXXXX XXXXX
WANSX XXXXX XXXXX XXXXX XXXXX XXXXX XXXXX
wWat XXXXX XXXXX XXXXX XXXXX XXXXX XXXXX
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Supplementary Table 4. gRT PCR data for Wolbachia-infected individuals. RNA extracts

were added to Qubitrm RNA High Sensitivity Assays (Invitrogen) and total RNA was

measured using a Qubit Fluorometer (Invitrogen). All RNA extracts were then diluted

to produce extracts that were 2.0 nanograms (ng)/ yuL prior to being used in gRT

PCR) assays targeting the 16S rDNA gene. A synthetic oligonucleotide standard

(Integrated DNA Technologies) was designed to calculate 16S rDNA gene copies per

ML using a serial dilution series.

Total RNA Wolbachia 16S RT qPCR gene amplification
Asaia 16S RT
sample Insect qPCR gene
code species amplification
(ct)
ngimL -_ replicate 1 replicate 2 replicate 3 gean 3teavnig‘a‘:)dn gnozz?';s/pL z;a\lr;gﬁroz:‘
Ct copies/pL
Ct copies/ul Ct copies/ul Ct copies/ul

P2.AUG.E2 An. species X 3.40E+04 34.0 25.90 1.97E+04 26.43 1.43E+04 28.65 1.10E+04 26.99 1.46 1.50E+04 4.37E+03 34.92
P2.AUG.A1 An. melas 8.12E+04 81.2 34.09 1.40E+02 33.39 2.13E+02 35.81 1.65E+02 34.43 1.25 1.73E+02 3.71E+01 32.79
P2.AUG.B1 An. melas 8.10E+04 81.0 30.63 1.13E+03 30.69 1.09E+03 31.22 2.44E+03 30.85 0.32 1.55E+03 7.70E+02 32.61
P2.AUG.C1 An. melas 2.22E+04 222 31.47 6.80E+02 31.39 7.14E+02 31.93 1.61E+03 31.60 0.29 1.00E+03 5.28E+02 29.03
P2.AUG.B2 An. melas 4.34E+04 43.4 31.31 7.49E+02 30.75 1.05E+03 32.72 1.01E+03 31.59 1.02 9.38E+02 1.64E+02 30.74
P2.AUG.C2 An. melas 1.09E+04 10.9 31.24 7.82E+02 31.40 7.10E+02 32.71 1.02E+03 31.78 0.81 8.37E+02 1.62E+02 28.51
P2.AUG.D2 An. melas 1.28E+04 12.8 35.12 7.48E+01 34.69 9.71E+01 36.29 1.25E+02 35.37 0.83 9.89E+01 2.50E+01 32.72
P2.AUG.B9 An. melas 4.36E+04 43.6 28.00 5.54E+03 29.00 3.03E+03 29.66 6.10E+03 28.89 0.84 4.89E+03 1.64E+03 31.09
P2.AUG.B10 An. melas 2.38E+04 23.8 36.76 2.78E+01 36.82 2.68E+01 39.05 2.47E+01 37.54 1.31 2.64E+01 1.57E+00 27.50
P2.AUG.C10 An. melas 1.36E+04 13.6 32.95 2.78E+02 32.90 2.87E+02 34.44 3.70E+02 33.43 0.88 3.12E+02 5.04E+01 26.08
P2.AUG.E10 An. melas 1.49E+04 14.9 35.25 6.92E+01 35.47 6.06E+01 36.81 9.20E+01 35.84 0.84 7.39E+01 1.62E+01 26.96
P2.AUG.G10 An. melas 1.90E+04 19.0 35.23 7.00E+01 34.43 1.14E+02 36.30 1.24E+02 35.32 0.94 1.03E+02 2.88E+01 29.23
P2.AUG.H10 An. melas 1.51E+04 15.1 36.60 1.04E+02 35.30 6.71E+01 37.16 7.49E+01 36.35 0.95 8.20E+01 1.95E+01 28.55
P2.AUG.G11 An. melas 8.26E+04 82.6 34.70 9.65E+01 34.52 1.08E+02 35.60 1.87E+02 34.94 0.58 1.31E+02 4.93E+01 3331
P2.AUG.H11 An. melas 3.12E+04 31.2 34.71 9.59E+01 36.42 3.41E+01 36.05 1.44E+02 35.73 0.90 9.12E+01 5.49E+01 31.12
P2.AUG.A12 An. melas 6.24E+04 62.4 31.79 5.61E+02 31.65 6.10E+02 32.49 1.16E+03 31.98 0.45 7.77E+02 3.33E+02 29.74
P2.AUG.B12 An. melas 6.40E+04 64.0 34.16 1.34E+02 33.24 2.33E+02 34.14 4.41E+02 33.85 0.53 2.69E+02 1.56E+02 31.72
P2.AUG.C12 An. melas 5.22E+04 52.2 33.83 5.29E+02 33.21 7.60E+02 33.67 5.81E+02 33.57 0.32 6.23E+02 1.22E+02 30.53
P2.AUG.G12 An. melas 4.38E+04 43.8 36.17 1.34E+02 38.37 3.68E+01 38.93 2.65E+01 37.82 1.46 6.58E+01 5.92E+01 21.41
An. melas (overall) 33.94 0.81 6.69E+02 2.34E+02 29.65
CxWatl Cx watti 9.24E+04 92.4 35.75 4.69E+02 38.38 1.21E+02 36.00 4.12E+02 36.71 1.45 3.34E+02 1.87E+02
CxWat2 Cx watti 5.76E+04 57.6 36.04 4.03E+02 33.92 1.20E+03 33.38 1.59E+03 34.45 1.41 1.07E+03 6.06E+02
CxWwat3 Cx watti 1.46E+04 14.6 28.05 2.49E+04 27.53 3.25E+04 28.13 2.39E+04 27.90 0.33 2.71E+04 4.74E+03
CxWat4 Cx watti 8.36E+04 83.6 29.98 9.19E+03 30.20 8.20E+03 30.43 7.29E+03 30.20 0.23 8.23E+03 9.52E+02
CxWat5 Cx watti 1.46E+04 14.6 25.45 9.51E+04 25.93 7.42E+04 24.46 1.58E+05 25.28 0.75 1.09E+05 4.38E+04
CxWat6 Cx watti 5.10E+04 51.0 25.85 2.14E+04 25.57 2.54E+04 26.69 1.28E+04 26.04 0.58 1.99E+04 6.45E+03
CxWat7 Cx watti 6.90E+04 69.0 26.9 1.12E+04 27.09 1.00E+04 27.13 9.76E+03 27.04 0.12 1.03E+04 7.95E+02
CxWat8 Cx watti 3.81E+04 38.1 26.7 1.27E+04 25.8 2.21E+04 25.99 1.96E+04 26.16 0.47 1.81E+04 4.86E+03
Cxwat9 Cx watti 6.80E+04 68.0 27.16 9.58E+03 28.11 5.35E+03 27.09 1.00E+04 27.45 0.57 8.31E+03 2.57E+03
CxWat10 Cx watti 3.86E+04 38.6 29.17 2.79E+03 27.02 1.04E+04 27.34 8.58E+03 27.84 1.16 7.27E+03 3.99E+03
CxWatll Cx watti 4.29E+04 42.9 29.24 2.68E+03 28.92 3.26E+03 29.9 1.79E+03 29.35 0.50 2.57E+03 7.41E+02
CxWat12 Cx watti 2.48E+04 24.8 24.74 4.23E+04 24.13 6.14E+04 24.43 5.11E+04 24.43 0.31 5.16E+04 9.59E+03
CxWat13 Cx watti 5.60E+04 56.0 28.9 3.30E+03 27.39 8.32E+03 27.28 8.90E+03 27.86 0.91 6.84E+03 3.08E+03
CxWat14 Cx watti 2.66E+04 26.6 24.67 4.41E+04 24.52 4.84E+04 24.51 4.87E+04 2457 0.09 4.70E+04 2.54E+03
CxWatl15 Cx watti 5.70E+04 57.0 26.9 1.12E+04 27.58 7.41E+03 27.15 9.64E+03 27.21 0.34 9.43E+03 1.93E+03
CxWat16 Cx watti 1.42E+04 14.2 24.25 5.71E+04 24.74 4.23E+04 24.21 5.85E+04 24.40 0.30 5.26E+04 8.99E+03
Cx. watti (overall) 27.93 0.59 2.37E+04 5.99E+03
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