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Introduction

Results

Red-green colorblindness is an umbrella term for
several
X-chromosome-linked
color
vision
deficiencies highly prevalent among men. These
conditions encompass a spectrum of severity, and
many men with less severe manifestations are
unaware that they have color vision deficiencies at
all. The vast majority of red-green colorblindness in
humans is due to variation in the X-chromosome
medium and long wave opsin genes, OPN1MW and
OPN1LW. These genes are derived from a
relatively recent gene duplication and share 98%
similarity by nucleotide sequence. The nucleotides
that are divergent between these genes are
disrupted in red-green colorblindness, making the
creation of colorblindness-informative gene-specific
probes difficult and rendering this region uncovered
by most standard genotyping arrays.

Custom genotyping probe design
The custom probes designed to assay differences between the OPN1MW and OPN1LW genes (Figure 2) exhibited
a unique intensity distribution different from typical probes and were not well called by the default Illumina calling
algorithm. In most of these custom probes, the large majority of non-colorblind individuals were associated with an
intensity pattern usually associated with heterozygous calls and most colorblind individuals had probe intensities
usually associated with homozygous calls (Figure 3)
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Figure 2. Location and type of probes used for OPN1MW/OPN1LW genotyping. Red lines indicate probes custom-designed designed to assay differences between these
genes. Black lines indicate probes already present on the Illumina genotyping array. Spacing has been increased between some adjacent probes to enable readability.

23andMe has created custom genotyping probes to
detect variants in these two genes. In parallel, we
have also collected self-reported colorblindness
status from over 350,000 male research
participants and developed a custom 8-plate
Ishihara color perception test completed by more
than 40,000 participants. We used the Ishihara
survey data and custom genotyping probes to
develop
genetic
prediction
models
for
colorblindness and validated these models using
the self-reported data.

Methods
Genotyping
We designed Illumina genotyping array probes to
bind to both the OPN1MW and OPN1LW genes
and assay nucleotides that differed between the
two genes, essentially treating legitimate nucleotide
differences between closely homologous genes as
SNPs. For predictive model building, we also
included all SNPs on our array near either gene.
Colorblindness classification
Research participants were asked which number
they saw in 8 Ishihara plates1 (Figure 1). Answers
indicating full colorblindness were defined as any
incorrect answer entered by at least four times as
many men as women. Answers indicating partial
colorblindness were obtained from the literature1.
All survey respondents were then binned into not,
partial colorblind or fully colorblind groups.
Genetic models
We obtained raw intensity data from the relevant
probes and transformed it into a polar coordinate
system. Using a dataset of all male research
participants who had completed the Ishihara
survey, we trained a multinomial logistic model to
predict no, partial or full colorblindness. We
validated this model against self-reported
colorblindness data in a separate set of customers.

Figure 1. The eight Ishihara color plates
used to assay colorblindness

Figure 3. Plots of probe intensity for a representative probe (chrX:153416315). First plot: male Ishihara survey respondents colored by Ishihara
survey response. Second plot: colorblindness self-report respondents colored by reponse. Third plot: 2D histogram of probe intensities for research
participants who self-reported colorblind. Fourth plot: 2D histogram of probe intensities for research participants who self-reported not colorblind.

Genetic models of colorblindness
We fit a multinomial logistic model to predict colorblindness status from the Ishihara survey using the genetic data
(mean accuracy = 0.957). We then validated the model using self-reported colorblindness data in a separate holdout group. Self-reported colorblindness data was highly correlated (r2=0.998, p-value=1.24-61) with Ishihara survey
full colorblindness and less correlated (r2=0.991, p-value=4.33-43) with a composite full-or-partial Ishihara outcome
(Figure 4). Interestingly, groups of men with the top 5% of model scores exhibited more colorblindness of any type
from the Ishihara survey versus self-reported colorblindness. Using the hold-out testing cohort, we interrogated the
model predictions to determine the proportions of correct predictions for each predicted model outcome (Figure 5).

Figure 4. Survey correlation by model quantile. For these plots, all research participants
in a test set not used to train the model were split into 50 even quantiles sorted by
model result. Most of these quantiles have an average of 0 colorblindness and are in the
bottom left corners. First plot: for each group of research correspondents, the proportion
of respondents with a full colorblind result from the Ishihara survey (Y-axis) are plotted
against the proportion of respondents in the same group who self-identified colorblind.
Second plot: similar, except the Y-axis is a full or partial colorblindness result.

Discussion

Figure 5. For each possible model prediction (not colorblind, partially colorblind or
fully colorblind), the proportion of actual Ishihara survey results for each predicted
result in a group separate from the model training group.

Here we show a successful genetic prediction of colorblindness using probe intensity data from custom
genotyping probes designed to assay differences between two nearly homologous genes. Using this genetic data,
we train models to predict colorblindness and validate these models in a separate cohort. This method of probe
design could be used elsewhere to analyze differences between highly homologous genes. Additionally, the
successful use of intensity data for genetic prediction even in the absence of clearly defined genotype calls
suggest that intensity data can be used to extract predictive power even in hard-to-call regions.
Finally, we show that groups of men at high genetic likelihood for colorblindness exhibit a higher proportion of
colorblindness on the Ishihara color plate test than on self-report. We believe that this could indicate that there
exists a population of men with either partial or full colorblindness who are unaware of their status but who could
be indicated by genetics. 23andMe hopes to deploy a genetic colorblindness report to identify at-risk men and
send them to qualified professionals for in-depth diagnosis.
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