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ABSTRACT: Prediction of visible traits from genetic data in certain forensic cases may provide important information that can speed up the
process of investigation. Research that has been conducted on the genetics of pigmentation has revealed polymorphisms that explain a significant pro-
portion of the variation observed in human iris color. Here, on the basis of genetic data for the six most relevant eye color predictors, two alternative
Bayesian network model variants were developed and evaluated for their accuracy in prediction of eye color. The first model assumed eye color to
be categorized into blue, brown, green, and hazel, while the second variant assumed a simplified classification with two states: light and dark. It was
found that particularly high accuracy was obtained for the second model, and this proved that reliable differentiation between light and dark irises is
possible based on analysis of six single nucleotide polymorphisms and a Bayesian procedure of evidence interpretation.
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Prediction of phenotypic features from genetic data is considered
to show promise in medicine as it delivers personal information that
can improve the effectiveness of applied medical treatment (1). It
may also be valuable in forensic examinations as it provides infor-
mation about externally visible traits of an evidence sample donor.
This may direct an investigation by defining the phenotype of the
perpetrator in criminal cases or the victim in cases concerning identi-
fication of human remains (2,3). Human pigmentation is a visible
trait that has been studied thoroughly, and the research has led to the
discovery of many relevant genes and polymorphisms, which explain
a significant proportion of the variation in eye, hair, and skin colora-
tion. Several pigment-related genes have been discovered by their
links with extreme phenotype forms like albinism (4–7). Many other
genes have been found through large-scale analyses involving hun-
dreds of so-called tagging single nucleotide polymorphisms (SNPs)
(8–12). The most successful investigation has been linked with the
genetics of iris color. Eiberg and Mohr (13) using linkage analysis
were able to show that two loci on chromosome 15q were associated
with blue ⁄ brown eye color variation. The presence of the OCA2, a
known albinism-related gene in this region of the human genome,
naturally attracted the attention of researchers working on the genet-
ics of eye color (to this particular locus). The OCA2 gene was soon
reported as a major contributor to the variation observed in eye col-
oration in several independent studies (8,14,15). Another

breakthrough was related to the discovery that the HERC2 gene may
play an important role in the determination of iris color in humans
(9,10,16). Two independent research groups (9,17) showed that
rs12913832 polymorphism in HERC2, located in a conserved region,
may have a functional effect and by regulating the OCA2 gene
expression may be responsible for the determination of blue eye
color in humans. Several SNPs from other pigmentary genes, TYR,
TYRP1, SLC24A4, SLC45A2, IRF4, and ASIP, have been suggested
to contribute to human eye color variation, but compared to
rs12913832 in HERC2, the effect is significantly lower (8). These
discoveries opened up possibilities for reliable prediction of human
iris color based on DNA analysis, with a central significance for the
rs12913832 position, being the best known predictor of eye color in
humans. Liu et al. (18) performed a study of 37 polymorphisms
located in eight known eye color–related genes on a large cohort of
6168 Dutch subjects and on this basis selected 15 SNP positions
enabling blue and brown eye color prediction with high accuracies.
The same group soon reported results of optimization and forensic
validation of a first test for eye color prediction named IrisPlex,
which assumes simultaneous analysis of the six best SNP predictors
and prediction of eye color from the obtained data using a logistic
regression model (19,20).

The likelihood ratio (LR) approach represents a method that is
highly respected by forensic science as a tool used for the evaluation
of the weight of evidence (21,22). Variables and their probabilistic
dependencies considered by LR models may be represented graphi-
cally by Bayesian networks (BN), which make the LR approach
more comprehensible. A BN gives a graphical representation of
relationships between the observed data and may allow inference of
the probability of an individual phenotype (such as eye color) on
the basis of known genotypes assigned to an individual in the range
of analyzed multiple SNP loci (variables) (23).

Therefore, we further investigated this issue and analyzed the
same set of six eye color predictors in a population sample from
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Poland comprising individuals of European descent. Based on the
gathered genetic data for 638 individuals with defined eye color, a
BN model was created, which enables calculation of probabilities
of having a particular eye color from genetic data based on a calcu-
lation of posterior probabilities. A BN was developed on the basis
of the distribution of the six best SNPs (18) within groups of indi-
viduals representing four different eye colors with the parent node
‘‘eye color’’ categorized into four states (blue, green, hazel, and
brown) or reduced to two states (light and dark). Finally, both
model variations were tested for their prediction accuracy.

Materials and Methods

Samples

The study was approved by the Ethics Committee of the Jagiel-
lonian University in Krakow (number KBET ⁄ 17 ⁄ B ⁄2005) and the
Commission on Bioethics of the Regional Board of Medical Doc-
tors in Krakow (number 48 KBL ⁄OIL ⁄ 2008). Buccal swabs were
collected from 638 unrelated males and females aged between 18
and 85 years old living in Southern Poland. The swabs were
obtained by a dermatology specialist with their written consent.
The dermatology specialist was responsible for the determination of
eye color classifying all the participants into one of four eye color
categories, that is, blue ⁄gray (further referred to as blue), green,
hazel, and brown ⁄black (further referred to as brown).

DNA Extraction

DNA was extracted with a NucleoSpin� Tissue extraction kit
(MACHEREY-NAGEL GmbH & Co., KG, Germany) using the
protocol recommended for buccal swabs. Briefly, swabs were cut
up, put into a 2-mL tube, and incubated in a water bath for 20 min
at 70�C with 400 lL of TE buffer plus 400 lL of lysis buffer B3
and 25 lL of proteinase K. After incubation, 400 lL of 96% etha-
nol was added, and the 600 lL of content was transferred onto the
NucleoSpin� Tissue Columns (Macherey-Nagel GmbH & Co, KG,
Germany), centrifuged (1 min 11,000 · g), and washed with BW
buffer and B5 buffer. Finally, columns were transferred into new
1.5-mL tubes, and DNA was retrieved with the warmed elution
buffer BE.

Multiplex PCR Amplification

Details concerning PCR primers for six SNP positions, which
has been selected as the best eye color predictors by Liu et al.
(18), are given in Table S1. The multiplex PCR was optimized to
enable their simultaneous amplification using the Qiagen Multiplex
PCR kit (Qiagen, Hilden, Germany). The PCR consisted of 2.5 lL
Qiagen multiplex PCR mixture, 0.5 lL Q solution, 0.5 lL primer
premix (final concentration of 0.125 lM was used, except for
rs12896399, where the final concentration was 0.25 lM) and
1.5 lL of template DNA (approx 1–10 ng). The temperature profile
was as follows: 95�C ⁄ 15 min, [94�C ⁄30 sec, 58�C ⁄ 90 sec,
72�C ⁄ 90 sec] · 32, 72�C ⁄ 10 min. The PCR products were purified
by means of exonuclease I (Exo I) and shrimp alkaline phosphatase
(SAP) treatment (Fermentas, Vilnius, Lithuania).

SNaPshot Reaction

The PCR products were subjected to minisequencing reaction
using a developed multiplex SNaPshot procedure (Applied Biosys-
tems, Foster City, CA). A single reaction consisted of 0.5 lL

SNaPshot mix, 0.5 lL extension primer premix, 1 lL of purified
PCR product, and DNase-free water up to 5 lL. The extension pri-
mer sequences and their final concentrations are shown in
Table S2. The temperature profile was as follows: [96�C ⁄10 sec,
50�C ⁄ 5 sec, 60�C ⁄30 sec] · 26. Products of minisequencing reac-
tions were purified with SAP enzyme (Fermentas) and analyzed on
an ABI 3100 Avant Genetic Analyser (Applied Biosystems) with
the appropriate protocol for SNP analysis. All amplification and
minisequencing reactions were carried out on a GeneAmp 9700
thermocycler (Applied Biosystems).

Statistical Analyses

The obtained genetic data for 638 samples were tested for agree-
ment with Hardy–Weinberg expectations and degree of linkage dis-
equilibrium using Arlequin v. 3.1 software (http://cmpg.unibe.ch/
software/arlequin3). The data set was used to evaluate the fre-
quency of SNPs in each eye color category, which was further used
to establish conditional probability values for the conditional proba-
bility tables (CPTs). An additional set of 80 samples representing
four different eye color categories (20 samples for each category)
was selected for evaluation of the accuracy of the developed eye
color prediction models. These external samples were randomly
selected but with the assumption that each eye color category
should include 20 samples. Area under the curve (AUC), which is
the integral of area under the receiver operating characteristic
(ROC) curves, was measured to assess the overall performance of
the two developed model variants and blue, green, hazel, and
brown eye color prediction. Values of AUC range from 0.5, which
means a complete lack of prediction, to 1.0, which means perfect
prediction. All association testing as well as ROC calculations were
performed with PASW statistics v. 17 (SPSS Inc., Chicago, IL).
Sensitivity, understood as the percentage of correctly predicted
color type among the observed color type, specificity, understood
as the percentage of correctly predicted noncolor type among the
observed noncolor type, positive prediction value (PPV), understood
as the percentage of correctly predicted color type among the pre-
dicted positives, and negative prediction value (NPV), understood
as the percentage of correctly predicted noncolor type among the
predicted negatives, were also calculated. All the parameters
describing the model accuracy were calculated based on a posteri-
ori probabilities (prediction based on maximum a posteriori
probability).

Bayesian Model for Eye Color Prediction

Hugin Researcher v. 7.00 computer program (Hugin Expert A ⁄S,
Aalborg, Denmark) was used to develop a model of eye color pre-
diction. The Hugin Researcher creates an environment for the con-
struction of BN, which graphically represents probabilistic variables
(predictors). The program implements a Bayesian paradigm, which
is proposed in forensic science to test the significance of various
hypotheses Hk = 1…n concerning evidence. Here, we tested n = 4
or 2 hypotheses corresponded with four (blue, green, hazel, and
brown) or two (light and dark) eye colors. The multilocus genotype
of a given individual j Mj is scored at each of the analyzed six
SNP positions. The genotype of each individual j at each of these
loci is Gji. Based on generated data set, we assessed the conditional
probability Pji of the observed genotype given each eye color Hk.
Then, we assigned probability of the multilocus genotype Mj given
each eye color Hk, that is, PrðMjjHkÞ ¼

Q

i
PjiÞ. At the next stage,

the posterior probability that a person has specific eye color given
a particular multilocus genotype Mj was assigned using Bayesian
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Eq. (1). The main component of this equation is LR, which is a
quotient of two conditional probabilities, that is, probability of the
observed multilocus genotype Mj given that a person under investi-
gation has specific eye color Pr(Mj | Hk=x) and the sum of probabil-
ities of the observed multilocus genotype Mj given that a person

under investigation has different eye color
Pn

k¼1
PrðMjjHkÞ. The

Bayesian equation includes also a priori component, that is, a ratio
of probability of having specific eye color in a given population
PrðHk¼xÞand the sum of probabilities of having different eye colors

in a given population
Pn

k¼1
PrðHkÞ. Here, we assigned the prior prob-

abilities PrðHkÞ ¼ 1=n for all k eye colors. However, in cases
when the population of origin of a sample under examination is
known, the frequencies of specific eye colors in a given population
as a priori probabilities can be applied and this can further improve
the prediction accuracy.

PrðHk¼xjMjÞ ¼
PrðMjjHk¼xÞ PrðHk¼xÞ
Pn

k¼1
PrðMjjHkÞ PrðHkÞ

ð1Þ

A BN consists of nodes and directed arrows. Each node repre-
sents an uncertain state of a variable, and arrows between nodes
represent links among these variables. An arrow introduced
between two nodes from A to B determines that A is a parent
node to B and B is a child node of A (23,24), and for example,
a node ‘‘rs12913832’’ is a child node of a node ‘‘eye color’’ in
Fig. 1. Each child node is characterized by a CPT, which is
described as the probability of being in one state or another
without evidence (given the state of the parental variable). The
parent node is characterized by a table with a priori

probabilities. Information put into both kinds of tables is called
a priori beliefs. If the true state of a particular variable (node)
is known with 100% confidence, this information could be
entered as 100% probability for this particular state. This also
means that we are sure of this state, and thus, this information
is called hard evidence.

A model with two alternative variations was developed to predict
the iris color probabilities from genetic data. The first model vari-
ant, BN–I, assumed the data within the parent node ‘‘eye color’’ to
be categorized into four colors (blue, green, hazel, and brown), and
the second one (BN–II) assumed the eye colors in parent node cat-
egorized into two states, that is, light (blue and green) and dark
(hazel and brown) (Fig. 1). Thus, the parent node in the BN–I ver-
sion had four states, while the BN–II version had only two states.
The a priori conditional probabilities of these colors ⁄ states were
entered as having the same value (0.25 for BN–I and 0.5 for BN–
II) what assumed unknown population of origin.

Six variables (SNP positions) selected by Liu et al. (18) as best
eye color predictors were introduced into these two alternative eye
color prediction model versions as child nodes. The prediction
model was comprised of positions: rs12913832, rs1800407,
rs12896399 rs16891982, rs1393350, and rs12203592 from six
different pigmentation genes, that is, HERC2, OCA2, SLC24A4,
SLC45A2, TYR, and IRF4. Each child node in our models repre-
sents one SNP position defined by three possible states (e.g., homo-
zygote CC, heterozygote CT, and homozygote TT in the case of
rs12913832 polymorphism) and was characterized by CPT (see
Tables S3 and S4). The CPT created for each SNP was based on
the number of individuals possessing a defined genotype and
belonging to one of four iris color categories, that is, blue, green,
hazel, or brown in the BN–I model and belonging to one of two
iris color categories: light and dark in the BN–II model. In particu-
lar, the probability of each genotype state was calculated as the

FIG. 1—Example of calculation of a posteriori probabilities (parent node ‘‘eye color’’) after propagation of the ‘‘hard evidences’’ (the particular genotype
of a person) on the SNP nodes using Bayesian network model variant BN–I and BN–II.
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frequency of this genotype in each eye color group (e.g., the fre-
quency of homozygote CC for rs12913832). To assess the accuracy
of both developed BN model variants for eye color prediction, 80
random individuals (external ⁄ test sample set consisting of 20 indi-
viduals for each iris color) were examined. Genotyping data were
treated as hard evidences and put into a particular state of each
child node state, that is, for an individual with CC genotype of
rs12913832, the probability in the appropriate node for C ⁄ C state
was entered as 100%, while the rest of the states were automati-
cally set as 0%. The same was carried out for the other SNPs
(Fig. 1). The flow of information via BN and changes of probabil-
ity values of states of adequate nodes are results of entering of hard
evidences. For each tested individual, a table of posterior probabili-
ties for blue, green, hazel, and brown iris colors (BN–I) and light
and dark (BN–II) was calculated. Maximum a posteriori probability
was used for the prediction of iris color state. The LRs presented
in the Supplementary Table S5 were calculated from a posteriori
probabilities using Eq. (1). For example, the LR calculation from
the BN–I testing results for the blue eye color was as follows: a
ratio of a posteriori probability of having blue eyes and a posteri-
ori probability of having the alternative eye color (green + brown
+ hazel) divided by a ratio of a priori probability of having blue
eyes (0.25) and a priori probability of having alternative eye color
(green + brown + hazel = 0.75). Giving an example, for an individ-
ual having the a posteriori probabilities presented in Fig. 1, the LR
calculation for blue eye color (the highest probability obtained was
for the blue = 72.5) was as follows: LR = (72.5 ⁄ [22.7 +
4.8]) ⁄ (0.25 ⁄ 0.75) = 2.64 ⁄ 0.333 = 7.9, alternatively LR for the light
eye color was: LR = 94.8 ⁄ 5.2 = 18.23 as the ratio for prior proba-
bilities was 1.

Results

Population Analyses

Among the studied 638 unrelated individuals, 346 (54.2%) had
blue eye color, 76 (11.9%) green, 129 (20.2%) hazel, and 87
(13.6%) brown eye color. The collected population samples were
subjected to analysis using an optimized genotyping assay based on
simultaneous amplification and minisequencing analysis of six SNP
polymorphisms within different pigment-related genes. After Bon-
ferroni correction for multiple testing, no significant departures
from Hardy–Weinberg equilibrium were detected for all the ana-
lyzed SNP positions (p > 0.0083) (Table 1). Linkage disequilibrium
was noted for polymorphisms in HERC2 and OCA2.

Evaluation of the Developed Bayesian Predictive Model
Variants

To evaluate the predictive accuracy of the two developed Bayes-
ian model variants, 80 random external (test) samples (20 for blue,
green, hazel, and brown iris color) were genotyped and subjected

to analysis using BN–I and BN–II and Hugin Researcher computer
software (Hugin Expert A ⁄ S). Posterior probabilities and LR values
obtained for all these samples are presented in Table S5. Results
obtained for AUC as well as other analyzed parameters describing
the predictive accuracy of the two developed model variants calcu-
lated from a posteriori probability values are presented in Table 2.

The BN–I Model Variant

The highest sensitivity was obtained for blue eye color and
reached 80%, which means that 80% of blue-eyed individuals
(16 ⁄20) were predicted correctly. The AUC for blue eye color was
calculated to equal 0.783, where 1.0 means perfect prediction and
0.5 complete lack of prediction. The sensitivity values for hazel,
brown, and green eye color were lower and amounted to 55, 35,
and 0%, respectively. The corresponding AUC values for these eye
colors equaled 0.633, 0.583, and 0.533, respectively. The highest
specificity, 93.3%, was obtained for green eye color, which means
that among all non-green-eyed individuals, 93.3% were recognized
correctly as nongreen, which means that only 6.7% of non-green-
eyed individuals were incorrectly classified into the group of green
eye color. The specificity obtained for brown, blue, and hazel eye
color was 81.7, 76.7, and 71.7%, respectively. The highest PPV
was obtained for blue eye color at 53.3%. This value means that in
all cases of assignments to the group of blue eyes, 53.3% of indi-
viduals in fact possessed blue eye color. The PPVs for hazel,
brown, and green were, respectively, at the 39.3, 38.9, and 0%
level. The highest NPV at the level of 92% was obtained for blue
eye color, which means that out of all cases in the all-color group
where individuals were classified into the non-blue-eyed group, in
92% of cases, they were classified correctly as non-blue-eyed indi-
viduals. The NPVs for hazel, brown, and green were 82.7, 79, and
73.7%, respectively.

The BN–II Model Variant

The AUC value for eye color defined as light versus dark in the
BN–II model was calculated to equal 0.925. This model variant
correctly classified 34 of 40 light-eyed individuals (blue + green)
into the light category, so the sensitivity value for this eye color
equaled 85%. The specificity for light eye color reached the highest
value of 100%. This means that among all non-light-eyed individu-
als, all of them were classified correctly into the non-light eye color
group. The PPV and NPV for light eyes were at the 100% and
87% level, respectively. The PPV value of 100% means that in all
cases of assignments to the group of light eyes, all individuals in
fact possessed light eye color. The NPV value of 87% means that
out of all the cases in the all-color group where individuals were

TABLE 1—SNP positions included in prediction model.

SNP-ID Gene Chr. Position Allele MAF* H-W�

rs16891982 SLC45A2 5 33987450 C ⁄ G 0.029 0.45941
rs12203592 IRF4 6 341321 C ⁄ T 0.077 0.79802
rs1393350 TYR 11 88650694 A ⁄ G 0.223 0.92733
rs12896399 SLC24A4 14 91843416 G ⁄ T 0.445 0.89832
rs1800407 OCA2 15 25903913 A ⁄ G 0.072 0.56832
rs12913832 HERC2 15 26039213 A ⁄ G 0.235 0.42604

*MAF, Minor allele frequency.
�H-W, Hardy–Weinberg equilibrium.

TABLE 2—Parameters describing predictive accuracy of two developed
eye color prediction model variants: BN–I and BN–II.

BN–I BN–II

Blue Green Brown Hazel Light Dark

AUC* 0.783 0.533 0.583 0.633 0.925
Sensitivity [%] 80 0 35 55 85 100
Specificity [%] 76.7 93.3 81.7 71.7 100 85
PPV� [%] 53.3 0 38.9 39.3 100 87
NPV� [%] 92 73.7 79 82.7 87 100

*AUC, area under the receiver operating characteristic (ROC) curves.
�PPV, positive prediction value.
�NPV, negative prediction value.
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classified into the non-light-eyed group, in 87% of cases, they were
classified correctly as non-light-eyed individuals. For dark eye
color, the sensitivity reached 100%, which means that all individu-
als with hazel and brown eye color were predicted correctly as dark
eyed. The specificity decreased compared to light color and
amounted to 85%. This means that among all non-dark-eyed indi-
viduals, 85% of them were classified correctly into the non dark
eye color group. The PPV and NPV for dark eyes were at the 87%
and 100% level, respectively.

Discussion

Iris color represents a human trait that can be reliably predicted
from genetic data, and this information may be useful in certain
forensic investigations. Although eye color is a typical multigenic
trait, the predominant role in its determination is associated with
two interplaying genes located on chromosome 15, that is, OCA2
and HERC2. Protein encoded by the OCA2 gene is an integral part
of the melanosome membrane and is responsible for the regulation
of intra-melanosome pH (25). It seems that the product encoded
by HERC2 is not directly involved in pigment production or distri-
bution. Its biologic function, as was suggested by Bekker-Jensen
et al. (26), is related to the process of ubiquitylation, that is, a
post-translational modification with ubiquitin that directs proteins
to the proteasome and thus promotes their degradation. It is
assumed that HERC2 may influence human pigmentation through
the regulation of OCA2 expression. This action is thought to be
associated with position rs12913832, located in a highly conserved
segment of the intron 86 in HERC2 (9,17). The rs12913832 in
HERC2 and rs1800407 in OCA2 are, respectively, in first and sec-
ond position on the list of six best predictors according to the rank-
ing presented by Liu et al. (18). A logistic model based on these
six polymorphisms was reported by Walsh et al. (19) as highly
accurate for blue and brown iris color prediction. Our method
employs Bayesian procedure to predict iris color based on genetic
data for the same six polymorphisms. Bayes’ theorem formulates
the interpretation of the probability often applied in forensic sci-
ences to quantify the uncertainty about different hypotheses and to
assess the weight of the evidence (22,23). Here, the Bayesian
model for eye color prediction was created using the Hugin
Researcher program, enabling high flexibility and usage. It is
advantageous that the constructed model can be easily modified
and updated in the light of new information, that is, new variables
and thus gives perspectives for further development as new data
appear (24). The BN was built based on the probabilities of geno-
types for the CPTs, which were obtained from genotype frequen-
cies calculated from a data set of 638 Europeans included in our
database. Two Bayesian model variants were developed and tested
for eye color prediction. The BN–I model variant assumed predic-
tion of eye color divided into four categories, that is, blue, green,
hazel, and brown. The BN–II model variant had lower resolution
as eye color categories were reduced to only two states — light
(blue and green) and dark (hazel and brown). The priority of accu-
racy over high resolution in forensic prediction of visible traits
would seem to be obvious. Assuming this, it becomes clear that
the more accurate BN–II model should be recommended as more
appropriate for forensic purposes than BN–I, which, although it
has higher eye color resolution, achieves significantly lower accu-
racy. The accuracy of BN–II as calculated from the AUC, which
is the integral of the area under the ROC curves, reached 0.925 for
light versus dark eye color. The sensitivity for dark eye color
equaled 100%, which means that all dark-eyed individuals were
classified into the dark eye color group. The specificity for dark

eye color amounted to 85%, which means that among all non
dark-eyed individuals, 85% of them were classified correctly into
the nondark eye color group. The values of accuracy informative
parameters calculated for BN–II for light eye color was as follows:
sensitivity at the level of 85% and specificity amounted to 100%.
It is therefore obvious that slightly diminished value of sensitivity
in the case of the light eye color category is caused by the pres-
ence of green-eyed individuals in this group. More detailed analy-
sis of this result showed that six of 20 green-eyed individuals were
categorized incorrectly into the dark eye color group. The problem
with the prediction of green eye color is clearly visible from test-
ing results for the BN–I model variant (Table 2). The sensitivity
for green iris color was 0 and AUC equaled 0.533 (where 0.5
means complete lack of prediction). A significantly lower predic-
tion accuracy for intermediate eye colors compared to extreme eye
colors was also reported by Liu et al. (18) who demonstrated that
by employing multinomial regression–based algorithm, intermediate
iris color can be predicted with a sensitivity of 1.1% and specific-
ity of 99.6%. Spichenok et al. (27) tested seven SNPs for their pre-
dictive value in describing human pigmentation on samples from
various populations, European descendants, African Americans,
and Asians and also reported problems with more distinguishing
predictions, in particular for green eye color. Detailed analysis of
our BN–I and BN–II models indicates that besides problems with
prediction of green eye color, we were also facing difficulties with
differentiation between hazel and brown iris colors. Using BN–I,
these two eye colors were often predicted reversely with very little
difference between the obtained probability values (Table S5). This
problem is reflected by the AUC and sensitivity values for brown
and hazel eye colors (Table 2). We can speculate that the predic-
tors included in the tested model variants are not powerful enough
to distinguish between hazel and brown as well as green and other
eye colors. However, especially for hazel and brown iris colors, it
also seems to be possible that the problem lies in imprecise eye
color classification. As we used the same SNP predictors as in the
two above-mentioned reports (18,19), it was possible to test our 80
samples using the algorithm developed by Liu et al. (18) and
implemented in the Excel macro provided by Walsh (19). High
AUC and sensitivity values were observed for blue (AUC = 0.842,
sensitivity = 100%) and brown (AUC = 0.800, sensitivity = 95%)
eye color (data not present). However, we observed a complete
lack of prediction for intermediate eye color (understood here as
green and hazel). None of our 80 tested samples was classified as
intermediate. Nineteen of the 20 green samples were categorized
as blue with very high probabilities of around 0.9. The remaining
one was categorized as brown. Five of the 20 hazel samples were
classified as blue (although with a low probability of around 0.4–
0.5), and the remaining 15 were predicted as brown. It is obvious
that if our hazel samples were defined as brown (and the differ-
ence between these two colors is often very subtle), this would
positively influence prediction accuracy. This suggests problems
with phenotyping and proper eye color classification, which result
from the continuous character of the trait. Various authors have
proposed different eye color categorizations, but all of them have
simplified the quantitative nature of this trait to a greater or lesser
extent. Recently, a novel digital method of quantification of human
eye color was proposed by Liu et al. (28), who measured continu-
ous eye color variations (in terms of hue and saturation) using
high-resolution digital full-eye photographs and ascribed values to
them. In our study, we used a four eye color categorization, and
phenotyping was based on a dermatology survey performed by a
professional, which seems to be much more reliable than the fre-
quently used method of self-reporting (29–31).
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The mathematical model proposed by Liu et al. (18) and Walsh
et al. (19) relies on the multinomial logistic regression method.
However, the LR is often proposed as a good method of presenta-
tion of the weight of evidence in forensic science. This parameter
can easily be calculated from the posterior probabilities produced
by our BN, given knowledge of the a priori values. To compare
our results with those obtained by Mengel-From et al. (31), who
calculated LR values supporting particular eye colors based on
analysis of SNPs in three genes, that is, HERC2, OCA2, and
SLC45A2, we also calculated LRs for all the samples tested (results
are presented in Table S5). The value of the LR representing the
best discrimination between light and dark eye color calculated
from our results equaled 32.3, which should be interpreted to mean
that it is 32 times more probable to have dark eye color than to
have light eye color, given this particular genotype. This value is in
good concordance with the data obtained by Mengel-From et al.
(31), who assessed the analogous LR value to equal 29.3 when pre-
dicting eye color using the light-dark eye color classification. We
claim that prediction of eye color assuming these two categories
(light–dark) may be sufficient in many forensic examinations, not
only because of the high reliability of such a test but also because
this kind of information may be sufficient to guide an investigation
in a certain direction. Bayesian Eq. (1), besides an LR component
that solely reflects conditional probabilities calculated on the basis
of genotype distribution in particular categories of eye colors,
includes an a priori component, which may reflect frequencies of
eye colors in a particular population. In general, this a priori com-
ponent was eliminated (by unification of the prior probabilities) in
our calculations. This was done since we rarely have prior knowl-
edge concerning ancestry of the identified subject, and thus, it is
more reasonable to rely solely on genotypic data. However, the Hu-
gin environment enables a priori values to be easily adjusted based
on distribution of eye colors in the population of origin, and this
may further improve accuracy of prediction in particular cases.

Further studies should reveal additional genes and polymor-
phisms contributing to variation in iris colors. Recently, Liu et al.
(28) using a fine phenotyping approach have found that three new
loci are associated with eye color and polymorphisms within them
enable slightly more reliable prediction of intermediate eye colors.
This shows that additional genetic data may allow us to go beyond
reliable prediction of blue ⁄ brown eye colors. Furthermore, the pre-
diction accuracy especially of intermediate eye colors may also be
improved by including information concerning non additive effects
between different genes, that is, gene–gene interactions.
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Additional Supporting Information may be found in the online
version of this article:

Table S1. PCR primer sequences.
Table S2. Extension primer sequences.
Table S3. Conditional probability table used in BN-I model vari-

ant calculated from the frequency of each pair of alleles for each
SNP in four eye color groups: blue, green, hazel and brown.

Table S4. Conditional probability table used in BN-II model var-
iant calculated from the frequency of each pair of alleles for each
SNP in two eye-color groups: light and dark.

Table S5. Testing results for BN-I and BN-II model variants for
80 external samples.
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