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Genetic analyses

Whole venous blood samples were collected and genomic
DNA was extracted according to standard procedures. The
structure and integrity of the OPN1LW/OPN1MW gene
cluster on the X-chromosome were investigated by three
methods, representing different groups of authors: Method 1
(performed by S.K. and B.W. in 12 of the 20 patients; Patients
1–4, 7–10, 15, 16, 19, 20) used a two-tiered testing scheme.
The first-tier screened for large genomic deletions at the
OPN1LW/OPN1MW gene cluster and the upstream locus
control region (LCR), the presence of single or multiple opsin
gene copies, and the presence or absence of the common
point mutation c.607T > C p.C203R. Briefly, duplex poly-
merase chain reactions (PCRs) including primers for the
tested fragment and an autosomal control fragment were
performed for (1) a sequence defined as the common overlap
of known deletions of the LCR (Nathans et al., 1989, 1993), (2)
the OPN1LW promoter, and (3) the OPN1MW promoter to
test for large genomic deletions and the presence of single or
multiple opsin gene copies. In addition, two PCR fragments
for exons 4 and 5, respectively, for both OPN1LW and
OPN1MW were amplified and digested with BstUI and RsaI,
respectively. The restriction fragment length polymorphism
(RFLP) in exon 4 via BstUI analyzed for the c.607T > C
p.C203R mutation, while the RFLP in exon 5 via RsaI ad-
dressed the dimorphism at amino acid position 277—p.Y277
being specific for the OPN1LW gene and p.F277 for the
OPN1MW gene. Second-tier testing (not necessary for the
cases reported in this study) analyzed for other deleterious
point mutations or haplotypes in cases with either single or
multiple structurally intact gene copies. Primers and condi-
tions are available upon request.

In Method 2 (performed by R.B.H. and Z.M.A. in 7 of the
20 patients; Patients 5, 6, 11–13, 17, 18), there was sequencing
of the LCR, promoter, and OPN1MW and OPN1LW genes.
Primers flanking 300–500 bp segments were designed to
amplify exons, the immediate 500 bp of 5¢ promoter, the
37 bp core LCR sequence, and interval sequences spaced
every *1 kb from the promoter to *9 kb upstream of the
first opsin gene. PCR and DNA sequencing was performed
as described ( Jaworek et al., 2012). Briefly, PCR products
were amplified using 50 ng DNA, with standard PCR re-
agents (Genscript) or AmpliTaq gold (Invitrogen), on an ABI
Veriti Thermocycler (Applied Biosystems). A portion of
amplified products were electrophoresed and measured on a
2% agarose gel. PCR products were precipitated and se-
quencing PCR performed using BigDye Terminator Ready
Reaction Mix (ABI Biosystems). PCR primer sequences and
conditions are available upon request. To evaluate for dele-
tions, the presence or absence of PCR products was
checked—spaced every *1 kb of the 9 kb region upstream of
the first opsin gene. Deletion size was estimated by the ab-
sence of sequential PCR products (assumed to be en-
compassed by the deletion). To confirm the absence of the
LCR, three overlapping primer pairs were designed to am-
plify the core 37 kb segment and surrounding LCR. Deletion

endpoints were mapped by designing forward and reverse
primers flanking the region of the absent PCR products.
Real-time PCR (RT-PCR) was used to determine the number
of genes in the array, and the order of OPN1LW and
OPN1MW genes was determined (Neitz and Neitz, 2011).
Briefly, a quantitative RT-PCR assay was employed to esti-
mate the relative ratio of first versus downstream genes in
the X-chromosome opsin gene arrays. Quantitative RT-PCR
was also used to estimate the relative ratio of L to M genes in
each X-chromosome array.

Method 3 (performed by J.C.G. and A.J.H. in P14) has been
described (Gardner et al., 2010).

In vivo microscopy of human retina

Cross-sectional images of the retina were obtained with a
spectral-domain optical coherence tomography (OCT) in-
strument (RTVue-100; Optovue Inc.). Some ONL data were
obtained with other OCT systems (Bioptigen Inc. and Hei-
delberg Engineering GmbH). Overlapping, nonaveraged, 9-
mm-long scans were used to study the retina along the
vertical meridian through the fovea. Raster scans (6 · 6 mm,
101 lines with 513 longitudinal reflectivity profiles [LRPs]
each) centered at the fovea provided high-density coverage
of the macula. Scans were analyzed with custom programs
(MatLab 7.5; MathWorks). For the outer retinal sublaminae,
signal peak assignments were based on our previously
published work (Aleman et al., 2008; Jacobson et al., 2009,
2013; Maeda et al., 2009; Cideciyan et al., 2011; Sakami et al.,
2011) and those of others (Hood et al., 2009; Zhang et al.,
2011; Birch et al., 2013) and were consistent with hypotheses
on the correspondence between OCT signals and histologi-
cally defined layers (Huang et al., 1998; Jacobson et al., 2003;
Spaide and Curcio, 2011) and interpretations of ultrahigh
resolution AO OCT scans (Kocaoglu et al., 2011). Specifically,
outer retinal sublaminae were assumed to include (a) a hy-
perreflective layer at the outer plexiform layer; (b) a hypore-
flective layer at the outer nuclear layer; (c) a hyperreflective
layer at the outer limiting membrane; (d) a hyperreflective layer
near the junction of inner and outer segments possibly corre-
sponding to the ellipsoid region of inner segments; (e) a hy-
perreflective layer near the interface between cone outer
segments and contact cylinder (extrafoveal) or apical processes
(foveal) of the retinal pigment epithelium (RPE); (f ) a hyperre-
flective layer near the interface between rod outer segments and
RPE apical processes; and (g) a hyperreflective layer near the
interface between basal RPE and Bruch membrane. Layer (f )
could merge into layer (e) and become a single layer at the
foveola in normal subjects. Outer nuclear layer thickness was
defined as the distance from (a) to (c), cone outer segment
thickness from (d) to (e), and rod outer segment thickness from
(d) to (f ). Normal subjects (n = 22; age range 8–62 years) in-
cluded a subset (n = 15) with spherical errors + 2 to - 4 D, and
another subset (n = 7) with high myopia, - 5 to - 10 D.

Adaptive optics imaging of the photoreceptor mosaic

A previously described adaptive optics scanning laser oph-
thalmoscope was used to image each subject’s photoreceptor



mosaic (Dubra and Sulai, 2011). Image sequences of 150 frames
were recorded at each retinal location using a 775 or 796 nm
superluminescent diode, and an internal fixation target was
used to guide the subjects’ fixation for imaging of different
retinal locations. Intraframe distortion caused by the sinusoidal
motion of the resonant optical scanner was estimated from
images of a Ronchi ruling and subsequently removed by re-
sampling each frame of the raw video over a square pixel grid.
After desinusoiding, a reference frame with minimal intraframe
eye motion was manually selected from each image sequence
for subsequent registration using a previously described strip-
based registration method (Dubra and Harvey, 2010). Each
frame was divided into strips, and each strip was registered
against the reference frame by finding the relative position that
maximized the normalized cross-correlation between them
(Dubra and Harvey, 2010). The registered frames were then
averaged to create a single high signal-to-noise image for each
image sequence, with between 40 and 50 frames being averaged
to produce the final image at each retinal location.

The registered images for each subject were combined into
a single montage (Adobe Photoshop; Adobe Systems, Inc.),
which was then registered to an image of the fundus ex-
ported from the Cirrus HD-OCT system (Carl Zeiss Meditec).
This was done to determine the absolute location of the in-
dividual images within the montage with respect to the
fovea. Axial length measurements were obtained for all
subjects using an IOL Master (Carl Zeiss, Inc.). Normal
subjects (n = 17; age range 20–36 years; axial length 22.46–
27.98 mm) were imaged as controls: 11 were imaged at 0.5
and 0.8 mm, 4 were imaged at 1.5 mm, 1 was imaged at all
three parafoveal locations, and 1 was imaged at the foveal
center and 0.5 and 0.8 mm.

For 13 of the controls and 2 patients (P6, P11), cone density
was measured at 0.5 and 0.8 mm superior to the fovea using
manual selection of cones, and in five of the controls and one
of the patients (P11), both cone and rod density was mea-
sured at 1.5 mm. In the parafovea, density was measured
over an 80 lm · 80 lm sampling window, which was chosen
because the cone mosaic was relatively sparse in the two
patients, and it was necessary to use a sampling window
large enough to avoid capturing local inhomogeneity of the
residual cone mosaic.

Spectral sensitivity function

Spectral sensitivity functions were measured in normal
subjects (n = 3, age range 31–50) and BCM P15 using a
modified perimeter with methods previously described
(Cideciyan et al., 1997, 1998, 2000; Jacobson et al., 2013). In
brief, a 1.7� (equivalent to *0.5 mm on the retina) diameter,
200-msec-duration test stimulus spectrally shaped by inter-
ference filters (7–12 nm full width at half maximum, de-
pending on wavelength) was used. In normal subjects,
stimuli were presented at 0.6 mm superior retina with the use
of an offset dim fixation. In BCM, stimuli were presented at
the center of four dim fixation lights. Thresholds are reported
normalized to energy. Spectral sensitivity functions for rods
and S and L/M cones are also shown in terms of relative
energy. Spectral sensitivity functions were recorded under
dark-adapted conditions and on increasing levels of achro-
matic backgrounds. Sensitivities were fit by eye with scoto-
pic and photopic luminosity functions, and S-cone spectral

sensitivity function (Stockman et al., 1999). Note that normal
subtractive cone–cone interactions on brighter background
lights cause relative reduction of the sensitivity to the 560 nm
stimulus compared with neighboring 500 and 600 nm sam-
ples (Sperling and Harwerth, 1971).
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