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Abstract
Parkinson’s disease (PD) can be divided into familial (Mendelian) and sporadic forms. A number of causal genes have been
discovered for the Mendelian form, which constitutes 10–20% of the total cases. Genome-wide association studies have
successfully uncovered a number of susceptibility loci for sporadic cases but those only explain a small fraction (6–7%) of PD
heritability. It has been observed that some genes that confer susceptibility to PD through common risk variants also contain
rare causing mutations for the Mendelian forms of the disease. These results suggest a possible functional link between
Mendelian and sporadic PD and led us to investigate the role that rare and low-frequency variants could have on the sporadic
form. Through a targeting approach, we have resequenced at 49× coverage the exons and regulatory regions of 38 genes
(including Mendelian and susceptibility PD genes) in 249 sporadic PD patients and 145 unrelated controls of European origin.
Unlike susceptibility genes, Mendelian genes show a clear general enrichment of rare functional variants in PD cases, observed
directly as well as with Tajima’s D statistic and several collapsing methods. Our findings suggest that rare variation on PD
Mendelian genes may have a role in the sporadic forms of the disease.

†Sequence data have been deposited at the European Genome-phenome Archive (EGA, http://www.ebi.ac.uk/ega/), under accession number
EGAS00001000973.
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Introduction
Parkinson’s disease (PD) is the second most common neurode-
generative disorder, affecting up to 1–2% of the population over
the age of 65 years (1). Over the past decade, mutations in several
genes have been identified as cause of familial PD, either auto-
somal dominant (SNCA, LRRK2, VPS35) or recessive (PARK2,
PINK1, DJ1, ATP13A2, FBXO7 and PLA2G6) PD (2). Familial Parkin-
sonismhas also been associatedwith different copy number var-
iants in the gene encoding α-synuclein (SNCA) (3), one of the
major constituents of the Lewy bodies, the pathological hallmark
of PD. However, these Mendelian monogenic forms represent
<10% of the PD cases (4). The most common form is late-onset
sporadic PD, which is thought to result from complex interac-
tions among different genetic and environmental factors. Com-
mon variants in SNCA, the microtubule-associated protein tau
(MAPT) region, LRRK2 and rare mutations of GBA have been re-
peatedly validated as genetic susceptibility factors in candidate
gene association studies (2,4). Genome-wide association studies
(GWAS) in PD have provided broader association evidence at sev-
eral loci, but not always at the genome-wide level andwith popu-
lation-specific differences. GWAS on individuals of European
ancestry (5–10) have confirmed the known association of PD
with the SNCA and MAPT genes and identified suggestive asso-
ciations with other genome regions. Recently, the use of large
datasets such as those of the 23andMe database (11), the Inter-
national PD Genomics Consortium and the Wellcome Trust
Case Control Consortium (12) as well as the imputation of se-
quence variants from the 1000 Genomes Project in meta-ana-
lyses of previous GWAS (13–15), has substantially increased the
number of loci achieving genome-wide significance. An exhaust-
ive and up-to-date compilation and meta-analysis of PD associ-
ation studies is freely available on the PDGene database (14).
However, these susceptibility factors have been estimated to ex-
plain only a small fraction (6–7%) of the genetic variation in PD
liability (11).

Many hypotheses have been proposed to explain the so-called
‘missing heritability’ in complex phenotypes (16). Thanks to re-
cent advances in sequencing technologies, part of the debate
has focused on the role of rare and low-frequency variants,
which are not captured by the usual SNP arrays used in GWAS
and do not cause sufficiently large effects to be detected in family
studies (17). Indeed, recent large-scale studies of human vari-
ation report that most human genetic variation occurs at very
low frequency in populations and that such a feature of the site
frequency spectrum (SFS) of our species is probably the result
of our recent explosive population growth (18–20). Moreover,
rare coding variation is particularly enriched for deleterious
alleles (21). Therefore, it seems likely that this non-common vari-
ation could have a major role in disease susceptibility (22). Inter-
estingly, some of the most significant susceptibility genes for PD
are mutated in the Mendelian forms of the disease, suggesting
that the Mendelian and sporadic forms of the disease are etio-
logically related (8). Furthermore, the finding of rare causing
mutations on susceptibility loci could suggest a continuum in
the frequencies of variants influencing individual PD risk and
thus that additional rare variation may also have a role in the
etiology of sporadic PD.

Association tests for common variants are clearly underpow-
ered for detecting low-frequency variants given their small num-
ber of observations (even in very large samples) (23,24). This has
motivated the development of several methodologies to detect
genetic association which basically collapse in different ways
all the variant information in a given gene or region to compare

it between different cohorts (25,26). These collapsing methods
have successfully demonstrated the contribution of rare suscep-
tibility variants in candidate genes for many diverse complex
phenotypes such as colorectal cancer (27), plasma high-density
lipoprotein cholesterol level (28), hypertryglyceridemia (29),
type 1 diabetis (30) and blood pressure (31), among others. How-
ever, when exploring the power that these gene burden tests re-
sults would have had at the level of exome or whole-genome
analysis, it seems clear that most of these candidate genes
would have not reached genome-wide significance after applying
multiple-test correction for the number of genes in our genome
(32). Detecting the effects of rare and low-frequency variants
from deep sequencing of human exomes will probably require
very large sample sizes. However, it has also been suggested
that accounting for the SFS on gene-by-gene basis should provide
more powerful association tests (19).

In this study, we have adopted the latter approach to investi-
gate the contribution of rare variants to the etiology of idiopathic
PD. Ourworking hypothesis is that an excess of rare variantsmay
indicate the involvement of a gene in a complex disease such as
idiopathic PD and that such excess of rare variants can be mea-
sured, even in moderate sample sizes by using statistics coming
from the field of molecular evolution (33). In particular, we used
Tajima’s D statistic (34) to test for deviations in the allele fre-
quency spectrum between cases and controls in both individual
genes and different gene groups. To this aim, we have re-se-
quenced, at high coverage, the coding and regulatory sequences
of 38 candidate genes in a cohort of 249 idiopathic PD cases and
145 unrelated controls of European ancestry. The selected genes
include genes associatedwith the sporadic forms of PD and genes
causing Mendelian PD. Additionally, since sequencing data give
access to the full genetic variability on the resequenced regions,
we also exploredwhether common functional variants in PD sus-
ceptibility genes could explain each corresponding GWAS hit.

Results
Sequencing summary statistics and cohorts
characteristics

We sequenced the protein-coding and regulatory regions of 38
genes, including 9 genes previously demonstrated to cause famil-
ial forms of PD and 33 genes that had significant association in
GWAS of sporadic PD (see full list and overlap in Table 1). All
sequencing data were generated with an Illumina Hiseq2000 in-
strument after enrichment with a customNimbleGen array (Sup-
plementary Material, Table S1) to a mean depth of 49× (see
Materials and Methods; Supplementary Material, Figure S1 and
Table S2 for more detail on depth of coverage). After base-calling
and quality control analysis, we identified a total of 3649 biallelic
SNPs and 377 biallelic indels (see information by gene and sam-
ple set in Supplementary Material, Table S3). From those, 3486
SNPs and 334 indels presented valid genotypes in all samples
and comprise the dataset that has beenused throughout the ana-
lyses (Table 2). A total of 327 SNPs were non-synonymous, and
when considering at least two different prediction tools 174 of
them were predicted to have functional impact (see further de-
tails in Supplementary Material, Table S4). Among the non-syn-
onymous substitutions, we identified up to eight different
instances of four previously knownMendelianmutations for Par-
kinson in LRRK2 (p.G2019S) and PARK2 (p.M192L, p.R234Q,
p.T415N); all of them in idiopathic PD cases (Table 3). On the con-
trary, previously described mutations in two unconfirmed Men-
delian loci such as GIGYF2 (35) (p.N457T, p.T112A) and HTRA2
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Table 1. Resequenced genes and variant counts

Gene Chr Sizea (bp) Group GWAS Totalb Splicingb CAVc Frameshift Non-frameshift Nonsense

RAB25 1 6633 Complex y 36 (5) 4 3 (2)
NUCKS1 1 13 060 Complex y 99 (9) 2 3 (1)
RAB7L1 1 8745 Complex y 79 (10) 8 2 (1)
GBA 1 10 706 Complex y 62 (5) 11 12 (7) 1
SYT11 1 10 285 Complex y 52 (5) 6 2
ACMSD 2 8246 Complex y 51 (10) 6 4 (3) 1
STK39 2 12 027 Complex y 77 (7) 5 3 (3)
MCCC1 3 11 255 Complex y 78 (5) 14 9 (6)
STBD1 4 10 005 Complex y 75 (7) 4 6 (4)
GAK 4 24 140 Complex y 283 (23) 24 14 (12)
DGKQ 4 14 155 Complex y 100 (5) 1 8 (3)
BST1 4 8977 Complex y 96 (5) 11 9 (8)
SCARB2 4 12 517 Complex y 109 (7) 5 6 (3)
HLA-DRB5 6 5471 Complex y NAd NAd NAd

GPNMB 7 12 944 Complex y 94 (5) 18 12 (4) 1 1
FGF20 8 5914 Complex y 62 (4) 5 2 (2)
ITGA8 10 14 903 Complex y 124 (11) 15 (1) 14 (9) 1
HIP1R 12 18 470 Complex y 168 (21) 26 17 (8) 1
STX1B 16 12 267 Complex y 71 (12) 10 (10) 1 (1)
SETD1A 16 14 233 Complex y 72 (5) 22 11 (7)
SREBF1 17 17 253 Complex y 112 (10) 6 (6) 18 (9)
MED13 17 18 303 Complex y 108 (8) 18 14 (9)
RAI1 17 18 021 Complex y 132 (8) 38 23 (8) 1
MAPT 17 23 017 Complex y 242 (28) 16 15 (6) 1
RIT2 18 6208 Complex y 58 (4) 3 5 (2) 1
SNCA 4 9954 Mendelian D y 92 (8) 1 1
LRRK2 12 23 168 Mendelian D y 158 (12) 36 27 (12) 1 1
VPS35 16 15 221 Mendelian D – 85 (10) 2 1 (1)
PINK1 1 11 171 Mendelian R y 96 (13) 12 10 (1) 1
DJ1 1 8616 Mendelian R y 53 (7) 4 3 (1)
ATP13A2 1 15 133 Mendelian R y 109 (6) 29 22 (11)
PARK2 6 11 123 Mendelian R y 88 (7) 9 9 (7)
FBX07 22 13 080 Mendelian R – 135 (13) 11 9 (3)
PLA2G6 22 18 632 Mendelian R – 176 (9) 24 13 (8)
GIGYF2 2 23 952 U Mendelian y 171 (13) 23 14 (5) 1
HTRA2 2 6416 U Mendelian – 30 (2) 6 4 (2)
EIF4G1 3 18 503 U Mendelian – 137 (12) 23 14 (5) 1
UCHL1 4 6946 U Mendelian y 50 (3) 2 1

Chr, chromosome; Mendelian D, Mendelian genes in the Dominant group; Mendelian R, Mendelian genes in the Recessive group; U Mendelian, unconfirmed Mendelian

genes; GWAS, genome-wide association study; y, evidence of association in GWAS; Total, total number of variants; CAV, code-altering variants (non-synonymous SNPs,

nonsense mutations and coding indels); Splicing, putative splice-altering variants.
aTotal length sequenced.
bIn brackets, number of indels included in each category.
cIn brackets, non-synonymous SNPs with predicted functional effects (see Materials and Methods).
dHLA-DRB5 was excluded from the analysis due to low coverage. All figures refer to the total number of variants with valid genotypes for all samples.

Table 2. Gene groups and variant counts

Group Totala CAVa Damaginga Splicinga Genes

Complex 2440 (219) 213 (7) 127 (7) 262 (1) RAB25, STBD1, GPNMB, FGF20, ACMSD, RIT2, STX1B, MCCC1, NUCKS1, SETD1A,
SCARB2, ITGA8, SYT11, GAK, STK39, DGKQ, BST1, RAB7L1, GBA, SREBF1, MAPT,
MED13, RAI1, HIP1R

Mendelian 992 (85) 95 (1) 47 (1) 128 (0) PARK2, PINK1, DJ1, ATP13A2, FBX07, PLA2G6, SNCA, LRRK2, VPS35
Dominant 335 (30) 29 (1) 15 (1) 39 (0) SNCA,LRRK2,VPS35
Recessive 657 (55) 66 (0) 32 (0) 89 (0) PARK2, PINK1, DJ1, ATP13A2, FBX07, PLA2G6
All 3820 (334) 341 (10) 188 (10) 444 (1) Complex +Mendelian +UCHL1 + GIGYF2 + HTRA2 + EIF4G1

Total, total numberof variants; CAV, code-altering variants (non-synonymous SNPs, nonsensemutations and coding indels); Damaging, putative code-damaging variants

(non-synonymous SNPs with predicted functional effects, nonsense mutations and coding indels); Splicing, putative splice-altering variants.
aIn brackets, number of indels included in each category. All figures refer to the total number of variants with valid genotypes for all samples.
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(36) (p.G399S) were found in three control individuals. As for in-
dels, most were found in non-coding regions (324) but we also
found four different frameshift, six non-frameshift as well as
four nonsense mutations with valid genotypes in all samples
(Table 2; see complete list in Supplementary Material, Tables S3
and S4). To take into account the possible differential functional
impact of the SNPs and indels detected, we distinguished three
groups of functional variants: code-altering (i.e. non-synonym-
ous SNPs, nonsense mutations and exonic indels), putative
code-damaging (non-synonymous SNPs with predicted func-
tional effects, nonsense mutations and exonic indels) and puta-
tive splice-altering variants (variants predicted to alter the
splicing; see details in Materials and Methods). A summary of
the total number of biallelic SNPs and indels fitting each type of
variant used throughout the analyses as well as their overlap is
shown in Figure 1.

Principal component analysis (PCA) using all biallelic variants
(SNPs and indels) displayed three clear clusters (Supplementary
Material, Fig. S2A), which can be explained by the individual gen-
otypes for the human inverted (H2) and non-inverted (H1) haplo-
types in the MAPT (microtubule-associated protein tau) locus
(37). ANOVA statistics for case–control differentiation on the
first principal component (PC1) revealed significant differences
(P = 0.011) in agreement with previous studies, in which an asso-
ciation was described between the H1 haplotype and PD (38).
Effectively, the H1 haplotype (as inferred by considering geno-
types at rs1800547 as in 38) was significantly overrepresented in
PD patients compared with controls (383 out of a total of 498 PD

chromosomes carried the H1 haplotype while in controls only
199 out of 290; P = 0.0107). After excluding all variants from the
MAPT region (242 in total), all samples from the two cohorts
fully overlapped in the first three principal components (Sup-
plementary Material, Fig. S2B), as expected given their shared
self-identified ancestry. Since different populations have differ-
ent levels of polymorphism, it may be the case that heteroge-
neous ancestries in a sample result in one or more individuals
having an excess of rare variants. Again, no outliers were identi-
fied when the number of singletons per individual was explored
(Supplementary Material, Fig. S3).

Common variants

Given our limited sample size, none of the observed biallelic var-
iants with a minor allele frequency (MAF) ≥ 5% exhibited evi-
dence of association after multiple testing correction (P < 0.05)
when comparing cases versus controls. However, we can use
our data to find possible candidate variants that would explain
the association signal seen in previous GWAS. To this aim, we
searched for functional variants (i.e. code-altering, putative
code-damaging and splice-altering variants) in the same linkage
disequilibriumblocks that contain tagSNPs previously associated
with PD as described in the GWAS catalog (http://www.genome.
gov/gwastudies, accessed on 10 October 2014) (39) and the
PDGene database (14).

We found potential code-damaging variants for only three
susceptibility genes (Supplementary Material, Table S5): a Pro
to Thr change (rs11649804) in RAI1, which is in the same LD
block and has similar frequencies than the intronic tagSNP
rs11868035; a Glu to Lys change (rs3733250) in STBD1, which is
in the same LDblock and has similar frequencies than the intron-
ic tagSNP SNP rs6812193 plus a Pro to Leu change (rs63750417)
and an Arg to Trp change (rs17651549) in MAPT with allele fre-
quencies matching that of human inverted (H2) haplotype.
See Supplementary Material, Table S5 for a detailed catalog of
all additional functional variants in each corresponding tagSNP
block.

Rare variants

Of note, 68.56% of the detected biallelic variants showaMAF≤ 1%
in our whole dataset of 394 individuals. However, variants cate-
gorized as putatively functional showed higher proportions
below the 1% threshold. In particular, 78.60% of the putative
splice-altering variants, 82.99% of the code-altering variation
and 86.17% of the putative code-damaging variants displayed fre-
quencies below 1% in our dataset.

As a first approximation to investigate whether the numbers
of rare variants differed between PD cases and controls, we com-
pared between the two cohorts the proportion of biallelic variants
withMAF ≤ 1% in different gene groups (SupplementaryMaterial,
Fig. S5 and Table S6). When considering all types of variants with
MAF ≤ 1%, we detected no significant differences between cases
and controls in any set containing only strictly GWAS susceptibil-
ity genes (Complex group), Mendelian genes, or both (see Fig. 2A
and Supplementary Material, Fig. S5). However, when exploring
for variants with amore likely functional role such as code-alter-
ing variants, PD cases displayed significantly higher proportions
of variants with MAF ≤ 1% but only in the Mendelian gene set (P
= 0.036).When restricting the analysis to putative code-damaging
variants or to putative splicing variants, only the Mendelian
group showed a trend towards higher number of variants with
MAF ≤ 1% in PD cases although none of the trends reached

Figure 1. Summary of all biallelic variants. Numbers of different variant types and

their overlap in thewhole dataset of 394 individuals. In brackets, number of indels

included in each category.

Table 3. Individuals carrying known Mendelian mutations

Known Mendelian mutations Sample ID

LRRK2 (p.G2019S) Cas213, Cas226, Cas113
PARK2 (p.R234Q) Cas74, Cas172, Cas214
PARK2 (p.T415N) Cas211a

PARK2 (p.M192L) Cas76

aThe same individual carried a frameshift indel in PARK2.
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significance (SupplementaryMaterial, Fig. S5 and Table S6). Next,
we repeated the same analysis but with the proportion of single-
tons (Supplementary Material, Table S7 and Fig. S6). As with the

proportion of variants with MAF≤ 1%, we only detected signifi-
cant differences when analyzing the proportion of code-altering
singletons in the Mendelian group (P = 0.036).

Figure 2. Cases for idiopathic Parkinson showexcess of rare code-altering variation inMendelian genes. (A) Difference in the proportions of rare variants (defined as those

with a MAF ≤ 1%) between cases and controls when considering all types of variants (left plot), and code-altering variants (right plot). Violin plots represent the

distribution of difference in proportions of rare variants when permuting 1000 times the individuals in the two cohorts. Dark green triangles represent the actual

case–control difference in the proportion of rare variants. (*) Significant values (P < 0.05 after Bonferroni correction). (B) Difference of Tajima’s D values between cases

and controls when considering all types of variants (left plot), and code-altering variants (right plot). Violin plots represent the distribution of Tajima’s D values when

resampling 1000 times a subset of 145 cases; blue diamonds represent the Tajima’s D value in controls, and green squares are the Tajima’s D value over all the 249 PD

cases. (*) Significant values (P < 0.05 after Bonferroni correction). (C) Distribution of statistical significances in several collapsing tests, when considering all types of

variants (left plot) and code-altering variants (right plot). Violin plot representing the –log10(p). Black line, 0.05 significance level; red dashed line, after Bonferroni

correction.
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To capture further differences in the allele frequency spec-
trum between the two sample sets, we also computed the
Tajima’sD statistic (34), awidely usedmetric in evolutionary biol-
ogy for testingneutrality usingDNAsequence information. Given
the formulation of the statistic, an excess of rare variants in a par-
ticular group (e.g. either risk variants in PD cases or protective
variants in controls) for a given gene or set of genes influencing
PD susceptibility will result in a smaller Tajima’s D value in
that group (see Supplementary Material, Supplementary Note).
In agreement with the observed higher proportions of singletons
and variants with MAF ≤ 1%, Mendelian genes displayed signifi-
cantly lower Tajima’s D values in PD cases when analyzing
code-altering variants (P < 0.001; Fig. 2B and Supplementary
Material, Table S8) but alsowhen restricting the analysis to puta-
tive code-damaging variants (P = 0.008; Supplementary Material,
Table S8 and Fig. S7). On the contrary, no significant differences
were found on Tajima’s D values between PD cases and controls
when analyzing all variant types together on the Mendelian
group (Fig. 2B and Supplementary Material, Fig. S7). Moreover,
code-altering variants (and putative code-damaging variants)
also displayed significantly lower Tajima’s D values in PD cases
when grouping all genes in the All group (P = 0.012 and P < 0.001,
respectively) but not in the Complex set (Supplementary Mater-
ial, Fig. S7 and Table S8). These results suggest that the excess
of those variant types when grouping all genes probably results
from the inclusion of PD Mendelian genes and that such enrich-
ment is not a general feature of the genes associated only with
the sporadic forms of PD. As for putative splicing variants, only
the Mendelian group showed significantly lower Tajima’s D va-
lues in PD cases (P < 0.001). Intriguingly, when using all variants
we detected significantly lower Tajima’s D values in PD cases in
the All (P < 0.001) and the Complex groups (P = 0.004).

Next, we applied a set of different collapsing strategies for
gene-based association analysis as available in Variant Tools
(40), setting a MAF threshold of 0.5%. As described above, we per-
formed the analysis in different gene groups, collapsing the in-
formation for all variants and for particular functional types
(Fig. 2C and Supplementary Material, Table S9). Again, no associ-
ation with rare variants was detected when considering all var-
iants together, yet the analysis of code-altering variants,
putative code-damaging and putative splicing variants in the
Mendelian group displayed consistent associations in the CMC
Fisher (41) (one-tailed), KBAC(42) (one- and two-tailed) or the
RBT(43) (one-tailed test) tests. Note, however, that code-altering
and putative splice-altering variants in the Mendelian group
showed significant results in many other additional tests (Sup-
plementary Material, Table S9).

The Mendelian group comprises genes of dominant and re-
cessive inheritance. Although with lower statistical support, the
previous observed trend of enrichment for rare putative func-
tional variants in PD cases was also consistently detected in
the two groups when analyzed separately (Supplementary
Material, Fig. S8). In that case, only the Tajima’s D statistic and
some collapsing tests reached statistical significance (Supple-
mentary Material, Tables S6–S9). In particular, Mendelian genes
of dominant inheritance displayed significantly higher Tajima’s
D values in controls (P = 0.012) aswell as associations in three col-
lapsing tests only when analyzing code-altering variants. In con-
trast, recessive Mendelian genes displayed significant Tajima’s D
differences between cases and controls for code-altering variants
(P < 0.001), putative code-damaging variants (P = 0.036) and for
putative splice-altering variants ( < 0.001), although only the pu-
tative splice-altering variants reached significant associations in
the collapsing tests.

Genes and pathways

Given the limited number of individuals analyzed, our study is
underpowered to perform gene-by-gene analyses. With the ex-
ception of the Tajima’s D statistic, no differentiation between
cases and controls remained significant when applying multiple
testing corrections for the number of genes analyzed (Supple-
mentary Material, Tables S10–S13). However, it is notable that
for at least three genes (MED13, SREBF1 and LRRK2) we observed
consistent patterns of enrichment for rare variants through all
the analyses (Fig. 3 and Supplementary Material, Figs S9–S12).
For MED13, we detected trends towards higher proportions of
code-altering singletons in controls and suggestive associations
in three collapsing association tests (Supplementary Material,
Tables S11 and S13). Similar trends were found for SREBF1 in six
collapsing association tests and when analyzing code-altering
variants with MAF ≤ 1% (Supplementary Material, Tables S10
and S13). The Tajima’sD statistic, however, displayed significant-
ly lower values in controls for both genes (P < 0.001 in both genes;
Supplementary Material, Fig. S10 and Table S12). Among all the
Mendelian genes, LRRK2 displayed the most clear and consistent
signal for an enrichment of rare code-altering variants and puta-
tive splice-altering variants in PD cases (Fig. 3 and Supplemen-
tary Material, Figs S10 and S12). Again, only the Tajima’s
D statistic displayed significantly lower values in PD cases but
only when analyzing the putative splice-altering variants
(P < 0.001).

Finally,we also tested for rare variant enrichment in groups of
genes classified by functional pathway or cellular compartment
(ensuring that each group contained at least four genes): mito-
chondria (DJ1, UCHL1, PINK1, MAPT, PLA2G6, MCC1, SNCA,
HTRA2, LRRK2 and PARK2), lysosome (ATP13A2, SCARB2, GBA,
VPS35) and ubiquitin (UCHL1, PINK1, FBXO7, LRRK2 and PARK2).
When analyzing all variants together no general differences
were observed between cases and controls in any of the analyses
for any of the three pathways with only one exception: the Taji-
ma’s D statistic displayed significant differences when analyzing
all variants in the mitochondria pathway (P < 0.042; Fig. 3 and
Supplementary Material, Tables S6–S9 and Fig. S13). However,
the mitochondria and the ubiquitin datasets showed consistent
excesses of code-altering and putative splice-altering rare var-
iants in PD cases along the analyses. In particular, while we de-
tected significantly lower Tajima’s D values in PD cases in the
two pathways for both variant types, only the ubiquitin set pre-
sented a significant excess of code-altering and putative splice-
altering variants with MAF ≤ 1% (Supplementary Material,
Table S8). In addition, in both pathways, at least five collapsing
methods for rare variants reached significancewhen considering
the code-altering variants or the putative splice-altering variants
(Fig. 3C; Supplementary Material, Table S9).

Discussion
We found that most consistent differences between sporadic PD
cases and controls involved potentially functional variants in
genes associatedwith theMendelian forms of the disease: broad-
ly, code-altering variants with MAF ≤ 1% (and code-altering sin-
gletons) were relatively more abundant in cases; if using only
code-altering variants, Tajima’s D in Mendelian genes was sig-
nificantly lower in PD cases than in controls, and tests devised
specifically to account for the burden of rare variants were
again significant for code-altering variants in the set of Mendel-
ian genes. In contrast, PD susceptibility genes as group displayed
no general excess of rare functional variation. And with three
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exceptions, our sequence data could not contribute to identify
plausible causal common variants in these genes. Thus, the
causal mechanisms behind the original association signals may
either lay in other regions not targeted here (i.e. in other regula-
tory regions not covered in our design or even in other genes
within the genomic vicinity of these GWAS hits) or involve
other types of regulatory variants not considered in our func-
tional analysis.

Even with a limited number of PD cases, our study revealed
that up to 3.61% of patients with sporadic PD are carriers of
knownMendelianmutations (Table 3). However, when removing
these mutations from the analysis, the excess of rare code-
altering variation observed in sporadic PD cases on Mendelian
genes remained (see Supplementary Material, Fig. S14 and
Tables S6–S9). Thus, previously known Mendelian mutations
cannot explain our observations. Moreover, when removing the

Figure 3. Excess of rare variation in particular pathways and genes. (A) Difference in the proportions of rare variants (defined as thosewith aMAF≤ 1%) between cases and

controlswhen considering all variants (left plot), and code-altering variants (right plot). Violin plots represent the distribution of differences in proportions of rare variants

when permuting 1000 times the individuals in the two cohorts. Dark green triangles the actual case–control difference in the proportion of rare variants. (*): Significant

values (P < 0.05 after Bonferroni correction). (B) Difference of Tajima’s D values between cases and controls when considering all types of variants (left plot), and code-

altering variants (right plot). Violin plots represent the distribution of Tajima’s D values when resampling 1000 times a subset of 145 cases. Blue diamonds represent

the Tajima’s D in controls and green squares the Tajima’s D calculated over all the 249 PD cases. (*) Significant values (P < 0.05 after Bonferroni correction).

(C) Distribution of statistical significances in several collapsing tests, when considering all types of variants (left plot) and code-altering variants (right plot). Violin

plot representing the –log10(p). Black line, 0.05 significance level; red dashed lines, after Bonferroni correction.
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known Mendelian mutations as well as all nonsense mutations
and coding indels, the excess of remaining non-synonymous
variation in PD cases was still significant (Supplementary Mater-
ial, Fig. S14). Similarly, rare code-altering variation was also de-
tected when analyzing the mitochondria and the ubiquitin
pathways, which involve different subsets of these PDMendelian
genes, respectively (Supplementary Material, Fig. S13). Although
with lower statistical power, Mendelian genes also displayed a
trend towards an enrichment of rare variants in PD cases when
restricting the analysis to putative splice-altering or to putative
code-damaging variants. Such enrichment of rare functional var-
iants is detected not only in the whole Mendelian group but also
when splitting Mendelian genes according to their mode of in-
heritance (Supplementary Material, Fig. S8). Finally, while all in-
dividual Mendelian genes showed a clear trend towards higher
proportions of rare functional variation in PD cases, genes on
the Complex group showed more diverse patterns (Supplemen-
tary Material, Figs. S10–12).

Intriguingly, when analyzing all variant types together, we
detected significantly increased Tajima’s D values in controls in
the Complex group (as well as in the All group and in the mito-
chondria pathway). To evaluate what may cause this pattern,
we decomposed Tajima’s D into its two component summary
statistics π and θW (Watterson’s theta). Both are measures of nu-
cleotide diversity, while π measures the per-nucleotide average
number of differences between individuals, θW is a measure of
the populationmutation rate based on S (the number of segregat-
ing sites) (see Supplementary Material, Supplementary Note).
We observed that Complex genes have decreased pairwise diver-
sity (π) in cases relative to controls, while no differences in the
number of segregating sites are generally observed (Supplemen-
tary Material, Supplementary Note, Fig. SN2). In contrast, the
Tajima’s D differences found at code-altering variants for Men-
delian genes are due to an extreme excess of segregating sites
in PD cases since no differences in the level of π are observed
between cases and controls. Thus, only in the Mendelian group
the Tajima’s D differences can be unequivocally attributed to a
differential enrichment of rare variants. Because the pattern
detected in the Complex group does not directly affect functional
SNPs, it does not contribute to our understanding of the under-
lying architecture of genetic liability for PD. Moreover, this may
be due to the presence of the MAPT locus among the Complex
genes (note that this gene is also present in the All group and
in themitochondria pathway). Indeed, whenMAPTwas removed
from the analysis, differences in Tajima’s D between cases and
controls in the Complex group ceased to be significant (Supple-
mentary Note, Fig. SN2). As explained above, MAPT lies in an in-
verted region with long range LD and two main haplotypes (37)
that raise nucleotide diversity to notably high levels.

Given our sample size and the fact that each individual in our
sample has a ∼1% probability of carrying a code-altering single-
ton in a particular gene, we estimated (44) that our study design
had 80% power to detect an association for any given gene if the
odd ratio (OR) was 5.0. For variants with MAF≤ 1%, this probabil-
ity was 1.7% and the minimum detectable OR was 3.7. Thus, it is
expected that for individual genes,we just find suggestive enrich-
ments for code-altering singletons or code-altering variants with
MAF≤ 1%. Interestingly, these have been observed in sporadic PD
cases for the LRRK2 gene but in controls for MED13 and SREBF1
(and thus, probably suggesting the presence of protective
variants). A similar analysis of non-synonymous variation on
PD-related pathogenic and susceptibility genes in East Asians re-
cently detected significant excess of rare variants in the LRRK2
gene (45). Our results, in a sense, replicate the LRRK2 results in

the Foo et al. (2014) (45) study, and provide further evidence for
the involvement of this gene in late-onset sporadic PD. However,
we suggest that such an involvement is a consequence of LRRK2
being aMendelian gene for PD, sincewe find that rare code-alter-
ing variation in theMendelian genes as a set contribute to genetic
risk in late-onset PD cases. When removing LRRK2 from the ana-
lysis, the excess of rare code-altering variation detected in the
Mendelian group remained significant in the Tajima’s D and sev-
eral collapsing tests but not when analyzing the proportion of
SNPs with MAF ≤ 1% (Supplementary Material, Fig. S14 and Ta-
bles S6–S9). Moreover, the same pattern is observedwhen remov-
ing ATP13A2 or FBX07 from the Mendelian group but not for any
other singleMendelian gene. Therefore, we can conclude that the
enrichment of rare code-altering variants is a common feature of
all theMendelian genes, even if particular genes seem to contrib-
ute more strongly.

Rare variants are seldom captured by the classical association
designs. Herewe have explored their role on sporadic PD through
several alternative approaches, based on the comparison of the
proportion of SNPs with MAF ≤ 1% and on the Tajima’s D differ-
ences observed between cases and controls, besides applying
several collapsing strategies. Tajima’s D test explores the com-
plete site frequency spectrum and thus may have additional
power than a simple inspection of the fraction of rare variation.
Given the formulation of this statistic, we expect that an excess
of rare variants in a particular sample set will result in a smaller
Tajima’s D value in that sample (see Supplementary Material,
Supplementary Note). Thus, we have focused on the Tajima’s D
differences between cases and controls for a given gene or set
of genes but not on the actual Tajima’s D value, which would
be directly influenced by demography, and, in a few cases, by nat-
ural selection (46). Given that in our study design PD cases and
controls share the same ancestry and evolutionary history,
significant differences at particular loci between them cannot
be attributed to past adaptive events. Although low depth next-
generation sequencing data have been suggested to influence
the calculation of the statistic (47), we have ensured good cover-
age and processed both sample sets in parallel to ensure the
same potential bias (if any) in the two sample sets. All rare vari-
ant burden association tests applied gain power when compared
with traditional association analysis by collectively analyzing the
considered variants, but at the price of not pinpointing the actual
variants involved in the disease. Thus, whereas our analysismay
effectively detect groups of genes or individual genes that are en-
riched for rare variants, we cannot identify which variants actu-
ally contribute to susceptibility (or protection) to the disease.
Still, this is valuable knowledge about the etiology of the disease,
and that can be used to guide future research.

Overall, our results provide additional support for the notion
that the Mendelian and sporadic forms of PD should not be re-
garded as two different entities, but rather as ends of a continu-
ous spectrum of genetic architectures of disease: whereas single
high penetrancemutations in particular genes cause theMendel-
ian forms of the disease, many different mutations in the same
genes seem to contribute to sporadic PD, in addition to the low-
risk common polymorphisms identified by GWAS.

Materials and Methods
Subjects

A total of 249 non-Mendelian PD patients and 145 unrelated con-
trols, all of European origin, participated in this study, which was
approved by the local institutional review board (Comitè Ètic
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d’Investigació Clínica—Institut Municipal d’Assistència Sani-
tària, CEIC—IMAS). Written informed consent was obtained
from all participants. The 249 PD patients (139 males and 110 fe-
males) were collected among outpatients regularly attending the
Movement Disorders Unit, at the Hospital Sant Pau, Barcelona,
Spain. The mean age of disease onset was 53.40 ± 17.97 years,
while the average age at blood sampling was 66.37 ± 15.79. All
PD patients fulfilled the diagnostic criteria described by Hughes
et al. (1992) for idiopathic PD (48) and up to 39.85% of themhad re-
ported non-Mendelian family history of PD. For the 145 unrelated
controls (56 males and 89 females), average age at examination
was 66.23 ± 8.19 years. All control participants underwent thor-
ough neurological examination and complete neuropsychologic-
al assessment to rule out any possible neurological illness.
Genomic DNAwas isolated using a standard phenol–chloroform
extraction protocol for whole blood. Around 3–6 μg of genomic
DNA per subject were then used to construct Illumina TrueSeq
DNA libraries as described below.

Capture, sequencing and base calling

We selected 38 genes known to be associated with PD by GWASs
or involved in theMendelian forms of the disease (Table 1). These
genes were extracted from the PDGene database (http://www.
pdgene.org, accessed on 1 June 2012) (14). For each gene, coordi-
nates for each possible exon were obtained from BioMart
[Ensembl (49) genes 67, GRCh37.p7] and then extended in order
to include putative splicing sites (with 50 intronic base pairs at
both ends of each exon) and any possible regulatory sequence
(retrieved from Ensembl; http://www.ensembl.org, accessed on
4 June 2012) overlapping them. We also targeted 2500 bp up-
stream from the transcription start site of each gene to capture
the promoter region. In addition, we included up to 1000 bp of
intronic sequence per gene free of any additional coding and
regulatory feature as well as 100 bp centered around the SNP
showing the strongest association according to the PD gene data-
base(14) (only in the susceptibility genes).

From a total of 512 460 target bases submitted to design,
58 041 (11.25%) could not be included in the NimbleGen Sequence
Capture Array (Supplementary Material, Table S1); the median
fractions of bases not covered in the array were 6 and 37% in
the exonic and intronic regions, respectively. All target capturing
and sequencing procedures were performed at BGI Hong Kong
(now BGI Tech Solutions). Briefly, genomic DNA was randomly
fragmented with a Covaris instrument to yield fragments be-
tween 200 and 300 bp. Following NimbleGen’s recommendations
for capturing Illumina DNA libraries, adapters were ligated to
both ends of the resulting fragments, which were then subse-
quently amplified by ligation-mediated polymerase chain reac-
tion (LM-PCR). Upon purification and after checking the quality
of the amplified DNA with a Bioanalyzer instrument, libraries
were hybridized to the customized NimbleGen array for target
enrichment. After washing, each captured library was then
eluted, amplified and purified according to the standard manu-
facturer’s instructions. Optimal sample quality was assessed
again with a Bioanalyzer instrument and successful capturing
verified by quantitative PCR. Qualified enriched libraries were
then finally loaded on a Hiseq2000 platform to perform high-
throughput sequencing with paired-end reads of 90 bp.

Raw reads were first mapped to the human reference genome
(hg19) using the BWA aligner(50) and then subsequently pro-
cessed using the GATK pipeline (51) in order to realign reads
around indels, remove PCR duplicates and perform base quality
score recalibration. The mean coverage per sample and target

was 49.39× and 91% of the bases on target were covered at ≥15×
depth (see Supplementary Material, Fig. S1 and Table S2 for de-
tails regarding coverage by gene, region and sample). Only 10 of
the initial 641 fragments to target yielded a mean coverage <5×
over different samples andwere removed fromour analysis (Sup-
plementary Material, Table S2). We also discarded the HLA-DRB5
gene region due to lowoverallmean coverage (below 10×) in com-
parison with the remaining targeted loci (Supplementary Mater-
ial, Fig. S1 and Table S2). Variant discovery was performed using
the Unified Genotyper tool of GATKwith the parameters for SNPs
and indel filtering described on GATK documentation for target
sequencing projects. We identified a total of 4026 biallelic poly-
morphic variants which included 377 indels (334 of them with
valid genotypes over all samples) and 3649 SNPs (3486 with
valid genotypes over all samples, see Table 1). The Transition/
Transversion ratio in our final dataset was 2.28. For variant anno-
tation, we used ANNOVAR, a tool suited for functional annota-
tions of variants detected from high-throughput sequencing
data (52).

Principal component analysis (PCA) and H1/H2 MAPT
haplotypes

Population substructure within cases and controls was investi-
gated by means of principal component analysis (PCA). PCA
was performed with the SmartPCA software package (53) and
outputting the first four principal components (-k4). All PD
cases and controls in our dataset had been previously character-
ized for the polymorphic inversion on 17q21 (54 or in additional
unpublished genotyping). We found 100% concordance between
the inferred MAPT haplotypes from our sequence data and their
corresponding H1/H2 genotypes.

Search of functional variants in GWAs hits

SNPs associated to PD were compiled from the PDGene database
(14) and the GWAS catalog (http://www.genome.gov/gwastudies,
accessed on 10 October 2014) (39). Genotypes around a 1 Mb
region centered on each of them were extracted from the CEU
population in the 1000 genome’s project (55). Blocks of LD were
then inferred with PLINK version 1.07 (http://pngu.mgh.harvard
.edu/purcell/plink/) (56) using default parameters. We subse-
quently identified which variants in our dataset were found in
each block, annotated those putatively functional (code-altering
variants, putative code-damaging and putative splice-altering)
and compared their corresponding allele frequencies with that
of the original associated tagSNP.

Concatenated groups and variant types

Genes were categorized into five different groups (see Table 2).
Genes unequivocally related to Mendelian forms of Parkinson
have been labeled as “Mendelian” genes and according to their
mode of inheritance were further split into Mendelian “Domin-
ant” and “Recessive” genes. Under the “Complex” category, we
grouped all genes associated with idiopathic PD but without mu-
tations known or suggested to cause Mendelian forms of Parkin-
son. Finally, the “All” set corresponds to the pool of all the genes
sequenced in this study, including four genes (i.e. UCHL1,HTRA2,
EIF4G1, GIGYF2) that have been suggested to cause Mendelian
forms of PD but remain unconfirmed (35,36,57,58).

Most of the statistical analyses have been performed using all
detected variants and different groups of putatively functional
variants. To take into account different potential functional
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impact levels, we distinguished between the following (partly
overlapping) categories (Fig. 1): code-altering, putative code-
damaging and putative splice-altering variants. We considered
as “code-altering variants” all the non-synonymous SNPs, the
nonsense mutations and exonic indels (frameshift and non-
frameshift) found. We included as “putative code-damaging” all
the nonsense mutations and exonic indels together with all
those non-synonymous SNPs predicted to have pathological con-
sequences by at least two different prediction algorithms after
using SIFT, Polyphen, MutationTaster and MutationAssessor as
implemented in ANNOVAR(52). “Splicing” variants included var-
iants (indels and SNPs) on exonic splicing enhancers (ESE), on
exonic splicing silencers (ESS) and variants predicted to affect
splicing by ANNOVAR (52). All variant types were directly anno-
tated with ANNOVAR (52), except for ESE and ESS, whose co-ordi-
nates were retrieved from the Human Splicing Finder Version
2.4.1 (http://www.umd.be/HSF/, accessed on 7 February 2014),
and variants falling in the detected motif fragments were then
collected separately as ESE and ESS variants.

Rare variant association analysis

For the different gene groups and for each single gene, we per-
formed multiple statistical analyses to assess the contribution
of rare variants to PD. In these analyses, we considered only bial-
lelic SNPs and indels having valid genotypes in all samples.
Moreover, given the different sizes of the two sample sets (249
PD cases and 145 controls), two different correction strategies
based on resampling and permutation have been applied when
appropriate.

Proportion and number of rare variants

Singletons and variants with MAF≤ 1% in the whole dataset (394
individuals) were annotated per individual (Supplementary Ma-
terial, Figs S3 and S4) and in each specific case/control sample
set. Differences between cases and controls in the numbers of
singletons and non-singletons (as well as in the number of var-
iants with MAF≤ 1% and MAF > 1%) were then evaluated. As the
number of singletons and rare variants increases with sample
size (20) we proceeded as follows. First, we permuted the case/
control status of the samples in the whole dataset and recalcu-
lated 1000 times the numbers of singletons and non-singleton
variants (as well as of variants with MAF ≤ 1% and MAF > 1%) in
two permuted sample sets of 249 and 145 individuals. The distri-
bution of obtained differences on the proportion of singletons
(and variants with MAF ≤ 1%) between the 1000 permuted sets
was then used to assess the significance of the real case–control
proportion difference observed by considering the 2.5 and 97.5%
percentiles as thresholds. Finally, multiple testing in this and
other tests was addressed bymeans of the Bonferroni correction,
dividing α (the type I error rate) by the number of independent
gene categories. All the corresponding P values in the text have
been corrected by multiple testing with the Bonferroni method.

Tajima’s D test

Tajima’s D values (34) for the two original case and control PD
sample sets were computed using custom Java scripts (59). To
correct for the sample size differences between the two cohorts,
we re-sampled 1000 times 145 individuals among the 249 cases
and for each new re-sampled set a new Tajima’s D value was
computed as previously described. We then inferred in which
percentile the observed value of Tajima’s D in controls falls

within these 1000 re-sampled Tajima’s D values for cases and
considered as significantly different only those control values
that fell in the corresponding 2.5% lower and upper tails of the
re-sampled distribution.

Collapsing methods

A number of association tests for rare variants were performed
using the Variant Association Tools options within the Variant
Tools software version 2.0 (http://varianttools.sourceforge.net/)
(40): Combined and Multivariate Collapsing (CMC) (41), c(α) (60),
Kernel Based Adaptive Clustering (KBAC) (42), Replication Based
Test (RBT) (43), RareCover (61), Variable Thresholds method (VT)
(62), Weighted Sum Statistic (WSS) (63) and data-adaptive Sum
test (aSUM)(64). For this analysis, we considered as rare variants
those with MAF≤ 0.5% in the whole dataset of 394 individuals.
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Supplementary Material is available at HMG online.
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