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Abstract

Ongoing elimination efforts have altered the global distribution of Onchocerca volvulus, the agent
of river blindness, and further population restructuring is expected as efforts continue. Therefore, a
better understanding of population-genetic processes and their effect on biogeography is needed to
support elimination goals. We describe O. volvulus genome variation in 27 isolates from early
1990s (before widespread mass treatment) from four distinct locales: Ecuador, Uganda, the West
African forest, and the West African savanna. We observed genetic substructuring between
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Ecuador and West Africa and between the West African forest and savanna bioclimes, with
evidence of unidirectional gene flow from savanna to forest strains. We identified forest:savanna-
discriminatory genomic regions and report a set of ancestry informative loci that can be used to
differentiate between forest, savanna and admixed isolates, which has not previously been
possible. We observed mito-nuclear discordance possibly stemming from incomplete lineage
sorting. The catalog of the nuclear, mitochondrial and endosymbiont DNA variants generated in
this study will support future basic and translational onchocerciasis research, with particular
relevance for ongoing control programs and boost efforts to characterize drug, vaccine, and
diagnostic targets.

Keywords

river blindness; onchocerciasis; genetic nuclear variations; mitochondrial variations; Wolbachia
variations; forest isolates; savanna isolates; admixed isolates

Onchocerca volvulus, the agent of river blindness or onchocerciasis, infects an estimated 37
million people in tropical Africa and in isolated foci in Yemen and Latin Americal, causing
debilitating eye and skin disease in more than five million among them?. O. volvulus is
transmitted by blackflies (Simulium) that breed in fast-flowing, oxygen-rich rivers and
streams. The significant human health and socioeconomic burden of the disease inspired
massive control efforts that have been underway since the 1970’s (reviewed by Cupp et al.3),
reducing or eliminating the disease in many areas*-, with plans in place to gear-up for
world-wide elimination by 2025,

These elimination efforts have already caused considerable changes in the global distribution
of onchocerciasis. Transmission has been interrupted in most of Latin America® and many
areas of West Africa®. Further population restructuring is expected as intervention continues,
and other factors (e.g., global warming, deforestation, political unrest, etc.) trigger
migrations of parasites, vectors, and human hosts. Thus, a thorough understanding of O.
volvulus population structure will be crucial to achieve elimination goals. For example, if
parasites are found in a given region following repeated rounds of MDA, it would be
informative to know whether they represent a sentinel population that has evaded treatment
or parasites reintroduced from other areas. And if resistance should arisel?, an understanding
of gene flow and population connectivity would give a sense of how readily key alleles
might spread.

In the past, studies of O. volvulus population genetics focused on identification of strains
associated with severe eye disease. In West Africa, higher rates of blindness were reported in
the savannas compared to nearby rainforest regions':12, Divergent morphology3-14,
tropism within the host'>, vector preferences!®, biochemical variations!”:18, and
endosymbiont populations!® supported the notion that the savanna and forest populations
represented discrete strains distinguishable using the O-150 repeat region sequence?’. Thus,
savanna populations were intensely targeted and mostly eliminated from their distribution
zones3>:6, However, populations outside West Africa (e.g., Uganda?l, Northern Sudan??,
etc.) did not adhere to this orderly classification scheme, and studies based on other markers
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(e.g. nuclear ITS rDNA sequence?3, antigenic proteins, and mitochondrial RFLP profiles?4)
indicated a lack of population differentiation, in conflict with the two-strain hypothesis.

Given the opposing results of historical studies based on limited genetic markers, we
undertook an O. volvulus population genomics survey, assessing global diversity in the
nuclear (Ov), mitochondrial (MtDNA), and Wolbachia (wOV) genomes of 27 isolates from
West Africa, Uganda and Ecuador. All three genomes indicated a degree of population
structure, with the nuclear genome providing phylogenetic signals consistent with gene flow
and genetic admixture among discrete West African forest and savanna populations. To
better understand local adaptation, genomic regions of particularly high divergence were
identified, which could serve as markers for tracking O. volvulus populations. A set of
Ancestry Informative Markers (AIMs) was obtained that can be used to estimate the relative
proportion of forest and savanna ancestry in O. volvulus isolates. These AlMs and the
catalog of all variants detected in this study will support future basic and translational
onchocerciasis research.

Global patterns of genome variation

A total of 27 West African (savanna S1-S6, forest F7—F15), Ecuadorian (E16-E25) and
Ugandan (U26-U27) O. volvulusisolates were subjected to analysis (Fig. 1a), after
removing 5 isolates with low sequence depth (Supplementary Table 1 and Supplementary
Fig. 1). All DNA samples were collected in the early 1990°s during the course of previously
described studies?0:21.25.26 The West African isolates were classified as “forest” or
“savanna” by Southern blot based on the O-150 repeat2%-21. Our genomic DNA was derived
from worm tissues (dissected from a nodule) representing one or more potentially
polyandrous females full of embryos in various stages of intrauterine development
(Supplementary Table 1). The contribution from embryonic DNA was estimated to be very
high in most samples (Supplementary Fig. 2). Paired-end sequence reads were generated
(median 59M reads per sample; Supplementary Table 1) and aligned to reference nuclear O.
volvulus (Ov), mitochondrial O. volvulus (mtDNA), and Wolbachia endosymbiont (wOv)
genome assemblies??, resulting in an average 98.9%, 99.7% and 99.9% of the genome
covered by mapped reads and average 66-, 4593- and 216-fold depth of mapped read
coverage, respectively (Table 1). Variant calling resulted in a final set of 1.3M SNPs in Oy,
167 SNPs in the mtDNA and 771 SNPs detected in the wOv genomes (Table 1,
Supplementary Table 2). Density of segregating sites was similar in Ov(13.6 SNPs/kb) and
mtDNA (11.6 SNPs/kb) but an order of magnitude lower in wOv (0.8 SNPs/kb). Genome-
wide mean synonymous and nonsynonymous diversity (rtg and my) in Ovwere estimated to
be 4.0 x 1073 and 1.0 x 1073, respectively. The resulting ry/rg ratio of ~0.25 suggests
pervasive purifying selection acting on nonsynonymous variants, while the my/mg ratios
were overall significantly higher (median rey/rts =0.43, P= 3.2 x 10722; Supplementary Fig.
3) for genes specific to Onchocercidae (n = 1274)%7 suggesting that these genes evolve under
relaxed purifying selection compared to the rest of the coding genome.

The ancestral karyotype of filarial nematodes is thought to be 5A+XO0, the same as
Caenorhabditis elegans. O. volvuluswas reduced to 3A+XY, likely through chromosomal
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fusion?8, represented by the four large assembled contigs2’. The decreased depth of read
coverage of one of the four chromosomes suggests that it corresponds to the X chromosome,
consistent with findings of Cotton et al.2” (Supplementary Fig. 2a). When nucleotide
diversity () was plotted across the length of the four chromosomes, chromosome X shows a
reduced sequence diversity (Fig. 2a), consistent with the expected lower mutation rate and
the smaller population size of the X chromosome relative to the autosomes. Chromosomes 2
and 3, which correspond to C. efegans chromosomes 111 and 11, respectively?’, show a
decrease in sequence diversity near the chromosome centers. These patterns of sequence
diversity are likely to have been shaped by intrachromosomal variations in local
recombination rates and/or gene density which influence the effectiveness of linked selection
(e.g., background selection)2:30, Local reduction in Tajima’s D (representing a skew in the
site frequency spectrum toward an excess of low-frequency variants) near these chromosome
centers is in line with the action of linked selection (Fig. 2b). Because the impact of
evolutionary processes (mutation, selection, and genetic drift, etc.) differs substantially
between sex chromosomes and autosomes3! (Fig. 2a and 2b), separate analyses were
performed on the X chromosome and the autosomes.

Population structure and differentiation inferred from nuclear genome

Clustering based on autosomal allele-sharing distances indicated a clear separation between
Ugandan, West African, and Ecuadorian isolates (Fig. 1b), although a mtDNA based
phylogeny shows that, as expected, this diversity represents a much more homogenous
population when compared to inter-species differences (Supplementary Fig. 4). While mean
nucleotide diversity (1) was comparable across populations (Supplementary Fig. 5), genetic
variance was partitioned between the populations (Weir and Cockerham weighted Fs7: 0.08
between West Africa and Ecuador, WAF:ECU; 0.04 between West African forest and
savanna, FOR:SAV). Historical records suggest that the Ecuadorian population was founded
by a single shipwrecked slaving vessel32:33, A more positive value of Tajima’s D in Ecuador
as compared to West Africa (Fig. 2b and Supplementary Fig. 5) is consistent with a recent
population bottleneck (likely associated with the colonization of a new habitat in South
America) during which nucleotide diversity is reduced proportionally less than segregating
sites, thereby departing from mutation-drift equilibrium.

A genome-wide sliding window analysis of Fs7was used to identify regions that may have
experienced diversifying selection for WAF:ECU (Fig. 2c) and FOR:SAV comparisons (Fig.
2d; Supplementary Table 3 and Supplementary Table 4). In the WAF:ECU comparison, we
identified 293 and 40 windows with high (top 1%) sequence divergence on autosomal and X
chromosomes, respectively (Fig. 2c). These contained 271 genes (Supplementary Table 5)
that were significantly enriched for nine gene ontology (GO) terms including vesicle
trafficking (actin cytoskeleton reorganization) and G-protein mediated signaling (Table 2).

West African forest and savanna isolates were differentiated by variations in the Ovgenome,
largely in line with the two-strain hypothesis. As one exception, F15 (which had a forest
type 0-150 sequence) clusters with savanna isolates, contains 82% savanna-derived ancestry
(Fig. 1b), and does not show significant gene flow from forest populations (measured by
Patterson’s D statistic) (Fig. 1c and Supplementary Table 6). Despite the substantial
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substructuring observed, we found evidence for gene flow from savanna to forest
populations. Of the three forest-clustering isolates that showed evidence of mixed ancestry
(F7, F11, and F14; Fig. 1b), statistically significant gene flow from savanna populations was
detected in F11 and F14 (Fig. 1c and Supplementary Table 6). This pattern is consistent with
the observation that savanna flies have been reported to migrate longer distances compared
to the forest species®*, and deforestation has led to extension of the savanna species into
formerly forested areas3®. The genetic admixture observed in F7, on the other hand, could be
a reflection of a sustained level of low genetic isolation due to the ability of the local vector
species, Simulium soubrense B, to efficiently support the development of parasites of both
the forest and the savanna origin3®. Given the evidence for genetic admixture and inter-
population gene flow, our data suggest that a simple dichotomy between forest and savanna
parasites is an inadequate description of the parasite variations in West Africa. In addition,
there was a lack of correlation between genetic distance and geographic distance among the
non-admixed samples within each population (Supplementary Fig. 6), suggesting an overall
high level of intra-population gene flow, in part, as a result of host migration.

In the FOR:SAV comparison of Fgranalysis (in which F15 is grouped with savanna
samples), 194 and 28 outlier windows were identified from the autosomal and X
chromosomes, respectively (Fig. 2d, and Supplementary Table 4); these contained 300 genes
(Supplementary Table 5) that were enriched for five different GO terms, including
endopeptidase activity, GTPase activity and two terms related to voltage-gated potassium
channels (Table 2). These 300 genes showed significantly higher transcript abundance than
other genes in the microfilarial stage (the infective stage for the vector), but not in any other
stages (Supplementary Fig. 7).

A prior study based on the rDNA ITS2 reported a lack of significant genetic differentiation
between the West African forest and savanna isolates suggesting a substantial gene flow
across the geographical distributionZ3, In our study, despite evidence of savanna to forest
gene flow in some isolates, the four populations were readily differentiated by variations in
the nuclear genome, supporting the notion of a geographically and bioclimatically structured
population.

Geographically distinct parasite populations are transmitted by different species within the
Simulium genus. For example, geographic isolation has resulted in clear biochemical
differences and an inability of American parasites to develop in African blackflies3’. O.
volvulus is transmitted by a number of species of the S. damnosum s.l. complex throughout
Africa, while members of the S. neavei complex are also prevalent vectors in Central and
East Africa. In the Americas, S. ochraceums.l. and S. exiguum s.l. complexes transmit
onchocerciasis. These species have varying vectorial capacity, and cross-infection
experiments demonstrated strong adaptation of parasites to sympatric vectors, giving rise to
the concept of Onchocerca-Simulium complexes38. In line with previous hypotheses
proposed by various authors, it seems reasonable to postulate that divergent selection in
response to different vector species is one of the key driving forces of local adaption in O.
volvulus, and this may play an important role in generating population structure. For
example, GPCR pathway-related proteins, which play a role in nematode chemosensation3?,
were significantly enriched (Table 2; £=0.001) in regions of high genomic divergence
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between the Ecuadorian and West African isolates. Chemosensation may be important in
facilitating migration of microfilariae to the bite site, a process that depends on the worm’s
detection of and attraction towards components of the fly’s saliva?0. Crossover experiments
on American and West African parasite-vector complexes demonstrated that microfilarial
chemotropism towards simuliids is a locally adaptive trait that occurs only in sympatric
parasite-vector combinations3’. In addition, the over-expression in the microfilarial stage for
genes with higher divergence between the forest and savanna populations suggests selective
pressures related to the parasite infection of the vector.

We leveraged our catalog of variants to obtain a set of Ancestry Informative Markers (AIMs)
that may be used to assign individual isolates more reliably to the forest and savanna
populations, based on selected criteria (high Fs7values, being separated from each other by
a distance of at least 3MB, and belonging to the four chromosomes; See online methods,
Supplementary Fig. 8a to 8e), compared to the O-150 marker. As expected, Fs7values for
FOR:SAV partition were significantly higher than for sets with randomly assigned samples,
especially for loci with highest Fs7values (Supplementary Fig. 8f and 8g). This supports the
use of Fsras an informative metric for FOR:SAV discrimination. An SVM based
classification approach?! using the selected 24 markers shows the admixed nature of F11,
F14 and F15 samples (forest classification probability of 50%, 57% and 45% respectively;
Fig. 3, Supplementary Table 7). F7 had 78% probability of classification as forest, which is
much higher than other admixed samples, but is less compared to non-admixed samples
(minimum and median 86% and 89% respectively, for O-150 classification). A jackknife
approach (i.e., training on all non-admixed samples except 1, then testing the classification
of remaining samples) was also used to guard against potential overfitting of our data. All
the non-admixed samples were again correctly classified, even when they were not part of
the training set. A complete set of loci with high Fs7(> 0.5) is provided in Supplementary
Table 8, to guide the selection of an alternative set of markers. In general, a larger set of
markers is likely to increase the accuracy of classification, although improvement in the
generalizability of AIMs may require ascertainment of markers based on additional
sampling of West African isolates.

Population structure and differentiation inferred from maternally inherited genomes

Mapping reads derived from whole-worm genomic DNA to the three reference genomes
resulted in high depth of coverage of the mtDNA and wOv genomes compared to the nuclear
genome (Table 1). The copy-number ratios of mtDNA or wOvto nuclear DNA were variable
from sample to sample (which, for wOv, may have phenotypic effects, for example in worm
fecundity2) but both were significantly lower in Ecuador compared to African samples (Fig.
4a and 4c; Supplementary Table 1). This may suggest a potential mechanistic link between
the two cytoplasmic genomes. However, because Wolbachia level varies considerably during
filarial life-cycle and adult maturation43, we are unable to exclude the age of the worms as
being a possible confounding factor in our analysis.

Multiple wOvand mtDNA haplotypes were identified from every isolate (median 5 for both)
(Supplementary Fig. 9a and 9b). In all sample pairs, between-sample diversity was far
greater than within-sample diversity (AMOVA, P = 0.001 based on a 1000 replicate
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permutation), justifying the use of a single representative haplotype for each sample in inter-
sample comparison (Supplementary Fig. 9¢c and 9d).

Median-joining networks based on the representative mtDNA and wOv haplotypes (Fig. 4b
and 4d) indicate that, as with the Ov genome, the Ugandan and Ecuadorian samples mostly
cluster away from the West African isolates and form distinct clades. However, discordant
patterns between mtDNA and Ov were also evident in samples E16 and E23, which group
with other Ecuadorian samples based on nuclear variants but separate from other Ecuadorian
samples based on mtDNA and wOv variants. The wOvand mtDNA haplotype networks
have a star-like topology, branching out primarily from isolates F9 and F13 (which have
identical representative haplotypes) with a degree of connection of 11 and 9 for both of these
samples in mtDNA and wOv (respectively). This indicates that, isolates F9 and F13 likely
represent ancestral haplotypes that gave rise to multiple descendant haplotypes. The
peripheral location of the savanna isolates in the network suggests that the savanna
population was derived from the forest population. Interestingly, Ecuadorian haplotypes
were invariably connected to the forest haplotypes, suggesting that the founding population
in Ecuador was derived from the West African forest population. A previous analysis based
on the O-150 marker indicated that isolates from Guatemala and Brazil are closely related to
the West African savanna isolates**. This likely suggests an overall heterogeneous genetic
ancestry among the American parasites, reflecting the regional variations in the origins of
the founding migrants. The representative haplotypes of the maternally inherited genomes
were also used to systematically compare the mtDNA and wOv phylogenies and they were
found to be significantly congruent (P=5 x 10~4; maximum likelihood phylogenies shown
in Fig. 4e). This result, also supported by tests based directly on inter-sample haplotype
distances (P=1 x 107%), is consistent with (1) strict maternal co-inheritance of the two
genomes and (2) minimal (if any) inter-genome recombination.

Interestingly, no discernible geographic pattern was detected in the distribution of West
African mtDNA clades, in contrast to the bioclimatic separation observed in the Ov genomes
(Fig. 1b). Discordance in the nuclear versus wOvand mtDNA phylogenies could be due to
incomplete lineage sorting of mtDNA and the maintenance of ancestral polymorphisms in
maternally inherited genomes that are not subject to recombination. If the effective
population size of the nuclear genome is small (relative to that of the mitochondria), the
process of stochastic lineage-sorting, where ancient polymorphisms are lost over time,
progresses more rapidly for the nuclear DNA*®, which is not unlikely in a strongly
polygamous species, such as O. volvulus, where some males have much higher reproductive
success than others, resulting in a small diploid autosomal effective size*6. The observed
lower FOR:SAV population differentiation in the mtDNA and wOvV genomic sequences
possibly explains results of the previous PCR-RFLP analysis of the mtDNA that indicated an
absence of population substructuring in West Africa24. Overall our analyses help resolve the
seemingly conflicting models of population structure put forward in previous studies.

A number of hypotheses have been proposed to explain the higher prevalence of onchocercal
blindness in the savanna as compared to the forest areas in West Africa (e.g., differences in
transmission patterns, vector biting habits, host response and immunity, environmental
factors, etc.)3”. Population structure in O. volvulus that mirrors the epidemiological patterns
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of blindness has been suggested as evidence supporting the hypothesis that intrinsic
differences in the pathogenicity of parasites determine the observed clinical variation20.
However, not all parasitological and entomological data conform neatly to this simple two-
strain model, suggesting a greater degree of parasite heterogeneity in West Africa and/or
multifactorial causes for pathology*”:48. Our analysis of the forest and savanna isolates do
not show any significant difference in Wolbachia levels (a suggested factorl®), or an easily
identifiable molecular/functional differentiator directly related to pathogenesis. Determining
the genetic variants associated with severe blindness in O. vo/vulus will be challenging
given the phenotypic heterogeneity (i.e., not all savanna infections lead to blindness) and the
strong population stratification that would result in many false positive associations.

Discussion

Methods

As an initial step towards a comprehensive population genomic survey of O. volvulus, we
used 27 historical isolates collected from West Africa, Ecuador, and Uganda to assess (1)
baseline genetic variation present in populations with little or no exposure to the
anthelmintic ivermectin and (2) variation among nearly extinct strains with documented
phenotypic differences. Variations in the genomic sequences reveal biogeographical
structuring in O. volvulus and candidate loci underlying local adaptation in line with the
hypothesis that divergent selection in response to different vector species plays an important
role in population differentiation in O. volvulus.

Our data indicate that an isolate may be derived, in large part, from savanna ancestry while
maintaining a forest-type O-150 sequence, highlighting the limitations of single-locus
studies and a necessity for using multi-locus genotype data to reconstruct robust
phylogenetic relationships and reliably infer the ancestry of individual isolates. We have
identified and demonstrated the usefulness of a set of AIMs to more accurately classify the
origin of O. volvulus isolates (including samples with mixed ancestry). These may be further
optimized in the future (using the databases generated) to provide the desired level of
discriminatory power to suit specific application needs (e.g, epidemiological monitoring of
parasite dispersal).

Examination of additional isolates from under-sampled geographical regions (including
Central and East Africa) and areas covered by MDA programs will be required for a more
complete and robust understanding of the phylogeography of O. volvulus and the dynamics
of population restructuring in the face of on-going control efforts. Nevertheless, the catalog
of all variants detected in this study provides a solid foundation for future basic and
translational onchocerciasis research.

Parasite material, DNA isolation and sequencing

De-identified O. volvulus specimens were collected from forest and savanna regions of West
Africa, Uganda and Ecuador by nodulectomy and DNA was isolated from worms or nodules
during the course of studies that took place in the early 1990’s (Supplementary Table 1 and
Fig. 1); approval of sample collections and study designs by relevant institutions were
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described previously20:21.25.26 \West African samples were genotyped by Southern blot
using forest (pFS-1) and savanna specific (pSS-1BT) probes20:21,

The yield and integrity of genomic DNA was verified by a PicoGreen assay (Invitrogen) and
an 0.8% Agarose gel, respectively. For each whole genome shotgun library, 100-250ng of
genomic DNA was fragmented to the desired size in 10mM Tris-HCI, pH 8.5 using the
Covaris LE220. Library preparation methods (either KAPA Low Throughput Library
Preparation Kit [Kapa Biosystems, Woburn, MA] or Lucigen) and the specific Illumina
sequencing technologies employed for each sample are described in Supplementary Table 9.
Small insert lllumina libraries were mostly prepared utilizing the KAPA Low Throughput
Library Preparation Kit (Kapa Biosystems, Woburn, MA) according to the manufacturer’s
recommendations with a few exceptions: Each sample was ligated with 5.0puL of a 1-2.5uM
stock of Dual Indexed Adapters (index sequences are the same on both ends of the adaptors)
for a final adaptor concentration of 100-250nM. Libraries were cycle-optimized to prevent
over-amplification. One 50pL PCR reaction included 2uL of ligated DNA (~1ng), KAPA
HotStart PCR Master Mix, and a final concentration of 500nM from each forward reverse
primer pair. After cycles 8, 10, 12, and 14 the program was halted and a 5pL aliquot
collected. Each cycle amplification product was evaluated on a 2.2% agarose Flash Gel
(Lonza, Switzerland) and the proper cycle number determined. Eight PCR reactions were
amplified at the determined cycle number to enrich for proper adaptor ligated fragments.
Each library was fractionated on the LabChip XT using the DNA 750 chip (Perkin Elmer,
Hopkinton, MA) or Blue Pippin (Sage Science, Inc, Beverly, MA) collecting one of three
unique fractions when possible: 375bp, 475bp, and 675bp following the manufacturer’s
recommendations. The final concentration of each library was verified through g°PCR
utilizing the KAPA Library Quantification Kit - lllumina/LightCycler® 480 kit (Kapa
Biosystems) according to the manufacturer’s protocol in order to produce cluster counts
appropriate for the Illumina sequencing platform according to the manufacturer’s protocol
(IMlumina, SanDiego, CA).

Genomic read processing and SNP analysis

Reads were trimmed to remove relevant barcodes and adapters and filtered to eliminate low-
confidence sequences (reads shorter than 60bp or containing ambiguous base calls) using
Flexbar#®, and mapped to a combined reference database containing the human (hs38), Ov
(WormBase WS245), mtDNA (WormBase WS245) and wOv (RefSeq NZ_HG810405.1)
genomes using BWA-MEM (version bwa0.7.5a, default parameters®®). The resulting
alignments were split into three separate files corresponding to the O. vo/vulus nuclear
genome, mtDNA, and the genome of wOv.

For each individual alignment file, duplicate reads were marked for removal using Picard
tools (version 1.92, http://broadinstitute.github.io/picard/). Reads were realigned in the
region of indels using the Genome Analysis Toolkit (GATK, v.3.3.0°1), and variants were
determined using the HaplotypeCaller tool of GATK package. Using 32 O. volvulus isolates
(Supplementary Table 1), a multi-sample variant calling was performed, which borrows
information between samples to detect variants with greater sensitivity and accuracy. High
confidence SNPs were identified using GATK’s VariantFiltration with the following
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parameters: DP (maximum depth) > median depth+(median absolute deviationx1.4826)x2;
QD (variant confidence divided by the unfiltered depth of non-reference samples) < 2.0; FS
(Phred-scaled p-value using non-parametric Fisher’s Exact Test to detect strand bias in the
reads) > 60.0; MQ (Root Mean Square of the mapping quality of the reads across all
samples) < 40.0; MQRankSum (non-parametric Mann-Whitney Rank Sum Test for mapping
qualities) < -12.5; ReadPosRankSum (non-parametric Mann-Whitney Rank Sum Test for
the distance from the end of the read for reads with the alternate allele) < —8.0. Indels were
similarly filtered using the following criteria: DP (maximum depth) > median depth+
(median absolute deviationx1.4826)x2; QD < 2.0; FS > 200.0; ReadPosRankSum < -20.0.
High confidence variants were classified according to their context in genomic features
using SnpEff (v 3.5°2). GATK’s CallableLoci tool was used under default settings to
determine the areas of the genome that are callable (based on coverage and mapping
quality), and the results were expressed as proportions relative to the total ungapped genome
length.

Genetic relationships among isolates were examined by building a neighbor-joining tree®3
based on pairwise identity-by-state (IBS) distance computed using autosomal nuclear SNPs
in PLINK (v1.90b2n)>. Wright’s ~statistics, Nei’s nucleotide diversity (rt), and Tajima’s
D55 were estimated using VCFtools (v0.1.12b)%6. To estimate nucleotide diversity separately
for the nonsynonymous and synonymous sites (ry and s, Supplementary Fig. 4),
nonsynonymous or synonymous average pairwise differences were divided by the number of
nonsynonymous or synonymous sites, respectively. The number of nonsynonymous or
synonymous sites was determined using KaKs_Calculator 2.0%7. The statistical significance
of the increase in rtp/ms ratios among genes specific to Onchocercidae?’ (i.e., O. volvulus
orthologs present in Wiichereria bancrofti, Brugia malayi, Dirofilaria immitis, Loa loa or
Onchocerca ochengi, but absent from Caenorhabditis elegans, Trichuris muris and Ascaris
suum) relative to the rest of the coding genome was assessed using the non-parametric
Wilcoxon Rank Sum test after log-transformation. The genetic ancestry of potentially
admixed individuals was inferred based on autosomal nuclear SNPs using ADMIXTURE
(v1.23)*. To distinguish gene flow from incomplete lineage sorting, four-taxon ABBA-
BABA test of introgression®® was performed using ANGSD (v0.901)%9. The statistical
significance of differences in population allele frequencies was determined using non-
parametric Fisher’s exact test, and highly differentiated SNPs (requiring both a < 0.01 P
value and a minimum frequency difference of 40%) were identified.

An overview of all SNP classifications per genome is available in Table 1, nonsynonymous
SNPs and their detailed annotation and allele frequencies are available in Supplementary
Table 2, and SNP counts summarized per gene are available in Supplementary Table 5
(along with detailed functional annotation of every gene).

Genomic Fgr sliding window analysis

Using the GenWin (Spline Based Window Boundaries for Genomic Analyses) package in
R®0, average Fsrand Wy values were calculated for dynamic sliding windows across the
four chromosomes (94.3% of the total assembly) to compare Ecuador versus West Africa
and forest versus savanna populations (Fig. 2a and Table 2). Analyzing the putative X
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chromosome independently from the other chromosomes, the top 1% of identified windows
with highest Wg,; value were classified as Fg7outlier windows, representing genomic
regions of high genetic differentiation. FUNC62 (which considers the hierarchical structure
of GO) was used to determine significant functional enrichment among gene sets identified
within the Fgs7outlier windows, with a < 0.05 significance threshold (after FDR
population correction), and only considering GO terms represented by at least 5 genes in the
background set. For each comparison, only genes overlapping the windows being tested
were used as a background set. Average expression levels (log RPKM) for genes within Fsr
outlier regions, and other genes surveyed in the genome scan, per stage and per Fsr
comparison were calculated based on existing transcriptomic datasets (Supplementary Fig.
6). Significance values were tested using a two-tailed T-test with unequal variance, since this
logged genome-wide expression data is parametric (normally distributed; 0.966, Shaprio
Wilk test). In accordance with the genome publication?’, figures present the six contigs
merged into four (OM1a and OM1b are combined in order and OM5 is appended to the end
of OM2), but statistical analysis utilized the six contigs defined by the WS245 genome
release.

Identifying a set of Ancestry Informative Markers (AIMs) for forest and savanna strains

The variant loci were sorted according to Fs7values and then top N loci (excluding those on
the small contigs that could not be placed on a chromosome) were selected as markers such
that no locus is within distance D of an already selected marker. Different values of N and D
were explored (Supplementary Fig. 8a—e) and a final set of 24 AIMs was arrived at by
keeping only the loci on the 4 chromosomes with D=3Mb (Fig. 3). The number 24 was
chosen to facilitate convenient multiplexing on commercial arrays, but a complete set of loci
ranked by Fsris provided in Supplementary Table 8. The 11 samples that were deemed not
to be admixed by ADMIXTURE were used to train an SVM (libsvm v. 3.2141) using the
individual sample genotypes at the AIM loci as inputs and the sample strains as output. This
model was then used to classify all 15 samples. SVM classification accuracy was also
ascertained by using a jackknife approach for non-admixed samples. For this, each of the 11
non-admixed samples was classified after training the SVM using the other 10 non-admixed
samples.

Estimating the abundance of Wolbachia

The average depth of read coverage across each sample was calculated for the O. volvulus
nuclear genome, mtDNA, and wOv (Table 1). Relative depths for wOvand mtDNA were
calculated by dividing by the nuclear genomic depth. P values on box plot figures (Fig. 4a
and 4c) were calculated according to a T-test, after confirming a normal distribution for the
data using a Shapiro Wilk test for normality (W = 0.95).

Filtering of data for mtDNA and wOv haplotype generation

To generate a set of likely mtDNA and wOv haplotype sequences, a high confidence set of
aligned reads was first obtained for each sample by including only reads that are mapped in
proper pairs with mapping quality = 60. Since mtDNA had a much higher depth as
compared to wOv (median depth 3135 vs 84), we used a downsampled set of mapped reads
to generate a comparable set of haplotypes (downsampled to a depth of ~100X). This was
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also done for 4 wOv samples with particularly high sequencing depth (F9, F15, U27, U27,
depth > 500). Manual inspection of sequence alignments revealed consistent coverage of the
mtDNA but discrete regions of unusually high read pile-up in the wOv genome; this was
most striking in Ecuadorian worms with low wOvto nuclear genome ratios. We
hypothesized that it could be due to aberrant mapping of reads related to nuclear Wolbachia
transfers (nuwts)®2. To ensure highest confidence, these regions were filtered prior to
analysis (Supplementary Fig. 10a and 10b). They were identified based on high depth of
mapping (median + 4.5 median absolute deviation) or high SNP rate (median + 4.5 median
absolute deviation) in any of the samples. Regions thus identified were joined if separated by
< 500 bases. This resulted in exclusion of 41,899 bases (4.4% of the wOv genome) from
downstream analyses.

Within- and between-sample mtDNA and wOv diversity comparison

The haplotypes were constructed using EVORhAB3, a frequency based haplotype
reconstruction method, with 4 wOv samples excluded because of low depth of coverage (F7,
E17, E21 and E24; average depth <30). For quality filtering, any reads with >1 base with
quality <23 were discarded, as previously described®4. The inter-haplotype distances were
calculated using the K80 model8®; within-sample and across-sample K80 distance
comparisons were done using the non-parametric Kolmogorov-Smirnoff (KS) test6. The
AMOVA phi statistic was used as a more robust method to compare intra- and inter-sample
haplotype diversity as it implicitly considers both the sequence distance and the frequency of
haplotypes®’. The input alignment for AMOVA was generated using MAFFT8, The R
package “ade4” was used to run AMOVA and a permutation test with 999 repetitions for all
sample pairs to compare within-sample and between-sample pair diversity.

Analysis of representative haplotypes for mtDNA and wOv

A single representative haplotype for each sample was generated using the GATK based
SNPs. The genotype at every SNP locus, if called homozygous by HaplotypeCaller, was
accepted. The heterozygous calls were resolved using the read counts supporting the alleles.
Median-joining phylogenetic networks8® were generated for the mitochondrial and
Wolbachia haplotypes using POpART (http://popart.otago.ac.nz) and visualized using
Cytoscape’®. Maximum Likelihood genealogies were generated using RAXML version
8.2.371, using the two Uganda samples as outgroups. A general time reversible (GTR) model
of nucleotide substitution with T rate heterogeneity was used, and all model parameters were
estimated by RAXML. A full ML search was done for the best-scoring tree and a rapid
bootstrap analysis’2 with 1000 alternative runs estimated the branch support values.
Congruence between ML trees for mitochondrial and Wolbachia sequences was assessed
using ParaFit’3, a method to evaluate coevolution between parasites and hosts that has
previously been used for ascertaining phylogenetic tree congruence’#. The ParaFit
comparison was done both a) using the patristic distances corresponding to the ML trees and
b) directly using the K80 distances without using the ML tree reported by RAXML.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The geographical and genomic relationship between O. volvulus isolates. (a) Twenty- seven
individual isolates were collected from Ecuador, Uganda and 11 sites in West Africa (3

savanna and 8 forest sites). (b) Clustering of isolates based on single nucleotide

polymorphisms in the three nuclear autosomes, and admixture analysis was used to assess
patterns of global ancestry among samples. Error bars represent standard errors estimated
using bootstrapping. Local Simulium vector species are presented for each isolate. * or S.
sirbanum (c) Gene flow between allopatric populations (Patterson’s D test). Isolate F15 was
treated as a savanna sample, and showed no significant gene flow from any forest isolate.

Numbers colored in purple were significant according to the test (z-score > 3).
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Sequence variation in the nuclear genome of O. volvulus. (a) Local polynomial regression
lines of best fit of i based on West Africa (light lines) and Ecuador (dark lines) samples (per
50kb window on each chromosome). (b) Local polynomial regression lines of best fit of
Tajima’s D based on West Africa (light lines) and Ecuador (dark lines) samples (per 50kb

window on each chromosome). (c and d) The average fixation index (Fst) of sliding

windows across the chromosomes was plotted to compare West African and Ecuadorian
populations. The “outlier” windows with high inter-population variation are indicated with

lager, darker markers (n=293 autosomal and n=40 X chromosomal regions for West

Africa:Ecuador, and n=194 autosomal and n=28 X chromosomal regions for forest:savanna).
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Ancestry-informative markers (AIMs) that exhibit substantially different allele frequencies
between the West African forest and savanna populations were used to assign individual

isolates to source populations and identify genetic admixture. These 24 markers were

selected based on informativeness (i.e., high Fgt values) and genome-wide distribution
(Supplementary Table 7). Prediction of the individuals’ population membership based on
Support Vector Machine (SVM) shows that the AIMs provide the discriminatory power to

assign individuals to the correct origin and identify admixture.
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Figure 4.

Haplotype characterization and relative abundance of Wolbachia and mitochondria in O.
volvulus. (a) The relative abundance of Wolbachia genomes across isolate groups was

calculated as the depth of read coverage across the bacterial genome divided by
coverage of the worm nuclear genome. Relative Wolbachia abundance was sign

the depth of
ificantly

lower in Ecuador compared to West Africa. Statistical comparisons of depth ratios were
performed using a two-tailed T-test with unequal variance, using the log values of the depth

ratios to achieve a parametric distribution (normal distribution confirmed using

a Shapiro

Wilk test, W = 0.953) (b) Median-joining network of the most abundant (representative)
Wolbachia haplotype in each sample. Numbers on edges indicate the number of mutations
separating two representative haplotypes, and black nodes represent ancestor sequences
inferred by the median-joining algorithm. (c) The relative abundance of mtDNA genomes.

Statistical test same as in panel (a) (Shapiro Wilk W for mtDNA data = 0.959).

(d) Median-

joining network of the most abundant (representative) mtDNA haplotype in each sample. (€)
Tanglegram showing concordance of the mitochondrial (left) and wOv (right) maximum-
likelihood phylogenetic trees. All nodes with a bootstrap support below 70% were collapsed

to polytomy.
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Table 2

Gene Ontology term enrichment among genes in Fsroutlier regions

Page 22

Gene Ontology Term Description

FUNC Enrichment

Comparison Significance (P

Root Term Term Name Term ID value)

Biological Process G-protein coupled receptor signaling G0:0007186 5.9E-03

Molecular Function ~ methyltransferase activity G0:0008168 3.4E-02

Molecular Function  cytoskeletal protein binding G0:0008092 3.4E-02

Molecular Function  potassium channel activity G0:0005267 3.6E-02

West ,(W’i‘c'iééﬁ(;uador Biological Process potassium ion transport G0:0006813 3.9E-02
Biological Process actin cytoskeleton organization G0:0030036 6.8E-03

Molecular Function  G-protein coupled receptor activity G0:0004930 1.2E-02

Molecular Function  endopeptidase inhibitor activity G0:0004866 1.9E-02

Molecular Function  motor activity G0:0003774 4.8E-02

Molecular Function  endopeptidase activity G0:0004175 4.9E-02

Molecular Function ~ GTPase activity G0:0003924 4.4E-02

Forest vs savanna (FOR:SAV) Cellular Component  voltage-gated potassium channel complex ~ GO:0008076 7.2E-03
Molecular Function  voltage-gated potassium channel activity ~ G0:0005249 1.7E-02

Molecular Function  pyridoxal phosphate binding G0:0030170 2.8E-02
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