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DNA-based prediction of a physical appearance, also known as DNA phenotyping, is a
rapidly developing field with great potential for solving difficult forensic investigations.
Externally visible characteristics (EVCs), such as eye colour, are easily recognised and
genetically determined. Analysis of highly informative single nucleotide polymorphisms
(SNPs) encompassing trait-associated genes provides information about the phenotype of
an unknown individual, which is critical in cases where the standard STR profile is not
useful. The IrisPlex assay was developed based on genotype data from 3804 Dutch
Europeans, with the goal of accurately predicting brown, blue, and undefined eye colours
using the six SNP markers alone. This assay has been validated in several studies and has
shown high accuracy of prediction for brown and blue eye colours in most European
populations. The aim of this work was to evaluate IrisPlex in the Serbian population and
to determine if there are possible discrepancies in prediction accuracy compared to the
previously published European data. Therefore, we performed the IrisPlex analysis on 65
Serbian individuals. Our results showed that the prediction of eye colour was accurate for
about 57% of the respondents, which did not change significantly by applying the 0.7
threshold. The IrisPlex system performed well in predicting blue and brown eye colour in
the Serbian sample, achieving high sensitivity levels. However, this model appeared to be
unsuitable in the prediction of undefined eye colour, which was a common phenotype in
our sample. This low sensitivity suggests a diverse and possibly population-specific
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genetic background of undefined eye colour. Given the large genetic diversity of the
Serbian population, further work on a larger Serbian sample with more SNPs analysed is
needed to reveal genetic variants mainly associated with this trait.
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INTRODUCTION

In forensic casework, conventional STR profiling represents the gold standard of DNA
analysis. However, its application is limited in situations where the DNA profile from the crime
scene does not match the suspect's DNA profile or a profile from the DNA database. In this case,
witness testimony about the appearance of perpetrator could be of a crucial importance for
focusing the investigation on an appropriate group of people (WALSH et al., 2011). Forensic
DNA phenotyping is a very important field in the age of "DNA intelligence", because it offers
the possibility of obtaining information about a person's externally visible characteristics
(EVCs), such as eye, hair and skin colour, from DNA data alone (KAYSER and SCHNEIDER,
2009). Pigmentation traits are found to have an easily recognisable phenotype and strong genetic
determinacy (STURM and FRUDAKIS, 2004). Information about EVCs comes from specific genetic
markers called single nucleotide polymorphisms (SNPs), located within or near genes involved
in determining certain trait. Overall, genotypes obtained in this way could not only confirm or
negate witness statements about the phenotype of an unknown suspect but could even be the only
evidence in the absence of such claims (DEMBINSKI and PICARD, 2014). Furthermore, this type of
data could be useful in disasters or tragic events when identification of victims or missing
persons is required without knowing their biogeographic origin (FRUDAKIS, 2008).

Human eye colour is one of the most studied polygenic traits (POSPIECH et al., 2011). It
exhibits the highest degree of phenotypic variability in Europe, which is consistent with the Out-
of-Africa hypothesis about the origin of modern humans, arguing that brown is the ancestral iris
colour and that eye colour evolved on the European continent as a genetically and phenotypically
variable trait from a small number of genetic founders with non-brown irises. (EIBERG et al.,
2008; WALSH et al., 2012). Therefore, lighter eye colours are thought to be specific to European
populations (EIBERG et al., 2008; WALSH et al., 2012). One of the assumptions is that the derived
eye colours arose through a mechanism of positive selection due to greater mating preference.
Alternatively, it has been proposed that variation in eye colour resulted from adaptation to
environmental conditions with lower UV radiation and the consequent need for higher
conversion of vitamin D (FROST, 2006; WALSH et al., 2012). Consistent with this assumption, the
presence of a north-south gradient in the geographic distribution of blue eye colour frequency in
Europe, with the highest values in the southern Baltic region, could be a clear indication of the
origin of this eye colour (FROST, 2006; WALSH et al., 2012).

Many genome-wide association studies (GWAS), conducted primarily in European
populations, have indicated the existence of a large number of variants associated with genes
whose interactions contribute to eye colour variation in humans (EIBERG et al., 2008; KAYSER et
al., 2008; HAN et al., 2008; LIU et al., 2009). According to current knowledge, the HERC2 and
OCA2 genes have the greatest influence in determining iris colour (SULEM et al., 2007; KAYSER
et al., 2008; wALSH et al., 2012). The SNP rs12913832, located in a highly conserved intronic
region of the HERC2 gene, strongly affects melanin synthesis in human melanocytes by
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regulating the expression of a nearby OCA2 gene (STURM et al., 2008). It has been shown that
the rs12913832 T allele in HERC2 leads to increased OCA2 expression, resulting in brown eye
colour in individuals carrying at least one such variant. On the other hand, the rs12913832 C
allele leads to decreased OCA2 expression, influencing blue eye colour in individuals carrying
the homozygous genotype (STURM et al., 2008; STURM et al., 2009; VISSER et al., 2012). In
addition to these genes, there are several other genes found to have significantly smaller effect
on eye colour determination, such as SLC24A4 (HAN et al., 2008; SULEM et al., 2008), SLC45A2
(HAN et al., 2008), TYR (SULEM et al., 2007), TYRP1 (SULEM et al., 2008), IRF4 (HAN et al.,
2008), ASIP (KANETSKY et al., 2002), LYST (LIU et al., 2010) and DSCR9 (LIU et al., 2010). One
of the studies conducted in 3804 Dutch Europeans showed that it is possible to achieve high
predictive accuracy for blue and brown eye colour by typing only six informative SNPs from six
genes well-associated with the trait (LU et al., 2009). Based on these findings, a 6-SNP
multiplex SNapShot method, called the IrisPlex assay, was developed for the correct prediction
of human eye colour from DNA samples (WALSH et al., 2011).

The IrisPlex assay has been validated by several studies performed in several European
populations (PURPS et al., 2011; WALSH et al., 2012; KASTELIC et al., 2013; EDWARDS et al, 2016;
SALVORO et al., 2019; sALvo et al., 2023), as well as in some Eurasian (YUN et al., 2014;
PRESTES et al., 2011), Asian (EDWARDS et al., 2016), US populations (DEMBINSKI and PICARD,
2014) and population of Argentina (HOHL et al., 2022). However, a large amount of worldwide
data is needed to confirm its applicability in forensic cases involving individuals with different
geographic origins. Therefore, the aim of this work was to evaluate IrisPlex in the Serbian
population and to determine if there are any possible discrepancies in prediction accuracy
compared to previously published data.

MATERIALS AND METHODS

Study participants

Buccal swabs were obtained from 65 individuals for IrisPlex analysis. All procedures
performed in this study were in accordance with the Helsinki declaration (1964) and its
subsequent amendments and the study was approved by the authorities of the Faculty of Biology
— University of Belgrade. Participants provided written informed consent and were asked about
their gender, ancestry, and self-reported eye colour, which was divided into three generated
categories (brown, undefined and blue). Undefined eye colour category included green eyes as
well as eyes with different pigments that could not be clearly classified as brown or blue. Eye
images were taken with a Panasonic DMC-FZ18 camera. Of the 65 analysed samples, 33 (51%)
had brown, 23 (35%) had undefined and 9 individuals (14%) had blue eye phenotype.

Genetic analysis

DNA was extracted from the samples using the QIAamp® DNA Mini Kit (Qiagen,
Hagen, Germany) according to the manufacturer's protocol. DNA quantification was performed
with the Qubit™ dsDNA BR Assay Kit (Invitrogen, USA) following the manufacturer's
instructions on a Qubit® 2.0 Fluorometer (Invitrogen, USA). Multiplex PCR was performed in a
15 pl volume containing 1.5ul 1x KAPA Taq Buffer A (containing 0.7ul 1.5mM MgCI2)
(KapaBiosystems, USA), 0.45ul 200 uM mix of deoxyribonucleotides (ANTPs) (Fermantas,



732 GENETIKA, Vol. 55 No2, 729-741, 2023

Germany), 1.6ul primer mix, 0.06pul 0.02 U/ul Taq polymerase (KapaBiosystems, USA) and
genomic DNA extract in different concentrations of 7-10 ng. Primer mix contained primers
which were targeting six SNP markers of the six genes that regulate pigmentation: rs12913832
(HERC?2), rs1800407 (OCA2), rs12896399 (SLC4A4), rs16891982 (SLC45A2), rs1393350 (TYR),
and rs12203592 (IRF4). In this study, we used primers designed by WALSH et al. (2011).
Sequences of primer pairs for HERC2, TYR, and IRF4 and reverse primers for SLC24A4 and
SLC45A2 were used without any adjustments, while the OCA2 primer pair and forward primers
for SLC24A4 and SLC45A2 were modified. Primer sequences and their final concentrations are
listed in Table 1.

Table 1. Primer sequences

Gene Forward and reverse PCR primer Primer Primer sequences with t-tail
sequences concentration
for multiplex
PCR
HERC2 5' TGGCCTCTTGTGCTTGACTC 3' 1 pM tetttetttttttttettttt-
5' GGCCCCTGATGATGATAGC 3' 1 uM GCGTGCAGAACTTGACA
OCA2 5' TGACGTTGCTCAAGAA 3 1 uM ttttttt-GGGAGAGCCGGTATGC
5' TGTCTTACGAGCCTGCCTACT 3' 1 uM
SLC24A4 5 GCATAGGGCATATTTAAGC 3' 1 uM TLLLLLLLtttttttttttttttttttttttt-
5' CTTAGCCCTGGGCTTTGATG 3' 1 uM CTTTTAGGCTAGTATATTTTGGG
SLC45A2 5' TGTGCTAGACCAGAAACTT 3' 1 uM ttttttttttt- AAACACGGAGTTGATGCA
5' CGAAAGAGGAGCTGAGGTTG 3' 1 pM
TYR 5 TCTCCTAGCTCTCTCTTGC 3' 0.7 uM Ttttttttttttttttttttt-
5' GGGAAGGTGAATGATAACACG 3' 0.7 uM TTTGTAAAAGACCACACAGATTT
IRF4 5' ACAGGGCAGCTGACTCTTCT 3' 0.4 pM tettetttetttttt-
5' GCTAAACCTGGCACCAAAAG 3' 0.4 uM TTTGGTGGGTAAAAGAAGG

PCR amplification was performed on the Veriti® Thermal Cycler (Applied Biosystems,
USA) with the following thermocycling conditions: 97°C for 3 min, 35 cycles of 95°C for 1 min,
60°C for 1 min, 72°C for 1 min, and 72°C for 10 min. After multiplex PCR, PCR products were
purified using the QlAquick PCR Purification Kit (Qiagen, Germany) according to the
manufacturer's protocol. SNaPshot was performed using the ABI PRISM® SNaPshot™
Multiplex Kit (ThermoFisher Scientific, USA). SNaPshot reaction contained 1.5 pl of purified
PCR product, 2.5 pl of SNaPshot reaction mixture, and 1 pl of primer mixture (with a primer
concentration of 0.2 pM) in a total volume of 5 pl. Primer details can be found in Table 1.
Thermocycling was performed on the Veriti® Thermal Cycler (Applied Biosystems, USA). The
thermocycling programme was used under the same conditions as in WALSH et al. (2011): 96
°C for 2 min, 25 cycles of 96 °C for 10 s, 50 °C for 5 s, and 60 °C for 30 s. Capillary
electrophoresis was performed using 2 pl of the purified SNaPshot products on the ABI-3130
Genetic Analyzer (Applied Biosystems, USA).
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Data analysis

Data analysis was performed using GeneMapper software (Applied Biosystems, USA).
Eye colour prediction was performed using IrisPlex software and HIrisPlex Eye and Hair Colour
DNA Phenotyping Webtool (https://hirisplex.erasmusmc.nl/) based on multinomial logistic
regression model previously published by LIU et al. (2009). Three prediction probability values
(p) were generated as output data for each of the three defined phenotypes based on the
predictive capability of the detected minor SNP alleles. The phenotype with the highest
probability value was considered as the predicted iris colour. To avoid prediction errors, we
additionally used the threshold of 0.7 recommended as most suitable by WALSH et al. (2012). In
that case, only those p values above the defined threshold were considered appropriate for the
eye colour prediction. Fisher's exact tests were performed to determine the statistical significance
of differences between the present and previous studies, as well as the statistical significance of
phenotype-genotype correlations.

RESULTS
Results of IrisPlex analysis of analysed samples are shown in Table 2.

Table 2. Detected genotypes of the six SNPs, eye colour phenotypes, predicted eye colours and prediction
probabilities (p). Data also include prediction model performance with and without threshold of 0.7

applied.
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IP#3 CcT cc AA GG GG cc 0.05 0.114 0.836 brown v brown N
IP#6 cT ccC AA GG GG cc 0.05 0.114 0.836 brown N brown v
IP#7 TT cc AA GG GG cc 0 0.013 0.986 brown N brown v
IP#8 TT cc AA GG GG cc 0 0.013 0.986 brown v brown N
IP#9 CcT cc AA GG GG cc 0.05 0.114 0.836 brown N brown v
IP#10 TT ccC AA GG GG cc 0 0.013 0.986 brown N brown v
IP#11 TT cc AA GG GG cc 0 0.013 0.986 brown N brown v
IP#12 CcT cc AA GG GG cc 0.05 0.114 0.836 brown v brown N
IP#13 cT ccC AA GG GG cc 0.05 0.114 0.836 brown v brown v
IP#14 cT cc AA GG GG cc 0.05 0.114 0.836 brown v brown v
IP#19 cc cc AA GG GG cc 0.915 0.067 0.018 blue X blue X
IP#20 cT cC AA GG GG cc 0.05 0.114 0.836 brown N brown v
\P#27 CcT cc AA GG GG cc 0.05 0.114 0.836 brown v brown N
IP#28 TT cC AA GG GG cc 0 0.013 0.986 brown N brown v
IP#32 cT ccC AA GG GG CcT 0.074 0.133 0.794 brown N brown v
IP#34 cT ccC AA GG GG CcT 0.074 0.133 0.794 brown N brown v
IP#38 cT ccC AA GG GG cc 0.05 0.114 0.836 brown N brown v
IP#39 CcT cc AA GG GG CT 0.074 0.133 0.794 blue v brown N
IP#40 cT cC AA GG GG cc 0.05 0.114 0.836 brown v brown v
1P#41 cT cc AA GG GG cc 0.05 0.114 0.836 brown v brown v
|P#42 CcT cc AA GG GG CT 0.074 0.133 0.794 brown N brown v
L IP#48 CcT cc AA GG GG cc 0.05 0.114 0.836 brown v brown N
> IP#49 CcT cC AA GG GG cc 0.05 0.114 0.836 brown N brown v
2 IPH#50 CcT cC AA GG GG cc 0.05 0.114 0.836 brown N brown v
2 ip#s1 TT cc AA GG GG cc 0 0.013 0.986 brown N brown v
S IP#52 TT cc AA GG GG cc 0 0.013 0.986 brown v brown N
3 IP#s3 CcT cC AA GG GG cc 0.05 0.114 0.836 brown N brown v
é IP#56 CT cc AA GG GG cc 0.05 0.114 0.836 brown N brown v
S IP473 CT cc AA GG GG cc 0.05 0.114 0.836 brown N brown v
% IP#76 CcT ccC AA GG GG CcT 0.915 0.067 0.018 blue X blue X
5 IP#18 cc ccC AA GG GG cc 0.954 0.041 0.005 blue X blue X
IP#22 CcT cC AA GG GG cc 0.915 0.067 0.018 blue X blue X
\P#77 CT CT GA GG GG cc 0.206 0.324 0.47 brown v inconclusive inconclusive



https://hirisplex.erasmusmc.nl/

734 GENETIKA, Vol. 55 No2, 729-741, 2023

b)
@ F=
£ g c 8 3 83
g 8o 8 5 g3 89 g 3 2 H § = §&_= = s
2 2 20 25 Iz £33 HF2 I 3 S 5 £5%2 8ES?2 g2 EES
2 =3 o X N S < @0 ) =3 rul - . 529 582797 548 5 S
5 e 24 g 238 53 23 08 & & 5 BEE BEsd 8¢ 8t
S & gL g 22 ge Q& 4 o o a azs a8ss as aas
1P#1 cc cc AA GG GG CT 0.884 0.073 0.044 blue X blue X
1P#2 cT cc AA GG GG cc 0.05 0.114 0.836 brown X brown X
1P#4 CcT CcT AA GG GG CcT 0.119 0.213 0.668 blue X inconclusive inconclusive
1P#5 CcT cc AA GG GG cc 0.143 0.227 0.629 brown X inconclusive inconclusive
IP#16 cc cc AA GG GG cc 0.848 0.088 0.065 blue X blue X
1P#21 CcT cc AA GG GG cT 0.074 0.133 0.794 brown X brown X
1P#23 CcT cc AA GG GG cc 0.143 0.227 0.629 brown X inconclusive inconclusive
IP#24 CcT cc AA GG GG CcT 0.074 0.133 0.794 brown X brown X
IP#25 CcT cc AA GG GG cc 0.05 0.114 0.836 brown X brown X
1P#31 CcT cc AA GG GG cc 0.05 0.114 0.836 brown X brown X
1P#33 CcT cc AA GG GG CcT 0.196 0.248 0.557 brown X inconclusive inconclusive
IP#35 cc cc AA GG GG cc 0.848 0.088 0.065 blue X blue X
1P#36 CT cc AA GG GG CT 0.074 0.133 0.794 blue X brown X
1P#37 cT cc AA GG GG cT 0.196 0.248 0.557 brown X inconclusive inconclusive
1P#44 CcT cc AA GG GG cc 0.143 0.227 0.629 brown X inconclusive inconclusive
® IP#45 cc cc AA GG GG cc 0.848 0.088 0.065 blue X blue X
g 1P#46 cc cc AA GG GG cc 0.848 0.088 0.065 blue X blue X
% 1P#47 cc cc AA GG GG cc 0.848 0.088 0.065 blue X blue X
= IP#55 cc cc AA GG GG CcT 0.884 0.073 0.044 blue X blue X
kel IP#61 CcT cc AA GG GG cc 0.05 0.114 0.836 brown X brown X
£ 1P#62 cT cc AA GG GG cc 0.05 0.114 0.836 brown X brown X
§ 1P#63 cT cc AA GG GG cc 0.05 0.114 0.836 brown X brown X
= 1P#68 CcT CcT AA GG GG CcT 0.119 0.213 0.668 brown X inconclusive inconclusive
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IP#15 TT cc AA GG GG cc 0 0.013 0.986 brown X brown X
2 1P#29 cc cc AA GG GG cc 0.848 0.088 0.065 blue N blue v
'E 1P#30 cc cc AA GG GG ccC 0.848 0.088 0.065 blue v blue v
2 IP#43 cc cc AA GG GG cc 0.848 0.088 0.065 blue N blue v
; IP#64 cc cc AA GG GG cc 0.848 0.088 0.065 blue v blue v
% IP#69 cc cc AA GG GG cC 0.848 0.088 0.065 blue v blue v
b IP#70 cc cc AA GG GG cC 0.848 0.088 0.065 blue v blue v
g 1P#17 cc cc AA GG GG CT 0.934 0.054 0.012 blue v blue v
1P#59 CC CC AA GG GG CC 0.848 0.088 0.065 blue v blue v

Analysis without threshold for brown eye phenotype showed correct call rate and model
sensitivity of 88%, as 29 of 33 brown eye samples were predicted correctly. On the other hand,
17 false positive predictions were observed, corresponding to a specificity of 47%. After
applying the threshold of 0.7, the results showed 28 true positive (85%) and 5 false negative
predictions (15%). In this case, the false positive rate was lower as there were 10 false positive
predictions. The achieved sensitivity and specificity of the model were 85% and 69%,
respectively. In a group of participants with undefined eye colour, there were no correct
predictions. When analysed without threshold, 7 samples were associated with blue colour (30%)
and 16 samples with brown colour (70%). Using the threshold, 7 predictions were still made for
blue eyes (30%), 9 predictions were made for brown eyes (40%) and 7 were inconclusive (30%).
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Given these results, predictions for the undefined eye colour were present neither with nor
without threshold. When analyzing the samples from participants with blue eyes, the sensitivity
of the prediction model without threshold was 89%, as there were 8 true positive predictions.
There were 11 false positive predictions reported, so the specificity was 80%. For these samples,
the results of the analysis with the threshold showed the same sensitivity and specificity level as
without the threshold.

Overall, the prediction model without threshold resulted in 57% correct and 43%
incorrect predictions (Fig. 1a). Using the threshold, prediction was correct for 56%, incorrect for
32%, and inconclusive for 12% of the samples examined (Fig. 1b).

Prediction accuracy without threshold Prediction accuracy with threshold

Inconclusive
12%

Correct
57%

Incorrect
43%
Correct
Incorrect 56%
32%

a) b)

Figure 1. The IrisPlex prediction accuracy. (a) Accuracy of the prediction model without threshold, (b)
accuracy of the prediction model with the 0.7 threshold.

The distribution of the genotypes of the four SNPs in three phenotype categories is shown in
Table 3. SNP rs12913832 (HERC2) showed three genotypes (TT, CT and CC) in individuals
with brown eye colour and two genotypes in individuals with undefined (CT and CC) and blue
eye colour (CC and TT). Of the 33 individuals with brown eyes 21%, 73% and 6% carried TT,
CT and CC, respectively. Among 23 individuals with undefined eyes, 30% were of CC and 70%
of CT genotype. In 8 of 9 (89%) individuals with blue eyes CC homozygotes were observed,
while one individual carried TT genotype. In rs1800407 (OCA2), only GG and GA genotypes
were observed with the most abundant GG genotype present in 88%, 78% and 89% of
individuals with brown, undefined, and blue eyes, respectively. In rs12203592 (IF4), the
genotypes CC and CT were reported, with genotype CC present in all participants with blue eyes
(100%), 97% of participants with brown eyes and 91% of participants from the undefined eye
group. The TT genotype was not observed. In rs1393350 (TYR) the genotypes CC and CT were
also observed. Most participants from all three colour categories were CC carriers: 88%, 61%,
and 89% of individuals with brown, undefined, and blue eye phenotypes, respectively. Once
again, the TT genotype was not observed. The markers rs12896399 (SLC24A4) and rs16891982
(SLC45A2) showed the same genotype (GG) in all participants.

Table 3. Distribution of SNP genotypes of the three genes regulating eye colour.

Eye colour  rs12913832 (HERC2) rs1800407 (OCA2) rs12203592 (IRF4) rs1393350 (TYR)
TT CT cC GG GA AA TT CT CC TT CT cC

Brown 21% 73% 6% 88% 12% - - 3% 97% - 12% 88%

Undefined - 70%  30% 8% 22% - - 9% 91% - 39% 61%

Blue 11% - 89% 89% 11% - - - 100% - 11% 89%
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DISCUSSION

The human eye is an extremely complex structure whose colour is determined by the
colour of the iris (LIU et al., 2009). The greatest variation in eye colour has been found in
European populations, which is in accordance with the hypothesis about the spread of modern
humans and the evolutionary history of this trait (EIBERG et al., 2008; WALSH et al., 2012). It is
therefore not surprising that many DNA-based eye colour prediction models were initially
developed using European populations (LIU et al., 2009). However, it is important to examine
whether the varieties and sample size of the selected populations are sufficiently representative
of Europe as a whole, considering its high degree of genetic polymorphism. In the present study,
an analysis of the IrisPlex system containing six most informative SNPs for predicting human
eye colour in Europeans (WALSH et al., 2011) was performed on 65 Serbian respondents to
evaluate its effectiveness and potential applicability in forensic investigations in Serbia.

Considering all three phenotypes - brown, undefined and blue eye colour - the
application of six markers in the IrisPlex assay in our sample resulted in a moderately good
prediction accuracy of 57% (Fig. 1a). This result is statistically significantly lower (p < 0.0451)
than that previously reported for seven European populations from the EUREYE study (WALSH
et al., 2012). On the other hand, the IrisPlex system performed well in predicting brown and blue
eye colour in our sample, resulting in sensitivities of 88% and 89%, respectively. However, this
prediction model was not able to achieve accurate predictions for undefined eye colour, as was
the case in several other studied populations (PRESTES et al., 2014; DEMBINSKI and PICARD, 2014;
KASTELIC et al., 2013, HOHL et al., 2022). If the undefined category was excluded from our
study, the error rate in eye colour prediction would decrease from 43% to 12%, which is only
slightly lower than the value reported in the EUREYE study (WALSH et al., 2012). The higher
overall prediction error rate in our case could therefore be explained by the fact that, compared to
the 7% of the sample of wWALSH et al. (2012), a significant proportion of our sample (35%) was
phenotypically characterised by an undefined eye colour, which proved to be unpredictable
according to our results (Table 2b). The complete lack of sensitivity in predicting undefined eye
colours may reflect a high degree of admixture in the population, as previously mentioned in
studies of Italian (SALVORO et al., 2019), European-Asian (PRESTES et al., 2014), and U.S.
admixed populations (DEMBINSKI and PICARD, 2014).

When the threshold p > 0.7 was applied, the prediction specificity for brown eye colour
increased as the false positive rate decreased, while the prediction accuracy slightly decreased. In
contrast, the prediction specificity and sensitivity for blue eye colour did not change. However,
in this case the overall frequency of incorrect predictions was lower, as all phenotypes with
probability values below 0.7 were classified as “inconclusive” (Fig. 1b). This category mainly
included individuals with green eye colour and individuals with the central heterochromia,
characterised by a lighter iris with a darker ring around the pupil (MACKEY et al., 2011). All
respondents with “inconclusive” and approximately half of those with incorrectly predicted
phenotype were heterozygous for rs12913832 in the HERC2 gene (Table 2).

Our results confirm previous findings that much of the variability in eye colour can be
explained by the SNP rs12913832 of the HERC2 gene (STURM et al., 2008). The largest number
of participants with genotypes TT and CT for this SNP in our study had brown or undefined eye
colour, whereas participants with genotype CC predominantly had blue eyes (Table 2). These
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results are largely consistent with the assumption that the ancestral T allele on the HERC2 gene
is dominant and that the presence of at least one such variant is sufficient for the expression of a
darker eye colour (EDWARDs et al., 2016). However, a deviation from this regularity of
prediction was observed in one individual with genotype TT, who clearly had blue eyes (Table
2c), and in two individuals with genotype CC, who clearly had brown eyes (Table 2a). This is
not the first time that such a deficiency of the prediction model has been described (PRESTES et
al., 2014; bEMBINSKI and PICARD, 2014). The discrepancy found in a blue-eyed individual with
the TT genotype was also documented in a study of Norwegians, according to which this
phenomenon could be explained by the newly discovered blue-eyed variants in the OCA2-
HERC2 region (SALVO et al., 2023). In addition, the occurrence of brown eye colour in the
absence of the T allele in the SNP rs12913832 suggests that the darker eye colour may also be
determined by other genes whose effects are likely to be additive. Apart from the HERC2 gene,
small variations in the genotype in our sample were detected also in the OCA2, TYR and IRF4
genes (Table 3), which are thought to have an additive effect on eye colour variability. In our
study, a 44% of undefined-eyed individuals who carried the CT genotype for HERC2 also
carried CT genotype for TYR gene, assumed to be associated to lighter eye colour (BOROVANSKY
and RILEY, 2011), while only 17% of brown-eyed individuals who carried the CT genotype for
HERC?2 also carried the CT genotype for TYR gene (Table 2). The correlation between the
heterozygous genotype of both of HERC2 and TYR genes and the lighter eye colour phenotype
was examined in the brown and intermediate categories in order to confirm appearance of this
type of genotype-phenotype association. The difference between two categories above was not
statistically significant (p=0.08), probably due to the small number of participants in both
groups, but it could be assumed that the shade of the undefined eye colour in some cases could
be attributed to the combination of the genotypes of these two genes. The OCA2 and IRF genes
were predominantly represented with the major genotypes regardless of eye colour (Table 3),
whereas the SLC24A4 and SLC45A2 genes had the same genotype in all participants (Table 2),
suggesting that these four genes had an overall weak influence on the trait in our sample.

The difficulties in predicting undefined eye colours strongly suggest that the markers
included in IrisPlex are not sufficiently effective in predicting the different shades between blue
and brown colour. This could be caused by the fact that this prediction model does not take into
account the possibility of gene epistasis, which is thought to have a major impact on the
expression of undefined eye colour (POSPIECH et al., 2011; SALVORO et al, 2019). Furthermore,
discrepancies in the interpretation of this colour between different studies (WALSH et al., 2012;
SALVORO et a.l 2019; KASTELIC et al., 2013; YUN et al., 2014; PRESTES et al., 2011; DEMBINSKI
and PICARD, 2014; EDWARDS et al., 2016; HOHL et al., 2022), even in the same population
(wALSH et al., 2012; sALvORO et al., 2019), were found, which could also be due to the
subjective perception of observers and the lack of clear criteria for the determination of
undefined eye colour. Additionally, the genetic background of various structures observed on the
eye (Fuch's crypts, dark pigment spots, and contraction furrows) that influence the perception of
eye colour is largely unknown. The lower predictive power of the IrisPlex system could therefore
be caused by the presence of additional genetic determinants, the effect of which could be
population-specific. The identification of genetic markers associated with different structures of
the eye, as well as other pigmentation markers, could further improve eye colour prediction
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models. On the other hand, the problem of objective classification of eye colour may soon be
overcomed by the introduction of new digital models based on the use of high-resolution devices
that can divide the eye image into many small parts counted as pixels (LU et al., 2010;
ANDERSEN et al., 2013; EDWARDS et al., 2016; WOLLSTEIN et al., 2017, PAPARAZZO et al., 2022).
However, in order to be applicable in forensic investigations, this categorisation of eye colour
should be consistent with the subjective perception of the eyewitnesses.

CONCLUSIONS

Our study provides an overview of the distribution of genotypes for six SNP markers in
the Serbian population which were found to be the most informative in predicting eye colour in
European populations. The IrisPlex system performed well in predicting blue and brown eye
colour in the Serbian sample, achieving a sensitivity of over 85%. However, it showed
limitations in predicting undefined eye colour, the common phenotype in our sample. This lack
of predictive sensitivity of the IrisPlex system to the undefined phenotype was particularly
striking in the Serbian population, which is thought to have greater genetic diversity than most
European populations due to its geographic location, turbulent history, and high degree of
admixture. Thus, our results suggest that undefined eye colour is strongly dependent on unknown
genetic factors in addition to the HERC2 and probably also the TYR gene, the effects of which
may be population-specific. However, further work with a larger sample, more genetic variants,
and a model that accounts for epistatic interactions is needed to achieve sufficiently good
prediction of undefined eye colour.
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Izvod

Predikcija fizickog izgleda na osnovu analize DNK, takode poznata kao DNK fenotipizacija, je
polje koje se brzo razvija i poseduje znacajan potencijal u re$avanju zahtevnih forenzickih
istraga. Spoljasnje karakteristike, kao §to je boja o¢iju, su lako uo¢ljive i geneti¢ki determinisane.
Analiza visoko informativnih pojedina¢nih nukleotidnih polimorfizama (eng. single nucleotide
polymorphisms - SNP) lociranih u regionima gena asociranih sa pomenutim osobinama, pruza
informacije o fenotipu nepoznate individue, Sto moze biti kljuéno u sluc¢ajevima kada analiza
pomocu standardnih STR lokusa nije informativna. IrisPlex esej je razvijen na uzorku 3804
ispitanika populacije Holandije kako bi se precizno predvidela braon, plava i prelazna boja o¢iju
na osnovu Sest SNP markera. Esej je validiran od strane nekoliko studija i pokazana je velika
preciznost u predikciji braon i plave boje o¢iju u veéini evropskih populacija. Cilj ove studije
bila je evaluacija IrisPlex eseja u srpskoj populaciji i utvrdivanje potencijalnih odstupanja u
preciznosti predikcije u poredenju sa prethodno objavljenim evropskim podacima. Sprovedena je
analiza 65 ispitanika srpske populacije. Dobijeni rezultati su pokazali da je predikcija bila ta¢na
za ne$to viSe od polovine ispitanika. IrisPlex esej je imao veoma dobre performanse u
prediktovanju plave i braon boje o€iju. Sa druge strane, model se pokazao kao neefikasan u
predikciji prelazne boje §to sugeriSe da je genetiCka osnova ovog fenotipa u Evropi nepoznata i
moguce populaciono-specifiéna. Uzimajuci u obzir veliki geneti¢ki diverzitet srpske populacije,
potreban je dalji rad na vecem uzorku i sa vise SNP markera kako bi se identifikovale sve
geneti¢ke varijante koje su u osnovi ove osobine.
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