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Abstract

Genetic variation in melanocortin-1 receptor (MC1R) is a known contributor to disease-free red hair in humans. Three
loss-of-function single-nucleotide variants (rs1805007, rs1805008 and rs1805009) have been established as strongly
correlated with red hair. The contribution of other loss-of-function MC1R variants (in particular rs1805005, rs2228479 and
rs885479) and the extent to which other genetic loci are involved in red hair colour is less well understood. Here, we used
the UK Biobank cohort to capture a comprehensive list of MC1R variants contributing to red hair colour. We report a
correlation with red hair for both strong-effect variants (rs1805007, rs1805008 and rs1805009) and weak-effect variants
(rs1805005, rs2228479 and rs885479) and show that their coefficients differ by two orders of magnitude. On the haplotype
level, both strong- and weak-effect variants contribute to the red hair phenotype, but when considered individually,
weak-effect variants show a reverse, negative association with red hair. The reversal of association direction in the
single-variant analysis is facilitated by a distinguishing structure of MCIR, in which loss-of-function variants are never
found to co-occur on the same haplotype. The other previously reported hair colour genes’ variants do not substantially
improve the MC1R red hair colour predictive model. Our best model for predicting red versus other hair colours yields an
unparalleled area under the receiver operating characteristic of 0.96 using only MCIR variants. In summary, we present a
comprehensive statistically derived characterization of the role of MC1R variants in red hair colour and offer a powerful,
economical and parsimonious model that achieves unsurpassed performance.

a critical component of skin and hair pigment biosynthesis.
Upon ligand binding, it signals for the activation of adeny-

Introduction

Melanocortin-1 receptor (MCIR) is a seven-transmembrane G
protein-coupled receptor, encoded by the gene MC1R on 16q24.3
(1). Endogenously activated by the melanocyte-stimulating hor-
mone and the adrenocorticotropic hormone, this receptor is

lyl cyclase, which increases cyclic adenosine monophosphate
(cAMP) production and leads to the assembly of a multi-protein
complex, stabilized by the P gene protein (2). The multi-protein
complex is directly responsible for the conversion of precursor
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Figure 1. Previously reported variants in MC1R associated with red hair. The colour-coded circles in the figure correspond to the wild-type amino acid residues that are
changed in the variants at the positions and to the resulting residues as specified here. High-penetrance R variants are in yellow: D84E (rs1805006), R142H (rs11547464),
R151C (rs1805007), 1155T (rs1110400), R160W (rs1805008) and D294H (rs1805009), and low-penetrance r variants are in green: V60L (rs1805005), V92M (rs2228479) and
R163Q (rs885479). Frameshift variants N29insA (rs312262906), 179insC (rs555179612) and Y1520CH (rs201326893) are in red. Image courtesy of GPCRdb.org.

DOPAquinone to eumelanin, otherwise preferentially converted
to phaeomelanin (3,4). The eumelanin-to-phaeomelanin ratio
determines skin and hair colour in humans and coat colour in
other mammals (4-7).

A connection between non-synonymous polymorphisms in
MC1R-encoding gene and human hair colour was first estab-
lished by Valverde and colleagues in 1995 (6). In the compendium
of literature on MCIR variants and human pigmentation pub-
lished during the past 22 years, several conclusions are apparent:
1. all human MC1R functionally characterized nonsynonymous
variants confer a loss of function (of varying degrees); 2. the
variants with the highest functional effect demonstrated in vitro
confer red hair colour and sun-sensitive skin with poor tanning
ability; 3. these traits are expressed on different genetic back-
grounds and skin pigmentation profiles indigenous to differ-
ent geographic locations; 4. the model of inheritance for these
pigmentation phenotypes is recessive with a dose-dependent
effect, i.e. simple heterozygotes may exhibit a shade of red that
lies between wild-type and variant homozygote or compound
heterozygote extremes (8,9); 5. MCIR variants are necessary to
express a disease-free red hair phenotype (10).

Although MC1R is an unusually polymorphic gene (11), only
two of its high-penetrance variants, rs1805007 and rs1805008
(@amino acid changes R151C and R160W, respectively), are
prevalent across all populations studied for red hair (12-15).
Additionally, rs1805009 (D294H) has a noticeable presence in
the British Isles and in the Netherlands (6,12,16). Aside from
these three variants, six rare high-penetrance variants have been
observed in various populations: rs1805006 (D84E), rs11547464
(R142H), rs1110400 (I155T), rs312262906 (N29insA, merged into
15796296176), 1s555179612 (179InsC) and rs201326893 (Y1520CH)
(8,16,17). These nine variant alleles have been nicknamed
‘RHC’ or ‘R’ alleles to denote their high penetrance and strong
association with the red hair colour (13), and individuals who are
homozygous or compound heterozygous exhibit pure red hair
in up to 96% of cases (18). Furthermore, three nonsynonymous
low-penetrance common MCIR variants—rs1805005, rs2228479
and rs885479 (V60L, V92M and R163Q, respectively)—have been

reported and designated ‘r’ alleles (19). These vary in their minor
allele frequency (MAF) across different populations and have
been found to have a correlation with red hair ranging from
weak (19-21) to none (8,13). All 12 variants are marked in the
MC1R schematic (Fig. 1).

MC1R variant distribution differs widely between different
parts of the world. The highest frequency of R alleles is observed
in Northern Europe, whereas in more sun-exposed geographic
regions, R alleles are very rare. Nevertheless, red-haired carriers
of R alleles have been reported among European descendants
in South Africa (22) and Australia (19), darker-skinned Southern
Europeans (15), a darker-skinned Mongolian family (23) and black
Jamaicans (14). On the other hand, r variants rs2228479 and
rs885479, which are not known to have a strong effect on red
hair, appear to be highly prevalent, reaching frequencies up to
73% in East Asia (24,25).

Several studies have reported cellular assays showing func-
tional impairment for versions of MC1R carrying the common six
variants: rs1805007, rs1805008, rs1805009, rs1805005, rs2228479
and rs885479 (26,27). While these studies diverge on the extent of
some functional effects, there is consensus on the receptor’s sig-
nalling for cAMP production, in which the first three (R) variants
confer considerable impairment and the latter three (r) show
milder effects (27-29). The variants have also been classified in
silico according to their cross-species conservation (SIFT) and
according to their predicted structural alterations (PolyPhen) as
tolerant and intolerant, with R alleles predictably falling in the
latter category (30,31). The only two known complete loss-of-
function (or null) variants are rs312262906 and rs555179612 (17).

Here, we sought to exploit the statistical power of the 500 000
individuals in the UK Biobank (UKBB) (32) to answer several
outstanding questions regarding red hair genetics: 1. whether
nonsynonymous (amino-acid-changing) coding-region MCIR
variants are the primary effectors of the red hair phenotype,
2. whether r variants have any quantifiable contribution to
this phenotype, 3. whether variants in other genes have any
contribution to red hair beyond MCIR and 4. whether MC1R
variants have an effect on other hair colours. In addition, we
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Table 1. mRMR-ranked MC1R variants in red versus dark hair colour
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mRMR rank Variant Function MAF Info score Penetrance mRMR score
1 151805007 Missense 1.03e-2 1 R 1.28e-1
2 151805008 Missense 8.3e-2 1 R 3.58e-2
3 151805009 Missense 2.8e-2 0.93 R 2.17e-2
4 152228479 Missense 9.7e-2 1 T 8.4e-3
5 15312262906 Frameshift 5.5e-3 0.82 R 7.1-e3
6 1511547464 Missense 7.2e-3 1 R 4.4e-3
7 15885479 Missense 4.6e-2 1 r 4.1e-3
8 151805006 Missense 1.22e-2 1 R 3.56e-3
9 1s555179612 Frameshift 1.93e-3 1 R 3.25e-3
10 151805005 Missense 1.11e-1 1 T 2.45e-3

The designations R, high-penetrance, and r, low-penetrance, are based on previously reported associations with red hair. Info score is a measure of imputation quality.

Table 2. GLM output for single-variant associations with red versus dark hair

Additive model Recessive model

Variant MAF Info score Penetrance Effect (OR) P-value Effect (OR) P-value
15312262906 5.51e-03 0.82 R 9.95 <2e-16 NA NA
151805005 1.11e-01 1 T 0.3446 <2e-16 0.1036 <2e-16
151805006 1.22e-02 1 R 3.477 <2e-16 10.63 2.81e-9
152228479 9.72e-02 1 T 0.1086 <2e-16 0.03357 <2e-16
1511547464 7.16e-03 1 R 4.67 <2e-16 346.7 2.30e-8
151805007 1.03e-01 1 R 12.74 <2e-16 272.1 0
151805008 8.25e-02 1 R 5.119 <2e-16 35.57 0
15885479 4.62e-02 1 T 0.163 <2e-16 0.100 1.99e-8
151805009 2.78e-02 0.93 R 6.658 <2e-16 648.1 <2e-16
15555179612 1.93e-03 1 R 10.56 <2e-16 NA NA
15201326893 2.56e-04 1 R 10.12 <2e-16 NA NA
151110400 1.08e-02 0.98 R 1.320 4.96e-9 0.684 0.607

The designations R, high-penetrance, and r, low-penetrance, are based on previously reported associations with red hair. Effect size, here, OR > 1 denotes a positive
association with red hair, and OR < 1 denotes a negative association with red hair. Association statistics are listed as NA, not available, for the recessive model for rare
frameshift variants because there were no individuals homozygous for the minor allele at these variants. Info score is a measure of imputation quality.

aimed to develop a high-powered statistical model trained on
this data set using only MC1R variants as predictors.

Results
Association analysis for MC1R variants and red hair

First, we sought to confirm the previously reported variants as
the primary effectors of the red hair phenotype. We used the
minimum redundancy maximum relevance (mRMR) algorithm
to determine whether the explanatory power for this phenotype
(red versus dark hair) lay primarily in the coding region
and with nonsynonymous variants. Although the algorithm
was run on all imputed MCIR variants, the 10 top variants
in the output (Table 1) were indeed nonsynonymous coding
region variants, 8 missense (rs1805007, rs1805008, rs1805009,
152228479, 1511547464, rs885479, rs1805006 and rs1805005) and
2 frameshift (rs312262906 and rs555179612) (Fig.1). Seven of
these variants (rs1805007, rs1805008, rs1805009, rs312262906,
rs11547464, rs1805006 and rs555179612) have been previously
reported as high penetrance (R) and the remaining three
(rs2228479, rs885479 and rs1805005) as low penetrance (r). Thus,
all the known common r variants and seven of nine known R
variants were selected by our mRMR algorithm among the top
discriminators of red hair.

Second, we passed each of these variants and the two other
previously reported R alleles (rs201326893 and rs1110400) to a

generalized linear model (GLM) to ascertain the probability of
the dichotomous outcome—red versus dark hair—as well as
determine the direction of their effect on red hair. The results
are presented in Table 2. In confirmation of the well-established
recessive model of inheritance for red hair, the effect size of
R variants is substantially larger for the recessive model than
for the additive model. While previous publications have dis-
agreed on the effect of common r variants (rs1805005, rs2228479
and rs885479), with most reporting them as either silent or
weakly associated with red hair, our results show for r alleles—
surprisingly—a negative, significant correlation with red hair
(and therefore positive correlation with dark hair), and for R
alleles, the expected positive, significant correlation with red
hair.

Assessment of independent effects of r alleles

Next, we tested if the haplotypic structure of MCIR could be
a possible explanation for the negative correlation between
r alleles and red hair in the above analysis. The variants in
the coding region have been reported to exhibit almost no
pairwise linkage disequilibrium (LD, as measured by r-squared)
in individuals with European ancestry (33). To reproduce
and explore this finding, we visualized the LD pattern with
variants included in Table 2 in Haploview (Fig.2). Of note,
frameshift variants rs312262906, rs555179612 and rs201326893
had insufficient MAFs (5.5e-3, 1.93e-3 and 2.56e-4) to be included



2096 | Human Molecular Genetics, 2019, Vol. 28, No. 12

[ L1 [ TTLL ]

= rs1805005
N rs1805006
W rs2228479
& rs11547464
« rs1805007
o rs1110400
~ rs1805008
@ rs885479

w rs1805009

94 99 96 65 84 72
99 96 95 59

96 98 94 99 96
88 99
98
99 98
91

Figure 2. LD plot for 12 MCIR variants. Metric coding: value in diamonds = D/;
colour scheme: r-squared (white = 0, red = 1 [here none]).

in LD determination by Haploview. While, consistent with
previous reports, we did not observe any correlation as measured
by r-squared (diamond colour in the LD plot, Fig. 2), we did see
strong LD between all included variants using the D’ measure
(value inside the diamond, Fig. 2), which denotes the pairwise LD
coefficient with the range unaffected by the difference in MAFs
(r canrange from —1 to 1 only when both MAFs are the same). Our
results indicate that given all existing >1%-frequent haplotypes
in this region (Table 3), no two variants’ minor alleles co-occur
on the same haplotype/chromosome. It follows that having any
one variant allele precludes the possibility of having another one
on the same chromosome. By extension, being heterozygous for
an r variant allele means at most being heterozygous for one R
variant allele, and being homozygous for an r effectively nullifies
the chance of having any R variants and therefore drastically
reduces the chance of having red hair. This finding suggests
that the negative association coefficient for r variants may be
indicative of the absence of R minor alleles rather than of their
own direct effect on red or dark hair.

In this branch of investigation, it remained to answer the
question whether the contribution of r alleles to red hair was
truly negative or whether it was positive but dwarfed by that of
Rvariants. To this end, we ran two types of analyses to test for the
independent contribution of r variants to the red hair phenotype.
First, we ran a haplotype association analysis, and second, we
ran regression on r allele count while holding the count of R
minor alleles constant. Haplotype association analysis showed
that each haplotype was positively associated with red hair
(Table 4). In other words, each variant’s minor allele, whether R
orr,on a wild-type background of all other variants’ major alleles
in this haploblock was correlated with red hair. However, based
on odds ratios (ORs), r variant contribution to red hair is up to
two orders of magnitude lower than R variant contribution.

In the second set of analyses, we analysed for association of
r variant minor alleles in the separate subsets of people with the
total count of all R variant alleles equalling 0 and 1 and compared
them to the full sample. The results (Fig. 3A) show that with <1
minor allele at all R variants considered together, r allele count
is positively associated with red hair. In other words, r alleles
mildly contribute to red hair on the background of a wild-type

Table 3. Haplotypes of MC1R variants above MAF 0.001

HF

15555179612 1rS201326893 rs1110400

151805008 15885479 151805009

rs1805007

1511547464

152228479

1$312262906 rs1805005 1s1805006

Haplotype

5.0e-1

1.2e-1

9.5e-2

8.9e-2

7.3e-2

4.9e-2

2.2e-2

1.3e-2

1.1e-2

7.0e-3

10
11
12

4.2e-3

CA

1.6e-3

TC

In each haplotype, the minor allele is highlighted in boldface-italics. The top haplotype is wild type. Every other haplotype carries only one variant’s minor allele. HF is haplotype frequency.



Table 4. Haplotype associations with red versus dark hair

Variant Frequency Effect (OR) P-value
1 5.0e-1 0.89 <2.0e-16
2 1.2e-1 3.36 <2.0e-16
3 9.5e-2 0.91 0.070

4 8.9e-2 143.74 <2.0e-16
5 7.3e-2 75.19 <2.0e-16
6 4.9e-2 0.92 0.256

7 2.21e-2 105.11 <2.0e-16
8 1.25e-2 56.26 <2.0e-16
9 1.12e-2 18.12 9.65e-9
10 8.7e-3 5.98 <2.0e-16
10 7.0e-3 82.43 <2.0e-16
11 4.2e-3 776.66 <2.0e-16
13 1.8e-3 1.20 <2.0e-16
12 1.6e-3 1004.25 <2.0e-16

Effect size, here, OR > 1 denotes a positive association with red hair. The most
frequent haplotype (no.1 in Table 3) was used as the baseline against which all
variant haplotypes were compared.

homozygous or a single heterozygous R genotype. In fact, the
effect size of r variant count is higher on the background one R
copy, suggesting that, expectedly, the contribution of r variants to
red hair colour is stronger in individuals who already have one
R allele. On the other hand, as single-variant analysis already
shows (Table 2), in the whole sample r allele count is negatively
associated with red hair.

To visualize this relationship, we plotted the red hair fre-
quency distribution as a function of r allele count separately
in two collapsed R allele count groups, 0 and 1, and in the full
sample (Fig. 3B). We can see that r allele count is positively
correlated with red hair in both OR and 1R groups but negatively
correlated with red hair in the full sample.

Our results demonstrate that while individually the two vari-
ant classes contribute to red hair, the r variant contribution is
substantially milder than that of R variants by comparison of
the magnitude of their effect coefficients. We posit that the
correlation structure between R and r variants, namely r-squared

Count of minor R alleles Effect (OR) p-value
0 2.2 2.7e-16
1 4.7 < 2.0e-16
Full set 0.18 <2.0e-16
A
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close to 0 and D’ close to 1, together with the high discrepancy in
magnitude of effect, masks the true direction of association for
the weaker-effect variants in single-variant analysis. The under-
lying direction of effect is revealed when all relevant variants
are accounted for in haplotype analysis or, as we see below (Best
predictive MCIR-based model for red hair), using multivariate
regression analysis.

Best predictive MC1R-based model for red hair

Next, we sought to construct a model with the minimal number
of MCIR variants in a GLM that would have the most predictive
power in determining the expression of red hair. For comparison,
we compiled a list of previous publications reporting red hair
prediction models (Table 5). We performed mRMR in a hold-
out set of 150 000 individuals to make an initial selection of
variables, the top 10 of which were used in the most parsi-
monious GLMs (Table 6 and Supplementary Material, Table S1
for red versus dark). The area under the receiver operating
characteristic (AUROC) curve values were 0.95 for red versus
other and 0.97 for red versus dark. (To compare directly, we
used the same 12 variants from 5 genes proposed in (41), which
gave us an AUROC of 0.93 for red versus other and 0.96 for red
versus dark.) Interestingly, while for the red versus dark com-
parison all MC1R variants have a positive association (OR > 1)
with red hair, (Supplementary Material, Table S1) in red versus
other, the association for the two r variants (rs2228479 and
rs885479) is negative (OR < 1, Table 6), signalling an effect flip
when lighter hair colours—blonde and light brown—are grouped
together with dark. We also performed least absolute shrink-
age and selection operator (LASSO) regression on the complete
set of imputed MCIR variants to take advantage of the innate
attribute selection and coefficient penalization of LASSO to min-
imize overfitting and maximize predictive performance. The
LASSO models demonstrate the best performance we achieved
in predictive modelling of the hair colour phenotype (Table 7
and Supplementary Material, Table S2 for red versus dark). The
AUROC values for LASSO models were 0.96 for red versus other
and 0.98 for red versus dark. In both non-LASSO GLMs, the top

0.18

0.16 y

—e—0R

0.14
-#- 1R

0.12

++se- Full set
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B

Figure 3. Interaction between r allele count and R allele count. Association for r allele count with red hair given an invariant R allele count in tabular (A) and graphical

(B) format.
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Table 5. Previous models for red hair prediction

Publication Year Phenotype N P MC1R Other AUROC Other
variants  variants metric
Grimes et al. (18) 2001 Red and auburn 197 0.274 14 NA NA 20.960
Branicki et al. (34) 2007 Red and blonde-red 184 0.410 32 NA NA 20.975
Branicki et al. (35) 2007 Red 390 0.240 43 NA NA 20.960
Sulem et al. (75) 2007 Red 56918 0.055 32 NA NA 60.700
Walsh et al. (56) 2013 Red, blonde-red and 1551 0.088 4 811 NA 90.800
auburn
Branicki et al. (37) 2011 Red, blonde-red and 385 0.249 102 111 0.90 12
auburn
Walsh et al. (6) 2014 Red, blonde-red and 1601 0.085 1B11 144 0.92 NA
auburn
Sochtig et al. (41) 2015 Red, blonde-red and 605 0.14 155 167 0.94 v
auburn
Caliebe et al. (39) 2016 Red tint 400 0.31 3 NA 0.75 18
Siewierska-Gorska et al. (42) 2017 Red and blonde-red 186 0.24 3 19 0.84 20
Hysi et al. (40) 2018 Red 2115015 22 238 24268 250.87; %60.84 270.35

N, sample size; P, red hair prevalence in the sample.

1rs312262906, 15555179612, 151805006, 1511547464

2precision for variant homozygous or compound heterozygous redheads
3151805007, 151805008

4151805007, 151805008, 1511547464

55704 Icelanders and 1214 Dutch

6Precision at 0.50 classification threshold

715201326893, 15312262906, rs1805006, rs11547464

8151042602 (TYR), rs4959270 (EXOC2),1s28777 (SLC45A2),rs683 (TYRP1), 1s2402130 (SLC24A4), 1512821256 (KITLG), 52378249 (ASIP), 1512913832 (HERC2), 151800407 (OCA2),

1516891982 (SLC45A2), 1512203592 (IRF4)

9Multiple linear regression highest probability hair colour category + a model for binary hair colour shade (light/dark) prediction; these two models used to make the

final prediction, red-hair prediction accuracy, reported here.

10Combined minor allele count (max. 2) at any of the high-penetrance ‘R’ variants (rs201326893, rs312262906, rs1805006, rs11547464, rs1805007, rs1805008, rs1805009)

or low-penetrance ‘r’ variants (rs1805005, rs2228479, rs1110400, rs885479)

11r512913832 (HERC2), rs12203592 (IRF4), rs1042602 (TYR), rs4959270 (EXOC2), rs28777 (SLC45A2), rs683 (TYRP1), rs1800407 (OCA?2), rs2402130 (SLC24A4), rs12821256

(KITLG), rs16891982 (SLC45A2), 52378249 (ASIP)

12gensitivity 0.78, specificity 0.95, precision 0.84, negative predictive value 0.93; 0.86 AUC for LASSO model
1315201326893, 15312262906, 51805006, 1511547464, 11805007, 151805008, 151805009, rs1805005, 52228479, 51110400, 5885479

14151042602 (TYR), 1s4959270 (EXOC2), rs28777 (SLC45A2), rs683 (TYRP1)
151511547464, rs1805006, rs1805007, rs1805008, rs1805009

161528777 (SLC45A2), 35264875 (TPCN2), 151129038, 1512913832 (HERC2), 154778138, 157495174 (OCA2), 12931267 (FANCA)

17Bayes classification

18gensitivity 0.19; specificity 0.09; accuracy 0.74; heritability for rs1805007 0.14 and for rs1805008 0.07

191516891982 (SLC45A2), s12913832 (HERC2), rs1800401 (OCA2))

203ensitivity 0.67; specificity 0.93; accuracy 0.87; positive predictive value (PPV) 0.74; negative predictive value (NPV) 0.90
217291 QIMR (Brisbane Twin Nevus Study, Australian Twin Registry, and Tasmanian Eye Study) and 7724 RS (Rotterdam Study)

22QIMR 0.054, RS 0.031, UKBB 0.047

23rsl805006, 1511547464, rs1805007, rs1805008, rs1805009, rs1805005, rs2228479, rs1110400

24(6,36) + 251 non-redundant variants in (40,56,64), Supplementary Material, Table 9

25QIMR
26Rg
27Heritability

three parameters are still the common R variants—rs1805007,
rs1805008 and rs1805009—followed by a combination of rarer
R variants, three common r variants (rs2228479, rs885479
and rs1805005) and two frameshift R mutations (rs312262906
and rs555179612). In LASSO models, we see all the known
R and r variants as well as several more nonsynonymous
variants and variants from 5 and 3’ untranslated regions
(UTRs).

Use of MC1R genotypes to discriminate between
non-red hair colours

Next, we constructed a series of models over pairwise dichoto-
mous hair colour classes to determine whether MC1R genotype

could predict other hair colours with appreciable power. GLMs
were run starting with the top-ranked variant and successively
adding other variants from the MCIR locus in decreasing order
of mRMR score (data not shown). AUROC convergence plots are
shown in Figure 4. While in all pairwise comparisons with red
hair, models reached 0.90 AUROC with 10 or fewer variants,
discrimination between other hair colours was poor, ranging
from 0.55 to 0.68 AUROC.

Contribution of other genes to red hair

To test for the contribution of other previously reported hair
pigmentation genes above and beyond MCIR variants, we took



Table 6. Predictive multivariate GLM for red versus other hair colours
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SNP ID Function MAF Info score Penetrance Effect (OR) P-value

151805007 Missense 1.03e-1 1 R 78.78 <2.0e-16
151805008 Missense 8.3e-2 1 R 35.32 <2.0e-16
151805009 Missense 2.78e-2 0.93 R 92.36 <2.0e-16
152228479 Missense 4.7e-3 1 T 0.80 2.6e-04

15312262906 Frameshift 9.7e-2 0.82 R 192.76 <2.0e-16
1511547464 Missense 7.2e-3 1 R 46.93 <2.0e-16
15885479 Missense 4.6e-2 1 r 0.78 6.1e-04

151805006 Missense 1.22e-2 1 R 31.37 <2.0e-16
1s555179612 Frameshift 1.93e-3 1 R 225.45 <2.0e-16
1576337330 5 UTR 4.9e-3 0.98 ND 0.63 1.03e-10

The designations R, high-penetrance, and r, low-penetrance, are based on previously reported associations with red hair. Effect size, here, OR > 1 denotes a positive
association with red hair, and OR < 1 denotes a negative association with red hair. Info score is a measure of imputation quality.

Table 7. MCIR variants selected by the LASSO model for red versus other hair colour

Variant Function MAF Info score RH association
151110400 Missense 1.08e-02 0.98 Yes
1511547464 Missense 7.16e-03 1 Yes
15148003355 5’ UTR 2.72e-04 0.68 No
151805005 Missense 1.11e-01 1 Yes
151805006 Missense 1.22e-02 1 Yes
151805007 Missense 1.03e-01 1 Yes
151805008 Missense 8.25e-02 1 Yes
151805009 Missense 2.78e-02 0.93 Yes
15199920775 Synonymous 1.76e-04 0.66 No
15200000734 Missense 5.44e-04 1 Yes
1s200050206 Missense 6.50e-04 0.55 No
15201326893 Frameshift 2.56e-04 1 Yes
15202197434 Frameshift 1.47e-04 0.45 No
152228478 Nonsynonymous 1.15e-01 0.996 No
152228479 Missense 9.72e-02 1 Yes
15312262906 Frameshift 5.51e-03 0.82 Yes
153212359 5" UTR 3.15e-01 0.99 No
1$3212361 5’ UTR 2.43e-01 0.99 No
1$3212371 5’ UTR 1.14e-01 0.99 No
153212379 5 UTR 7.46e-03 0.87 No
1534158934 Missense 2.61e-04 0.63 No
1534474212 Missense 4.80e-05 0.92 No
1534490506 Synonymous 1.8%e-04 0.53 No
15367985661 Synonymous 8.00e-06 0.09 No
15368507952 Missense 4.83e-04 1 Yes
15374423188 Missense 4.53e-05 0.42 No
15376670171 Missense 4.00e-05 0.31 No
1$555179612 Frameshift 1.93e-03 1 Yes
1s572754025 3’ UTR 3.47e-05 0.41 No
1s577907985 5’ UTR 7.54e-04 0.53 No
15765283788 3’ UTR 2.88e-04 0.86 No
15868197501 5’ UTR 4.00e-05 0.75 No
15885479 Missense 4.62e-02 1 Yes

Effect size, here, OR > 1 denotes a positive association with red hair. UTR is untranslated region. Info score is a measure of imputation quality, and the ‘RH association’

column shows whether a red hair association had been previously published.

the top 10 mRMR-scored MCIR predictor variants and combined
them with all of the variants from these other genes (Table 8),
one gene at a time. mRMR was then run on that combined set.
The resulting top 10 variants from MCIR and from each other
gene were used to produce Figure 5A (red versus other) and
Supplementary Material, Figure S1A (red versus dark). Figure 5B
(red versus other) and Supplementary Material, Figure S1B (red
versus dark) were generated by taking the top 10 variants from

MC1R and the top 100 variants from the other genes and pass-
ing them to LASSO, which further performed its own inherent
subspace selection. The subspace of variants from the other
genes was restricted only to improve LASSO computational time,
but because of the low information of the remaining variants,
excluding them from LASSO had no effect on the final models.
In all cases, attribute selection was preformed strictly without
knowledge of the testing set.
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Figure 4. AUROC curves for all pairwise hair colour comparison GLMs with MC1IR variants as predictors.

Table 8. Previously reported hair colour genes

Gene Gene name Citation

MCIR Melanocortin-1 receptor NA

alone

ASIP Agouti signaling protein (53-54,56,71,75)

DCT Dopachrome tautomerase (58,76)

EDNRB Endothelin receptor type B (77)

HERC2 HECT and RLD domain (37,38,39,47,48)
containing E3 ubiquitin
protein ligase 2

IRF4 Interferon regulator factor 4 (37,39,45,56)

KITLG KIT ligand (58,37,56,45)

MYOS5A Myosin VA (58,76)

OCA2 OCA2 melanosomal (37,48,38,42,47)
transmembrane protein

SLC24A4 Solute carrier family 24 (44,33,71,37,
member 4 56,45,39)

SLC24A5 Solute carrier family 24 (76)
member 5

SLC45A2 Solute carrier family 45 (51,58,52,76,
member 2 71,37,56,41)

TPCN2 Two pore segment channel 2 (75,45,41)

TYR Tyrosinase (37,48,56,72,

10,58,71,36,48)
TYRP1 Tyrosinase-related protein 1 (37,73,74)

Figure 6 and Supplementary Material, Figure S2 show the
relative importance of other genes over and above MCIR
in determining red hair. Based on the statistically highly
powered paired-sample t-test, we can confidently reject the null
hypothesis that model performance with variants from other
genes is the same as MC1R. In order to determine whether this
difference is meaningful in terms of real predictive capacity,
we compared the performance of our LASSO models to models
using top 10 MCIR variants plus top 100 variants from 1000
randomly selected genes to measure predictive performance in
red versus other hair colours (Fig. 6) and red versus dark hair
colour (Supplementary Material, Fig. S2). The same subset of

genes composes the data for both figures. It was constructed
by taking the complete list of identified genes from the US
National Center for Biotechnology Information (NCBI) database
and performing a completely unbiased, pseudorandom selection
of 1000 members. Several of the genes with a previously
reported role in hair colour perform worse than the MCIR-only
model, and their statistically significant deficiency is due to
overfitting irrelevant noise in the training sets within the cross-
validation procedure. Several that perform better lie within the
20 confidence interval for the distribution based on random
genes. In red versus other hair colour prediction, ASIP, HERC2,
OCA2 and IRF4, and to a lesser extent, POMC, SLC45A2 (and in
red versus dark hair colour, ASIP, HERC2, OCA2, and to a lesser
extent POMC, SLC45A2 and TYR), provide a lift to the models’
AUROC that lies outside the 20 confidence interval. Even the
best of the models including variants from another gene, MC1R
with ASIP, is only a 0.57% improvement in AUROC for red hair
versus other hair colour and 0.44% improvement in AUROC for
red hair versus dark hair colour, which we deemed insufficient to
sacrifice parsimony. In short, almost the entirety of the variation
in the disease-free red hair phenotype is explained by MCIR
variants alone; only 10 MC1R variants are sufficient to obtain
the best predictive capacity yet reported, and 30 MC1R variants
in a LASSO model can perform even better.

Discussion

Here, we present an in-depth analysis of the relationship
between MCIR variants and the red hair phenotype, as well
as report on an important caveat regarding the relativity of
direction of genetic associations for single variants in the
presence of a strong haplotypic structure, as exemplified by
the MCIR gene. Testing common and rare variants across
the entire gene locus has confirmed previous reports of
nonsynonymous missense variants as the primary effectors
of the red hair phenotype with additional contribution from
frameshift mutations. However, although all prior studies
agreed on the contribution of R alleles to red hair colour, the
contribution of r variants has seen conflicting evidence. Most
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Figure 6. Red versus other hair colour prediction using LASSO models with 10 MC1R and 100 top mRMR-ranked variants from 1000 randomly selected genes. All
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variants improve predictive performance above and beyond MC1R variants. The variants of these four genes and two other genes outperform MC1R-alone models with
a statistically significant difference (t-test P-values: ASIP, <le-16; HERC2, <1e16; OCA2, <le-16; IRF4, <le-16; POMC, 5.7e-10; SLC45A2, 8.3e-3).

reports have shown either a weak association with red hair or
no impact on hair colour for r alleles. Additionally, association
between r alleles and dark hair (55,56) and darker skin (57)
has been documented. Lastly, a negative association between r
alleles and red hair also has precedents. One group reported that
a comparison between r allele carriers (rs1805005 and rs2228479)
and R allele carriers/wild-type group showed a correlation with
lower red colour component in hair for the former (58), and two
groups reported an OR < 1 for r with red hair: first Raimondi
et al. in 2008 (46) and most recently, during the preparation of
this manuscript, Morgan et al. (59), who also noted that this OR
changed if R variants were included in the regression model.
Addressing conflicting previous reports regarding R and r
variants, we determined that r variant alleles do contribute to
red hair, although their contribution is much weaker by compar-
ison to R variants. Haplotype analysis demonstrated that no two

variant alleles among all R and r variants effectively co-occur;
therefore, because a higher count of r alleles lowers the chance
of R allele presence in a particular individual, regression on just
r allele count misleadingly results in a negative association with
red hair.

This illustrates an important drawback of variant-centered
analysis in the presence of a strong haplotypic structure. A vari-
ant thatis marginally protective relative to the rest of the sample
population may in reality be deleterious on the background of
ancestral haplotypes. The high LD between R and r variants,
together with the high discrepancy in magnitude of effect,
contribute to the observed effect reversal when diplotypes of
the entire MC1R locus are reduced to essentially single variants
with one of the alleles beingr. This effect reversal is known as the
flip-flop phenomenon (60,61), which may take place whenever
there is a joint effect of multiple variants acting on a phenotype
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but only a subset of them is analysed for single-variant genetic
association with the phenotype (62). Therefore, an important
outcome of our study is the discovery that small-effect variants
of the MCI1R locus have their direction of effect flipped in
single-variant association, which is rectified in multivariate
analysis. This study thus exemplifies a phenomenon emergent
in a large population with many rare genetic variants of strong
effect size, in which the population phenotypic mean may
become sufficiently elevated for the weaker rare-susceptibility
variants to appear protective on the background of the overall
prevalence of the phenotype. Caution is always advisable in
interpreting the direction of effect in genome-wide association
analyses without considering that joint effects of many loci may
be at work.

We also tested MCIR variants in pairwise comparisons for
all available hair colour phenotypes to determine their possible
contribution to colours other than red. In addition to the asso-
ciations with darker hair and skin for rs1805005 and rs2228479
mentioned above, prior publications have reported weak associ-
ation for rs1805005 with blonde hair in (34,36,63). However, our
results show that compared to red hair, the predictive power
of MCIR variants for other hair colours is very weak (Fig.4)
and could not be reliably used for the purposes of identifying
a missing individual’s phenotype. The higher AUROC for light-
dark hair colour models compared to light-light and dark-dark
could be explained by some overlap between strawberry blonde
and blonde, as well as auburn with light brown, thereby giving
some discriminatory power to the model for the red component
in the latter hair colour in each pair. MC1R variant alleles are,
expectedly, least informative in discriminating between dark
brown and black hair, neither of which is likely to be contami-
nated by red hair colour.

Since 2001, MC1R variants have been exploited in forensic sci-
ence to predict hair colour of missing individuals in police inves-
tigations. Of the relevant publications summarized in Table 5,
the first two (18,34) relied on exclusively MC1R variants and
contingency tables for red hair colour prediction. While their
precision of 96% and 97.5%, respectively, for R homozygous or
compound heterozygous genotypes predicting red hair is high,
it is notable that their sample was enriched for red-haired indi-
viduals (27% and 41%, respectively) and not representative of
the general population (2-5%). Thereafter, focus shifted from
predicting only red hair to determining hair colour, and other
genes were included (37,40-42,56,64). Among these reports, ones
that used a more representative proportion of red-haired indi-
viduals (40,41,44,56,64) and AUROC as the performance metric
(37,39,40,42,64), the best-performing model gave an AUROC of
0.94 for red versus other hair colour (41).

Harnessing the high-powered UKBB sample, we attempted
to improve the predictive model for discriminating between
red and non-red hair colour using only MC1R variants. While
all previously published predictive models included variants
from other genes and were nevertheless only able to obtain
an AUROC of 0.94 for the red versus all other at best (41),
our parsimonious GLM, which took only 10 MCIR variants as
predictors, yielded an AUROC of 0.95 for red versus all other hair
colours (Fig. 5A) and an AUROC of 0.97 for the most distinct class
comparison, red versus dark (Supplementary Material, Fig. S1A).
Our less parsimonious but still only MC1R-based LASSO model
yielded an AUROC of 0.96 for red versus other (Fig. 5B) and
0.98 for red versus dark (Supplementary Material, Fig. S1B).
Thus, our results show that it is possible to construct a
model with near-perfect predictive capacity on MCIR variants
alone.

Notwithstanding the AUROC values of 0.95 and 0.96
obtainable from MCIR variants in the red hair colour prediction
using GLM and LASSO, respectively, we also checked whether
adding variants from other genes might improve discrimination
between red and dark hair. The addition of mRMR-ranked
top variants from ASIP, HERC2, OCA2 and IRF4 did provide
additional predictive capacity, while the addition of variants
from other candidate genes was no better than randomly
selected genes. The additional predictive capacity, although
statistically significant, represented a mere 0.57% increase in
AUROC in the best case (ASIP), which we do not interpret as
phenotypically meaningful. A recent hair colour genome-wide
association study, also done on the UKBB, by Morgan et al. (59)
stipulates that including variants from eight other loci through-
out the genome improves by 17% the heritability estimate
obtained using only MC1R variants. These estimates use narrow-
sense heritability (h2) and are therefore only sensitive to additive
effects, which account for a fraction of the explanatory power of
recessive and negatively linked MC1R variants.

A limitation of our study is that the phenotype of inter-
est, hair colour, was obtained by self-report, and its identifica-
tion could be refined by more objective, quantitative methods.
However, by relying on subjective human determination of hair
colour, we approximate a real-life situation in which this infor-
mation would be based on observation rather than an objective
pigment quantification method.

In conclusion, our findings may be summarized in five parts.
First, we have identified an effect reversal in conventional single-
variant analysis that could occur given multi-locus effects, high
LD and large differences in effect size. Second, we have con-
firmed a positive independent association for each of the previ-
ously reported nonsynonymous MCIR variants with red hair and
discovered the contribution of several synonymous variants to
red hair colour. Third, we offer for the purposes of red hair colour
identification—for example in a forensic setting—a robust and
parsimonious predictive model with a superior performance
metric of AUROC 0.95 for which only 10 MCIR variant loci are
needed. An even better performance metric of 0.96 is obtainable
by still only using LASSO-derived genetic variants within the
short MCI1R locus. Fourth, we have shown that MC1R does not
contribute significantly to hair colours other than red. Lastly,
we conclude that contribution from other hair-colour-related
genes to red hair colour is negligible and posit MC1R as the sole
substantial genetic contributor to red hair colour.

Materials and Methods
UKBB cohort

Our study cohort comes from the UKBB, a repository of geno-
types and phenotypes from 500 000 participants aged 40-69,
recruited between 2006 and 2010 (application 20802). Genotyping
was done on one of two 95%-overlapping arrays—Affymetrix UK
BILEVE Axiom and Affymetrix UK Biobank Axiom—containing
820 000 single-nucleotide variants. For all analyses, we used
the imputed genotypes for Caucasian individuals, as specified
in the UKBB Data Field, hereafter DF, 22006. Quality control
filters for heterozygosity rate (DF22010) as well as sex mismatch,
variant call rate, unintended duplicates and outliers of >10 stan-
dard deviations in ancestry principal component analysis (PCA)
(DF22051) were applied, and individuals who withdrew from the
study were removed, yielding an effective number of 402 000
participants. Hair colour (DF1747) was provided by self-report.
Participants were asked to select one of five choices to describe
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their natural hair colour before greying: blonde, red, light brown,
dark brown or black.

Statistical analyses

Model parameters: genotypes, phenotypes and covariates. For the
analyses described below, we used all available variants (post-
imputation) for each gene, and gene locus boundaries were
defined according to chromosomal boundaries provided in the
Gene Database hosted by the US NCBI (65) Genome Reference
Consortium Human genome build 37. Genotypes (one or more
genetic variant minor allele counts) were used as independent
variables and the phenotype (hair colour) as the dependent vari-
able. Covariates were used as described below, and regression
coefficients were transformed into ORs.

Association analysis: GLM. We used two different modelling
paradigms consistent with distinct goals. Given that the first
goal was to demonstrate the statistical significance and effect
magnitude and direction of associations, we applied GLMs.
Without a model evaluation step, there was no need for a
testing set; therefore, we used the entire cohort (500 000).
Additionally, we used covariates (age, sex, recruitment site and
40 ancestry PC vectors) to account for population stratification
and dichotomized the hair colour phenotype, ‘red versus dark’,
where the ‘dark’ category comprised dark brown and black hair
colours. Given that the goal for this association analysis was
to isolate the effect of genetic variants on red hair, blonde and
light brown were withheld to maximize phenotype homogeneity,
thereby avoiding possible overlap between red and strawberry
blonde or auburn brown hair colour, which have likewise been
reported to be mediated by MC1R variants.

Predictive capacity assessment: mRMR and LASSO. For the sec-
ond goal, which was to demonstrate the predictive capacity
of our models, we ran all possible pairwise hair colour com-
parisons, as well as ‘red versus other’. For these analyses, we
did not use covariates, given the intention to determine how
well a restricted set of genetic variants alone could discriminate
between possible hair colours or determine the donor’s hair
colour to be red, with no other information provided, as may
be the case in a forensic investigation. We performed attribute
selection using two different methods: the mRMR algorithm (66)
and the LASSO (67). mRMR is valuable as an attribute ranking
algorithm, ordering potential predictors by mutual information
with the class variable penalized by average mutual information
with previously selected attributes. LASSO performs variable
selection and regularization to combat over-fitting and produce
parsimonious models with the aim to select an optimal covariate
subspace. We used mRMR to demonstrate performance con-
vergence of the prediction task with an increasing number of
variants from MC1R and to filter the space of candidate variants
to use in LASSO to decrease computational workload.

Training and testing sets. To avoid information leakage between
attribute selection and subsequent model construction, we
divided our data set consistently with the UKBB genotype
release schedule. The initial release (2016)—data for 150 000
individuals—was used as a holdout set for mRMR analysis, and
the model was constructed and evaluated using the remaining
350 000 individuals from the full release (2017). Specifically,
we split the remaining 350 000 individuals into 10 different
sets of 10 mutually exclusive folds and alternately used every
agglomeration of 9 folds in each set to predict hair colour in the
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remaining fold. LASSO feature selection was done exclusively
within its training data. For each class under consideration,
cross-validation folds were invariant across models, so the
repeated cross-validation provided 100 paired samples of any
given performance metric. Though these samples were not
strictly independent, they can be used for confidence interval
construction and model comparison tests. The confidence
intervals in Figure 5 and Supplementary Material, Figure S1 were
thus derived, and comparisons between models using only MCIR
variants and models also incorporating variants from other
genes are based on a dependent t-test for paired samples across
these 100 prediction subsets.

Model performance metric. In contrast to the studies that report
threshold-dependent metrics, such as accuracy or precision, we
use the AUROC curve as a model performance metric for the
following reasons. First, the class balance ratio changes across
predictive tasks depending on the implicated hair colours. The
AUROC metric is invariant to the class balance ratio and can
therefore be used as a common interpretable performance char-
acteristic of models to produce informative visualizations, such
as Figure 4, that meaningfully demonstrate the relative difficulty
of the predictive task irrespective of class imbalance. Second,
commonly used measures such as accuracy can be misleading,
since trivial predictors can report near-optimal performance on
highly imbalanced classes by always predicting the majority
class. Hair colour class balance ratios can approach 50:1 and are
therefore subject to apparent distortion in the accuracy metric
when reporting binary class predictive performance. The third
and final reason is that measures such as accuracy, precision
and recall are derived from a single instantiation of the classifi-
cation confusion matrix, and there are as many such legitimate
instantiations as discrete probabilities in the predictive output.
While it is typical to use the confusion matrix resulting from
a P(+) > 0.5 probability threshold, we offer instead AUROC as
a measure of performance that does not require us to make a
potentially suboptimal choice in trade-offs such as sensitivity
versus specificity, a choice best left in the hands of potential
users of this information for practical purposes, such as in
forensic investigations.

Software. Software to perform these analyses included R ver-
sion 3.4.4 with ‘caret’ (68) and ‘glmnet’ packages (50). mRMR
analyses were conducted with validated software written by
R.N.L. to improve the mRMR (43,66) reference implementation
and FastmRMR (69) for efficient and flexible usage on the UKBB
data set. This software is publicly available on GitHub [https://
github.com/rlichtenwalter/mRMR].

Haplotype association analysis was performed using the
haplo.stats R (49) package. LD was visualized using the
Haploview software (70).

Supplementary Material

Supplementary Material is available at HMG online.
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