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Elucidating the genetic contributions to Parkinson’s disease aetiology across diverse ancestries is a critical priority for
the development of targeted therapies in a global context. We conducted the largest sequencing characterization of
potentially disease-causing, protein-altering and splicing mutations in 710 cases and 11 827 controls from genetically
predicted African or African admixed ancestries. We explored copy number variants (CNVs) and runs of homozygos-
ity in prioritized early onset and familial cases. Our study identified rare GBA1 coding variants to be the most frequent
mutations among patients with Parkinson’s disease, with a frequency of 4% in our case cohort.

Of the 18 GBA1 variants identified, 10 were previously classified as pathogenic or likely pathogenic, four were novel
and four were reported as of uncertain clinical significance. The most common known disease-associated GBA1 var-
iants in the Ashkenazi Jewish and European populations, p.Asn409Ser, p.Leu483Pro, p.Thr408Met and p.Glu365Lys,
were not identified among the screened Parkinson’s disease cases of African and African admixed ancestry.
Similarly, the European and Asian LRRK2 disease-causing mutational spectrum, including LRRK? p.Gly2019Ser and
p-Gly2385Arg genetic risk factors, did not appear to play a major role in Parkinson’s disease aetiology among West
African ancestry populations. However, we found three heterozygous novel missense LRRK2 variants of uncertain sig-
nificance, with two (p.Glu268Ala and p.Arg1538Cys) displaying higher frequencies in the African ancestry population
reference datasets. Structural variant analyses revealed the presence of PRKN CNVs with a frequency of 0.7% in
African and African admixed cases, with 66% of CNVs detected being compound heterozygous or homozygous in
early-onset cases, providing further insights into the genetic underpinnings in early-onset juvenile Parkinson’s disease
in these populations. Short tandem repeat analysis also identified ATXN3 CAG repeat expansions within the pathogenic
range (CAG,>45) in three patients with Parkinson’s disease of African ancestry. Novel genetic variation among
screened genes warrants further replication and functional prioritization to unravel their pathogenic potential.

Here, we created the most comprehensive genetic catalogue of both known and novel coding and splicing variants po-
tentially linked to Parkinson’s disease aetiology in an underserved population and further conducted global and local
ancestry analyses to further explore population-specific effects. Our study has the potential to guide the development
of targeted therapies in the emerging era of precision medicine. By expanding genetics research to involve underrepre-
sented populations, we hope that future Parkinson’s disease treatments are not only effective but also inclusive, ad-
dressing the needs of diverse ancestral groups.
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mutations

Introduction

Parkinson’s disease (PD) is a multifaceted neurodegenerative dis-
order influenced by genetics, environment and other factors. The
influence of genetics has been primarily studied in European popu-
lations, limiting our understanding of the genetic landscape of PD
in the African and African admixed populations.’ Bridging this
gap is essential for advancing equitable precision medicine inter-
ventions and developing universally effective strategies for the pre-
vention and treatment of PD.

Genetic risk factors and their impact on PD in individuals of
African and African admixed genetic ancestry remain largely un-
known. Around 77% of African genetic studies in PD have been con-
ducted in North Africa (mainly Tunisia) and South Africa.? In
contrast, there have been limited PD genetic studies in populations
originating from central, eastern and the French-speaking west
coast of Africa. Similarly, the genetics of African admixed indivi-
duals have been poorly studied in the context of PD genetics, with
few published studies.®>* As a result, our understanding of the
role of genetics in disease aetiology among African admixed indivi-
duals lags behind that of European ancestry individuals. Further re-
search with more diverse representation and standardization is
crucial for drawing accurate conclusions on a global scale.

The first genome-wide association study (GWAS) exploring PD
geneticrisk in African and African admixed populations nominated
a novel non-coding PD-associated variant (rs3115534) in GBA1.°
This variant is present in 33% and 22% of the African and African
admixed PD cohorts, respectively,® while it is almost completely ab-
sent in predominantly European ancestry cohorts. The rs3115534
intronic variant acts by interfering with the splicing of functional
GBA1 transcripts, resulting in reduced glucocerebrosidase activity.
This represents a novel mechanism of GBA1-derived PD risk and
an attractive candidate for precision-based therapeutics in a re-
markably underserved population,” reinforcing the idea that dis-
tinct genetic architectures contribute to disease susceptibility
and, in turn, could inform optimized treatment options in the fu-
ture. Other GBAl coding variants, like p.Asn409Ser and
p.Leu483Pro, are associated with PD risk and commonly observed
in European and Ashkenazi Jewish ancestry populations. These
same variants are notably rare among individuals of African and
African admixed ancestries.®?

To gain a deeper understanding of the genetic architecture of PD
in underserved African populations, we leveraged data from the

Black African and African American Connections to Parkinson’s
Disease Study (BLAAC PD)' as a part of the Global Parkinson’s
Genetics Program (GP2),'* the Nigerian Parkinson’s Disease
Research Network (NPDRN),'? the PDGENEration (PDGENE) initia-
tive,*® All of Us'* and the UK Biobank (UKB)."® Using data from 710
cases and 11827 controls, we conducted the largest sequencing
characterization of potentially disease-causing, protein-altering
and splicing mutations across 51 genes in African and African ad-
mixed ancestry populations. We focused on known PD-associated
genes linked to autosomal dominant inheritance (SNCA, LRRK2
and VPS35), autosomal recessive inheritance (PRKN, PINK1, DJ-1
and VPS13C) and increased risk (LRRK2, GBAI), as well as other
PD-associated genes such as RAB32, PSMF1 and ITSN1 from litera-
ture. Furthermore, we assessed putative pleiotropic effects by
examining genes that have been shown to manifest as parkinson-
ism?® (i.e. ATP13A2, FBXO7, PLA2G6, SYNJ1, GCH1, TRPM7, GCHI1,
KCDT7, XPR1 and TOR1A) or other neurodegenerative conditions
(i.e. APP, MAPT and DCTN1). We leveraged short-read sequencing
datasets (whole-genome, whole-exome and targeted-exome se-
quencing) to comprehensively unravel the genetic architecture of
rare variants contributing to PD in these populations and further
explored potential population-specific effects through global and
local ancestry analyses. In addition, we examined short tandem re-
peats (STRs) previously reported to be associated with PD risk, in-
cluding ATXN2, ATXN3 and TBP.'"*® We further investigated
potential recessive variants by exploring runs of homozygosity
(ROHSs) enriched in the patient population. We assessed potential
copy number variation (CNVs) by investigating B allele frequency
(BAF) and log?2 ratio (L2R) from genotyping data along with multi-
plex ligand-dependent probe amplification (MLPA), focusing on
cases with positive family history and early age at onset.

Materials and methods

We obtained genetic data from All of Us, GP2-BLAAC PD, the
NPDRN, PDGENE and UKB (Supplementary Table 1). In total, the
data comprised 710 cases and 11827 controls of African or
African admixed ancestry or Black or African American self-
reported race. See Supplementary Table 1 for demographic charac-
teristics of cohorts under study and Fig. 1 for a summary of our
workflow, explained in further detail later.

920z Aey |z uo Jasn usbunyuelyig aAnelsusbapolna Jeny wniusz sayosineq Aq £9€//28//€S 1L/S/61 1 /8191e/uleig/woo dnoolwepeoe//:sdiy woll papeojumod


mailto:nokubadejo@unilag.edu.ng
mailto:sara.bandresciga@nih.gov
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaf379#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaf379#supplementary-data

Parkinson’s disease in African ancestry

PD

CONTROL 10360 CONTROL 60 CONTROL

WHOLE-GENOME
SEQUENCING

TARGETED-EXOME

BRAIN 2026: 149; 1537-1553 | 1541

PDGENE

186

PD )

236 CONTROL 1171

WHOLE-EXOME

SEQUENCING SEQUENCING

A TOTAL OF 51 GENES WERE TESTED

4710

TOTAL PARKINSON'S DISEASE

D2 I Levka L
ATP13A2 GBA1 NCA

11827 '/

TOTAL CONTROLS

-

FBXO07

LPRKN LRRK2 LVPSISC VPS35 LSYl'\lJ'I LPLAZ’GG

VARIANT ANNOTATION
(Missense, Frameshift, Startloss, Stoploss, Stopgain, Splicing)

FREQUENCY ASSESSMENT IN THE AFRICAN ANCESTRY

(gnomAD v.4.1.0, All of Us)

ESTIMATION OF PATHOGENICITY
(ClinVar, CADD, AlphaMissense, PrimateAl)

VARIANT PRIORITIZATION

Figure 1 Workflow. Our workflow begins with creating cohorts within the datasets. We used short-read sequencing data to characterize Parkinson’s
disease, parkinsonism and related neurodegenerative disease genes. We prioritized missense, frameshift, start loss, stop loss, stop gain and splicing
variants with a minor allele frequency <0.01 and Combined Annotation Dependent Depletion (CADD) score > 12.37.

BLAAC PD is a multicentre study in North America recruiting in-
dividuals who self-identify as Black and/or African American. In the
GP2-BLAAC PD dataset, cases were defined as individuals older than
18 years in the USA with a clinician-confirmed PD diagnosis (n = 186),
whereas controls were neurologically healthy individuals with no
personal or family history of any neurodegenerative disease (n=
236). Institutional Review Board (IRB) approval has been provided
by each of the individual sites’ IRBs and continuing review by the
IRB is conducted annually.?® Assessments of cognitive status and
clinical features were conducted and reported by respective clini-
cians. Cognitive status was determined by the cognition component
of the Clinical Impression of Severity Index for PD (CISI-PD) with
scores ranging from 0 to 6: 0 (normal), 1 (slowness and/or minimal

cognitive problems), 2 (mild cognitive problems; no limitations), 3
(mild to moderate cognitive problems; does not need help for basic
activities of daily living), 4 (moderate cognitive problems; help is re-
quired for some basic activities of daily living), 5 (severe cognitive
problems; help is required for most or all basic activities of daily liv-
ing) and 6 (severely disabled; helpless; complete assistance
needed).”! Clinical symptoms such as bradykinesia, rest tremor, ri-
gidity and use/response to levodopa was assessed through the
International Parkinson and Movement Disorder Society (MDS)
Clinical Diagnostic Criteria for idiopathic PD (MDS-PD criteria).??
For the NPDRN cohort (cases = 108; controls = 60), PD diagnosis
was based on the UK PD Society Brain Bank criteria (excluding the
requirement of not more than one affected relative).’>?* Study
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assessments include the Movement Disorders Society Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS), a one question,
self-reported olfactory assessment and a neurological examin-
ation, performed by a study neurologist. Controls were excluded
if any neurological signs were present.’” All participants provided
written informed consent.

In addition, we mined existing data from PDGENE, a multicentre,
observational study (NCT04057794, NCT04994015) offering Clinical
Laboratory Improvement Amendments (CLIA)-certified genetic
testing and genetic counselling to PD patients in North America.™
We included targeted exome sequencing data from 138 PD cases
with genetically predicted African or African admixed ancestry
and 145 self-reported Black or African American PD cases from the
GP2 release 8. The study was approved by IRBs, and the Scientific
Review and Executive Committees of the Parkinson Study Group.
All participants signed informed consent forms.

In the All of Us dataset, we created a case-control cohort com-
prising 93 PD cases and 10360 controls of African or African ad-
mixed ancestry. Controls were individuals aged 60 years or older
with no family history of neurological disease and no present neuro-
logical condition in their electronic health records. All participants
provided written informed consent. The All of Us IRB reviews the
protocol, informed consent and other materials for participants.

PD cases of genetically predicted African ancestry in the UKB
(n=40) were defined by the UKB field ID 42032, using diagnoses ac-
cording to the UKB’s algorithmically defined outcomes v2.0 (https://
biobank.ndph.ox.ac.uk/ukb/refer.cgi?id=460). The control cohort
(n=1171) includes individuals aged 60 years or older without per-
sonal or family history of any neurological disorders.

Sequencing, genotyping procedures, and quality assessment of
710 cases and 11827 controls are detailed in the Supplementary
material, methods.

We performed functional annotation of identified variants using
Annotate Variation (ANNOVAR),?* incorporating relevant datasets
and prediction tools, and gnomAD v4.1. To distinguish GBA1 vari-
ation from GBAPI1 pseudogene mutations, we implemented the
Gauchian targeted caller® on whole-genome sequencing data to de-
tect known GBAP1 variation within the exons 9-11 homology region.
The clinical significance of candidate variants was cross-checked on
the ClinVar. Genes implicated in parkinsonism and related neurode-
generative diseases were annotated using the OMIM genemap? file
(downloaded from omim.org in September 2024). We focused on mis-
sense, loss-of-function variants including stopgain, stop loss, frame-
shift, start loss, splice site changes, and short insertions and
deletions, with a minor allele frequency below 0.01 and a minimum
Combined Annotation Dependent Depletion (CADD) PHRED (a
Phred-scaled measure of predicted deleteriousness)-scaled score of
12.37. This threshold is predicted to be pathogenic by Amendola
et al.?® and falls within the top 5%-6% most deleterious variants in
the genome, according to Kircher et al.”’ We assigned a confidence le-
vel for PD genes using the criteria described by Blauwendraat et al.*®

Results

An overview of our study is illustrated in Fig. 1. Demographic and clin-
ical characteristics of five datasets including 710 cases and 11827

F. Akcimen et al.

neurological healthy controls are summarized in Supplementary
Table 1. All participants were of African and African admixed ances-
try based on genetic prediction, except for the PDGENE dataset, where
138 participants genotyped on the NeuroBooster array were con-
firmed as African or African admixed, and 145 participants were in-
cluded based on self-reported Black or African American race
(Supplementary Fig. 1).

We identified 443 rare variants, including 105 in eight PD genes
and 338 in genes associated with parkinsonism or other neurode-
generative diseases (Supplementary Table 2). A total of 19 var-
iants were previously reported as pathogenic or likely
pathogenic in ClinVar, while 182 variants were novel. A total of
242 variants were reported as benign, likely benign or of uncertain
clinical significance. The ClinVar dataset is largely based on mu-
tation reports from European populations and so is likely to
have incomplete information on pathogenicity in African indivi-
duals. Variants were prioritized based on clinical relevance, zyg-
osity and the presence of early disease onset in cases involving
recessive PD genes. This process identified 84 variants across
14% of the cases (n=97) that had no prior classification as benign
(Supplementary Table 3).

The average age at onset (AAO; mean + standard deviation) for
cases in our study ranged from 56.34+11.90 years (NPDRN) to
66.79 +9.55 years (UKB). Among carriers of prioritized variants,
the AAO was notably younger at 52.41 + 13.65 years. Furthermore,
carriers with a family history of PD had an earlier AAO of 44.43 +
13.77 years, compared with 53.64 + 13.73 years for those without a
family history. The distribution of variants in PD genes across the
five datasets, excluding those previously reported as benign or like-
ly benign, is presented in Fig. 2.

Ten variants in GBA1, one in PINK1, two in PRKN, one in FBXO7
and one in PLA2G6 were previously described as pathogenic or like-
ly pathogenic (Fig. 3 and Supplementary Table 3). A total of 41 novel
variants were identified in PD genes, including four in GBA1, seven
in PINK1, two in DNAJC6, four in DJ-1, one in SNCA, five in PRKN,
three in LRRK2, 12 in VPS13C, two in VPS35 and one in SYNJj1
(Fig. 3, Table 2 and Supplementary Table 3). Notably, the GBA1
p-His413Arg, SNCA p.Metl116lle and PRKN p.Gly139Valfs*38 have
previously been reported only in individuals of African ancestry
in the gnomAD and All of Us datasets (Table 1).

We obtained the pathogenicity scores of the candidate variants
from CADD, AlphaMissense and PrimateAl. A score >12.36 for
CADD, >0.564 for AlphaMissense and >0.803 for PrimateAl are
recommended as pathogenic cut-offs. None of the previously re-
ported pathogenic variants in known genes fulfilled the pathogen-
icity criteria for AlphaMissense and PrimateAl. Therefore,
although we included scores from these tools, we did not apply
any filtering based on the recommended thresholds. All identified
variants in recessive PD genes were present in single heterozygous
states (Figs 4 and 5 and Supplementary Table 3). A female case
with PD from the PDGENE study with an AAO under 30 was iden-
tified as a carrier of two heterozygous variants in PRKN
(p.Gly139Valfs*38 and p.Pro113Thrfs*51) that would suggest
a potential compound heterozygous state (Table 2 and
Supplementary Table 4). We were unable to confirm compound
heterozygosity due to the absence of phasing data. The distribu-
tion of AAO among prioritized variant carriers in PD genes
(PRKN, DJ-1, PINK1, VPS13C, DNAJC6, GBA1, SNCA, LRRK2, TRPM7
and VPS35) is shown in Fig. 4.
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Figure 2 Distribution of variants in Parkinson’s disease and parkinsonism-related genes. Parkinson’s disease and parkinsonism-related genes in-
cluded for analysis. TAutosomal recessive inheritance. ‘Very high’ indicates genes with very high confidence being related to disease, ‘High’ indicates
high confidence and ‘Low’ indicates low confidence based on replication in the literature.?® Five cohorts were included: Black African and African
American Connections to Parkinson’s Disease Study (BLAAC PD), as a part of the Global Parkinson’s Genetics Program (GP2), Nigerian Parkinson’s
Disease Research Network (NPDRN), the PD GENEration (PDGENE)ration initiative, the All of US Program and the UK Biobank (UKB). The width of
the connecting line between the cohort and each gene is correlated to the number of variants found.

GBA1 LRRK2
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Figure 3 Prioritized rare protein-altering or splicing variants in known autosomal dominant, recessive and genetic risk factors for Parkinson’s disease.
Autosomal recessive genes for Parkinson’s disease include: PRKN, PINK1, DJ-1 and VPS13C. Genetic risk factors for Parkinson’s disease include: GBA1
and LRRK2. Autosomal dominant genes for Parkinson’s disease include: SNCA and VPS35. For the latter group, these genes were not individually plot-
ted since only one variant in each autosomal dominant gene was detected. Rare variants were included if minor allele frequency was lower than 0.01
and Combined Annotation Dependent Depletion (CADD) score > 12.37. ‘Novel’ indicates variants not previously reported in the literature. Likely be-
nign and benign variants, as well as likely pathogenic and pathogenic variants according to pathogenicity predictors, are presented together for each
gene. VUS = variant of uncertain significance. (Novel variants in other Parkinson’s disease genes include two in DNAJC6, one in SNCA, two in VPS35
and one in SYNJ1.)
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Parkinson’s disease in African ancestry

Table 2 Novel variants identified in Parkinson’s disease genes

Family history

Age
range

Sex

Inferred ancestry window

Dataset Ancestry

gnomAD AF  gnomAD AF Genotype

Gene dbSNP

Protein change

Variant

for the variant

(ALL) (cases)

(AFR)

40-49 NA

1.9x107° 1 het BLAACPD CAH AFR Male
Male

4.0%x107°

GBA1 15911331923

GBA1

p.His413Arg
p.Ile407Ser

1:155235831:T:C

50-59 No

Unconfirmed (either

BLAACPD AAC

1 het

NA NA

151057519358

1:155236249:A:C

AFR or EUR)

AFR
AFR

50-59 No

Male

BLAACPD AFR

1 het

NA

NA

p.Gly364Arg GBA1 NA

1:155237441:GC:G  p.Ala300Profs*4 GBAl NA

1:155236379:C:G

40-49 Yes, 2nd degree

Female

BLAACPD AFR

1 het

NA

NA

relative

No

50-59

Male

AFR
NA

AFR

PDGENE

1 het

NA

NA
1.9x10°°

4.0x107°

SNCA 151378041201

p-Metl16lle

6:162201248:AC:A  p.Gly139Valfs*38 PRKN

4:89729236:C:A

20-29 No

Female

PDGENE AFR

1 het

15751790069

60-69 No

Female

NA

PDGENE NA

1 het

8.1x10°°

1.6x107%

LRRK2 1rs373254349

LRRK2 NA

p-Glu268Ala

12:40243646:A:C

60-69 No

Female

NA

PDGENE NA
All of Us
NPDRN

1 het

NA

3.1x107°

NA

5.6x107%

p.Ile1438Lys

12:40309228:A:T
12:40314047:C:T
16:46662991:T:C

40-49 No

Female
Male

NA

AFR
AFR

1 het

LRRK2 1rs150620977

p.Argl538Cys
p-Met607Val

4049 Yes, 2nd degree

AFR

1 het

6.2x 1077

0

VPS35 1rs1555523076

relative

4049 No

Male

AFR

BLAACPD AAC

1 het

NA

NA

VPS35 NA

p-Asp205His

16:46679050:C:G

complex admixed ancestry;

PD GENEration; Variant position: referred to hg38. We have received

African/African American; BLAACPD = the Black African and African American Connections to Parkinson’s Disease Study; CAH

allele frequency in gnomAD v4.1; AFR

African admixed ancestry; AF =

AAC=

Nigerian Parkinson'’s Disease Research Network; PDGENE

=not present; NPDRN =

heterozygous; NA

an exception to the Data and Statistics Dissemination Policy from the All of Us Resource Access Board.

The Single Nucleotide Polymorphism database; het

dbSNP
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We identified a total of 18 heterozygous GBA1 variants among 26
cases (4%), including 10 previously reported as pathogenic or likely
pathogenic, four novel variants and four variants of uncertain clinic-
al significance (Figs 2, 3, Tables 1 and 2 and Supplementary Fig. 2 and
Supplementary Table 4). To identify potential known variants in the
pseudogene paralogue GBAP1 exons 9-11 homology region, we
screened 15 whole-genome sequencing samples. The Gauchian al-
gorithm predicted four carrier mutations, including variants
p.Asp448His, c.1263del and c.1263del+RecTL, i.e. deletion combined
with pseudogene variant in exon 9 and three in exon 10. The algo-
rithm predicted no structural variants: a total of four copies per
GBA1 and GBAP1 variant in each sample were identified. Overall,
four variants, including p.Gly416Ser, p.Trp223Arg, p.Argl70Leu and
p-Thr75del in GBA1 were targeted outside the homology region.

The previously reported pathogenic p.Argl70Leu (rs80356763)
variant was identified in a family with two early-onset female PD
siblings of African genetic ancestry, with ages at onsetin their early
30s and 40s. The p.Thr75del (rs761621516) variant was identified in
two cases from PDGENE and one case from the GP2-BLAAC PD data-
set with no familial history. The carriers from the PDGENE were two
Black or African/African American male patients (one with con-
firmed African genetic ancestry), who had onset in their 50s and
early 70s. The carrier from the GP2-BLAAC PD dataset was a female
patient with a disease onset in her late 50s. Both of these variants
appear to be specific to African and African admixed ancestries,
with no records in other ancestries according to gnomAD v4.1.0
and All of Us release 7 (Table 1 and Supplementary Table 3).

Four additional known pathogenic GBA1 variants, including
p.Arg535His  (1:155235002:C:T,  1s75822236),  p.Asp448His
(1:155235727:C:G, rs1064651), p.Arg502Cys (1:155235196:G:A,
rs80356771) and p.Asn227Ser (1:155238215:T:C, rs364897), were
identified in patients from the GP2-BLAAC PD release 8 data
(Table 1). The p.Arg535His variant was identified in a female indi-
vidual of African ancestry with disease onset in her 70s, whereas
the p.Asp448His and p.Arg502Cys variants were identified in female
individuals of African admixed ancestry with onset in their 50s. The
p-Asn227Ser variant was identified in a male patient of African an-
cestry with onset in his early 50s.

Two previously reported pathogenic variants, p.Ala495Pro
(1:155235217:C:G, 1rs368060) and p.Gly416Ser (1:155235823:C:T,
rs121908311), were found in two female patients in the All of Us da-
taset (Table 1). Both patients were of African ancestry and diag-
nosed in their 50s. Additionally, the known missense p.Trp223Arg
(1:155238228:A:G, rs61748906) variant was identified in a male pa-
tient of African genetic ancestry from the NPDRN cohort. He pre-
sented with initial symptoms in his early 60s and reported no
family history. The stopgain p.Arg202Ter (1:155238291:G:A,
rs1009850780) variant was found in a female patient from the
PDGENE dataset, with onset in her late 50s (Table 1).

Four novel variants in GBA1 were identified (Table 2). Of note, none
of these were found to be present in the GBA1-PD browser (https:/
pdgenetics.shinyapps.io/gbalbrowser/, accessed 1 November 2024).
The missense GBA1 p.His413Arg variant (1:155235831:T:C,
rs911331923, CADD =23.9) was identified in a male case from the
GP2-BLAAC PD cohort, with disease onset in his 40s. This variant is
specific to African/African American ancestry, reported only in indivi-
duals of these ancestries in the gnomAD v4.1.0 (allele count = 3) and
All of Us release 7 (allele count = 7) browsers, respectively. The histi-
dine to proline change at this position was previously reported as
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Figure 4 Distribution of age at onset among Parkinson’s disease prioritized variant carriers.

likely pathogenic, whereas the p.His413Arg variant identified in the
current study has not been reported before. The second novel mis-
sense GBA1 p.lle407Ser variant (1:155236249:A:C, rs1057519358,
CADD = 26.5) was identified in a male patient of African admixed gen-
etic ancestry from the GP2-BLAAC PD cohort with disease onset in his
early 50s. While GBA1 p.Ile407Thr was previously reported with an un-
certain clinical significance, p.lle407Ser has not been reported before.
The third novel variant identified in this study was GBA1 p.Gly364Arg
(1:155236379:C:G, CADD = 20.2) in a male patient with slowness and/or
minimal cognitive problems from the GP2-BLAACPD dataset, whohad
his initial symptoms in his late 50s. While a cysteine to thymine sub-
stitution at this position was previously reported, this specific variant
is novel and absent in gnomAD v4.1.0. Lastly, a frameshift variant,
GBA1 p.Ala300Profs*4 (1:155237441:GC:G, CADD = 28.7), was identified
in an early-onset female case of African genetic ancestry from the
GP2-BLAAC PD dataset, who presented with initial PD symptoms in
her early 40s and had a second-degree relative affected by the disease.

The GBA1 p.Met400Ile variant (1:155236269:C:T, rs149487315), pre-
viously classified as having uncertain clinical significance, was the
most prevalent variant among the screened PD genes, with a carrier
frequency of 0.84% across all cases and an allele frequency of 0.0028
in the gnomAD African populations. This variant is more prevalent in
individuals of African ancestry, with an allele count rate of 91% in the
All of Us dataset (release 7) (Supplementary Table 4).

Although the focus of this study was not to screen for common
or non-coding variants, we screened the recently identified
genetic risk factor linked to PD risk in the African and African
American populations (rs3115534-G). Our study identified 3324
GBA1-1rs3115534-G heterozygous (3207 in African and 117 in African
admixed) and 320 homozygous carriers (311 in African and nine in
African admixed), with a risk allele frequency of 0.23 in cases and
0.17 in controls in African ancestry and a frequency of 0.15 in cases
and 0.14 in controls in African admixed individuals. The frequency
of the G allele in each dataset tested is presented in Supplementary
Table 5.

European and Asian LRRK2 variants are not major risk
factors in West African or African admixed patients

The current study did not identify any pathogenic or likely patho-
genic LRRK2 variants previously reported in Europeans (p.Asn

1437His, p.Argl441Ser, p.Argl441Gly, p.Argl441Cys, p.Argl441His,
p.Vall447Met, p.Tyrl699Cys, p.Phel700Leu, p.[le2020Leu and
p-Ile2020Thr) or Asian ancestries (p.Gly2385Arg). Three novel het-
erozygous missense LRRK2 variants of uncertain significance were
found in the All of Us and PDGENE datasets (Table 2). A missense
p-Glu268Ala substitution (12:40243646:A:C, rs373254349, CADD = 24.6)
was identified in a female patient with disease onset in her early 60s.
A p.lle1438Lys variant (12:40309228:A:T, CADD = 24.2) was found in a
PDGENE participant over 60 years old (age at onset was unavailable)
with a family history of PD. The third missense variant, LRRK2
p-Argl538Cys (12:40314047:C:T, rs150620977, CADD =29.2), was de-
tected in a female patient from All of Us, with disease onset in her early
40s and a disease duration of 15 years. The LRRK2 p.Glu268Ala and
p-Argl538Cys variants were more prevalent in individuals of African
ancestry in the All of Us dataset (release 7), with allele count rates of
93.75% African (6.25% European) and 87.5% African (8.3% American,
1.40% European, 2.78% other), respectively, across the entire dataset.
The LRRK2 p.Ile1438Lys variant was absent in both gnomAD v4.1.0
and All of Us.

Novel variation in Parkinson’s disease genes warrants
further replication and functional validation

A p.Metll6lle missense variant (4:89729236:C:A, rs1378041201,
CADD =18.9) in SNCA was identified in a male patient of African an-
cestry from the PDGENE dataset, with disease onset in his late 50s
and no family history of PD (Supplementary Table 3). No clinical in-
formation about dementia was available. While a C to T transition
at the same position was reported in a single individual of East
Asian genetic ancestry in gnomAD, the variant was absent in
gnomAD v4.1.0.

The VPS35 missense variant of wuncertain significance
p-Met607Val (16:46662991:T, rs1555523076, CADD = 21.5) was iden-
tified in a male African ancestry PD patient in the NPDRN dataset,
while the p.Asp205His variant (16:46679050:C, CADD = 29.4) was
identified in a male patient of African admixed ancestry in the
GP2-BLAAC PD (Supplementary Table 4). The individual carrying
the p.Met607Val variant had disease onset in his early 40s and a
positive family history, with a second-degree relative affected by
the disease. At the time of enrolment, he had Hoehn and Yahr
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Figure 5 Biallelic PRKN deletion identified in an early-onset Parkinson’s disease case. (A) Multiplex ligation-dependent probe amplification (MLPA) was
performed in early-onset Parkinson’s disease cases and/or individuals with positive family history. One early-onset Parkinson’s disease with an age at

onset of 27 years was detected to have a decrease in the height of the electropherogram peak at 202 and 477 nucleotides (red arrows), which correspond
to PRKN-4 and PRKN-3 probes, respectively. (B) The probe ratios indicate a PRKN exon 3 heterozygous deletion (0.5 ratio) and a PRKN exon 4 homozygous

deletion (O ratio).
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stage 2 and had demonstrated a sustained response to levodopa
without dyskinesia. In terms of non-motor features, he showed
no signs of hyposmia or cognitive impairment (MDS-UPDRS Part
1.1 cognition score of 0). Notably, the p.Met607Val variant is 13 ami-
no acids from the known pathogenic p.Asp620Asn variant and lies
in the C terminal domain. The patient carrying the p.Asp205His
variant of uncertain significance presented with initial symptoms
in his late 40s and reported no family history of PD. Using
AlphaFold and PyMOL, we visualized the predicted structural con-
sequences of the novel amino acid changes. This also includes es-
timates of protein stability, with more negative AAG values
generally indicating greater instability (Supplementary Fig. 4).

Local ancestry inference revealed that the majority of prioritized var-
iants were carried on haplotypes of African ancestry (Tables 1 and 2
and Supplementary Figs 6 and 7). Specifically, several GBA1 variants
including p.Asp448His, p.Thr75del, p.Ala300Profs4, p.Argl70Leu,
p.Arg535His, p.Asn227Ser, p.Gly364Arg, p.Trp223Arg and
p.His413Arg were all found on African ancestry haplotypes.
Additional variants of African ancestry origin included VPS35
p.Asp205His and p.Met607Val, as well as SNCA p.Met116lle. One vari-
ant (PRKN p.Asn52Metfs29) was found on a South Asian ancestry
haplotype, and GBA1 p.Arg502Cys was assigned to a European ances-
try background. For GBA1 p.Ile407Ser, the local ancestry could not be
confidently resolved to either African or European origin. A stopgain
variant, FBXO7 p.Arg321Ter, and the missense variant PLA2G6
p-Thr319Met were located on haplotypes of Middle Eastern and
African ancestry, respectively. Ancestry inference for the PRKN
p.Pro113Thrfs*51 deletion was not possible.

We screened 96 individuals for CNVs using MLPA. We prioritized
samples by individuals positive for both family history and
early-onset PD (n=4), only family history (n=15), only early onset
PD (n=36) and randomly selected sporadic PD cases (n=41). We
identified one early-onset PD case from the GP2-BLAAC PD dataset
having a PRKN exon 3 heterozygous deletion and a PRKN exon 4
homozygous deletion (Fig. 5). This PD case had an AAO of 27 years
and no family history of PD. Mimicking the PRKN-PD clinical
phenotype previously reported, this individual was levodopa re-
sponsive, and was positive for asymmetric onset, bradykinesia,
rest tremor, rigidity and gait difficulties. In our additional screening
of 1167 PD cases of African and African admixed ancestry using
genotyping data, we identified PRKN CNVs in eight samples
(African admixed =5, African = 3), two of which were homozygous
(African admixed=1, African=1). Out of these, five were
early-onset cases (Supplementary Table 6 and Supplementary
Fig. 3). We did not identify any protein-altering or splicing PRKN
variant among these samples. We did not identify any CNVs in
SNCA.

We identified heterozygous variants in genes associated with re-
cessive PD and parkinsonism, including one in DNAJC6, six in
VPS13C, two in SYNJ1, three in PLA2G6 and one in FBXO7 in
early-onset cases. Among these, the homozygous FBXO07
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p.Arg321Ter variant (22:32491175:C:T, rs369105683) was reported
as pathogenic in ClinVar. However, this variant was found to be
heterozygous in the current study. We also reported rare heterozy-
gous variants in neurodegenerative disease-related genes, includ-
ing TRPM7, MAPT and APP that could be associated with
parkinsonism phenotypes; however, none have been previously re-
ported as pathogenic. Notably, we identified a homozygous
p-Ala128Gly variant (17:45982962:C:G, rs899291077) in MAPT in a
male case from the GP2-BLAAC PD dataset. Variants in MAPT
were previously reported in cases with progressive supranuclear
palsy, an atypical parkinsonian and dementia syndrome.?® The car-
rier of this variant in our study presented with resting tremor, bra-
dykinesia and rigidity in his 70s, with no evidence of dementia
(Supplementary Table 3). None of the cases with APP variants ex-
hibited dementia or cognitive impairment. We identified rare var-
iants in parkinsonism and dystonia genes, including novel
VPS13D homozygous variants in four cases, and heterozygous var-
iants in PD8EB, KCNN2, CSF1R, THAP1, TOR1A, ANO3, GCH1, VPS16,
KCDT17, KMT2B and ATP1A3 genes. These variants were novel or
previously reported with unknown clinical significance
(Supplementary Table 7).

In the African and African admixed groups, 164 and 43 ROH pools,
respectively, were identified, which overlap known PD and atypical
parkinsonism gene regions and GWAS loci, respectively
(Supplementary Tables 8 and 9). None of the ROH regions enriched
in cases for either group passed the Bonferroni correction.
However, in the African group, one ROH pool (52421) that overlaps
the BAG3 and INPP5F genes was presentin four cases and completely
absent in controls. Moreover, in the African admixed group, two
ROH pools (S622 and S636) were found in cases and absent in con-
trols. These pools overlap the MEX3C (n=2 cases), SMAD4 (n=2
cases) and PLA2G6 (n=2 cases) genes (Supplementary Tables 8
and 9).

In silico analysis using ExpansionHunter identified ATXN3 repeat
expansions within the pathogenic range (CAG,, > 45) in three PD pa-
tients (1.02%) of African ancestry (two cases from the GP2-BLAAC
PD dataset and one case from the NPDRN cohort) and in one control
(0.34%) from the NPDRN cohort. Repeat-primed PCR (RP-PCR) valid-
ation confirmed the expansions in two cases and one control, with
repeat lengths of (CAG, =72, CAG,, =58 and CAG, =52, respective-
ly). The carrier of the CAG,, =72 expansion is a female patient of
African ancestry with an AAO of 41 years. The carrier of the CAG,
=58 expansion is also a female patient with an AAO of 35 years.
The control carrier, with CAG,, =52 is a 40-year-old male. Owing
to the lack of a biospecimen, we did not perform RP-PCR for the
fourth potential carrier, an African ancestry male patient from
the NPDRN cohort with an AAO of 35 years, identified through in si-
lico analysis. However, visualization of wild-type and expanded
reads from short-read sequencing data is presented in
Supplementary Fig. 5. None of the ATXN3 expansion carriers were
found to carry any additional rare variants in known PD genes.

STR lengths in the ATXN2 and TBP were within the normal
range. The lengths of STRs in ATXN2, ATXN3 and TBP for all indivi-
duals from the GP2-BLAAC PD and NPDRN datasets are presented in
Supplementary Table 10.
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Discussion

We undertook the largest sequencing characterization of PD, par-
kinsonism and neurodegenerative disease-related genes in the
African and African admixed populations. We created the most
comprehensive catalogue of both known and novel coding and spli-
cing variants potentially linked to PD in these populations. Notably,
our local ancestry analysis revealed that the majority of prioritized
variants were enriched on African-derived haplotypes, since
African populations harbour the greatest genetic diversity, and re-
gions of the genome with African-derived haplotypes are expected
to show single nucleotide polymorphism enrichment compared
with non-African segments. Local-ancestry analyses that lump all
African haplotypes together can miss substructure-specific differ-
ences (e.g. a variant common in West African populations but rare
in East or Southern Africans), which constrains our ability to resolve
subcontinental structure. While our study was not powered to sys-
tematically compare African and African admixed individuals,
these remain important considerations because haplotype back-
ground can influence variant interpretation, pathogenicity, allele
frequency distributions and effect size estimates. For African and
African admixed populations, this framework is especially critical
given the high genetic diversity and complex admixture histories.
Admixture results for the GP2-BLAAC PD, NPDRN and PDGENE sam-
ples are presented in Supplementary Fig. 6 and Supplementary
Tables 11 and 12.

Biallelic GBA1 variants are associated with Gaucher’s disease,
while monoallelic GBA1 variants are the most prevalent genetic
risk factor for PD, with prevalence varying among diverse ethnic
groups.’®** We identified that heterozygous rare and potentially
disease-causing GBA1 variants represent the most commonly iden-
tified mutations in PD among patients of African and African ad-
mixed ancestry, with a frequency of 4%, aligning with the
frequency of 4.6% reported in North African populations.*® Our
study identified 18 heterozygous GBA1 variants, five of which ap-
pear more frequent in African ancestry than other ancestry popula-
tions according to gnomAD v4.1 and All of Us (release 7), including
p-His413Arg, p.Met400lle, p.Asn227Ser, p.Ser77Arg and p.Thr75del.
Of those, p.Asn227Ser was classified as severe, p.Thr75del as mild,
p-Met400Ile as unknown, while p.His413Arg and p.Ser77Arg var-
iants have not been previously reported.?” No carriers were identi-
fied for the most common disease-causing GBA1 variants in the
Ashkenazi Jewish and European populations (p.Asn409Ser,
p-Leu483Pro, p.Thr408Met and p.Glu365Lys).

The recent PD GWAS in the African and African admixed ances-
try populations revealed a non-coding variant within GBA1
(rs3115534-G) conferring a major population attributable risk in pa-
tients.® Follow-up functional characterization highlighted a novel
mechanism of GBAl-related PD risk, offering a promising target
for precision medicine in a population that has been historically
underserved in genetic research and therapeutic development.’
Though this study was primarily focused on assessing the impact
of coding variants, we specifically screened for this variantin our co-
hort. Our analyses showed a higher estimate of the risk G allele in
predicted African ancestry individuals, with an overall frequency
of 0.23 in cases and 0.17 in controls and a frequency of 0.15 in cases
and 0.14 in controls amongindividuals of African admixed ancestry.

Our results showed that the previously reported European and
Asian LRRK2 mutation spectrum does not play a significant role in
PD in West African and African American populations. For in-
stance, the LRRK2 p.Gly2019Ser variant was absent in tested cases.
It is known that LRRK2 p.Gly2019Ser shows varying frequencies
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across North African genetic ancestry groups, ranging from 10%
to 42%, with the highest rates reported in Tunisia.®®**
Conversely, this variant is rare among sub-Saharan Africans, with
only a few cases reported in South Africa.*® A study screening for
p-Gly2019Ser in 109 Nigerian patients did not identify any variant
carriers.*® Additionally, LRRK2 p.Gly2019Ser carriers were not de-
tected among 16 South African patients*” and 38 Zambian indivi-
duals with PD.*® Our results align with a recent study examining
LRRK2 mutations in 22 African American PD patients.® Although
the authors identified both known and novel variants, no previous-
ly reported pathogenic mutations were detected, in contrast to
what has been observed in North African populations.
Interestingly, we identified a heterozygous LRRK2 p.Gly8Arg vari-
ant, a novel coding mutation not previously reported in the litera-
ture, considered to be of uncertain significance, present only in
populations of African and admixed American ancestry according
to gnomAD v4.1 and All of Us browsers (release 7). Similarly, the
LRRK2 p.Glul797Asp heterozygous variant was identified in our
study among two male PD cases of African ancestry; this variant
has been shown to be presentin African and admixed American an-
cestry populations and absent in Europeans (73% African and 23%
admixed American ancestry in All of Us release 7). Overall, these
findings highlight ancestral differences in LRRK2 variant distribu-
tion, underscoring the need for further research to explore these
disparities. The discovery of novel variants opens new avenues
for functional investigations.

Among the novel variants identified, GBA1 p.lle407Ser and
LRRK2 p.1le1438Lys were predicted to cause greater protein instabil-
ity (Supplementary Fig. 4). The GBA1 p.Ile407Ser showed the stron-
gest destabilization (AAG=-2.98), which may suggest a potential
dual mechanism. First, reduced glucocerebrosidase activity sug-
gests a potential loss-of-function mechanism, consistent with
pathogenic variants in the same region such as p.Asn409Ser and
p-Leu444Pro, which are known to reduce B-glucocerebrosidase ac-
tivity and increase levels of glucosylceramide and o-synuclein.*
However, it is worth noting that several studies support the general
hypothesis (not variant specific), in which impaired trafficking may
lead to accumulation of aberrant glucocerebrosidase species and
proteostatic stress, implying a toxic gain-of-function component.*°
The LRRK2 p.Ile1438Lys variant (AAG = —1.72) lies in the ROC domain
near the p.Argl441His mutational hotspot, where destabilization is
thought to enhance kinase activity of LRRK2, supporting a
gain-of-function mechanism.”*

Our study aligns with previous research showing that SNCA cod-
ing and structural variation is rare in African ancestry popula-
tions.>® Our analysis did not detect any coding variants or
structural rearrangements in SNCA across the cohorts studied.
This finding is consistent with several other studies on PD in
African and African admixed populations. For example, a study of
38 PD cases from Zambia (plus one with atypical parkinsonism)
found no pathogenic SNCA mutations.*® Similarly, a screening of
15 early-onset PD cases from southwestern Nigeria,*® and a study
of 202 South African PD cases (8% Black) also found no exonic
SNCA variants linked to disease.”®

Regarding recessive genes, nearly 20 PD cases associated with
PRKN and PINK1 mutations have been documented in
sub-Saharan Africa across multiple studies.*®*>*>8 In contrast,
fewer than 10 PD cases with these mutations have been reported
in North Africa.***°** Though compound heterozygous PRKN mu-
tations cause recessive disease, heterozygous protein altering var-
iants do not appear to confer PD risk, with multiple null
associations reported.®>®” In our study, we identified two
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heterozygous PRKN variants in an early-onset PD case, one of which
had been previously reported as pathogenic, suggesting a potential
compound heterozygous state that was not confirmed due to
the lack of phasing data. Together with the CNVs identified in
eight cases—three from African and five from African admixed
ancestry —a total of 14 early-onset PD cases were found to carry
potential disease-causing PRKN mutations (Tables 1 and 2 and
Supplementary Table 4).

PRKN carriers constituted 1.3% (9 of 710) of all cases. PRKN var-
iants constituted 13.6% of all observed variants in PD genes, with
13 variants in the GP2-BLAAC PD cohort and 10 in the NPDRN. Of
those, nine variants were more frequent in cases than controls
and seven were more frequent in African ancestry individuals, rela-
tive to non-Finnish European ancestry, according to gnomAD. We
identified two heterozygous PINK1 variants, previously reported
as pathogenic, in two late-onset PD cases, which were likely not
the cause of underlying PD in these cases. While we did not report
any pathogenic variants in DJ-1 and VPS13C, we found four novel
DJ-1 and 13 novel VPS13C variants, all in heterozygous state, that
warrant further study.

We identified SCA3-associated ATXN3 repeat expansions in
three PD patients and one African ancestry control. Although the
control individual is currently unaffected, the presence of a
pathogenic-range expansion raises the possibility of future disease
manifestation, highlighting the importance of continued follow-up.
Notably, a similar analysis of a large European ancestry PD cohort
from the Accelerating Medicines Partnership Program for
Parkinson’s Disease did not identify any ATXN3 expansion carriers
(personal communication, unpublished data). Previously,
Gwinn-Hardy et al.’® reported PD-like parkinsonism in African
American individuals carrying pathogenic ATXN3 repeat expan-
sions. In their study, three of four affected family members exhib-
ited classic parkinsonian features and were responsive to
levodopa.’ Our findings further support the possibility that
ATXN3 expansions may contribute to early-onset or atypical par-
kinsonism in individuals of African and African admixed ancestry
and highlight the importance of incorporating STR analysis into
PD genetic studies in diverse populations. Screening for ATXN3 re-
peat expansions may be especially informative in parkinsonian
cases lacking known pathogenic variants.

Several limitations should be acknowledged. First, our study in-
cludes a highly heterogeneous population. The current ancestry
reference panels cannot accurately distinguish African subpopula-
tions. African admixed study participants commonly exhibit di-
verse heritage encompassing African, European, and in certain
instances, Native American genetic components. The African com-
ponent of African American ancestry is itself varied, reflecting the
multitude of ethnic groups involved in the trans-Atlantic slave
trade. Most of the PD studies encompassing individuals of African
ancestry primarily stem from West African populations, which cap-
ture only part of Africa’s genetic diversity and do not represent the
continent in its entirety.®® We acknowledge the limitation that an-
cestry inferences were estimated under the assumption that the
reference panel consists of non-admixed individuals. In our study,
the reference panel was constructed from GP2 ancestry clusters,
which, while broadly representative, may still include individuals
with subtle admixture, potentially introducing uncertainty in an-
cestry classification. Future pipelines incorporating larger and
more diverse reference panels, as well as probabilistic ancestry de-
convolution approaches, will improve our ability to infer local an-
cestry with greater precision. Second, most candidate variants
identified in our study are singletons, observed only in a single
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individual or within a single dataset. Therefore, caution is war-
ranted in interpreting their causality. In addition, variants across
the GBA1 and GBAP1 homology region require further analysis for
validation using other tools, since Gauchian cannot detect novel
variants in this region. Third, structural variations were not com-
prehensively captured due to limitations in both detection strategy
and sequencing technology. Our CNV analysis was restricted to
SNCA and PRKN, two genes where CNVs were previously reported
in PD. However, most samples did not undergo MPLA, reducing sen-
sitivity and confidence of CNV detection and precluding formal as-
sociation testing. Long-read technologies are more effective in
detecting large insertions or deletions, which may not be captured
by short-read sequencing or MLPA. Incorporating long-read se-
quencing in future studies could enhance our understanding
of the genetic underpinnings of PD in these populations.
Furthermore, since the data were being hosted on different plat-
forms, joint calling was not possible. We therefore did not merge
the sequencing datasets. Given these limitations in sample com-
position and cohort harmonization, we currently lack sufficient
statistical power to conduct robust single-variant association or
gene-based burden testing. Clinical information was also lacking;
only a subset of samples had data from the Montreal Cognitive
Assessment (MoCA) and few had data for the Identification and
Intervention for Dementia in Elderly Africans (IDEA) cognitive
screen and REM sleep behaviour disorder (RBD). One question
from the CISI-PD questionnaire was used to assess cognitive status.
Future data collection efforts as part of the GP2-BLAAC PD study
will include the MoCA and other clinical assessments.

Our study, the largest of its kind to explore rare coding and spli-
cingvariations in African and African admixed populations, aims to
fill critical gaps in PD genetics by providing a comprehensive genet-
ic characterization of these ancestries. While recognition of the im-
portance of studying PD in diverse populations is growing, Black
and African admixed communities have long been underrepre-
sented in research, creating major gaps in understanding how PD
manifests and progresses. By focusing on these underserved
groups, our work seeks to expand knowledge of PD aetiology, ultim-
ately improving diagnostic accuracy and therapeutic development.
As we advance toward precision medicine, therapies should be de-
veloped with a global perspective. Operating under the umbrella of
the GP2, it is essential that data guiding individualized treatments
reflects population diversity, ensuring equitable benefits from
medical advancements in PD care.

Data availability

All GP2 data for these analyses is available through collaboration
with Accelerating Medicines Partnership in Parkinson’s disease
(AMP-PD) initiative . The GP2-BLAAC PD, NPDRN, and PDGENE data-
sets are all accessible via GP2 (release version 7 and version 8),
available through application on the AMP-PD platform (https:/
amp-pd.org/register-for-amp-pd). Other publicly available data
consortiums include All of Us Research Program (https:/www.
researchallofus.org/register/) and UK Biobank (https:/www.
ukbiobank.ac.uk/enable-your-research/register), in which data
can be accessed after applying. We have received an exception to
the Data and Statistics Dissemination Policy from the All of Us
Resource Access Board.

Analyses such as genotyping quality control, ancestry predic-
tion and processing were performed using GenoTools (https:/
github.com/dvitale199/GenoTools). A repository containing all
code used for processing and analysing is publicly available
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(https:/github.com/GP2code/PD-GeneticCharacterization-inAFR
andAAC/; DOI 10.5281/zenodo.14579574).
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