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Abstract

The Anopheles gambiae complex consists of multiple morphologically indistinguishable mosquito
species including the most important vectors of the malaria parasite Plasmodium falciparum in
sub-Saharan Africa. Nine cryptic species have been described so far within the complex. The
ecological, immunological, and reproductive differences among these species will critically impact
population responses to disease control strategies and environmental changes. Here we examine
whole-genome sequencing data from a longitudinal study of putative A. coluzzii in western
Burkina Faso. Surprisingly, many specimens are genetically divergent from A. coluzzii and all
other Angpheles species and represent a new taxon, here designated Anopheles TENGRELA (AT).
Population genetic analysis suggests that the cryptic GOUNDRY subgroup, previously collected
as larvae in central Burkina Faso, represents an admixed population descended from both A.
coluzziiand AT. AT harbors low nucleotide diversity except for the 2La inversion polymorphism
which is maintained by overdominance. It shows numerous fixed differences with A. coluzzii
concentrated in several regions reflecting selective sweeps, but the two taxa are identical at
standard diagnostic loci used for taxon identification and thus AT may often go unnoticed. We
present an amplicon-based genotyping assay for identifying AT which could be usefully applied to
numerous existing samples. Misidentified cryptic taxa could seriously confound ongoing studies
of Angpheles ecology and evolution in western Africa, including phenotypic and genotypic
surveys of insecticide resistance. Reproductive barriers between cryptic species may also
complicate novel vector control efforts, for example gene drives, and hinder predictions about
evolutionary dynamics of Angphelesand Plasmodium.
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Introduction

Successfully controlling vector-borne diseases will require a comprehensive evolutionary
genetic understanding of host species. For malaria, a major global infectious disease
afflicting over 200 million people, the relevant vectors are Anopheles mosquitoes which
transmit Plasmodium parasites (Miller, 2002; WHO, 2018). Mosquito-targeting
interventions are by far the most effective at reducing malaria infection, substantially
exceeding the impact of those that target the parasite directly, like artemisinin combination
therapy (Bhatt et al., 2016). However, evolutionary processes such as selection for resistance
to insecticides have repeatedly allowed mosquitoes to evade control efforts (Ranson &
Lissenden, 2016). Similarly, adaptive resistance is likely to frustrate new control
technologies such as gene drives, which involve manipulating mosquito evolution directly
(Marshall et al., 2019). Control strategies will need to anticipate and foil these adaptive
responses and thus can only succeed if Angpheles population genetics is thoroughly
understood.

In sub-Saharan Africa, the most important definitive hosts for Plasmodium are mosquitoes
of the Anopheles gambiae species complex. These mosquitoes are among the most
genetically diverse animals on Earth (Leffler et al., 2012; Anopheles gambiae 1000
Genomes Consortium, 2017). The clade contains nine morphologically identical species,
three of which were only described in the last decade (Coetzee et al., 2013; Barron et al.,
2019). The evolutionary relationships among these cryptic species are complicated due to
incomplete lineage sorting and introgression facilitated by porous reproductive barriers
(Fontaine et al., 2015). A majority of the genome can cross species boundaries, and this is a
frequent and recent phenomenon in response to novel selective pressures such as insecticides
(Clarkson et al., 2014; Main et al., 2015; Norris et al., 2015). Additionally, the taxonomic
status of some rare yet distinct groups within this complex remains unclear. The subgroup
GOUNDRY was identified in Burkina Faso and found to be genetically distinct from its
closest known relative, A. coluzzii (Riehle et al., 2011; Crawford et al., 2015; Crawford et
al., 2016). While GOUNDRY has not been formally described as a separate species, it is
genetically distinct from any known species. Further characterization has been impeded
because only larval stages have been collected in the field and collecting additional
GOUNDRY individuals has proven difficult. There is a substantial need to better understand
patterns of gene flow and partitioning of genetic diversity within the A. gambiae complex, in
order to better predict and mitigate the inevitable evolutionary counterstrategies to vector
control efforts.

In this paper, we use whole genome sequencing data to identify yet another new cryptic
taxon within the A. gambiae complex, occurring in a country (Burkina Faso) where many
previous surveys of anopheline mosquitoes have occurred. Though this taxon is closely
related to A. coluzzii, it shows substantial yet incomplete reproductive incompatibility with

Mol Ecol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tennessen et al.

Page 3

it. This new taxon, Angpheles TENGRELA (AT), clarifies the origin of GOUNDRY and
illuminates the complicated interplay between migration and isolation that characterizes
these mosquitoes.

Materials and Methods

Samples and sequencing

We chose 287 specimens of putative A. coluzziifrom larval collections in Tengrela, Burkina
Faso (10.7° N, 4.8° W) (Table 1). All specimens were reared to adults and typed as A.
coluzziifemales based on morphology (Gillies & De Meillon, 1968) and standard molecular
assays (Santolamazza et al, 2008). They comprised a longitudinal series across four years
(2011, 2012, 2015, and 2016) which were examined as part of a study on insecticide
resistance evolution. We extracted DNA from individual mosquitoes using a Qiagen DNeasy
Blood & Tissue Kit (Qiagen) following manufacturer’s instructions. We sequenced whole
genomic DNA with 151 bp paired-end reads on an Illumina HiSeq X instrument at the
Broad Institute, using Nextera low-input sequencing libraries.

Identification of AT

All reads were aligned to the Anopheles gambiae PEST reference genome (assembly
AgamP4; Holt et al., 2002; Sharakhova et al., 2007) using bwamem v. 0.7.17 (Li & Durbin,
2009; command: bwa mem -M) and samtools v .1.8 (Li 2011; commands: samtools view -h
-F 4 -b, samtools sort, samtools index) and variants were called using GATK v. 3.8-1
(McKenna et al., 2010; hard filtering of single nucleotide polymorphisms (SNPs) with QD <
5 and/or FS > 60, and indels with QD < 2 and/or FS > 200; --max-gaussians 4). Initial
analysis was restricted to individuals with at least 8x median coverage, with variants filtered
to have at least 8x coverage in all individuals, be at least 500 bp apart, and not show
heterozygote excess in violation of Hardy-Weinberg expectations. With this dataset, AT was
identified as distinct from A. coluzzii using principal component analysis (PCA) with the
princomp function in R (v. 3.6.2; R Core Team, 2019). Lower-coverage individuals were
subsequently designated as AT or A. coluzziibased on markers that differentiate these taxa
in the high-coverage individuals; eight individuals (coverage 0-2x) could not be
unambiguously assigned to taxon and were subsequently ignored, leaving 279 acceptable
individuals.

Standard statistical tests and data visualization were performed in R (v. 3.6.2; R Core Team
2019). Phylogenetic analysis employed RAXML with -m GTRCAT (Stamatakis 2006).
Anaopheles genomes used in phylogenetic analysis (other than AT and A. coluzzii from
Tengrela) were: A. coluzzii from Burkina Faso at locations (Bana, Pala, and
Souroukoudinga) approximately intermediate between Tengrela and the GOUNDRY sites
(ERS224009, ERS224023, ERS223804, ERS223963, ERS224782, ERS223946), A.
gambiae (PEST reference genome, ERS223759, ERS224149, ERS223976, ERS224154,
ERS224132, and ERS224151) A. arabiensis (SRR3715623 and SRR3715622), A.
quadriannulatus (SRR1055286 and SRR1508190), A. bwambae (SRR1255391 and
SRR1255390), A. melas (SRR561803 and SRR606147), and A. merus (SRR1055284).
Annotation and analysis of key genomic regions and alleles was facilitated by VectorBase
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(Giraldo-Calderén et al., 2015) and the Ag1000G genomic resources (Anopheles gambiae
1000 Genomes Consortium, 2017).

Demographic analysis with GOUNDRY

In order to directly compare our specimens with GOUNDRY, we examined the previously
published whole-genome sequences of GOUNDRY and A. coluzzii (Crawford et al., 2016;
BioProject PRINA273873). We then examined a representative dataset of 51 AT genomes,
51 A. coluzzii genomes from Tengrela, 12 GOUNDRY genomes, and 10 A. coluzzii
genomes from GOUNDRY habitats (Kodougou and Goundry). To minimize artifacts due to
read alignment, we trimmed our Tengrela reads to 100 bp to match the GOUNDRY data,
and then aligned all reads to the PEST reference genome using bwamem and samtools as
above and called genotypes jointly using bcftools v. 1.8 (Li 2011; commands: bcftools
mpileup, bcftools call -m -Ov -v). For demographic analysis, we removed any variants with
missing genotypes, as above we filtered variants to be at least 500 bp apart and to not show
heterozygote excess in violation of Hardy-Weinberg expectations, we excluded sites in the
2La inversion, and we separated this jointly-called and filtered dataset into autosomes
(84,550 sites) and X chromosome (9,212 sites).

We used this jointly called dataset for demographic analysis with dadi (Gutenkunsk,
Hernandez, Williamson, & Bustamante, 2009). Our goal was to generate a plausible
demographic model for these populations and in particular to test whether GOUNDRY
derives from an admixture event between AT and A. coluzzii. We ran multiple models,
including models without migration, without population size changes, or with only two
periods of differing demographic parameters. Critically for this analysis, we ran models
identical to the preferred model but with GOUNDRY originating entirely from either AT or
A. coluzzii, rejecting these models thus demonstrates that GOUNDRY is admixed (Supp
Table 1). These models estimate multiple parameters, the absolute values of which depend
upon numerous assumptions that are challenging to validate. For example, heterozygosity
per bp in our full dataset is 400x higher than in the filtered dataset because most variants are
filtered, and we estimate that the full dataset represents 85% of the genome, with the rest
occurring in long stretches (over 1kb) without called genotypes that may be inaccessible to
our genotyping pipeline; thus we adjusted our estimate of nucleotide diversity upwards
accordingly when inferring effective population size. However, this estimate is likely
imprecise, as low-quality sites that were filtered away could overestimate heterozygosity if
enriched for mismatched reads, or could underestimate heterozygosity if divergent reads
failed to align to the reference genome, Similarly, we assumed a mutation rate of 3x107°
(Keightley, Ness, Halligan, & Haddrill, 2014), and ten generations per year. In contrast to
absolute values of these point estimates, the relative values among parameters (e.g.
population size of AT versus A. coluzzii), and among model likelihoods, should be more
robust. As above, we examined autosomal genotypes and X chromosome genotypes
separately. To assess the robustness of our results, we ran dadfon datasets with different
levels of filtration, such that the minimum distance among variants was 100, 200, 500, or
1000 bp; as with other analyses we present the 500 bp threshold as the default.
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We confirmed the demographic results from dad’ using the same jointly called dataset in
other analyses. We conducted PCA as above. We also conducted an ADMIXTURE analysis
(Alexander, Novembre, & Lange, 2009) with K ranging from 1 to 5, choosing the value of K
with the lowest cross-validation error as recommended. Finally, we used TreeMix (Pickrell
& Pritchard 2012) to generate a phylogeny among populations and test for migration. We
first incorporated genotypes from 115 specimens of A. gambiae from Ag1000G, yielding a
dataset with 49,645 autosomal and 997 X chromosome variants. We created a phylogeny
with the possibility of migration (treemix function, -m 1 or -m 2, -root A. gambiae). We used
the threepop and fourpop functions (-k 100) to calculate f;and 7.

Genomic characterization of AT

Across the genome, population genetic statistics such as FgT, 1, Tajima’s D, and Dxy were
calculated with Perl scripts incorporating the Perlymorphism scripts (Bio::PopGen, BioPerl
version 1.007000; Stajich & Hahn, 2005). Fst calculations followed the script FstPerSite.pl
available at https://github.com/jacobtennessen/MalariaHallmarks/. Statistics were examined
in overlapping sliding windows of 1 Mb or 100 kb. We identified putative selective sweep
regions as those showing Tajima’s D under —2.5 and m under 0.0005. We considered
“definitive differences” (i.e. fixed or nearly fixed alleles) between AT and A. coluzziito be
sites showing Fst > 0.99. At several notable loci we directly compared genotypes in AT,
GOUNDRY, and A. coluzzii (Table 2), including the intergenic region (IGS) of rRNA (Scott,
Brogdon, & Collins, 1993; Fanello, Santolamazza, & della Torre, 2002), indels in SINE200
retrotransposon S200 X6.1 (Santolamazza et al., 2008), and “divergence island SNPs”
showing nearly-fixed differences among previously described taxa (Lee et al., 2013). We
identified numerous variants spanning over 20 Mb from 2L_20569357 to 2L_42087028
showing perfect linkage disequilibrium with each other in our data; we inferred that these
variants represent the 2La inversion and used a set of a 70 such variants, all more than 1 kb
apart, to genotype 2La in all individuals. Although all specimens were phenotyped as
female, we examined coverage across the X and Y chromosomes in the reference genome in
order to infer sex chromosome karyotype. X chromosome coverage approximately equal to
autosomal coverage was interpreted as XX karyotype. Y chromosome coverage equal to or
greater to autosomal coverage across the majority of the Y chromosome was interpreted to
mean that sequence which is male-specific in PEST occurs in our female specimens. To infer
whether such sequence could constitute a functional Y chromosome, we assessed coverage
at sex-determining gene YGZ.

We used several tactics to test for inbreeding and its potential effects. For all analyses
including those mentioned above, we filtered out sites showing heterozygote excess in
violation of Hardy-Weinberg equilibrium but not sites showing homozygote excess, since
the former are more likely to be caused by alignment errors and the latter could be
biologically real due to population structure. This filtering strategy could only bias the
dataset toward excess homozygosity. To calculate the F coefficient, we used the -het function
in PLINK (v1.90b3.32, Chang et al. 2015) treating AT, A. coluzzii, and GOUNDRY
separately. A positive F coefficient is indicative of inbreeding. For all individuals, we
calculated heterozygosity (H) in 1 Mb windows across the genome and looked for
homozygosity tracts showing A < 1e-06 (i.e. no more than one heterozygous polymorphism
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per Mb). To assess whether homozygosity tracts are genomic outliers or consistent with
genome-wide levels of polymorphism, we examined the distribution of heterozygosity per
genomic window per individual. We counted homozygous doubletons (i.e. homozygotes for
an allele otherwise absent in the population) and tested whether these are enriched in
homozygosity tracts. Finally, to test whether inbreeding would be likely to influence our
results, we generated a perfectly homozygous set of autosomes /7n silico by selecting only a
single allele per individual at all autosomal sites. Using this haploid dataset, we replicated
our ADMIXTURE and dadi analyses.

Amplicon genotyping

We designed and tested an amplicon-based genotyping method to identify AT in additional
samples. We selected 50 diagnostic SNPs and small indels, each with a non-reference allele
that is fixed in all AT specimens but absent in Tengrela A. coluzzii and the Ag1000G data
(Anopheles gambiae 1000 Genomes Consortium, 2017). For each of these, we designed a
primer pair to amplify a PCR product 160 to 230 bp in size using BatchPrimer3 (You et al.,
2008). We ensured that primers did not overlap common polymorphisms found in A.
coluzzifor A. gambiae (Anopheles gambiae 1000 Genomes Consortium, 2017). We ordered
primers with the Nextera Transposase Adapters sequences added to the 5" end in order to
eliminate the initial ligation step in library preparation (primer 1: 5’
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-[locus specific sequence]; primer 2:
5" GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[locus specific sequence]).

Primers were tested individually and in various pools of primer pairs to amplify jointly in
multiplex PCR using known samples of AT, A. coluzzii, and A. gambiae. \We PCR-amplified
2ng of each DNA sample using the Veriti 96-well Fast Thermal Cycler (Applied Biosystems,
Waltham, Massachusetts) with 12.5uL (62.5 U) of Multiplex PCR Master Mix (Qiagen,
Hilden, Germany), 2.5 uL of the pre-mixed primer pool (200 nM), and 8 uL of nuclease-free
water. The PCR conditions were as follows: 95 °C for 15 minutes; 30 cycles of 94 °C for 30
seconds and 60 °C for 90 seconds, 72 °C for 90 seconds; and 72 °C for 10 minutes. Initial
confirmation of correctly sized amplicons was done by gel electrophoresis.

We performed a second round of PCR to attach i5 and i7 lllumina indices (Nextera XT
Index Kit v2 set A; Illumina, San Diego, California) to the PCR amplicons. The second
round PCR reaction included 5 uL of 1X Platinum SuperFi Library Amplification Master
Mix (Thermo Fisher, Waltham, Massachusetts), 5 uL of the first round PCR product, and 1
uL of premixed i5/i7 index primers. The PCR conditions were as follows: 98 °C for 30
seconds; 10 cycles of 98 °C for 15 seconds, 60 °C for 30 seconds, and 72 °C for 30 seconds;
and 72 °C for 1 minute. Confirmation of amplification was done by gel electrophoresis.

Amplicon libraries were purified using Agencourt AMPure XP beads (Beckman Coulter,
Brea, California) at 1.8x with a final elution volume of 35 uL. Library concentrations were
determined using Qubit HS DNA kit (Thermo Fisher, Waltham, Massachusetts). Library
concentration and size was confirmed using the Agilent 2100 Bioanalyzer instrument.
Libraries were pooled in equimolar concentration and diluted to 180 pmol. A 15% PhiX
spike in was added to the diluted pool. We loaded 20uL of the final pool onto an Illumina
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iSeq 100 instrument at the Broad Institute per the manufacturer’s protocol and sequenced
these with 151 bp paired-end reads.

Genotype could be inferred from the resultant reads without an alignment step, simply by
counting reads containing diagnostic kmers (24-33bp) overlapping the target polymorphism.
After determining that a pool of 5 primer pairs sequenced by iSeq was sufficient for taxon
identification, we used it to amplify and sequence a novel set of 79 putative A. coluzzii
larvae (from either near Tengrela in southwestern Burkina Faso or else of unknown origin;
Table 1), alongside a known Tengrela A. coluzzii control and 16 empty well negative
controls.

A new cryptically isolated lineage

In whole-genome sequencing data of 279 putative A. coluzzii specimens from Tengrela,
Burkina Faso (median coverage = 16x; dataset Tennessen et al., 2020), collected across four
years, 51 specimens were unexpectedly distinct (Figure 1A). This signal is robust across
both autosomes and the X chromosome, and for more stringent filtering approaches (Supp
Figure 1). The divergent individuals, here designated Anopheles TENGRELA (AT), were all
collected as larvae in 2011, the only year in which sample collection included temporary
puddles in addition to rice paddies. Most (72%) specimens from 2011 were AT. AT is not a
close match to any known sequenced samples of A. coluzziior A. gambiae (Anopheles
gambiae 1000 Genomes Consortium, 2017). It is similar but not identical to GOUNDRY,
which was also described from temporary puddles in Burkina Faso, from sites 250-550 km
from Tengrela (Riehle et al., 2011). The genetic divergence from sympatric A. coluzzii
individuals collected simultaneously suggests a strong reproductive barrier.

To further investigate the distinction between AT and GOUNDRY, we jointly analyzed our
Tengrela data alongside whole genome sequence data from GOUNDRY and sympatric A.
coluzzii specimens (Crawford et al., 2016). To account for differences in sequencing
platforms and genotyping algorithms, we trimmed all reads to 100 bp and jointly aligned
them and called genotypes. While A. coluzziifrom Tengrela and A. coluzzii from the
GOUNDRY sites were genetically indistinguishable, AT and GOUNDRY remained distinct
from each other (Figure 1B). Thus, the distinctiveness of AT is not owing to genotyping
artifact, and the divergence between AT and GOUNDRY is greater than that seen for A.
coluzzif populations over the same physical distance. We therefore infer that AT is not
simply an additional population of GOUNDRY.

To examine the relationship between AT and the broader A. gambiae species complex, we
divided the genome into 100 kb windows and ran a phylogenetic analysis with seven
nominal species (Figure 2A). The AT genome is typically sister to A. coluzzii (42.1% of
windows), A. gambiae (33.1% of windows), or to a clade containing only A. coluzziiand A.
gambiae (20.4% of windows), with only 4.5% of windows displaying an alternate topology
(Supp Figure 2). The relationship between AT and A. coluzzii is especially strong on the X
chromosome (Figure 2A; Supp Figure 2), which in the A. gambiae complex is thought to
reflect phylogenetic signal more accurately than the autosomes (Fontaine et al., 2015). As A.
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coluzzifis most often the closest species, and much of the similarity to A. gambiae is owing
to the 2La inversion (Supp Figure 2), we consider A. coluzziito be the sister taxon to AT for
all subsequent analyses.

We constructed a mitochondrial phylogeny of AT, GOUNDRY, and representative samples
of A. coluzzii, A. gambiae, and A. arabiensis (Figure 2B). All AT individuals share the same
haplotype, which does not occur in any other taxon except for a single GOUNDRY
individual. GOUNDRY samples occur in two clades, the one containing AT and another one
nested within A. coluzziiand A. gambiae, consistent with maternal ancestry from both
lineages.

GOUNDRY derives from AT and A. coluzzii

GOUNDRY is closely related to AT, but genetically distinct (median Fst = 0.11; mean Fgt
=0.12; Supp Figure 3). GOUNDRY also shows substantial recent ancestry from A.

coluzzii.. Several independent analyses, described below, support the conclusion that
GOUNDRY autosomes are admixed with 15-20% A. coluzzii ancestry, while GOUNDRY X
chromosomes are almost entirely AT-like. There are relatively few fixed differences between
GOUNDRY and AT, but several occur on all chromosomes including the X (Supp Figure 3).

Analysis of AT, A. coluzziifrom Burkina Faso, and GOUNDRY autosomes with
ADMIXTURE (Alexander et al., 2009) suggests two ancestral populations (K=2; Figure
3A). Populations 1 and 2 are closely approximated by the contemporary AT and A. coluzzii
populations, respectively (AT: all individuals have 100.0% population 1 ancestry; A.
coluzzif. mean population 1 ancestry = 0.1%, range = 0-7.4%). GOUNDRY is admixed
from both populations, with a majority of ancestry from AT (mean population 1 ancestry =
84.6%, range = 76.6-88.7%). The X chromosome also suggests a two-population model
differentiating contemporary AT and A. coluzzii, but it assigns GOUNDRY nearly complete
population 1 (AT-like) ancestry (mean = 99.6%, range = 97.1-100%).

We confirmed the signal of admixture by fitting demographic models to the two-dimensional
site frequency spectrum with gdads (Gutenkunst et al., 2009). In our best-fitting autosomal
model, the lineages of A. coluzziiand AT diverged 1.7 million generations ago, maintained a
small degree of continuous gene flow, and then hybridized less than 10,000 generations ago
to form GOUNDRY (Figure 3B; Supp Figure 4; Supp Table 1). Our model included three
different time periods among which population sizes and migration rates were allowed to
vary. Consistent with the relatively low nucleotide diversity, the effective population size (A)
of AT was much smaller than A. coluzziiacross all time periods. It was approximately 200-
fold smaller in the earliest and longest period, expanded during the middle time period, and
contracted again to be more than 10,000-fold smaller than A. coluzziitoday (3.1x10% and
3.6x108, respectively). Migration rates (/7)) ranged from 1078 to 1075, such that the effective
number of migrants per generation (/mtimes N of the recipient population) has only
sporadically been high enough to overcome the effects of drift (Am > 1). In particular, gene
flow from A. coluzziiinto AT has only been non-negligible during the middle period
41,000-967,000 generations ago, when the AT population size was large and migration from
A. coluzzii was substantial. GOUNDRY is admixed with 81.0% ancestry from AT and
19.0% ancestry from A. coluzzii, with Nslightly larger than AT (4.1 x 10%). All four
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filtration strategies for autosomal variants support the same overall scenario, with varying
parameter estimates: the effective sizes of modern AT and GOUNDRY are 134 to 20,225
times smaller than A. coluzzii, AT has decreased in population size while A. coluzzii has
increased, GOUNDRY is admixed with the proportion of A. coluzzii ancestry ranging from
13.7% to 30.7%, and the split between AT and A. coluzziiis 99 to 636 times older than the
origin of GOUNDRY. In contrast, the best model for X chromosome data has GOUNDRY
derived entirely from the AT branch without gene flow from A. coluzzii (Supp Table 1).

We further investigated the signal of admixture with TreeMix (Pickrell & Pritchard 2012),
incorporating A. gambiae alongside A. coluzzii, AT, and GOUNDRY. Autosomal data
suggest a tree with GOUNDRY sister to AT, but with relatively weak migration (weight =
0.10) from A. coluzziito GOUNDRY (Figure 3C), and no support for any second migration
event elsewhere in the tree. As corroboration, 74 is nonzero at 1.9e-04 (p < 0.05), indicating a
significant but relatively weak signal of gene flow. However, fzis positive for any of the four
populations compared with any other two, meaning that this test provides no evidence for
admixture. The X chromosome shows no evidence of GOUNDRY admixture, neither upon
the phylogeny nor with 7, or 73

Genomic characterization of AT

Mosquitoes in the A. gambiae complex are typically identified with established molecular
markers. Analysis of these regions in AT reveals how this taxon easily goes undetected, both
in our initial survey of these samples and possibly in other studies (Table 2). At IGS, AT
reliably lacks the Hhal restriction site found in A. gambiaes. s., and instead harbors the AT
dinucleotide typical of A. coluzzii (Fanello et al., 2002). At S200 X6.1, AT possesses the
230 bp insertion characteristic of A. coluzzii (Santolamazza et al., 2008). Interestingly, a
SNP within this indel is nearly fixed between AT and A. coluzzii, suggesting that
amplification of this region could still be diagnostic if it were sequenced and not merely
assessed for band size. At divergence island SNPs, AT appears identical to Tengrela A.
coluzzii, although such SNPs on chromosome 2L are polymorphic in both taxa.

In AT both haplotypes of the 2La inversion are common, unlike in A. coluzzii from Tengrela
or elsewhere (Coluzzi et al., 2002; Neafsey et al., 2010), and thus this 22 Mb region
represents one of its most striking differences from A. coluzzii (Figure 4A). The 2L+2
haplotype occurs at a frequency of 48% and shows a remarkable heterozygote excess in
violation of Hardy-Weinberg expectations (expected heterozygotes = 25.4, observed
heterozygotes = 37, XZ =10.5; P=0.001), suggesting at least half of homozygous genotypes
are selected against. This observation is unexpected, since either the 2L.2 or 2L+2 haplotype
can be the major allele across Anopheles populations, and thus the inversion is thought to be
maintained by geographically-varying selection rather than heterozygote advantage (White
et al., 2007). In contrast to AT, GOUNDRY 2La is in Hardy-Weinberg equilibrium (Riehle et
al. 2011). Our results suggest that the genomic background of AT may facilitate
overdominance at this inversion, and thus AT may be an important genetic reservoir which
helps to maintain the polymorphism across the genus. Genes potentially under selection in
2La include the highly polymorphic APL 1 gene complex, implicated in immunity against
Plasmodium (Rottschaefer et al., 2011), and R4/, at which a nonsynonymous Ala-Ser variant
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conveys resistance to the insecticide dieldrin (Du et sl. 2005). In APL 1, the protective
APL1AZ haplotype is rare in AT (15%) but is the major allele in Tengrela A. coluzzii (80%).
At Rdl, resistant Ser occurs at 32% frequency in AT. In Tengrela A. coluzzii, this variant
represents the largest shift in allele frequency across years (Supp Figure 5), decreasing from
68% in 2011-2012 to 38% in 2015-2016, consistent for selection against costly resistance
as organochloride use has declined. While Rd/in A. coluzzii must occur on the (nearly
fixed) 2L2 haplotype, in AT it is more often associated with 2L+2,

Several other genomic regions are unusually divergent between AT and A. coluzzii (Table
2). Along with 2La, both 7EPI and CYPIK1 are outliers with respect to mean Fg between
these taxa (Figure 4A). TEP1 encodes a complement-like immunity protein that occurs in
highly dissimilar allelic forms correlated with resistance to Plasmodium (White et al., 2011).
All TEPI alleles in AT are of the S (susceptible) type, while the R (resistant) type is nearly
fixed in Tengrela A. coluzzii. CYPIK1 is a PA50 gene associated with resistance to
insecticide (Main et al., 2015). The cyp-I1 haplotype of the CYPIK1 region is fixed in AT
and rare in Tengrela A. coluzzii, there is suggestive but inconclusive evidence that this allele
conveys increased resistance (Main et al., 2015). In contrast to the pronounced divergence at
CYPIK1, the well-known insecticide-resistance polymorphism Kar(Donnelly et al., 2009)
shows similar, intermediate frequencies across both AT and Tengrela A. coluzzii.

Nucleotide diversity is substantially lower in AT (it = 0.007) than in A. coluzzii (r = 0.012)
(Figure 4B). This trend is consistent across the genome except within the 2La inversion (AT:
1t = 0.015 in 2La, 1t = 0.006 elsewhere; A. coluzzii: = = 0.013 in 2La, 7 = 0.012 elsewhere).
This difference is also consistent among individuals, such that the range of heterozygosity
per individual for AT does not overlap that of A. coluzzii (Supp Figure 6). Across the
genome, divergence between these taxa as measured by Dxy closely matches 1t in A.
coluzzii, as this taxon that contributes the majority of variation; the exception occurs in 2La,
when both Dxy and AT r are maximized. The site frequency spectra of AT and A. coluzzii
are also quite distinct. In A. coluzzii, Tajima’s D is very negative (D = -2.0) and fairly
uniform across the genome (SD = 0.2), reflecting its recent population expansion (Figure
3B; Anopheles gambiae 1000 Genomes Consortium, 2017). In contrast, Tajima’s D in AT is
positive on average (D = 1.3), consistent with a recent dramatic decrease in population size
(Figure 3B), but it’s also quite variable across the genome (SD = 1.3). Three genomic
regions in AT, comprising about 2% of the genome, show a combination of highly negative
Tajima’s D and unusually low nucleotide diversity, and together they harbor a third of the
“definitive differences” (defined here as Fst > 0.99; Figure 4A) between AT and A. coluzzii.
This suite of signals suggests positive selective sweeps in these three regions in AT (Figure
4B). One putative sweep is observed on 3R. Though the signal extends from approximately
8.9 Mb to 13.3 Mb, it is concentrated in a one-megabase section from 11.5 to 12.5 Mb which
contains 125 definitive differences (7% of the genome-wide total) and also the lowest
autosomal nucleotide diversity (r = 0.0003) and lowest Tajima’s D genome-wide (D =
-2.9). Multiple genes occur in or near this region, with no obvious single selection target.
Several of these genes have known phenotypic effects, including /R21awhich encodes a
thermoreceptor implicated in heat-mediated host-seeking (Greppi et al., 2020), and a cluster
of cuticular proteins tied to insecticide resistance (Nkya et al., 2014; Huang et al., 2018).
The other two selective sweep signals occur on the X chromosome, which even outside of
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these regions shows lower nucleotide diversity overall than the autosomes. The putative
inversion Xh between 8.5 to 10.0 Mb, which also shows a sweep signal in GOUNDRY
(Crawford et al., 2016), contains 15% of all definitive differences with A. coluzzii and has
the lowest nucleotide diversity in the AT genome (i =0.0001). The third signal overlaps
CYPIK1 on the X between 13.5 to 16.0 Mb. It accounts for 10% of all definitive differences
and also shows low nucleotide diversity (rt = 0.0004). These two sweep regions on X show
the lowest Tajima’s D values in the genome outside of the 3R sweep region (Xh vicinity D =
-2.6; CYPIK1 vicinity D = -2.7).

A final major genomic feature of AT concerns the Y chromosome. All AT individuals were
morphologically typed as female and confirmed as such due to coverage similarity between
the X chromosome and autosomes. However, 94% of them showed high coverage across the
majority of the Y chromosome, except for the first 50 kb which includes the sex-determining
region and sex-determining gene YGZ (Figure 4C; Table 2). For most of the Y chromosome
after 50 kb, coverage exceeded the autosomal and X-chromosome averages by over an order
of magnitude, implying that this sequence occurs repeatedly. This pattern is also observed in
GOUNDRY, but not in A. coluzzii from Tengrela (Table 2). The most likely explanation is
that multiple copies of most of the Y chromosome have merged with an autosome or the X
chromosome in AT, consistent with the highly repetitive and dynamic nature of the
Anopheles Y (Hall et al., 2016).

Given the signal of inbreeding reported in GOUNDRY (Crawford et al. 2016), we examined
AT extensively for inbred individuals. There is no overall homozygote excess in AT. The F
coefficient of inbreeding is close to zero and slightly negative on average (mean = -0.035,
median = —0.027). As in GOUNDRY, we observe large tracts of homozygosity in most
individuals (Figure 5A). However, regions of low heterozygosity are to be expected when
overall nucleotide diversity in the population is low (Figure 4B), so this is not necessarily a
signal of inbreeding. Heterozygosity does not show a bimodal distribution (i.e. distinct
regions of high or low heterozygosity), but rather most low heterozygosity regions appear to
be the tail end of a continuous distribution (Figure 5B). Furthermore, fewer than 0.01% of
variants are homozygous doubletons, and these are not enriched in homozygosity tracts (5
doubletons are in tracts with mean heterozygosity < 1e-06; expect 7.7; p > 0.1). Finally, our
haploid dataset demonstrated that our demographic conclusions are robust to inbreeding. For
example, in ADMIXTURE a two-population model is still favored, separating AT from A.
coluzzii, with GOUNDRY showing 78.5-91.3% AT-like ancestry. Similarly, in dadian
admixed model is favored with GOUNDRY showing 85.4% ancestry from AT (Supp Table
1).

A diagnostic protocol

In order to search for AT among additional samples, we developed a diagnostic protocol
based on amplicon sequencing. We first identified 50 diagnostic SNPs and small indels that
distinguish AT from Tengrela A. coluzziiand the Ag1000G samples (Supp Table 2; Supp
Figure 7). We tested several pools of primer pairs and found that a pool of five primer pairs
could be jointly amplified and sequenced to sufficient coverage on an Illumina iSeq 100. At
these loci, the diagnostic allele is fixed in AT, polymorphic in GOUNDRY (33-63%
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frequency), and absent in A. coluzziiand A. gambiae. We genotyped each locus by
searching the reads for kmers overlapping the target polymorphism. In a set of 10 AT
specimens and 10 Tengrela A. coluzzii specimens, each locus yielded an unambiguous
genotype in every specimen (median number of read pairs per locus per specimen = 7905;
mean = 9047; range = 954 to 25,180; Figure 6). Specifically, for all loci at all AT specimens,
more than 90% of read pairs had the AT allele, and for all loci at all A. coluzzii specimens,
more than 90% of read pairs had the A. coluzziiallele. The small numbers of incorrect reads
could be due to index hopping among these jointly-sequenced samples (van der Valk, Vezzi,
Ormestad, Dalén, & Guschanski, 2020) or low-level contamination. Coverage at the negative
control was lower but non-negligible (76 to 1460 read pairs per locus, mean = 411.6),
presumably due to similar errors. However, for four out of five negative control loci, both
alleles occurred in more than 20% of read pairs. These results suggest that taxonomy can be
confidently assigned and false positives avoided if two filters are applied. First, specimens
should be excluded if they have fewer than 10% of the expected number of reads pairs (i.e.
fewer than about 4000 read pairs for a typical iSeq lane with 96 individuals). Second, for
each specimen, a majority of loci should implicate the same taxon with at least 90% of
reads. Either one of these filters would exclude our negative control.

We then used this pool of five primer pairs to amplify and sequence a novel set of 79
putative A. coluzzii specimens. All negative controls, and three real specimens, had fewer
than 4000 read pairs each and were discarded by the criteria outlined above. The remaining
76 specimens had acceptable coverage (median number of read pairs per locus per specimen
= 1799; mean = 3466; range = 12 to 25,357) and were all genotyped as unambiguously A.
coluzzii (maximum observed proportion of read pairs with AT allele: 2.6%). Thus, we failed
to detect AT in this novel sample set.

Discussion

We present a novel taxon within the Angpheles gambiae species complex, Anopheles
TENGRELA (AT). AT is related to but genetically distinct from sympatric A. coluzziiand
shows numerous fixed or nearly-fixed differences across the genome, as well as large
difference in genomic architecture such as the 2La inversion polymorphism, the fixed Xh
inversion, and the presence of Y-chromosome-associated sequence in females. These
differences are presumably maintained by strong reproductive barriers. However,
reproductive isolation is not complete, as our demographic analysis indicated ongoing gene
flow and a hybridization event within the last thousand years (Figure 3). Such occasional
gene flow is typical among nominal species of the A. gambiae complex (Fontaine et al.,
2015; Main et al., 2015). Lacking adequate phenotypic and ecological data, we refrain from
formally describing AT. However, it represents a unique lineage and is not nested within A.
coluzziinor any other described species.

AT is most similar to GOUNDRY, another aberrant Anopheles population from Burkina
Faso. Our results indicate that GOUNDRY is an admixed population with most of its
ancestry originating from an AT-like lineage, but with substantial A. coluzzii ancestry as
well. GOUNDRY autosomes show 15-20% A. coluzzii ancestry, while there is no evidence
of A. coluzzii ancestry on the X chromosome, which in the A. gambiae complex is typically

Mol Ecol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tennessen et al.

Page 13

more impervious to introgression (Fontaine et al. 2015). Some GOUNDRY mitochondrial
haplotypes are AT-like but most occur in a distinct clade closer to A. coluzziiand A.
gambiae (Figure 2B). There is no evidence for reproductive barriers between AT and
GOUNDRY; rather, GOUNDRY appears to be a relatively new population recently diverged
from the AT lineage via considerable introgression from A. coluzzii. GOUNDRY is known
to segregate for both S-form and M-form markers (Riehle et al. 2011), but the GOUNDRY
genomes examined here resemble A. coluzzii (M-form) at diagnostic markers (Table 2).
Thus, it is possible that GOUNDRY has a more complex history involving other ancestral
lineages, beyond our ability to assess with the available data. The taxonomic status of AT
and GOUNDRY remains unresolved, but these two populations are not synonymous, and AT
appears to be more representative of the ancestral phylogenetic lineage.

Our demographic model suggests that AT and A. coluzzii diverged 1.7 million generations
ago, or 170,000 years ago assuming ten generations per year. This result depends on
numerous estimates, including mutation rate and the proportion of the genome genotyped
accurately, and is therefore imprecise. In general, we endeavored to be conservative in our
estimate of differentiation between AT and A. coluzzii. For example, we assumed no effect
of purifying selection on the variants used in demographic analysis, but if purifying selection
has acted it would mean the true time since divergence of AT and A. coluzziiis even greater
than estimated here. Regardless, our results suggest that cladogenesis predates the rise of
agriculture in sub-Saharan Africa and was not driven by adaptation to anthropogenically-
disturbed habitats. The population sizes of both lineages increased following this split,
bolstered by cross-lineage migration. Then approximately 4,000 years ago AT decreased
dramatically in population size while A. coluzziiincreased further as is well documented
(Anopheles gambiae 1000 Genomes Consortium, 2017), leading to a modern A. coluzzii
population thousands of times larger than AT. If effective population size today
approximates census size, the relative rarity of AT could partially explain why it has not
been detected previously. Interestingly, the AT population crash occurred around 2000 BCE
during the advent of African agriculture (Shaw, 1972), which is hypothesized to have
fostered the diversification of the A. gambiae complex (Coluzzi et al., 2002; Crawford et al.,
2016). Thus, the decline of AT leading to its present-day rarity may have been driven by
anthropogenic modifications to habitat, which perhaps favored A. coluzziiinstead. Our
demographic model is similar to the one previously suggested for comparing GOUNDRY
and A. coluzzii (Crawford et al., 2016). Relative to that model, our estimate of the split with
A. coluzziiis slightly older, and there are minor differences in population size changes and
migration rates. By incorporating AT, we reveal GOUNDRY’s surprisingly recent origin as a
distinct lineage.

We know little about the ecology of AT. While GOUNDRY larvae have been reported in
several sites across the hot, arid Sudano-Sahelian region of central Burkina Faso, AT in
Tengrela occurs in the cooler, wetter, tropical savannah Sudanese climactic zone of
southwestern Burkina Faso. If GOUNDRY is derived from a local AT population, it would
suggest that AT possesses a broad tolerance for variable tropical climate. Alternatively, the
A. coluzzii ancestry of GOUNDRY may have permitted it to colonize more arid climates
than AT can tolerate. We only observed AT in 2011, the sole year when samples were
collected in temporary puddles and not just rice paddies, which suggests an ecological
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specificity. Although we cannot rule out immediate local decline or extinction of AT
between 2011 and 2012, such a dramatic change seems implausible, especially when the
absence of AT can be explained by our relatively small and ecologically limited sampling
scheme. Puddle-specificity of AT is also consistent with the known habitat of GOUNDRY
(Riehle et al., 2011). The putative selective sweep regions in AT may contain genes that
convey unique adaptive features to AT, but these remain to be characterized. Insecticide
resistance alleles are present in AT (Table 2), including at CYP9KIZ which occurs within a
putative selective sweep region. Selection pressure from regular exposure to insecticide
would imply that AT may commonly occur in human-dominated habitats like the Tengrela
village. We do not know if adults are anthropophagous, or if they carry Plasmodium.
Vectorial capacity is highly plausible for AT given its close relationship to important
malaria-transmitting taxa, so it will be critical to identify and study AT adults to understand
their potential impact on human health.

Regardless of any direct vectorial capacity, cryptic Anopheles taxa have the potential to
stymie malaria control efforts in at least three ways. First, reproductive barriers can thwart
efforts to eliminate or modify the A. gambiae complex via gene drive (Marshall et al., 2019).
A gene drive targeting A. coluzziiwill not necessarily spread to sympatric AT, which might
even expand its population size in response to a population crash of A. coluzzii. Second,
because reproductive barriers are porous, adaptive genetic diversity maintained within AT
can be shared with congeners via introgression, enhancing their capacity to survive and
evolve. Rare, semi-isolated taxa like AT can thus serve as allelic reservoirs, facilitating
adaptation to insecticides, gene drives, or even climate change. For example, the 2La
inversion is associated with adaptation to climate (Cheng et al., 2012), and it shows
heterozygote advantage in AT. Overdominance in AT could explain the persistence of this
polymorphism in a rare taxon with otherwise low nucleotide diversity. In contrast, selection
tends to eliminate one other the other 2La haplotype in A. coluzziiand A. gambiae
populations, so AT could be an important genetic reserve for these species if a previously
disfavored and purged allele becomes once again beneficial. Finally, misidentified cryptic
taxa can confound scientific studies and lead to incorrect inferences about Anopheles
biology and inaccurate predictions about disease epidemiology and the outcomes of vector
control. For example, the A. gambiae species complex first came to light following
confusing discordances in insecticide resistance phenotype between field and captive
mosquito populations (Davidson 1956). Captive mating experiments subsequently
demonstrated the discordance was due to the inability to discern A. gambiae from another
morphologically identical member of the complex, A. arabiensis (Davidson 1956, Davidson
& Jackson, 1962). More recently, Gildenhard et al. (2019) noted a striking difference in
TEP1 allele frequencies between two populations of A. coluzzii in Burkina Faso, which was
attributed to ecologically-varying selection. While this is a very plausible and potentially
accurate explanation, the results could also be explained by misidentified AT within the
samples, as AT has a very different 7TEPI profile from A. coluzzii (Figure 4A, Table 2).
Since AT and A. coluzzii appear similar at standard diagnostic loci (Table 2), this is just one
of many studies on A. coluzzii that could be potentially confounded by AT.

It will be crucial to correctly identify Anophelestaxa in order to draw accurate conclusions
that can inform disease control policy. Our amplicon-based diagnostic protocol (Figure 6;
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Supp Table 2) provides a clear methodology for identifying AT. The pool of five primer pairs
can be amplified and sequenced jointly, yielding high accuracy. For further genotyping as
needed, we provide primer pair sequences for a total of 50 diagnostic polymorphisms (Supp
Table 2; Supp Figure 7), though not all primers have been empirically validated. Future work
could improve upon this methodology, perhaps via a PCR and electrophoresis method to
target these polymorphisms without sequencing. An important lesson from AT is that critical
diversity can be missed if only a small number of diagnostic markers are assessed, so we do
not advocate a protocol based on any one locus alone. We encourage Angpheles biologists to
genotype existing DNA samples, especially of putative A. coluzzii from Burkina Faso and
adjacent countries, and to seek AT in future surveys. As AT has only been found as larvae
from a single site in a single year, we cannot fully characterize it biologically without
additional observations. AT will probably not be the last cryptic taxon discovered within this
extraordinarily diverse clade. Mapping these intertwined lineages across Africa will be an
essential ongoing task with an inestimable impact on human health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Genetic distinctiveness of AT. (A) In a PCA plot with Tengrela, GOUNDRY, and Ag1000G
individuals, AT occurs as a distinct cluster close to GOUNDRY. Variants were chosen based
on segregation in our data and may show ascertainment bias affecting the relationships of
individuals within Ag1000G; the salient result is how AT and Tengrela A. coluzzii relate to
these other individuals (B) AT remains distinct in a PCA after combining Tengrela samples
with GOUNDRY and the A. coluzzii samples collected alongside GOUNDRY. To control
for differences between studies, all reads were trimmed to the same length, and then
alignment and genotyping were performed jointly.

Mol Ecol. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tennessen et al.

A

Page 20

AT
—— 24—
95.5 55.7LA. coluzzii

100.0 \
A. bwambae
A. quadriannulatus
7 A. melas
A. merus
B [T=
=
= 0.5%
100 § - AT
g <> GOUNDRY
75 = mm A coluzzii Tengrela
= 3 A. coluzzii other BF
= A. gambiae BF
L [ = A. gambiae PEST
g A. arabiensis
i 100 [ — —
£ — —
04 7 94 —=
77 J
m 100 = — —
-1 g = -
7 84 — : =
50 100 —— - 100 -
100 = e |

96

Figure2.
(A) Most common phylogenetic topology among sections of AT genome and nominal

species of the A. gambiae complex. Numbers at branches are not bootstraps, but the
percentage of 100 kb windows that support each clade (above branches: entire genome;
below branches: X chromosome only). AT is sister to A. coluzzii across 42.1 % of the
genome (55.7% of the X chromosome), more often than to any other species, and 95.5% of
the genome (100.0% of the X chromosome) supports a clade with AT, A. coluzziiand A.
gambiaeto the exclusion of the other species. (B) The mitochondrial DNA phylogeny shows
that AT shares a single haplotype that occupies a unique branch close to the A. gambiae
PEST reference genome. GOUNDRY samples occur near AT or near A. coluzziiand A.
gambiae samples from Tengrela and elsewhere in Burkina Faso (BF), consistent with an
admixed origin.
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Relationships between AT, GOUNDRY, and A. coluzzii autosomes using jointly called
genotypes. (A) Analysis with ADMIXTURE suggests two ancestral populations, closely
approximated by contemporary AT and A. coluzzii, with GOUNDRY showing ancestry
from both. (B) Analysis with dad’ corroborates this model, with an AT/A. coluzzii split over
one million generations ago, followed by ongoing gene flow and a recent admixed origin of
GOUNDRY. Population sizes (heights of colored bars) and migration rates (widths of
arrows) vary across three time periods (demarcated with dotted lines). (C) Analysis with
TreeMix shows GOUNDRY as sister to AT but with in-migration from A. coluzzii.
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Figure 4.

Unique genomic characteristics of AT. (A) Fgt across the genome between AT and Tengrela
A. coluzzii. Tens of thousands of variants distributed across the genome are highly divergent
between these taxa (Fst > 0.8; orange dots at top), while over a thousand sites, concentrated
in several clusters, are fixed or nearly so (“definitive differences”, Fst > 0.99; red dots at
top). Average Fst in 100 kb windows is more modest (blue lines), but three regions stand
out representing the 2L a inversion, 7TEPZ, and CYPIKI. (B) Nucleotide diversity (rt),
intertaxon divergence (Dxy), and site frequency spectra (Tajima’s D) in AT and A. coluzzii.
Nucleotide diversity is low in AT except at the 2La inversion. Tajima’s D is mostly positive
in AT, but three regions show low Tajima’s D, low rt, and many high-Fg sites (as shown in
A), suggesting selective sweeps. (C) In most AT females, read coverage along most of the
reference Y chromosome substantially exceeds the X/autosomal average. Coverage is
negligible around sex-determining gene YGZ2. A. coluzziifemales, in contrast, typically
show negligible coverage across the entire Y except for a few repetitive sections.
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Regions of low heterozygosity in AT. (A) Heterozygosity (H) in blocks of 1 Mb across the
genome for all 51 AT individuals. There are many long homozygosity tracts (red) in most
individuals, but these are consistent with the relatively low genetic diversity observed across
the population, except in the 2La inversion. (B) Histogram of the heterozygosity blocks
depicted in A, based on number of heterozygous sites. Heterozygosity shows a relatively
smooth distribution with only a slight uptick for homozygous blocks (0 or 1 heterozygous
sites), indicating little evidence for inbreeding driving homozygosity.
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Figure®6.

Digstinguishing AT from A. coluzzii using amplicon genotyping. A pool of five primer pairs
were selected that amplify five polymorphisms diagnostic for AT, and jointly amplified PCR
products were sequenced (10 AT, 10 A. coluzzii, and one negative control). For each marker,
the vast majority of read pairs are consistent with the known taxonomic category as inferred
from whole genome sequencing, allowing for unambiguous identification. A small number
of read pairs were erroneously assigned to the negative control (“neg”), indicating that a
conservative test should exclude any individual with unusually low coverage and/or
intermediate frequencies of both alleles.
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Table 1.
Samples examined.

Data Source Year Sampling Taxon N
This study: whole genome 2011 (N =72) Tengrela (southwestern Burkina Faso): AT 51
sequencing puddles and/or rice paddies

A. coluzzii 20

Unidentified | 1
This study: whole genome 2012 (N =71), 2015 (N = 72), Tengrela (southwestern Burkina Faso): rice AT 0
sequencing 2016 (N =72) paddies

A. coluzzii 208

Unidentified | 7
This study: amplicon genotyping Various / unknown Bounouna or Nafona (southwestern Burkina | AT 0

Faso) or unknown

A. coluzzii 79

Unidentified | 3
Crawford et al., 2016: whole 2007-2008 Central Burkina Faso GOUNDRY | 12
genome sequencing

A. coluzzii 10
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