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Abstract

The primary vector of the trypanosome parasite causing human and animal African trypanosomiasis in Uganda
is the riverine tsetse fly Glossina fuscipes fuscipes (Gff). We conducted a genome-wide association (GWA)
analysis with field-caught Gff. To increase statistical power, we first improved the Gff genome assembly with
whole genome 10X Chromium sequencing, used ddRAD-seq to identify autosomal versus sex-chromosomal
regions of the genome with data from 96,965 SNPs, and conducted a GWA with a subset of 50,960 autosomal
SNPs from 351 flies. Results assigned a full third of the genome to the sex chromosome, suggested possible
sex-chromosome aneuploidy in Gff, and identified a single autosomal SNP to be highly associated with
trypanosome infection. The top SNP was ~ 1200 bp upstream of the gene lecithin cholesterol acyltransferase
(LCAT), an important component of the molecular pathway that initiates trypanosome lysis and protection in
mammals. Results indicate that variation upstream of LCAT and/or linked genetic elements are associated with
trypanosome infection susceptibility in Gff. This suggests that there may be naturally occurring genetic
variation in Gffthat can protect against trypanosome infection, thereby paving the way for targeted research
into novel vector control strategies that can promote parasite resistance in natural populations.

Introduction

Human and animal African trypanosomiasis (HAT and AAT, respectively) limit livestock production and
represent a significant public health constraint [1, 2]. These diseases are caused by protozoan parasites in the
family Trypanosomatidae. The parasites are transmitted to humans and animals through the bite of an infected
tsetse fly, which collectively inhabits about 10 million km? of land in sub-Saharan Africa. There are multiple
forms of AAT, with the most important forms of the disease caused by Trypanosoma congolense, T. vivax and T.
brucei brucei. In contrast, there are just two forms of HAT, the chronic form (caused by T. b. gambiense), found in
west and central Africa, and the acute form (caused by T. b. rhodesiense), found in countries in eastern and
southern Africa [3, 4]. Uganda is the only country presenting both forms of the human disease. In Uganda, up to
90% of HAT cases are transmitted by a single species of tsetse fly, Glossina fuscipes fuscipes (Gff) [5, 6], which
lives in lowland forests and along waterways in the western and central regions of the country (Fig. 1).

Host-pathogen dynamics are among the strongest forces of selection [7-9]. The expectation of strong positive
selection in genes involved in host-pathogen interaction, as well as experimental evidence of influence of
genotype on susceptibility to infection [10-12] suggests that there may be adaptive responses in Gffto avoid
infection with Trypanosoma parasites. If there are adaptive responses, we expect significant associations
between single nucleotide polymorphisms (SNPs) and infection status. Indeed, previous studies have found
significant genetic associations with Trypanosoma infection status in this species [13, 14]. Previous studies
identified 56 candidate genes in the vicinity of the 18 regions associated with Trypanosoma infection status in
Gff. These genes were involved in DNA regulation, neurophysiological functions, and immune responses [13].

Since the most recent GWA study in Gff was published [13], there have been advances in genome sequencing
technology, knowledge of Gff genome architecture, and genome-wide population structure that, when accounted
for, can improve accuracy of the GWA analysis. Advances in technology include the development of linked-read
sequencing (i.e. 10X Chromium sequencing) with long-range contiguity. Having long-range contiguity allows
assembly of longer stretches of DNA molecules especially in structurally complex genomic regions [15-17],
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improving quality, scaffold length, and overall coverage of the genome assembly in non-model organisms such
as Gff.

The Gff genome is ~ 530 Mb in length [18]. Since approximately a third of it is on the sex chromosome [19], this
creates complications in GWA study design and interpretation [20] because of the different copy numbers in
males versus females and the potential inactivation of large regions as a mechanism of dosage compensation.
Population genomic analyses of genetic diversity, divergence, migration, introgression, and genetic clustering
(i.e., model-based clustering and multidimensional summaries) indicated extensive genome-wide divergence
among Gff populations in Uganda with three distinct genetic clusters (discrete ancestral populations) in the
north, west, and south of the country [21]. Analysis also demonstrated complex patterns of introgression that
were non-uniform across the genome [21], raising the possibility that population structure should also be
accounted for non-uniformity across the genome in GWA analysis. These advances in knowledge suggest that
an improved genome assembly with proper identification of the sex chromosomes and a method that explicitly
accounts for population structure in a chromosome-specific manner can improve our ability to identify genetic
elements associated with trypanosome infection.

The goal of this study is to strengthen the identification of SNPs associated with trypanosome infection in Gff
by making use of advances in sequencing technology and explicitly accounting for new knowledge of genomic
architecture and population structure. To achieve this goal, we (i) conducted a whole-genome sequencing effort
to improve the available genome assembly for Gff, (ii) used this new assembly and double digest restriction
enzyme associated DNA sequencing [22] from 627 flies to identify autosomal versus sex-chromosomal regions
of the genome and to identify population genomic structure, and (jiii) conducted a GWA with 50,960 autosomal
SNPs from 351 individuals of balanced infection status (174 infected and 177 control flies). Results from this
study provide an improved genome assembly for Gff, assigned scaffolds to autosomal versus sex chromosome
Muller elements (ME; chromosomal arms that are conserved across Diptera species), and identified a single SNP
on autosomal Muller element B (chromosome L1) 1067 bp upstream of the gene /ecithin cholesterol
acyltransferase (LCAT) associated with trypanosome infection in Gff. These findings are important because
they provide an improved genomic toolkit for future genomic studies in Gff, and identified candidate genes and
gene-pathways important in trypanosome susceptibility in the obligate insect vectors of AAT and HAT.

Results

Whole-genome sequencing, assembly and annotation

The DNA extraction from a Gff pupae whole body used for 10X Chromium GenCode Technology (10x Genomics,
USA) sequencing yielded DNA with average molecular weight > 30 kb and concentration > 600 ng/ulL according
to the pulse field gel run as part of the Yale Center for Genomic Analysis’ standard quality control protocol.
Sequencing returned 226.74 million long-range contiguous paired-end DNA sequences, with a length-weighted
mean molecule length of 27,937.92 bases. Mean molecular length was shorter than estimated with the pulse
field gel, indicating possible DNA damages (i.e. nicks, UV damage, etc). A total of 1.5% of sequences were
identified as non-Gff (bacteria, viral, archaea, and cloning vector sequences) with Kraken 2 [23] and were
removed. De novo assembly with the 10X Genomics supernova software package [24] yielded a total assembly
of 390.09 Mb, with 7,986 scaffolds, an N50 scaffold size of 9.52 Mb, and 6 scaffolds >10 Mb. This represents a
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vast improvement over the existing Gff assembly (NCBI accession GCA_000671735.1), which had an N50
scaffold size of 0.6 Mb and zero scaffolds >10 Mb (Table 1) [25].

Table 1

Assembly statistics and assignment of genes and scaffolds to Muller elements
(ME) of the existing and new genome assemblies for Gff.

Statistic Existing Assembly = New Assembly
Total coverage 52x 56x
Genome size (Mb) 375 390
Total no. of Scaffolds 2395 7986
>10 Mb 0 6

1-10 Mb 59 53

GC content (%) 34.00% 34.20%
N50 scaffold length (Mb) 0.56 9.6
L50 (rank of N50 scaffold) 178 8
Genes annotated 20138 18538
Genes with 1:1 orthologs 6487 6345
Scaffolds containing 1:1 orthologs 793 542
Scaffolds assigned to ME 764 169
Assembly length assigned to ME (Mb) 321 350
Total assigned to ME (%) 85.83% 89.74%

We transferred 18,538 gene annotations from the existing assembly onto the new assembly using the UCSC
liftOver suite of programs [26]. Of these genes, 6,345 had 1:1 Drosophila melanogaster orthologs identified
using OrthoDB [27]. Assignment to MEs (six chromosomal elements of Diptera species known as MEs A-F) were
made following the method outlined [19], wherein scaffolds with the majority (> 50%) of genes with 1:1
orthologs on a single element were assigned that ME. With this method, 169 scaffolds and 350 Mb (89.74%)
were assigned to MEs (Table 1; Supplementary Table S1 online), with 55.12% of the assembly was assigned to
autosomal regions, and 34.66% was assigned to sex-chromosome associated regions (Supplementary Table S1
online).

ddRAD-seq population genomics

The ddRAD-seq protocol used yielded an average of 14.1 million reads and 80,256 ddRAD-tags per individual
(Fig. 1, Table 2, Supplementary Table S2 online). For population genomics analysis, our genotyping and filtering
protocol retained 92,720 SNPs from 627 flies originating from 33 geographically diverse sampling sites. These
sampling sites spanned the three major genetic clusters of Gff found in Uganda, plus an outgroup (Fig. 1;

Table 2; Supplementary Table S2 online) chosen based on mtDNA sequence data that indicated a more distant
phylogenetic relationship [28].
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Table 2

Sampling details for population genomics (PopGen) and genome-wide association (GWA) analysis for each
genetic cluster. We report PopGen and GWA number of sampling sites, PopGen and GWA total sample size (N
total), number of infected individuals in GWA (infected), number of uninfected control individuals in GWA
(control), the average infection rate of the region based on field microscopy (regional infection rate), and the
average per individual number of reads retained (reads) and number of ddRAD-tags sequenced and passing all
quality control filters (tags).

Genetic PopGen GWA PopGen GWA GWA GWA Regional Average Average
Cluster sites sites Infected Control Infection Reads Tags
N N Rate

North 19 8 291 166 76 79 2.80% 14874020 69857
West 3 1 201 190 89 89 11.91% 13679764 93649
South 10 3 119 39 9 9 1.66% 13223360 86746
Outgroup 1 0 15 0 NA NA NA 11342751 51055
Overall 33 12 627 351 174 177 3.64% 14092162 80256

We estimated linkage disequilibrium (LD) blocks and rate of decay (measured as the rate of r? decrease per kb)
using PLINK v. 1.90-beta4.4 [29—-31]. Median LD block length ranged from ~ 2 kb in the north in autosomal ME E
to ~ 170 kb in the south in sex chromosome element F (Supplementary Table S3 online; Supplementary Fig. S1
online). Mean LD decay rate ranged from 0.0003 per kb in the north in autosomal element D to 0.1573 per kb in
the west in autosomal element B (Supplementary Table S4 online; Supplementary Fig. S2 online). When
averaged across the genome, the median LD block length was ~ 8 kb for the north, ~ 19 kb for the west, and ~
89 kb for the south (Supplementary Table S3 online), and the mean LD decay rate was ~ 0.0252 per kb for the
north, 0.0247 per kb for the west, and 0.0021 per kb for the south (Supplementary Table S4 online). Together,
these results indicated different LD patterns in the three genetic clusters and MEs, with relatively short blocks
and fast decay in the north and in autosomal elements, and relatively long blocks and slow decay in the south
and sex chromosome associated scaffolds (Supplementary Fig. S1 online; Supplementary Fig. S2 online).

Male versus female relative read depth of coverage and heterozygosity were calculated to test the hypothesis of
male haploidy in sex chromosome associated scaffolds (MEs A, D, and F). In species with heteromorphic sex
chromosomes with male heterogamety (XY), males are haploid XY (small and degenerated Y) and females are
diploid XX. When male and female reads are mapped to scaffolds, relative read coverage of males versus
females can be used to identify sex-linked sequences. Therefore, we expect that relative coverage (log,
male/female coverage) is close to 0 (equal between males and females) in the autosome-linked scaffolds (MEs
B, C, and E), but is close to -1 (a half ratio for males versus females) in X-linked scaffolds. Male/female
coverage is close to 0 in the autosomes while the male/female read-depth is significantly decreased in the X-
linked sequences (Supplementary Fig. S3 online), supporting lower ploidy in males in X-linked scaffolds. It is
also expected that relative heterozygosity (log, male/female heterozygosity) is similar between males and
females in autosomes and is reduced in X-linked sequences due to haploid males and diploid females for the X.
We show that the level of heterozygosity between males and females are similar in the autosomes and reduced
in the X-linked sequences (Supplementary Fig. S4 online), further supporting lower ploidy in males than females
in X-linked scaffolds. Taken together, results from comparison of male/female coverage and heterozygosity
validate that MEs A, D, and F are on the chromosomes, while MEs B, D, and E are autosomal [19].
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PCA identified different population structures in the autosomal versus sex chromosome associated SNPs

(Fig. 2, Supplementary Fig. S5 online). For the autosomal SNPs, PC 1 explains ~ 39.5% of the variation, and PC 2
explains ~ 13.9% of the variation, and identifies 4 distinct groups, including the outgroup and the three genetic
clusters in the north, west, and south of the country (Fig. 2). For the sex chromosome associated SNPs, PC 1
explains ~ 31.27% of the variation, and PC 2 explains ~ 19.3% of the variation, and in contrast to the pattern
found in autosomal regions, the three genetic clusters in the north, west and south of the country do not cluster
into distinct groups according to geographic origin. Instead, there is more variation within than between the
north, west, and south genetic clusters, with at least three distinct clusters within any one genetic cluster (Fig. 2).
These differences in the autosomal versus sex chromosome associated PCA results hold true for analysis
completed for each ME separately (Supplementary Fig. S5 online). Thus, taken together, PCA results indicate
genomic structure with unresolved origins in the sex chromosome associated MEs.

ddRAD-seq genome-wide association (GWA)

GWA analysis was conducted on autosomal and sex chromosome associated SNPs separately to allow us to
follow best practices of considering only females in the sex chromosome analysis. For the autosomal MEs,
GWA was conducted using 50,960 SNPs with a subset of 351 flies originating from 12 sampling sites to create
a balanced study design (174 infected and 177 control; Table 2; Supplementary Table S2 online). Analysis was
performed with the R package “statgenGWAS” v. 1.0.7 [32] with ME specific kinship matrices in a mixed model
[33, 34]. Genetic variance was 0.2747, residual variance was 1.2470e-05, and the genomic control correction
was applied with inflation-factor 0.89. The Q-Q plot revealed a close match of observed and expected p-values,
indicating a low rate of false-positives and lending support for the reliability of the results. SNP 546904:87:- had
significant association of genotype with infection status after Bonferroni correction for multiple testing (p-value
=1.80e-11; Fig. 3), and was in LD with two other SNPs that did not meet the genome-wide significance threshold
(1e-6): SNP 1443046:51:+ (p-value = 1.96e-6) and SNP 1550026:39:- (p-value = 4.83e-6; Supplementary Table S5
online).

The top SNP 546904:87:- was at position 171393113 on scaffold_2 (NW_023998416.1). The minor allele (T) for
SNP 546904:87:- was associated with low infection rate (Fig. 3), and was found in homozygous form in only 16
flies (none of them infected) from site KAF in the west genetic cluster. The major allele (A) for SNP 546904:87:-
was found in homozygous form in 308 flies (172 were infected) and was geographically widespread. The
heterozygous genotype (AT) was found in 27 flies (2 were infected) from KAF and APU (west and north genetic
clusters). The SNP is within a ~ 2 Mb LD block that spans positions 9,938,197 to 12,058,501 on scaffold_2 and
contains 136 liftOver gene annotations (Supplementary Table S6 online). The closest gene annotation to
trypanosome associated SNP 546904:87:- was GFUI026799 lecithin cholesterol acyltransferase (LCAT), and
was 1167 bp downstream of the SNP.

We also conducted a female-only GWA analysis with the sex chromosome associated SNPs to remove the risk
of mis-scoring haploid male genotypes as diploid homozygous genotypes (i.e. best practices). Female-only
GWA analysis of the sex-chromosome association MEs was completed using 19,423 SNPs from 209 flies (120
infected and 89 control; Supplementary Table S2 online). Using females alone removed the risk of mis-scoring
haploid males, but did not remove the risk of mis-scoring females with sex-chromosome aneuploidy, a
phenomenon known to occur in Glossina spp. [35]. The Q-Q plot revealed lower than expected p-values,

Page 7/22



indicating excessive false-positives (Supplementary Note online; Supplementary Table S7 online) possibly due
to the unresolved genome architecture of the sex chromosomes in Gff (see population genomics results). Given
that these results indicate unreliable identification of associated SNPs with this approach, we limit our
interpretation of results to the autosomal elements.

Discussion

Results from this study provide an improved genome assembly for Gff, reliably assigned scaffolds to genomic
regions associated with autosomes versus sex-chromosomes, and identified a single SNP on autosomal ME B
strongly associated with trypanosome infection in field-collected Gff. The genome assembly was improved from
an N50 scaffold size of 0.6 Mb to 9.52 Mb and increased the number of scaffolds >10 Mb from zero to six
(Table 1). Population genomics analysis of LD blocks, male versus female coverage (Supplementary Fig. S3
online) and heterozygosity (Supplementary Fig. S4 online), and PCA (Fig. 2) confirmed broadly accurate
assignment of 55.12% of the new assembly to autosomal and 34.66% to sex chromosome associated regions
(Table 1). Results from the autosomal GWA analysis indicated a low false-positivity rate and identified a single
SNP with highly significant association with infection.

Improved genome assembly

The genome assembly was improved from an N50 scaffold size of 0.6 Mb to 9.52 Mb and increased the
number of scaffolds >10 Mb from zero to six (Table 1). Our ortholog search against D. melanogaster MEs
(chromosome arms) assigned 169 scaffolds and 350 Mb (89.74%) to MEs (Table 1) with 55.12% assigned to
autosomal elements, and 34.66% assigned to sex-chromosome associated elements (Supplementary Table S1
online). This suggests a large proportion of the assembled genome is associated with the sex-chromosomes in
Gff. A major limitation of our analysis is reliance on the assumption of syntenic conservation between tsetse
scaffolds and Drosophila chromosomal structures. Any deviation from complete conservation could result in
mis-assigned scaffolds (scaffolds assigned to sex chromosomes when actually autosomal, or visa versa) that
could be difficult to detect if correctly assigned scaffolds made up most of the sequence in each ME and
overwhelmed the signal. Nonetheless, the differences in population genomics results from these two categories
(scaffolds assigned as autosomal versus sex chromosome) provide support for general accuracy in these
assignments (see directly below).

Population genomics confirms chromosome identification and
hints at possible aneuploidy

Population genomics results support our identification of sex chromosomes versus autosomes using an
ortholog search against D. melanogaster MEs (chromosome arms). Evidence includes striking differences
between sex chromosome and autosome patterns of LD, sequencing statistics, and genetic structure.
Additionally, relative male versus female coverage and heterozygosity statistics did not meet expectations of a
classic XY sex-determination system, raising the possibility of sex chromosome aneuploidy in Gff, a
phenomenon known to occur in tsetse flies [35, 36]. Nonetheless, results provide evidence of diploidy in the
regions assigned to autosomes (Table 1; Supplementary Table S1 online), and therefore, supports the use of
autosomal SNPs in our subsequent GWA analysis.
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Striking differences in LD — We found striking differences in LD patterns across chromosome elements and
genetic clusters, with relatively short blocks and fast decay in autosomal elements (especially in the north), and
relatively long blocks and slow decay in sex chromosome associated elements (especially in the south;
Supplementary Fig. S1 online; Supplementary Fig. S2 online). There are multiple possible explanations for this.
One possibility is that there are inversions on the sex chromosome, which would result in reduced recombination
around the inversions and relatively long blocks and slow decay. Another possibility is that miss-scored
genotypes caused by sex chromosome anueploidy creates a false signal of LD in sex chromosomes. In this
scenario, additional copies of chromosomal elements would cause genotyping error and false associations
among SNPs. The observed within-species variation in LD among genetic clusters regardless of the genomic
region (generally fast decay in the north, slow decay in the south; Supplementary Fig. S1 online; Supplementary
Fig. S2 online) could be caused by differences in sampling among the genetic clusters: Number of sampling
sites ranges from three to 20 (Table 1). LD estimates are known to be sensitive to sample size [37], thus
variation in the number of sampling sites could influence LD estimates directly. Additionally, the size of the
geographic range of each genetic cluster ranges widely from a minimum area of ~ 10,000 km? to a maximum
area of ~ 50,000 km? (Fig. 1). LD estimates are known to be sensitive to overall genetic diversity present [38],
which in turn is expected to be positively correlated with geographic range of sampling. Thus, variation in
geographic range could also influence LD estimates.

Sequencing statistics suggest deviation from the classic XY sex-determination system — Male versus female
coverage (Supplementary Fig. S3 online) and heterozygosity (Supplementary Fig. S4 online) supports reliable
assignment of 55.12% of the new assembly to autosomal and 34.66% to sex chromosome associated regions
(Table 1). Equal male vs female coverage and heterozygosity in autosomal elements and lower relative
coverage (-0.5) and heterozygosity (range from - 1 to -2) in males in sex chromosome associated elements
(Supplementary Fig. S3 online, Supplementary Fig. S4 online) provides support for reliable assignment and
lower ploidy in males relative to females in sex chromosomes. The theoretical relative coverage with strict
haploidy in males is -1 [39-41]. Thus, the observed relative coverage of -0.5 (Supplementary Fig. S3 online)
suggests that Gff does not follow the classic XY sex-determination system. Expectations of heterozygosity are
less well defined because it depends on genetic diversity, which alters both female heterozygosity and expected
relative heterozygosity [39-41]. Thus, the extreme difference between males and females observed here
(Supplementary Fig. S4 online) further supports that Gff does not follow the classic XY sex-determination
system.

Differences in population structure — PCA (Fig. 2) identified genetic structure in autosomes that closely matches
geography and previous studies. We observed three well defined genetic clusters that align with sampling sites
from north of Lake Kyoga, west of the Victoria Nile, and south of Lake Kyoga (north, west, south, respectively).
These findings align with the overall population structure found with multiple clustering analysis using both
microsatellite markers and genomic ddRAD SNPs [21]. A very different pattern of genetic structure is obtained
from the sex chromosomes, with at least three distinct clusters within each geographically based genetic cluster.
Although this is somewhat surprising given the large number of analyses from genomic DNA loci that have
indicated three distinct genetic clusters, when revisiting the [21] results, it is apparent that there is a faint pattern
of intra-cluster variation that likely corresponds to the SNPs from sex chromosomes, which were not identified or
filtered in that previous study. It is difficult to determine the causal forces that are responsible for the striking
difference in the population structure observed in the sex chromosomes versus the autosomes, but results point
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to several possibilities. One possible explanation is the presence of chromosome inversions or low-recombining
regions on the sex chromosomes. Inversions and low-recombining regions are known to differentiate
populations more strongly than genomic regions outside of these regions [42], and to create genomically
localized heterogeneity (i.e., contrasting patterns among genomic regions) in population structure [43]. Another
possible explanation is sex-chromosome aneuploidy, a phenomenon known to occur in tsetse flies [35]. Sex-
chromosome aneuploidy occurs in tsetse flies where females may be XX, XXY, or XXXY, and males may be XY,
XYY, or X0 [35, 36, 44]. When present, aneuploidy would cause extra copies of the genes on these chromosome
arms in both males and females. In this scenario, signals of intra-cluster genetic structure would have originated
from the variation between the 1-3 copies of the X chromosome present in any one individual.

Genome-wide association

GWA analysis indicated a low false-positive rate in autosomal regions and identified a single SNP 546904:87:-
with highly significant association with infection status in Gff (p-value = 1.80E-11; Fig. 3). This result implies
that there is natural genetic variation in Gffthat can provide protection against trypanosome infection. The SNP
546904:87:- allele associated with zero infection (T; Fig. 3) is in low frequency (16 homozygous form AT, 27
heterozygous form TT), and only exists in homozygous form TT in a single region of Uganda (west genetic
cluster) that has high trypanosome infection rates (11.9%; Table 2). This supports the concept of spatially
patchy and temporally variable selection imposed by trypanosomiasis such that selection is strongest where
infection rates are highest, but that the overall strength of selection experienced in the wild is insufficient to
cause fixation of this protective allele in Gff, even on a local scale.

Although there is low likelihood that the associated SNP 546904:87:- detected in our analysis is the functional
polymorphism itself, SNP 546904:87:- is part of a~ 2 Mb LD block containing 136 genes, suggesting that there
could be multiple and interacting linked functional mutations causing association with infection status. The
closest annotation is GFUI026799 /ecithin cholesterol acyltransferase (LCAT), a gene involved in cholesterol
metabolism [13, 14, 19, 45—47]. The orientation of the trypanosome associated SNP 546904:87:- is just 1167 bp
upstream of the LCAT gene generates the hypothesis that LCAT is involved in Gff’s trypanosome infection
response, either through linked DNA sequence polymorphism within the gene or through an expression level
response mediated by polymorphism within LCAT regulatory components.

LCAT is a particularly interesting candidate gene because of its role in forming the cholesterol esters found in
apolipoprotein L-I (ApoL-l), known to be the lytic component of high-density lipoprotein (HDL; also known as the
trypanosome lytic factor) in humans [48, 49]. In humans, LCAT transfers a fatty acid from the sn-2 position of
lecithin (phosphatidylcholine) to cholesterol, forming the trypanosome lytic core of HDL, ApoL-I [49]. It is unlikely
that this precise human mechanism of defense against trypanosomes operates in tsetse flies because of the
vast differences in physiology, and because trypanosomes appear to be fully resistant to lysis by ApoL-l once
they have entered the midgut of the tsetse fly and have transformed into their procyclic form [49]. However,
because trypanosomes remain in their bloodstream form and susceptible to lysis by HDL until they reach
tsetse’'s midgut [50], the possibility remains that a similar mechanism of HDL mediated lysis could occur early
during infection establishment within the fly. Furthermore, other trypanolytic factors operate in the tsetse’s
midgut [51], opening the possibility that HDL, and thus LCAT, may be involved in lysis through an altogether
different mechanism once the trypanosomes reach the midgut. Finally, HDL plays a broad role in disruption of
host metabolism during an infection with trypanosomes [52], opening the possibility that LCAT is affected by or
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involved in the disruption of lipid metabolism in tsetse flies following trypanosome infection. This involvement
in lipid metabolism may underlie the association between the linked SNP 546904:87:- and trypanosome
infection status in Gff. Additionally, disruption of tsetse lipid metabolism could directly impact the ability of
procyclic trypanosomes to sustain an infection in their fly vector, as parasites at this stage of their
developmental cycle use environmental fatty acids to maintain their metabolic homeostasis [53].

Undoubtedly, more research is needed to test this hypothesis and establish definitive association between
trypanosome infection in Gff and sequence polymorphism and/or show an expression level response in the
candidate gene LCAT. Indeed, the Aksoy lab at the Yale School of Public health has several experiments
underway investigating differential expression in infected versus uninfected Gffthat can provide additional
evidence as to which genes are associated with reduced trypanosome infection rates and the possible
contribution of LCAT. These and other functional studies are needed to confirm and unravel the potential
mechanism of the association between genotype at SNP 546904:87:- and Gffinfection status.

Conclusion

This study highlights the importance of identifying and accounting for genome architecture and population
structure in genome wide association studies. Our use of OrthoDB to assign scaffolds to MEs proved effective
in identifying and excluding sex chromosomes from our analysis, allowing us to account for element-specific
patterns of LD. Together, these additions to the study design significantly increased our power to detect GWA
candidate SNPs beyond what was previously possible.

Our GWA analysis identified one autosomal SNP 546904:87:- that was highly associated with Gffinfection
status (Fig. 3). The allele associated with low infection rate in Gff was in low frequency in the wild, and was
found in heterozygous form in only one locality in the west of Uganda. Results indicate natural variation in wild
populations of Gffthat may provide some protection against trypanosome infection. The SNP identified as
highly associated with infection status was proximal to a promising gene candidate, LCAT, that we hypothesize
has DNA sequence polymorphism and/or an expression level response to trypanosome infection in Gff. These
findings can inform our understanding of the mechanisms of the tsets€e’s natural defenses against trypanosome
infection, identify gene pathways involved in defenses, are hypothesis-forming for future studies, and ultimately
can be made use of in future adaptive vector control programs.

Methods
Whole-genome sequencing sampling and library prep

To improve the genome assembly of Gff we completed whole genome sequencing with 10X Chromium
GenCode Technology (10x Genomics, USA) from a single Gff pupa originating from the Yale School of Public
Health insectary’s Gff colony (IAEA, Vienna, Austria). High molecular weight genomic DNA was extracted from
the whole body of the pupa following the 10x Genomics® Sample Preparation Demonstrated Protocol DNA
Extraction from Single Insects [54], and was suspended in 1X TE Buffer. Genomic DNA was sent to the Yale
Center for Genomic Analysis for quality control including a pulse field gel, library preparation, and 10X Genomics
Genome Sequencing.
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Genome assembly and annotation

The raw sequences were scanned for bacteria, viral, archaea, and cloning vector sequences using Kraken 2 with
confidence threshold as 0.0 [23]. Any raw sequencing reads that are classified were excluded for de novo
assembly of the fly genome. The de novo assembly of the Gff genome was completed with the supernova
software package from 10X Genomics [24] with -maxreads = 220000000. The annotations for the assembly
were lifted over from the existing Gff assembly available from NCBI under the name “Glossina_fuscipes-3.0.2"
[25] and Vectorbase under the name “Gfusl1” [55, 56] using the UCSC liftOver suite of programs [26].

Scaffolds were assigned to MEs (six chromosomal elements of Diptera species known as MEs A-F) to allow us
to distinguish scaffolds within autosomal (elements B, C, E) versus sex-chromosome associated regions
(elements A, D, F) based on comparative genomic analysis in Gff[19]. These assignments assumed
conservation of gene content in chromosome arms (MEs) across fly species, a reasonable assumption given the
ubiquity of this pattern in studies to date [57, 58]. Scaffolds were assigned to MEs following [19] based on
results from an OrthoDB [27] search for 1:1 orthologs with Drosophila melanogaster genes available from [19].
First, each gene with a 1:1 ortholog was assigned to a ME based on the D. melanogaster chromosome map, and
then scaffolds were assigned to a ME if the majority (> 50%) of genes with 1:1 orthologs were assigned to a
single ME. This allowed us to assign scaffolds to autosomal versus sex-chromosome associated regions [19].

ddRAD-seq sampling

ddRAD-seq data was used to score single nucleotide polymorphisms (SNPs) for two analyses: (i) population
genomics analysis used data from 627 flies from geographically diverse origins to confirm assignment of SNPs
on autosomal versus sex chromosome associated genomic regions and to investigate population structure. (ii)
Genome-wide association (GWA) analysis used data from 351 flies with a balanced study design (174:179
infected/control) to identify SNPs associated with trypanosome infection.

Population genomics analysis was completed with 627 flies originating from 33 geographically diverse
sampling sites that spanned the three major genetic clusters of Gff found in Uganda, plus an outgroup chosen
because of its more distant relationships in mitochondrial DNA phylogenetic analysis (Fig. 1; Supplementary
Table S2 online). Comparisons of read coverage, heterozygosity and principal components analysis among
sexes and geographic origin allowed us to confirm the scaffolds within autosomal versus sex-chromosome
associated regions of the genome, and to identify general patterns of genomic structure in the SNPs scored for
this study (see section of population genomics below). Both of these components of knowledge greatly aided in
appropriate study design for the GWA.

GWA analysis was completed with a subset of 351 flies originating from 12 sampling sites to create a balanced
study design with a total of 174 infected and 177 uninfected flies. Care was also taken to balance infection
status among the sexes and genetic clusters from the north, west, and south of the country (Table 2). Of the
infected flies, 48/66/6 were females from the north/west/south, respectively, and 28/23/3 were males from the
north/west/south, respectively. Of the uninfected flies, 40/42/7 were females from the north/west/south,
respectively, and 39/47/2 were males from the north/west/south, respectively (Supplementary Table S1 online).

All tsetse flies used in this study were collected using biconical Challier-Laveissiere traps set out in groups of
10-15 traps within a radius of 2 km, a field protocol that reliably traps unrelated individuals [21, 59]. Flies were
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collected between January of 2014 and December of 2018 (Supplementary Table S1 online), sexed, dissected to
determine midgut infection status microscopically, and preserved in 95% ethanol in screw cap vials. Specimens
were stored at 4°C for a maximum of 4 years before DNA extraction.

ddRAD-seq library preparation

DNA for the ddRAD protocol was extracted from the heads, thorax, wings, and legs of Gffusing DNAeasy blood
and tissue extraction kits (Qiagen, Valencia, CA), with a preliminary step added for tissue pulverization using the
Qiagen Bead-beater system. We then quantified DNA extractions with a Qubit 2.0 Fluorometer (Invitrogen,
Carlsbad, CA), and proceeded with only individuals having higher than 500 ng total yield of genomic DNA.

ddRAD sequencing libraries were prepared following [14] using a modified version of the Peterson ddRAD
protocol [22] with restriction enzymes Nlalll and MIuCl. We created eight ddRAD sequencing libraries of 32
pooled individuals each, which were sent to the Yale Center for Genome Analysis for 75 bp paired-read
sequencing with the lllumina HiSeq 2500 platform under the “high-output” mode, and were sequenced in lanes
shared with randomly sheared libraries.

ddRAD-seq bioinformatics

The ddRAD library raw sequence reads were de-multiplexed, quality filtered, and filtered for unambiguous
barcodes using the “process_radtags” script from the STACKS2 v. 2.59 software [60] using the -retain-headers
flag. FastQC v. 0.11.6 [61] was used on these processed reads to identify any read quality problems or
overrepresented sequences. CutAdapt v. 1.18 [62] trimmed 5 bp of low quality data from the 3’ end of each read,
and removed remaining overrepresented sequences (i.e. remaining lllumina TruSeq adaptors, Classll mariner
transposons, and mtDNA).

BWA mem [63] with default settings was used to align processed reads to the new 10X assembly and were
sorted with Samtools v. 0.1.19 [64]. BAM file outputs were then filtered to remove reads assembled with more
than 3 mismatches to the genome reference with BamTools v. 2.5.1 (filter -tag 'NM:<4') [65], and analyzed for
SNPs with two separate programs, STACKS2 [60] and BamTools v. 2.5.1 MPILEUP [65]. Only overlap between
these two software was retained for final analyses to reduce bias in SNP calls because there is strong evidence
that different software identify different sets of SNPs [66—68]. SNPs from each software were independently
filtered to remove SNPs within areas flagged by RepeatMasker v. 4.0.7 [69] with species set as Drosophila, and
for genotyping missingness with an iterative strategy with PLINK v. 1.90-beta4.4 [70], alternating between per
locus and per individual filters (-geno and —mind) applied at the following levels < 70%, < 65%, < 60%, < 55%, and
<50%, which is a strategy that has been shown to outperform hard cutoff filters [71].

Overlap between STACKS2 and MPILEUP was determined with VCFtools 0.1.16 [72] using the STACKS?2 file as
the main input, filtering to retain only positions that also existed in the MPILEUP file. Once combined, the final
VCF file was filtered with VCFtools to retain only biallelic SNPs with minimum minor allele count of 3, mean
depth greater than 10 and less than 500, and minimum genotyping rate of 50% per locus. The final population
genomics dataset contained 627 individuals and 96,965 SNPS (63,652 autosomal, 29,069 sex-chromosome
associated). This dataset was split into six files corresponding to the MEs identified using VCFtools (flag —bed).

ddRAD-seq population genomics
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LD was characterized using PLINK [30, 31, 70]. We estimated pairwise r? (using the options —r2 —Id-window-r2
0), and LD block size (options —blocks ~blocks-max-kb 200) for all polymorphic sites for each Mueller element
and major genetic cluster (north, west, south) individually. We estimated the LD decay curves using r? estimates
from PLINK with a fitting algorithm from the package “ngsLD” [73] with 100 bootstraps, and we tested different
bin sizes until we obtained the smallest confidence intervals possible (final bin size chosen was 25 bp). We
generated LD plots in R using the built-in functions and the R package “ggplot2” [74]. Read depth of coverage
statistics were estimated using VCFtools (flag “~geno-depth”) to confirm identification of sex chromosomes.
Heterozygosity was estimated and tests for Hardy-Weinberg equilibrium were performed with PLINK [75, 76].
PCA was performed for each ME and for all scaffolds assigned to autosomes versus sex chromosomes using
PLINK.

ddRAD-seq genome-wide association (GWA)

GWA analysis was performed with the R package “statgenGWAS” v. 1.0.7 [32] built under R v. 3.6.2 with ME
specific kinship matrix in a mixed model, a method described to give a considerable improvement in power [33,
34]. First, SNP files from the appropriate MEs were combined to create two to separate datasets corresponding
to the autosomal (MEs B, C, E) and the sex-chromosome (MEs A, D, F) associated regions of the genome. The
autosomal dataset contained 50,960 SNPS and 351 individuals (142 males, 209 females), while the sex-
chromosome dataset contained 19,423 SNPS and 209 individuals (all females).
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Map of the study area and sampling sites. The inset in upper left indicates the location of Uganda in Africa,
disease presence is indicated in different shades of grey (AAT only = light grey, AAT and chronic HAT = medium
grey, AAT and acute HAT = dark grey), Glossina fuscipe fuscipes (Gff) sampling points are indicated with
symbols colored by genetic cluster (north = blue, west = purple, south = orange), and the analysis performed is
indicated by the symbol (population genomics (PopGen) analysis = circle, genome wide association (GWA)
analysis = circle with cross-hairs).
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Figure 2

Principal components analysis of genomic variation of all individuals in the population genomics dataset for (a)
autosome associated regions of the genome (MEs B, C, E), and (b) sex chromosome associated regions of the
genome (MEs A, D, F). Shape indicates sex (female = circle, male = triangle, unknown = square), and color
indicates the common genetic cluster of the sample's place of origin (north = blue, west = purple, south = orange,
outgroup = yellow).
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Results from GWA for autosome associated regions showing the (a) Manhattan plot of observed -log10(p) for
GWA for each SNP arranged by scaffold number and Muller element assignment (ME), with arrow pointing to p-
value of top SNP “546904:87:-", significance threshold shown with dotted horizontal line, (b) Q-Q plot of
observed versus expected -log10(p) indicating top SNP 546904:87:- has a highly significant signal of
association with infection status, and (c) count of each genotype for top SNP 546904:87:- colored by infection

status (yellow = control, blue = infected).
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