
Genome-Wide Gene-Environment Interaction Analysis of 
Pesticide Exposure and Risk of Parkinson’s Disease

JM Biernacka1,2,*, SJ Chung3,*, SM Armasu1, KS Anderson1, CM Lill4, L Bertram4,5, JE 
Ahlskog6, L Brighina7, R Frigerio8, and DM Maraganore8,**

1Department of Health Sciences Research, Mayo Clinic, Rochester, MN, USA

2Department of Psychiatry and Psychology, Mayo Clinic, Rochester, MN, USA

3Department of Neurology, Asan Medical Center, University of Ulsan College of Medicine, Seoul, 
South Korea

4Platform for Genome Analytics, Institutes of Neurogenetics & Integrative and Experimental 
Genomics, University of Lübeck, Lübeck, Germany

5School of Public Health, Faculty of Medicine, The Imperial College of Science, Technology, and 
Medicine, London, UK

6Department of Neurology, Mayo Clinic, Rochester, MN, USA

7Department of Neurology, San Gerardo Hospital, Milan Center for Neuroscience, Monza, Italy

8Department of Neurology, NorthShore University HealthSystem, Evanston, IL, USA

Abstract

Introduction—Genetic factors and environmental exposures, including pesticides, contribute to 

the risk of Parkinson’s disease (PD). There have been few studies of gene and pesticide exposure 

interactions in PD, and all of the prior studies used a candidate gene approach.

Methods—We performed the first genome-wide gene-environment interaction analysis of 

pesticide exposure and risk of Parkinson’s disease. Analyses were performed using data on 

>700,000 single nucleotide polymorphisms (SNPs) in 364 discordant sibling pairs. In addition to 

testing for SNP-pesticide interaction effects, we also performed exploratory analyses of gene-

pesticide interactions at the gene level.

Results—None of the gene-environment interaction results were significant after genome-wide 

correction for multiple testing (α=9.3E-07 for SNP-level tests; α=2.1E-06 for gene-level tests). 

Top results in the SNP-level tests provided suggestive evidence (P<5.0E-06) that the effect of 

pesticide exposure on PD risk may be modified by SNPs in the ERCC6L2 gene (P=2.4E-06), 
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which was also supported by suggestive evidence in the gene-level analysis (P=4.7E-05). None of 

the candidate genes assessed in prior studies of gene-pesticide interactions reached statistical 

support in this genome-wide screen.

Conclusion—Although no significant interactions were identified, several of the genes with 

suggestive evidence of gene-environment interaction effects have biological plausibility for PD 

risk. Further investigation of the role of those genes in PD risk, particularly in the context of 

pesticide exposure, in large and carefully recruited samples is warranted.

Keywords

Genome Wide Association Study; Gene-Environment Interaction; Parkinson’s disease; Pesticide 
exposure

1. INTRODUCTION

Studies indicate that both environmental exposures and genetic risk factors contribute to the 

development of Parkinson’s disease (PD) [1]. Although a number of genetic risk factors 

associated with PD have been confirmed [2,3], the underlying mechanisms and causes of the 

disease are largely unknown. In particular, little is known about specific gene-environment 

(GE) interactions that influence PD susceptibility. One of the well-established environmental 

contributors to PD risk is pesticide exposure [4]. Because of genetically-determined inter-

individual differences in metabolizing specific substances, the effect that pesticide exposure 

has on PD risk is presumably at least partially modified by genetic variation.

PD gene-pesticide interactions have been reported for a number of candidate genes including 

ABCB1, ALDH2, CYP2D6, SKP1, NQO1, PON1, and SLC6A3 [5]. However, overall, prior 

research has provided limited evidence of gene-pesticide interactions in PD: the findings 

from candidate gene studies were often non-significant, or significant with small effects and 

limited or no replication. Importantly, there have been no comprehensive studies that 

investigated interactions between genes and pesticide exposure in PD at the genome-wide 

level. The genome-wide GE interaction studies that have begun to emerge for complex traits 

are generally thought to be underpowered for detecting most GE interaction effects [6]. 

Therefore, novel statistical approaches, such as gene-level GE interaction analyses have been 

proposed to improve power of genome-wide GE interaction studies [7].

Here we analyze data from a prior genome-wide association study (GWAS) of PD [8], with 

the aim of detecting effects of interactions between pesticide exposure and genetic variation 

on the risk of PD. In addition to performing SNP-pesticide interaction analyses across the 

genome, we also evaluated the evidence for gene-pesticide interactions at the gene level.

2. Methods

2.1. Subjects

The Institutional Review Board of the Mayo Clinic approved the study, and all subjects 

provided written informed consent. As part of the discovery phase (“tier 1”) of a prior 

GWAS, 443 cases with PD and 443 sibling controls were genotyped using a genome-wide 
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SNP platform [8]. Cases were enrolled from the clinical practice of the Department of 

Neurology of the Mayo Clinic in Rochester, MN, between June 1996 and May 2004, and 

underwent a standardized clinical assessment performed by a neurologist specialized in 

movement disorders. Cases had at least two of four cardinal signs of parkinsonism (rest 

tremor, rigidity, bradykinesia, and/or postural instability) and no features atypical for PD 

(such as unexplained upper motor neuron signs or cerebellar signs) [9]. Controls were 

siblings of cases who screened negative for PD via telephone interview (i.e. had no prior 

diagnosis of PD, no prior treatment with levodopa, and did not have three or more of nine 

PD symptoms), or who were confirmed free of PD by neurological examination. When 

possible, controls were matched to cases first by sex, and then by closest age at enrollment. 

The details of case and control recruitment and data and specimen collection were 

previously described [8].

2.2. Environmental Exposure Assessment

The collection of data on pesticide exposures was previously described [10,11]. Exposures 

data were obtained by telephone via direct or proxy (for incapacitated subjects) interviews 

using a structured risk factors questionnaire administered by specifically trained study 

assistants. To reduce interview and recall biases, interviewers were kept unaware of the case 

and control status of subjects, and the subjects (or their proxy) were kept unaware of the 

study hypothesis. A reliability study of the risk factors questionnaire was conducted, as 

previously described [11]. Supplemental Text File S1 provides the items from the risk 

factors questionnaire that assessed occupational and hobby-related pesticides exposures 

(including herbicides, insecticides and fungicides). For the analyses of this study, pesticide 

exposure (occupational or hobby use) was coded as yes (ever) or no (never). The questions 

and responses used to code pesticides exposures as yes (ever) are highlighted in the 

Supplemental File.

2.3. Genotyping, quality control, and imputation

The genotyping and quality control have been previously described [8]. In total, 443 

discordant sib-pairs were genotyped using the Perlegen platform. Of the 248,535 genotyped 

SNPs with unique positions on National Center for Biotechnology Information (NCBI) build 

34, the genotyping call rate was >80% for 220,143 SNPs, including 205,031 SNPs that were 

polymorphic within the study sample. After removing SNPs showing departures from 

Hardy-Weinberg Equilibrium (P<0.001), 198,345 SNPs remained. Prior to imputation, 

additional data cleaning was performed using PLINK v1.07 (http://pngu.mgh.harvard.edu/

~purcell/plink/). In particular, all SNPs with a MAF <0.01 or missing rates >2% and 

individual samples with genotyping efficiency <95% were excluded. This resulted in 

149,817 analyzable SNPs in 433 PD cases and 428 sibling controls. Autosomal SNPs were 

imputed using IMPUTE v2.0 [12], with the precompiled “HapMap 3 + 1000GP CEU+TSI” 

panels from the IMPUTE website used as reference for imputation. This reference panel 

contained HapMap 3 data (from release #2, Feb 2009) and 1,000 Genomes Project data from 

Pilot 1 genotypes (released in August 2009). Finally, the imputed genetic dataset was 

filtered, excluding SNPs with MAF<0.01, HWE P<1E-06, or >2% missing genotypes, and 

excluding subjects with >5% missing genotypes. After genetic quality control, the dataset 

included 735,843 SNPs in 431 PD cases and 427 sibling controls [2]. Further sub-setting to 
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sib-pairs with complete covariate data, including pesticide exposure data as well as age, sex 

and smoking, resulted in a dataset of 364 case-control sib- pairs that were included in the 

gene-environment interaction analysis.

2.4. Statistical Analysis

All genetic analyses were performed using conditional logistic regression to account for the 

case-control matching (i.e. sibling pairs). We first performed a genome-wide scan for SNP-

pesticide interaction effects on PD risk. Conditional logistic regression was used to fit 

models with the binary pesticide exposure variable and the SNP genotype coded as the 

minor allele count (0,1,2 for observed SNPs or the imputed “dosage”), with and without the 

interaction term between these two variables. The covariates age (at time of enrollment), 

gender and smoking ever/never (smoking at least 100 cigarettes in life) were included in all 

models. Principal components derived from genome-wide SNP data were not included as 

covariates, as the discordant-sib pair data protects the analysis from spurious associations 

arising from population stratification. A one degree-of-freedom (1df) likelihood ratio test of 

the interaction effect was performed by comparing the models with and without the 

interaction term. While 735,843 SNPs were analyzed, multiple testing correction for 

735,843 SNPs would be highly conservative, due to the extensive linkage disequilibrium 

(LD) between SNPs. In particular, among the total analyzed SNPs, 149,817 were genotyped, 

and the remaining SNPs were imputed based on their LD with the observed SNPs and are 

thus not independent. Using the software simpleM with a window size of 5000 SNPs [13], 

we estimated that approximately 54,000 independent SNPs were included in the analysis, 

suggesting a significance threshold of 9.3E-07 for the SNP-level tests.

We then performed gene-pesticide interaction tests at the gene level, to identify genes that 

might show evidence of excess interaction with pesticide exposure when all available SNPs 

in/near the gene are considered. To evaluate evidence for GE interactions at the gene level, 

we applied Principal Component (PC) Analysis to the SNP data, and then tested for PC-

pesticide interactions using conditional logistic regression. PC analysis is a dimension 

reduction technique that has been shown to be a powerful approach for gene-level 

association tests [14]; here we adapted the approach of Gauderman et al. to study GE 

interactions in a sample of discordant siblings. SNPs were first assigned to genes if they 

mapped within 20 kb upstream or downstream of a gene. By this mapping rule, a total of 

454,993 SNPs were mapped to 23,765 genes (with the number of SNPs mapping to a gene 

ranging from 1 to 1,204, median=11, interquartile range=25). We then considered two ways 

of evaluating GE interactions at the gene-level. First, we used the first PC for each gene 

(PC1), which captures the most genetic variation across that gene, to represent the genetic 

variation in the gene, and tested the effect of the interaction between PC1 and pesticide use 

on risk of PD; i.e. we performed a 1df test of the PC1*pesticide interaction term based on 

conditional logistic regression models. We also considered the first k PCs for each gene that 

in total explain at least 80 % of the variance in the genotypes for that gene, performed k PC-

pesticide interaction tests for the gene, and then combined the k P-values using Fisher’s p-

value combination method [15] providing a global test of PC-pesticide interaction. We refer 

to these two approaches as the “PC1” gene-level test and the “All-PC” gene-level test. We 

note that alternative approaches could have been used, for instance the All-PC test could 
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have been performed using a joint likelihood ratio test of all the PC-pesticide interaction 

terms. However, this test poses challenges for large genes, where many PCs are required to 

represent the genetic variation in the gene, leading to a very high degree-of-freedom test. We 

therefore selected the approach described above based on combining individual PC-pesticide 

interaction p-values using Fisher’s methods. Post-hoc sensitivity analyses demonstrated that 

for the top gene-level results presented in the paper, these two alternative approaches 

provided very similar results. For the gene-level analyses, the number of tests is equal to the 

total number of genes analyzed; thus, because 23,765 genes were analyzed, the threshold for 

genome-wide significance was 0.05/23765 = 2.1e-06. The statistical packages SAS (version 

9.2; SAS Institute Inc., Cary, NC) and R (version 2.13; www.cran.r-project.org) were used 

for all analyses.

Power was estimated using the Quanto software package (http://hydra.usc.edu/gxe) [16]. 

Assuming a marginal environmental effect (relative risk) of 1.2 and a marginal log-additive 

genetic relative risk of 1.1, the sample of 364 discordant sib-pairs provides 74% power to 

detect an interaction effect (Rge) of 5 for a SNP with a minor allele frequency (MAF) of 0.2. 

Under the same scenario, but a SNP with MAF = 0.4, the power to detect an interaction with 

Rge= 5 would be 95%.

3. Results

A summary of the subject characteristics is shown in Table 1.

A Manhattan plot of the P-values for the SNP-pesticide interaction analysis (at the SNP 

level) is shown in Figure 1, and the top 10 SNP association results are listed in Table 2. A 

QQ plot of the p-values is shown in Supplemental Figure S1. None of the individual SNP P-

values are significant after correction for multiple testing. The top SNP-pesticide interaction 

signal, rs67383717 (P=2.4E-06) maps to LINC00476 near the ERCC6L2 gene on 

chromosome 9. A SNP in LD with this SNP (rs591486 r2=0.78 in the 1000 Genomes CEU 

population), which maps to intron 2 of ERCC6L2, had the second smallest interaction P-

value in our analysis (P=2.7E-06). Other top results included SNPs in or near the genes 

ADAM29, PTPRF, and BACH2. SNP effect sizes in the pesticide exposure strata 

(unexposed and exposed) for the top 10 interaction SNPs are shown in Table 3. These results 

indicate that for the BACH2 SNPs, the SNP has no effect on risk of PD in unexposed 

individuals, but the minor allele is associated with increased risk in exposed individuals. For 

the ERCC6L2 and ADAM29 SNPs, the odds ratios indicate that the minor allele is 

associated with increased risk in unexposed, but is protective in exposed individuals. The 

opposite pattern is revealed for PTPRF, where the minor allele appears to be protective in 

unexposed, but is associated with increased risk in those exposed to pesticides.

Top results of the gene-level GE analyses are presented in Supplemental Table S1. The QQ 

plots for the two genome-wide gene-level GE analyses are shown in Supplemental Figure 

S2, demonstrating that the expected distribution of P-values was obtained with both 

methods, which indicates that both methods attained correct type 1 error rates. In both 

analyses, no results reached the genome-wide significance level of P<2.1E-06. Top ranking 

genes in the gene-level analyses included two genes that were also identified in the SNP-
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level tests: ERCC6L2 (P=4.7E-05 with PC1, P=7.3E-05 with All-PC) and PTPRF 
(P=1.2E-04 with All-PC).

Supplemental Table S2 shows the results from the All-PC gene-level analysis for several 

candidate genes that have previously been reported to interact with pesticides to alter risk of 

PD. No evidence for interaction with pesticide exposure was observed for any of these 

candidate genes.

4. DISCUSSION

We performed a genome-wide association analysis for GE interaction effects at the gene 

level as well as the SNP level after correcting for multiple testing. We found no statistically 

significant interactions between genes and pesticide exposure for the risk of developing PD 

at the genome-wide level, despite the fact that both SNP-level and gene-level analyses were 

performed. The lack of significant GE interaction effects at the SNP level is consistent with 

findings from other genome-wide association studies of GE interactions, which have 

demonstrated that current studies tend to be underpowered to detect SNP-environment 

interactions at the genome-wide significant level. Although, in the present study, there were 

no statistically significant interactions between genes and pesticide exposure after stringent 

Bonferroni correction, the current genome-wide scan for SNP- and gene-pesticide 

interactions identified several biologically plausible candidates for further investigation.

The top SNP-pesticide interaction results with biological plausibility included SNPs in 

ERCC6L2, PTPRF, and BACH2. Gene-level tests provided further marginal evidence of 

effects on PD risk via pesticide interactions for ERCC6L2 and PTPRF. ERCC6L2 has been 

implicated in DNA repair and mitochondrial function [17], providing a potential link to PD 

given the substantial evidence that mitochondrial dysfunction plays a central role in the 

pathophysiology of this disease [18]. In an in vitro experiment, ERCC6L2 had 

characteristics of an early DNA damage-response protein that traffics to the mitochondria 

and the nucleus in a reactive oxygen species-dependent fashion [17]. Most pesticides 

preferentially inhibit the mitochondrial electron transport chain, disrupting oxidative 

phosphorylation [19]. Therefore, there may be joint effects of pesticide exposure and SNPs 

in ERCC6L2 that impair mitochondrial function and increase the risk of PD, which deserves 

further investigation.

While not significantly associated with PD in prior GWAS, meta-analysis of prior studies [3] 

included in the PDGene database (www.pdgene.org) provides additional evidence of 

association of PD with SNPs in PTPRF (P<10−4 for 8 SNPs in the PTPRF region, and 

P<0.05 for 164 out of the total 444 SNPs analyzed in this locus including SNP rs539096 

implicated in our study) [2]. PTPRF acts as a protein-tyrosine phosphatase that negatively 

regulates the insulin signaling pathway. Recent evidence indicates that PD and type 2 

diabetes, both age-related chronic diseases, share remarkably similar dysregulated pathways 

[20]. Pesticides have a role as endocrine-disrupting chemicals in the development of type 2 

diabetes. Therefore, there may be interactions between PTPRF SNPs and pesticide exposure 

in PD risk, which warrant further investigation.
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Of the prior gene-pesticide interactions reported in PD, none were detected at a genome-

wide or nominal significance level. It is, however, important to note that our results for the 

previously-reported candidate genes (Supplemental Table S1) are based on the gene-level, 

rather than SNP-level analyses, as most of the specific functional SNPs in these genes are 

not represented in our SNP data. This limits our findings, as the SNPs that were genotyped 

in these genes may not adequately tag the known functional variants and therefore the gene-

level analyses are not a direct replication of the earlier results.

This study has several limitations, including the retrospective collection of pesticide 

exposure data and the use of proxy informants in a small number of subjects. Also, because 

the analyzed genetic data was obtained as part of the first published GWAS of PD, after 

quality control the genetic data included only 149,817 SNPs, which after imputation 

provided 735,843 SNPs for analysis. This is low genomic coverage as compared to modern 

genome-wide genotyping followed by imputation. Furthermore, the sample size analyzed in 

this study is small, particularly for investigating GE interactions at the genome-wide level. 

However, the discordant sib-pair study design that was used generally provides greater 

power to detect GE interactions than the population based case-control design, and thus 

smaller case-sib samples are required to achieve similar power to detect GE interactions 

[21]. Moreover, powerful statistical methods based on gene-level rather than SNP-level tests 

of GE interaction effects were applied, providing suggestive evidence of GE effects that 

warrant further investigation. While the gene-level analyses have the advantage of 

potentially increasing the power of association analysis, they also have limitations. In 

particular, interpretation of the results is not as straightforward as in standard SNP-

environment interaction analyses; thus, while a test may provide statistical evidence that the 

effect of variation in a gene on risk of disease is modified by the environment, the effect 

sizes are not readily interpretable. Moreover, statistical methods for analysis of interactions 

at the gene-level are still under development, and the optimal approach for this type of 

analysis has not yet been established.

Given the limitations of the present study, in order to conclusively assess the role of the 

SNPs and genes nominated here in PD susceptibility, validation studies in large independent 

samples with high-density genotyping are warranted. To this end, important next steps to 

assess the role of GE interactions in disease risk will involve data harmonization efforts 

across multi-centric, carefully recruited and well-characterized datasets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Environmental and genetic risk factors contribute to the development of 

PD.

• There have been few studies of gene and pesticide exposure (PE) 

interactions in PD.

• We present a genome-wide gene-environment interaction analysis of 

PE and risk of PD.

• Several top results may implicate genes with biological plausibility for 

PD risk.

• Further investigation of the role of these genes in PD risk is warranted.
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Figure 1. 
Manhattan plot of p-values from genome-wide SNP-pesticide interaction analysis.
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Table 1

Subject Characteristics

Control
(N=364)

Case
(N=364)

Total
(N=728) p value*

Age at study: mean (sd) 64.8 (11.0) 65.4 (10.6) 65.1 (10.8) 0.08

Years of school: mean(sd) 13.8 (2.9) 13.8 (3.1) 13.8 (3.0) 0.75

Gender <.0001

Female 191 (52.5%) 145 (39.8%) 336 (46.2%)

Male 173 (47.5%) 219 (60.2%) 392 (53.8%)

Smoking (ever/never) 0.0037

No 185 (50.8%) 219 (60.2%) 404 (55.5%)

Yes 179 (49.2%) 145 (39.8%) 324 (44.5%)

Farm or garden pesticides (ever/never) 0.16

No 249 (68.4%) 233 (64.0%) 482 (66.2%)

Yes 115 (31.6%) 131 (36.0%) 246 (33.8%)

*
P-value from univariate conditional logistic regression models
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Table 3

Top SNP-pesticide interactions. Allelic effects in the pesticide exposed and unexposed strata for the top 

interacting SNPs from Table 2.

SNP Minor allele OR (95% CI) in unexposed Minor allele OR (95% CI) in exposed

rs67383717 1.56 (1.09, 2.24) 0.46 (0.28,0.75)

rs591486 1.59 (1.11, 2.27) 0.47 (0.29,0.77)

rs6851004 0.69 (0.45, 1.05) 2.80 (1.48,5.29)

X6.90946408 0.83 (0.43, 1.60) 7.63 (2.29,25.46)

X6.90949107 0.83 (0.43, 1.60) 7.66 (2.30,25.56)

rs10013344 1.92 (1.11, 3.32) 0.43 (0.22,0.83)

rs10005382 1.90 (1.11, 3.25) 0.43 (0.22,0.83)

X6.90956325 0.84 (0.44, 1.61) 7.63 (2.29,25.38)

rs539096 0.55 (0.36, 0.84) 2.01 (1.14,3.53)

rs6919587 0.84 (0.44, 1.61) 7.61 (2.29,25.27)
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