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Molecular genetic methods have promised to accelerate
our understanding of disorders such as schizophrenia and
autism spectrum disorder (ASD). Yet the link between genotype and phenotype in these cases is not straightforward.
Psychological disorders arise through complex interactions
between genes, regulatory networks and environmental factors, and phenotypes can be difficult to define because
diverse symptomatologies are grouped within a single diagnostic category. An attractive alternative is to investigate
associations between genotypes and quantitative endophenotypes – functional abnormalities associated with a disorder, but which are likely to stand in a more immediate
relationship with underlying genetic mechanisms (Gottesman & Gould 2003). The approach also allows the use of
psychologically normal participants; this may be preferable
to the use of patients, whose multiple deficits might interfere with the measurement of distinct phenotypes (Braff &
Freedman 2002).
Proposed endophenotypes of psychological disorders
include cognitive, neurophysiological and psychomotor
measures, and these have previously been investigated with
molecular genetic methods (Greenwood et al. 2011, 2012,
2013). Some disorders are also associated with anomalies of
basic visual perception (Butler et al. 2008; Dakin & Frith 2005;
Grinter et al. 2010; Simmons et al. 2009). Visual markers of
psychological disorder are ideal candidates for genetic studies because their underlying neural mechanisms are relatively
well characterized. However, no genome-wide association
study to date has investigated their possible genetic basis.
Schizophrenic patients and children with ASD show deficits
in processing stimuli of low spatial frequency and high
temporal frequency – stimuli that vary gradually across
space and are briefly flashed or rapidly flickered. Sensitivity
to such stimuli is often taken to reflect the integrity of the
magnocellular visual pathway. One example is the frequencydoubled grating – so called because of the apparent doubling
in spatial frequency of the percept – which is thought to
be well matched to the response properties of the smooth
monostratified class of retinal ganglion cells (Maddess 2011).
The usual stimulus comprises a sinusoidal luminance grating
of low spatial frequency reversing in contrast at a high
temporal frequency (Fig. 1a), although spatial frequency
doubling is observed in many briefly flashed or rapidly
drifting stimuli (Rosli et al. 2009). Schizophrenic patients
show selective deficits in detecting misalignment between
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Deficits in sensitivity to visual stimuli of low spatial
frequency and high temporal frequency (so-called
frequency-doubled gratings ) have been demonstrated
both in schizophrenia and in autism spectrum disorder (ASD). Such basic perceptual functions are ideal
candidates for molecular genetic study, because the
underlying neural mechanisms are well characterized;
but they have sometimes been overlooked in favor of
cognitive and neurophysiological endophenotypes, for
which neural substrates are often unknown. Here, we
report a genome-wide association study of a basic visual
endophenotype associated with psychological disorder.
Sensitivity to frequency-doubled gratings was measured
in 1060 healthy young adults, and analyzed for association with genotype using linear regression at 642 758
single nucleotide polymorphism (SNP) markers. A significant association (P = 7.9 × 10−9 ) was found with the
SNP marker rs1797052, situated in the 5 -untranslated
region of PDZK1; each additional copy of the minor
allele was associated with an increase in sensitivity
equivalent to more than half a standard deviation. A
permutation procedure, which accounts for multiple
testing, showed that the association was significant at
the α = 0.005 level. The region on chromosome 1q21.1
surrounding PDZK1 is an established susceptibility
locus both for schizophrenia and for ASD, mirroring the
common association of the visual endophenotype with
the two disorders. PDZK1 interacts with N -methyl-Daspartate receptors and neuroligins, which have been
implicated in the etiologies of schizophrenia and ASD.
These findings suggest that perceptual abnormalities
observed in two different disorders may be linked by
common genetic elements.
Keywords: Autism, endophenotype, frequency doubling,
genome-wide association study, schizophrenia, visual
sensitivity
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were recruited from the Cambridge area to participate in the PERGENIC
project (Goodbourn et al. 2012; Lawrance-Owen et al. 2013). All
participants reported European ancestry – as established by the
nationality of their four grandparents – during initial screening.
Subsequent checks on ancestry were made during genetic quality
control procedures. Participants were paid £25 to complete a battery
of tasks lasting about 2.5 h. After they had been given a full
description of the study, and written informed consent was obtained.
Participants were refracted to their best-corrected visual acuity [all
≤0.00 logMAR (logarithm of the minimum angle of resolution)].
To allow estimates of reliability, a randomly selected subsample
(n = 105, of whom 66 were female) returned for a second identical
session following a minimum interval of 1 week. The research was
approved by the Psychology Research Ethics Committee of the
University of Cambridge.
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Figure 1: Visual stimulus and psychophysical results. (a)
Normalized spatial luminance profile of the stimulus used in
the study. (b) Distribution histogram of visual sensitivity. Light
bars represent the genetic cohort (N = 985); light and dark bars
combined represent the full psychophysical cohort (N = 1057).
Probability density is relative to the psychophysical cohort. (c)
Scatter plot of first- vs. second-session visual sensitivity for
the retest subsample (N = 104). The dashed line shows the
orthogonal linear regression to the data. (d) Bland–Altman plot
of difference in sensitivity between sessions as a function of
mean sensitivity across sessions (N = 104). The central dashed
line shows the mean difference in sensitivity; upper and lower
dashed lines show the limits of agreement (±1.96 SD of the
difference).

low-contrast frequency-doubled gratings (Kéri et al. 2004,
2005a,b), and exhibit elevated thresholds for detecting
gratings of low spatial frequency and high temporal frequency
(Butler et al. 2005; Gracitelli et al. 2013). Autism spectrum
disorder has also been associated with abnormal processing
of these stimuli (Greenaway et al. 2013; McCleery et al.
2007): Greenaway et al., for example, found that children with
ASD were strikingly and selectively impaired in sensitivity
to a large, briefly flashed target. In their sample, more than
40% of the children with ASD exhibited significantly elevated
thresholds on an individual basis.
Here, we have measured sensitivity to frequency-doubled
gratings in a large sample of healthy young adults. We report
a genome-wide association analysis showing that individual
differences in sensitivity are associated with the gene
PDZK1, which lies in the 1q21.1 risk region for schizophrenia
and ASD.

Materials and methods
Participants

Participants (n = 1060, of whom 647 were female) were aged from
16 to 40 years [M = 22 years, standard deviation (SD) = 4 years]. They
Genes, Brain and Behavior (2014) 13: 144–151

The experiment was conducted in a darkened room. Stimuli were
generated using MATLAB R2007b software, version 7.5 (The
MathWorks Inc., Natick, MA, USA) with PsychToolbox-3 routines
(Brainard 1997; Pelli 1997). They were processed on an nVidia
EN9500GT video card (Asus, Taipei, Taiwan) driving a BITS++
video processor (Cambridge Research Systems, Rochester, UK)
operating in MONO++ mode with a dynamic range of 14 bits. Stimuli
were displayed on a gamma-corrected Trinitron GDM-F520 monitor
(Sony Corporation, Tokyo, Japan) operating at a spatial resolution of
1024 × 768 pixels and a refresh rate of 100 Hz. Participants viewed
stimuli monocularly using their dominant eye, or – if the difference
in visual acuity between eyes was at least 0.10 logMAR – using the
eye with better acuity; the other eye was occluded with a translucent
patch. They used a headrest to maintain a viewing distance of 0.5 m,
and gave responses using a two-button hand-held box.
The spatial profile of the stimulus is shown in Fig. 1a. It comprised
a low spatial frequency sinusoidal luminance grating with a horizontal
carrier (f s = 0.5 c/deg, φ randomized on each trial) windowed by
a two-dimensional Gaussian envelope with a SD of 2.0◦ (i.e. a
vertically oriented Gabor), which reversed in contrast according to a
25-Hz square wave. It was displayed on a uniform background for
500 milliseconds, centered 9.0◦ to either the left or right of fixation,
with contrast ramped on and off over 120 milliseconds according to
a raised cosine envelope. The mean luminance of the display was
30 cd/m2 .
On each trial, the participant’s task was to make a two-alternative
forced-choice identification of the location of the stimulus (left
or right). Auditory feedback was provided after each response.
Participants completed an initial set of high-contrast practice trials
to ensure that they understood the task. For experimental trials,
luminance contrast was determined according to two independent
randomly interleaved ZEST adaptive staircases (King-Smith et al.
1994; Watson & Pelli 1983), each comprising 30 trials. Michelson
contrast at detection threshold was calculated as the 82% correct
point of a cumulative Weibull psychometric function fitted to the
pooled data from the two staircases. Sensitivity was defined as the
inverse of threshold contrast.

Genotyping
A 2-ml saliva sample was collected from each participant using
an Oragene OG-500 kit (DNA Genotek Inc., Ottawa, ON, Canada).
DNA was extracted and purified from 1064 samples by Cambridge
Genomic Services (University of Cambridge, UK) according to the
manufacturer’s protocols. It was quantified using a PicoGreen
fluorescence enhancement assay (Molecular Probes, Eugene, OR,
USA), and its integrity was assessed by agarose gel electrophoresis.
Samples were excluded if DNA concentration was below 30 ng/μl
(n = 34) or if there was evidence of degradation (n = 9). Further
samples (n = 13) were excluded at this stage owing to missing
phenotypic data relating to other components of the PERGENIC
project. The remaining 1008 samples were genotyped at 733 202
single nucleotide polymorphisms (SNPs) on the HumanOmniExpress
BeadChip (Illumina, San Diego, CA, USA). Genotypes were called by
custom clustering, using Illumina GenomeStudio software.
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For each marker suggestive of association (P unadjusted < 10−5 ),
we evaluated the distribution of genotypes for deviation from
Hardy–Weinberg equilibrium and manually inspected the signal
intensity cluster plot. We then defined 2.5-Mbp regions of interest
surrounding all suggestive loci, and imputed genotypes within these
regions with IMPUTE v2.3.0 software (Howie et al. 2009, 2011) using
the phased haplotypes of the 1000 Genomes Project as a reference
panel (Abecasis et al. 2010). Rather than preselect specific European
populations within the panel, we allowed the imputation algorithm to
select a custom reference panel for each haplotype based on local
sequence similarity (Howie et al. 2009). We completed association
analysis for the imputed SNP genotype probabilities using the dosage
association feature of PLINK, with the three principal component axes
entered as covariates. Genotype data were converted between PLINK
and IMPUTE formats using GTOOL v0.7.5 software. Genomic references
were based on the Human February 2009 (GRCh37/hg19) assembly
sequence.

Quality control
On the basis of genetic quality control, 20 samples were excluded
from further analysis. Criteria for exclusion were as follows: sex
anomaly, identified by examining X-chromosome heterozygosity and
Y-chromosome missingness (n = 3); low individual genotyping call
rate (<97% of SNPs called; n = 1); duplication of (n = 4) or relatedness
to (n = 11) other samples, identified by examining estimates
of identity-by-descent; and non-membership of a homogeneous
population, identified by principal component analysis (PCA) using
our PERGENIC genotypes, by combined PCA with HapMap3 genotypes
(International Hapmap 3 Consortium 2010; International Hapmap
Consortium 2005, 2007; Pemberton et al. 2010) and by hierarchical
cluster analysis using pairwise identity-by-state as the distance metric
(n = 1). The remaining samples belonged to 988 individuals. Three
individuals, including one member of the retest subsample, lacked
phenotypic data owing to equipment failure. This left 985 participants,
598 of whom were female, in the final genetic association analyses.
Some individual SNP markers were also excluded from analysis on
the basis of low coverage (called in <98% of individuals; n = 12 706)
or low minor allele frequency (<1%; n = 77 738), leaving 642 758
SNPs in the final analyses.

Results
Contrast sensitivity, defined as the inverse of Michelson
contrast at threshold, ranged from 2.5 to 74.7, with a median
of 33.8. The distribution was approximately normal, with a
mean of 34.1 and SD of 10.2 (Fig. 1b). We observed no
significant difference in mean sensitivity between males
(M = 34.7, SD = 9.9) and females (M = 33.8, SD = 10.3);
t (1052) = 1.52, P = 0.13. Test–retest reliability was high, as
indicated by the correlation between sensitivity measured
in the first and second sessions for the subsample of
participants who completed the task twice (Pearson’s
r = 0.71, P  0.001; Fig. 1c). The 95% limits of agreement
on the measurement were 0.2 ± 17.2 (Fig. 1d).
The quantile–quantile plot for the results of the genomewide association analysis (Fig. 2a) provides evidence
of significant deviation from the null hypothesis of no
association of the phenotype with any SNP genome-wide, for
P values below about 10−5 . The shape of the plot, together
with the value of the genomic inflation factor (λ = 1.00)
(Devlin & Roeder 1999), suggests that test statistics were
not inflated by technical error or by population stratification.
The genome-wide Manhattan plot (Fig. 2b) reveals several

Statistical analysis
After assessing the power of the study across a large range of
expected effect sizes (see Supporting Information Methods and Fig.
S1), we performed genetic association analyses using PLINK v1.07
software (Purcell et al. 2007). Each SNP marker was tested for
association with contrast sensitivity using linear regression under
an allelic dosage model. Such a model assumes that the number
of copies of the minor allele is related to the phenotypic measure
in a linear fashion. For autosomal and pseudo-autosomal markers,
major homozygotes were coded as 0, heterozygotes as 1 and minor
homozygotes as 2. For other markers on the Y chromosome, individuals possessing the major allele were coded as 0 and individuals
possessing the minor allele were coded as 1. For other markers
on the X chromosome, females were coded as for an autosomal
marker, and males as for a marker on the Y chromosome; sex was
also included as a covariate in the analysis. We used the EIGENSTRAT
method to control for any residual population stratification: the top
three principal components of genetic variation in our sample were
extracted with EIGENSOFT v4.2 software, and entered as covariates in
the regression model (Patterson et al. 2006; Price et al. 2006; see Fig.
S2). In addition, we used the permutation procedure implemented in
PLINK to derive a familywise significance value for each association
over 10 000 iterations (P fw ). In this case, we accounted for residual
stratification by allowing the permutation of phenotypes only within
population groups defined in our hierarchical cluster analysis.
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Figure 2: Genome-wide association analyses. (a) Genome-wide quantile–quantile plot. For each SNP, the negative logarithm of
the linear association test P value (solid line, P < 10−5 ; open circles P > 10−5 ) is plotted against the expected value for the quantile
corresponding to that SNP under the null hypothesis of no genome-wide association. The diagonal dashed line shows the relationship
expected under the null hypothesis, and the shaded region shows the 95% confidence interval. (b) Genome-wide Manhattan plot. For
each SNP, the negative logarithm of the linear association test P value (solid circles, P < 10−5 ; open circles P > 10−5 ) is plotted against
position on the chromosome.
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Figure 3: Contrast sensitivity as a function of genotype at
SNP marker rs1797052. Individual sensitivities are shown as
crosses, and genotype means are shown as open icons, with
error bars representing ±1 SD. The dashed line is derived by
linear regression of sensitivity on genotype. Genotype labels
refer to individuals homozygous for the major allele (G/G),
heterozygous individuals (G/A) and individuals homozygous for
the minor allele (A/A). Below each genotype label is the number
of individuals called with that genotype who have non-missing
and missing phenotypic data, respectively.

regions suggestive of association with contrast sensitivity,
situated on chromosomes 1, 2 and 12. Here, we consider
the region containing the strongest evidence of association
(other genomic regions are detailed in Supporting Information
Results and Discussion, Tables S1,S2 and Figs. S3,S4).
The strongest association signal was at the SNP marker
rs1797052, situated on chromosome 1q21.1 (P = 7.9 × 10−9 ;
P fw = 0.005). Each additional copy of the minor allele (frequency 5.5%) was linked to an increase in contrast sensitivity
equivalent to 0.56 SDs (Fig. 3). There was no evidence of
departure from Hardy–Weinberg equilibrium (P = 0.53), and
inspection of the signal intensity cluster plot shows that
genotype calling was successful (see Fig. S5). The marker
rs1797052 is situated in the 5 -untranslated region of the
gene PDZK1; the surrounding 2.5-Mbp region of interest is
shown in Fig. 4a.
The genotyped marker with the next strongest association
(rs1284300, P = 1.2 × 10−5 ) is intronic to PDZK1, positioned
211 bp downstream of the first coding region. This marker
is in relatively high linkage disequilibrium with rs1797052
(r 2 = 0.44, D = 0.78), and the association is eliminated if the
analysis is conditioned on rs1797052 (P = 0.43). Genotype
imputation in this region revealed evidence of another
SNP associated with contrast sensitivity, rs17352344
(P = 5.6 × 10−6 ); it is situated in the 3 -untranslated region of
PIAS3 , upstream of PDZK1. This marker is also in relatively
high linkage disequilibrium with rs1797052 (r 2 = 0.29,
D = 0.74), and the association is eliminated if the analysis is
conditioned on rs1797052 (P = 0.75).
Genes, Brain and Behavior (2014) 13: 144–151

PDZK1 encodes the protein PDZK1 (PDZ domain containing
1), one member of a family of PDZ domain-containing scaffold
proteins that hold other proteins in the appropriate configuration. PDZ domains are phylogenetically ancient sequences
of amino acids that bind to other proteins. PDZK1 has four
such domains, and specifically mediates the localization of
cell surface proteins (Fanning & Anderson 1999).
The complex comprising PDZK1, DLG4, SYNGAP1,
KLHL17 and N -methyl-D-aspartate (NMDA) receptors is crucial in maintaining the integrity of the actin cytoskeleton
in neurons (Chen & Li 2005). Actin microfilaments provide
cellular structure, and allow cell motility by providing tracks
for myosin molecules. That PDZK1 interacts with NMDA
receptors is notable in the current context because the latter
play a critical role in regulating contrast gain control mechanisms in the retinogeniculate system (Kwon et al. 1992).
Indeed, it has already been hypothesized that the perceptual
abnormalities observed in schizophrenia – including deficits
in contrast sensitivity – might arise from a dysfunction of
NMDA receptors (Javitt 2003).
The neuroligin NLGN1 binds to at least one component
(DLG4) of the PDZK1 complex (Meyer et al. 2004) through
a PDZ domain-binding site in its cytoplasmic tail (Craig &
Kang 2007). Neuroligins are postsynaptic membrane proteins
that mediate synaptic formations, a process believed to be
regulated by DLG4 (Huang et al. 2000). Neuroligin genes have
been implicated previously in ASD susceptibility (Bourgeron
2009; Sudhof 2008), and disruption of murine Dlg4 produces
a phenotype with several of the behavioral and neurological
features of ASD (Feyder et al. 2010).
The strongest association was observed at a marker in
the 5 -untranslated region of PDZK1, indicating that the
critical genetic variant may be situated within a regulatory
element. We note that the secondary association within the
1q21.1 region is with an imputed marker (rs17352344) in the
gene PIAS3 , which encodes a transcriptional modulator that
binds to transcription factors. At least one of its partners,
TATA-binding protein (TBP), has a binding site that includes
the primary association marker rs1797052, immediately
upstream of PDZK1 (Fig. 4b) (Prigge & Schmidt 2006).
PDZK1 falls within a well-established schizophrenia
susceptibility locus on chromosome 1q21.1. Early studies
conducted within several different populations revealed
linkage in large expanses (up to nearly 30 Mbp) of the wider
1q21–1q23 region (Brzustowicz et al. 2000; Gurling et al.
2001; Hwu et al. 2003; Shaw et al. 1998; Zheng et al. 2006).
Recently, de novo deletion (International Schizophrenia Consortium 2008; Levinson et al. 2011; Stefansson et al. 2008)
and duplication (Levinson et al. 2012) in a ∼1.5 Mbp region
encompassing PDZK1 have been implicated in schizophrenia
in independent case–control and family studies. One candidate gene study has also reported an association between
schizophrenia and two SNPs in the region (Ni et al. 2007).
The same locus is also a recognized risk region for
ASD. Initial comparative hybridization studies pointed to a
rare recurrent duplication situated on 1q21.1, downstream
of PDZK1 (Mefford et al. 2008; Szatmari et al. 2007).
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Subsequent studies, however, have identified rare deletions
(Pinto et al. 2010) and duplications (Pinto et al. 2010; Sanders
et al. 2011) directly involving the gene. Furthermore, using
a novel homozygous haplotype mapping approach, Casey
et al. (2012) identified ASD-specific risk haplotypes at 1q21.1
in three different population clusters; only PDZK1 was
situated in the genetic region shared by all three haplotypes.
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The association between variants in a genetic risk region
for schizophrenia and ASD and sensitivity to frequencydoubled gratings is particularly notable because abnormalities
in sensitivity constitute a promising endophenotype for both
disorders. Gottesman and Gould (2003) propose five criteria
useful for identifying endophenotypes of psychological disorder. First, the endophenotype should be associated with the
disorder: The studies previously reviewed indicate that abnormal sensitivity to frequency-doubled stimuli is associated
with both schizophrenia and autism. Second, the endophenotype should be heritable: contrast sensitivity to targets of
low spatial frequency and high temporal frequency has been
shown to be highly heritable (H 2 = 0.70) in a classical twin
study (Hogg et al. 2009). Third, the endophenotype should
be primarily state-independent. In schizophrenia, abnormal
sensitivities are evident in prodromal (Kéri & Benedek 2007),
first-episode unmedicated (Kiss et al. 2010), chronic unmedicated (Kéri et al. 2004, 2005b) and chronic medicated states
(Butler et al. 2005; Gracitelli et al. 2013; Kéri et al. 2005a).
Autism spectrum disorder is not episodic in the same manner
as schizophrenia, so it is not clear how state independence
might be demonstrated. The fourth criterion is that the endophenotype and illness should co-segregate within families, but we are unaware of any study to date that has
investigated co-segregation of schizophrenia with abnormal
contrast sensitivity. Finally, the endophenotype should be
found in unaffected family members at a higher rate than in
the general population. In schizophrenia, abnormal contrast
sensitivity is found in unaffected siblings (Kéri et al. 2004,
2005a) and in unaffected parents (Gracitelli et al. 2013). In
ASD, abnormal sensitivity has been found in unaffected
‘high-risk’ infants with an older affected sibling – at most,
only 1 of the 18 high-risk infants was expected to develop

Figure 4: Association region on chromosome 1q21.1. (a)
Manhattan plot of 2.5-Mbp region centered on rs1797052. Top:
negative logarithm of the linear association P value for each
SNP, plotted against position of the SNP on the chromosome.
Genotyped SNPs are shown as open icons; imputed SNPs
are shown on a scale from white to black, with darkness
proportional to confidence in the imputation. Several expanses
in the region have a low density of genotyped SNP markers
on the HumanOmniExpress BeadChip, which leads to low
confidence in imputed SNP markers. Critically, however, the
expanse containing PDZK1 has appropriate SNP density and
high imputation quality. Middle: fine-scale recombination rate
(Rec. rate, light solid line) and cumulative genetic distance from
rs1797052 (Genetic dist., dark dashed line) estimated from 1000
Genomes Phase I data (Abecasis et al. 2010). Bottom: genes
in the region, with exons represented as vertical rectangles.
The gene symbol is shown to the right of each gene, and the
arrow indicates the direction of transcription. (b) Transcription
factor binding sites upstream of PDZK1 as assayed by chromatin
immunoprecipitation sequencing (ChIP-seq). Each rectangle
represents the region encompassing peaks of transcription factor
occupancy, with darkness proportional to signal strength. Data
are derived from the ENCODE Transcription Factor ChIP-seq
track of the UCSC Genome Browser (Rosenbloom et al. 2013).
In both panels, the vertical dotted line denotes the position of
rs1797052.
Genes, Brain and Behavior (2014) 13: 144–151
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ASD (McCleery et al. 2007). In summary, by these criteria,
contrast sensitivity to stimuli of low spatial frequency and
high temporal frequency is a promising endophenotype of
schizophrenia and ASD.
Our results suggest that variation in PDZK1, situated in
the 1q21.1 susceptibility region for schizophrenia and ASD,
affects visual sensitivity to stimuli of low spatial frequency
and high temporal frequency in a psychologically normal
population. While this study had appropriate power to detect
effects of the size observed for the marker rs1797052
(see Supporting Information), it is nonetheless likely that
our estimate of effect size is inflated to some extent by
the so-called winner’s curse (Lohmueller et al. 2003), and
this should be considered in the design of confirmatory
studies. Replication in an independent panel will be a critical
next step in using our findings to inform future functional
investigations. Such functional research should focus on
identifying and clarifying the biological mechanisms, such
as neuroligin and NMDA receptor function, through which
PDZK1 might exert its pleiotropic effects.
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Appendix S1. Details of five genomic regions suggestive
of association with frequency-doubled grating sensitivity.
Table S1: Genotyped SNPs showing evidence of association with frequency-doubled grating sensitivity.
Table S2: Imputed SNPs showing evidence of association
with frequency-doubled grating sensitivity.
Figure S1: Power analysis of this study. (a) Power to detect
a nominally significant association (P < 5 × 10−7 ). Effect size
is the coefficient of determination (R 2 ) between the causal
variant and the phenotype. The red line illustrates the case in
which the causal variant is in perfect linkage disequilibrium
(r 2 = 1.00) with a genotyped SNP; the dashed lines illustrate
cases where the causal variant is in imperfect linkage
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disequilibrium with a genotyped SNP, r 2 = 0.95–0.05 (in
steps of 0.05). (b) Power to detect a suggestive association
(P < 10−5 ). (c) Histograms showing the expected proportion
of known SNPs for which the maximum r 2 with a genotyped
SNP falls in 1 of 11 bins; the red bar shows the expected
proportion of known SNPs in perfect linkage disequilibrium
with a genotyped SNP. Data are from Spencer et al. (2009) for
the Illumina 610K assay, which has slightly lower coverage
than the assay used in this study.
Figure S2: Principal components entered as covariates in
the analysis to correct for residual population stratification.
(a) Three-dimensional scatter plot of participants on the first
three principal component (PC) axes. Individuals are colorcoded according to the population cluster assigned during
hierarchical cluster analysis using pairwise identity-by-state
(IBS) as the distance metric. These clusters were used
to control for population stratification in the permutation
procedure. (b) Histograms of individual PC score on the first
three PC axes. Six individuals had PC scores between 0.2
and 0.5 on the third PC.
Figure S3: Manhattan plots of 2.5-Mbp supplementary
genomic regions suggestive of association with frequencydoubled grating sensitivity. Top: negative logarithm of the
linear association test P value for each SNP plotted against
position on the chromosome. Genotyped SNPs are shown
as red icons; imputed SNPs are shown on a scale from
white to black, with darkness proportional to confidence in
the imputation. Middle: fine-scale recombination rate (dark
solid line) and cumulative genetic distance from index SNP
marker (red dashed line) estimated from 1000 Genomes
Phase I data (Abecasis et al. 2010). Bottom: genes in the
region, with exons shown as vertical rectangles. In all panels,
vertical dotted lines mark the boundaries of the subregion
of interest. (a) Chromosome 2p12 association region
centered on SNP marker rs11683503. (b) Chromosome 2q34
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association region centered on SNP marker rs1510552. (c)
Chromosome 2q36.1 association region centered on SNP
marker rs10498101. (d) Chromosome 2q37.1 association
region centered on SNP marker rs2233375. (e) Chromosome
12q13.2 association region centered on SNP marker
rs12230513.
Figure S4: Contrast sensitivity as a function of genotype at
index SNP markers for each supplementary genomic region
suggestive of association with frequency-doubled grating
sensitivity. Individual sensitivities are shown as crosses,
and genotype means are shown as open icons, with error
bars representing ±1 standard deviation. The dashed line
is derived by linear regression of sensitivity on genotype.
Genotype labels below the axes refer to individuals homozygous for the major allele, heterozygous individuals, individuals homozygous for the minor allele and individuals with
missing genetic data, respectively. Below each genotype
label is the number of individuals called with that genotype who have non-missing and missing phenotypic data,
respectively. (a) SNP marker rs11683503 on chromosome
2p12. (b) SNP marker rs1510552 on chromosome 2q34. (c)
SNP marker rs10498101 on chromosome 2q36.1. (d) SNP
marker rs2233375 on chromosome 2q37.1. (e) SNP marker
rs12230513 on chromosome 12q13.2.
Figure S5: Signal intensity cluster plots for SNPs
suggestive of association with frequency-doubled grating
sensitivity. All genotyped participants are shown; individuals
included in the analysis are represented by circles, and
individuals excluded on the basis of genetic quality control
are represented by crosses. Major homozygotes are shown
in blue, heterozygotes in purple, minor homozygotes in red
and unsuccessfully called genotypes in black. Shaded regions
are the minimum ellipses that bound all individuals called for
a genotype.
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