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Single nucleotide polymorphisms (SNPs) are the most abundant genetic markers in the human genome.
SNPs are used in forensics for predicting the externally visible characteristics of a given individual
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based on a sample of DNA alone. In this study, we tested degraded DNA samples to determine the eye

color prediction accuracy of the IrisPlex system. We used five years old bloodstains and UVC exposed
(30 and 60 min) DNA samples. PCR and electrophoresis were performed. The multinomial logistic
regression model statistics is applied for eye color prediction. We observed allele and locus drop-outs on
both bloodstains stored for five years and UVC exposed samples. The brown and blue eye colors were
correctly predicted for reference and degraded samples. The intermediate eye colors were predicted to be
brown or inconclusive. The degradation by aging bloodstains or UVC exposure, is differently affected the
prediction accuracy depending on the informativeness of the SNPs. This study showed that the prediction
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of the eye color is highly accurate for the blue and brown eye colored individuals. However, the IrisPlex

prediction accuracy could be influenced by the old and degraded samples.
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INTRODUCTION

In current forensic casework, conventional short tandem
repeats (STRs) analysis is typically used for identification
of the biological evidence. However, STRs are insufficient
when STR profile does not match any of the known
suspect’s profile or any of the profile from a criminal DNA
database, thus in the case of a non-match, the investigation
would go unsolved. With advances in genetic knowledge
and technologies alternative DNA analysis systems could
provide valuable information from the DNA evidence
(Budowle and van Daal, 2008; Kayser and Schneider,
2009; Kayser, 2015). Forensic DNA intelligence, also as
known as forensic DNA phenotyping (FDP), provides
information regarding the biogeographical ancestry (BGA)
and externally visible characteristics (EVCs) of unknown
DNA sample donor. Forensic DNA intelligence tools
can aid investigators by providing physical appearance
of the suspect and therefore the potential suspect pool
could be narrowed down. Forensic DNA intelligence
can also be applied in identifying mass disaster victims,
missing person cases and in anthropological studies.
Thus forensic DNA intelligence has flourished as a
powerful informative tool in criminal investigations
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(Kayser and de Knijff, 2011; Kayser, 2015; Mehta et al.,
2017).

In order to predict the appearance of the unknown
individual, the forensic scientists have started following
the genome-wide association studies (GWAS) that include
finding genes for human complex traits such as eye, hair
and skin color, pigmentation-related traits such as freckles,
baldness, age, hair morphology, body height (Shriver et
al., 2003; Sulem et al., 2007; Sturm, 2009; Visser et al.,
2012; Liu et al., 2014, 2015; Kayser, 2015; Toom et al.,
2016; Chaitanya et al., 2017; Walsh et al., 2017; Pospiech
etal., 2018).

The first human complex trait studies indicate that
HERC2/OCA2 genes are responsible for the most of the
blue and brown eye color inheritance (Frudakis e al. 2007;
Donnelly et al. 2012). A single promotor SNP rs12913832
in HERC? gene is discovered to be strongly associated with
blue or brown eye color variations (Visser ef al., 2012).
The other genes (SLC2A44, TYR, TYRPI, SLC4542, and
IRF4) have also been identified for eye color variations
with minor effects (Liu et al., 2009). The first forensic
DNA phenotyping panel for predicting eye color, IrisPlex
system (Walsh et al., 2011), was developed based on a
previous study from Liu et al. (2009). The IrisPlex system
includes a multiplex panel of the six most informative eye
color SNPs on six different genes (rs12913832 in HERC2,
rs1800407 in OCAi2,1s12896399 in SLC2444,1s16891982
in SLC45A42, rs1393350 in TYR, and rs12203592 in IRF4)
for predicting eye color. These SNPs can be genotyped
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using SNaPshot chemistry and capillary electrophoresis
(Walsh et al., 2011). Eye color prediction system has been
developed based on a multinominal logistic regression
(MLR) that estimates probabilities for blue, brown, and
intermediate (green-hazel) eye color using genotype and
phenotype information from previously defined European
population databases. This tool allows prediction of eye
color from complete and partial genotype profiles. The
prediction accuracy of the blue and brown eye color could
be achieved over 90% but 70% accuracy is determined
for intermediate eye color inference (Walsh et al., 2011;
Chaitanya et al., 2014; Bulbul ef al., 2020).

In forensic science, the biological samples
encountered are often degraded or found in low amounts.
DNA damage occurs due to the environmental conditions
such as UV light, ionizing radiation, timing and genotoxic
chemicals. UV radiation causes damage and mutations on
DNA. Shorter wavelength UV hight such as UVC (100-
280 nm) degrade DNA at a faster rate due to the higher
amount of energy expended (Grskovic et al., 2013; Hall
et al., 2014). Degraded samples or biological samples
that contain limited DNA (shed hairs, bone, teeth) can
be through problematic for analysis of standard STRs
show better performance with SNPs. The IrisPlex system
is suitable for the analysis of degraded samples by the
sensitivity threshold of 31 pg of starting genomic DNA
template (Walsh et al., 2011; Chaitanya et al., 2017).

The objective of this study was to determine the effect
of type degradated DNA samples on prediction accuracy
of the IrisPlex system.

MATERIALS AND METHODS

We collected blood and saliva samples from ten
unrelated healthy donors from Istanbul, Turkey with
written informed consent. This study was approved by the
Ethics Committee of the Istanbul University Cerrahpasa
Medicine Faculty, Istanbul, Turkey (No. 83045809/87).
The observed phenotypes from volunteers were one
blue, four brown and five hazel-green (intermediate) eye
colors. We also photographed eye of the each participating
individual.

After collection of the blood samples, the blood was
dispensed on sterile linen fabric and allowed to dry at room
temperature. Dried bloodstains were stored in an open box
at room temperature for five years. Genomic DNA was
extracted from bloodstain samples using a QIAamp DNA
Mini Kit (Qiagen) according to the DNA Purification from
Dried Blood Spots protocol. DNA samples were stored at
—20°C until PCR amplification.

DNA was extracted from buccal swab samples
as soon as possible after the collection (within 24 h) of

samples. Buccal swab DNA extraction was made using a
QIAamp DNA Mini Kit (Qiagen) according to the Buccal
Swab protocol and DNA samples were stored at -20°C
until use. We used these DNA samples for UV degradation.
Randomly selected five DNA samples (each 10 pl) were
put in a sterile eppendorf tube and exposed to 253,7nm
UVC light (Grant-bio UVT-B-AR) for 30 and 60 min. All
DNA samples were quantified by Qubit fluorometer using
the Quant-iT™ HS dsDNA HS Assay kit (Invitrogen).

We designed PCR and single-base extension
(SBE) primers for the six eye color SNPs (rs12913832,
rs1800407, 1512896399, rs16891982, rs1393350 and
rs12203592) in IrisPlex panel as previously described
(Walsh et al., 2011). We applied a primary multiplex
PCR followed by a multiplex SBE using the SNaPshot kit
(Thermo Fischer Scientific) as recommended by Walsh
et al. (2011). The multiplex PCR amplification of these
SNPs were adjusted PCR with a total volume of 10 pL
and contained 2X Qiagen Multiplex Master Mix, PCR
primer mix, DNA (0,5- 2 ng) and nuclease-free water.
PCR was performed using a GeneAmp 9700 thermal
cycler (Thermo Fischer Scientific) with the suggested
program (Walsh et al., 2011). Amplified fragments (2,5 pl)
are treated with the 1 pL ExoSAP-IT (GE Healthcare) and
are incubated at 37°C for 45 minutes followed by enzyme
inactivation at 85°C for 15 minutes. SBE was performed
in a total reaction volume of 5 pl as described in (Walsh
et al., 2011). After the SBE reactions, the products were
cleaned of extra primers by using FastAP Thermosensitive
Alkaline Phosphatase (Thermo Fischer Scientific).

The final products were separated and detected by
capillary electrophoresis using an ABI Prism 310 Genetic
Analyzer (Thermo Fischer Scientific) with 36 cm capillary
arrays and POP4 polymer. Genotypes were determined
with GeneMapper ID 3.1.2 analysis software (Thermo
Fischer Scientific).

Eye color prediction was assessed with IrisPlex
online prediction tool (https://hirisplex.erasmusmc.nl/)
that uses a probability threshold of 0.7 (Walsh et al., 2011).
Probability values for each sample were created for three
categories blue, intermediate and brown. The category
with the highest prediction probability value (p > 0.7) is
determined as the most probable eye color. The probability
values below 0.7 were marked as undefined.

RESULTS

First we determined the locations of 6 SNPs
(rs1800407, 1s16891982, 1rs12203592, rs12913832,
rs1393350, rs12896399) in the capillary electrophoresis
via singleplex reactions. Then multiplex reaction is
prepared with equal primer concentrations. The ideal
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profile was created by increasing or decreasing the
primer concentrations. A sample (9947A positive control)
electropherogram of the optimized IrisPlex assay is
illustrated in Figure 1.

Fig. 1. A representative electropherogram of the optimized
IrisPlex assay.

After optimization, all samples are genotyped and
they are given in Table I. We refer to the samples without
any degradation as the reference samples through the
text. Complete profiles were obtained from all reference
DNA samples. The four partial profiles (D02, D03, D06
and DO0S8) were obtained from bloodstain samples stored
for five years. For the sample “D02-5 years”, we observed
one locus lost at rs1393350 (CC>NN), two allele drop-

outs at 1s12203592 (CT>CN) and rs1800407 (GA> GN)
with respect to the reference profile. For the sample “D03-
5 years”, we detected one allele drop-out at rs12203592
(CT>CN). For the samples “D06-5 years and DO0S-5
years”, the loci loss was observed at rs1393350 (CC>NN).

Then, the effects of UVC exposure on DNA samples
were determined. Full profiles were obtained with 30 min
and 60 min UVC exposure for D01, D04 and D05 samples.
However, there was a significant loss of alleles and allele
drop-outs were observed at D02 and D03 samples (Table
I). We detected two allele drop-outs on rs12913832
(CT>CN) and 1512203592 (CT>CN) at D02 sample for the
60 min UVC exposure time. Allele drop-out at rs12203592
(CT>CN) loci was also observed for D03 sample for the
60 min UVC exposure time. For the 30 min UVC exposure
time rs1800407 (GA> GN) loci was incomplete for D02
and D03 samples (Table I).

According to those findings, the effect of degradation
is observed to vary on UVC exposed and aged bloodstains
samples. D02 and D03 were significantly more degraded
than other samples. The observed profile for D02 is shown
in Figure 2.

Fig. 2. The electropherogram results of the D02 reference, 5 years old bloodstain, 30 min and 60 min UVC-exposed samples.
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Gene/ HERC2 OCA2 SLC2A4 SLC45A2 TYR IRF4
rs-code/ rs12913832 rs1800407 rs12896399 rs16891982 rs1393350 rs12203592
Alleles C/T G/A T/G G/C C/T C/T
Samples

DO1-reference TT GG GG GG CcC CC
DO1-5 years TT GG GG GG CcC CC
DO01-60 min UV TT GG GG GG CC CC
DO01-30 min UV TT GG GG GG CC CC
DO02-reference CT GA GG GG CC CT
DO02-5 years CT GN GG GG NN CN
D02-60 min UV CN GA GG GG CC CN
D02-30 min UV CT GN GG GG CcC CT
DO03- reference CT GA GG GG CC CT
DO03-5 years CT GA GG GG CcC CN
D03-60 min UV CT GA GG GG CcC CN
D03-30 min UV CT GN GG GG CcC CT
DO04- reference CT GG GT GG CC CC
D04-5 years CT GG GT GG CcC CcC
D04-60 min UV CT GG GT GG CcC CcC
D04-30 min UV CT GG GT GG CcC CcC
DO0S- reference TT GG GT GC CC CT
DO05-5 years TT GG GT GC CC CT
D05-60 min UV TT GG GT GC CcC CT
D05-30 min UV TT GG GT GC cC CT
DO06- reference CC GG GG GG CC CC
D06-5 years CcC GG GG GG NN CcC
DO07- reference TT GA GG GG CcC CcC
DO07-5 years TT GA GG GG CcC CcC
DO08- reference TT GG GG GG CcC CcC
DO08-5 years TT GG GG GG NN CcC
DO09- reference CT GG GT GG CT CC
D09-5 years CT GG GT GG CT CC
D10- reference CT GG GG GC CC CC
D10-5 years CT GG GG GC CC CC

* N refers to allele drop-outs.

To further illustrate the predictive performance of the
IrisPlex assay on degraded samples, we used an online
IrisPlex prediction tool for the estimation of the three eye
color phenotypes (blue, brown and intermediate) (Walsh
et al., 2011). Table II represents the predictions of the eye
color for all samples. The table is ordered based on sample
name, eye images, actual and predicted eye colors and
prediction probabilities for all three eye color categories
provided for each sample.

The eye color predictions of the all brown (D01, DO0S,
D08 and D10) individuals and one blue (D06) individual
were fully agreed with the eye color phenotype from visual
inspection for reference and degraded samples. Although
individuals D06 and DO8 had lost rs1393350 (Table I)
loci at five-year stored bloodstain samples, the eye color
prediction values slightly drop (0,986 to 0,985 for D08
and 0,065 to 0,055) therefore having no effect on the final
predictions.
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Table II. The eye color prediction results of ten individuals after applying IrisPlex assay. The highest of the three
prediction probabilities per individual is highlighted in bold and italic. The area in red marks (D2 and D3 individuals)
with unclassified or non-conclusive eye color prediction results based on the IrisPlex test applied.
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Three intermediate (hazel-green) eye colored
individuals (D04, D07 and D09) were predicted more like
to be brown eye color with a probability threshold of 0.7
provided. It is important to note that the classification was
incorrect for these individuals; however, the prediction
values for individuals D04 (0,767) and D09 (0,707) were
lower than actual brown eye colored individuals.

Only two individuals (D02 and D03 references) were
below 0.7 cut-off probability threshold and unclassified
into their categories by the IrisPlex prediction model. The
degradations by aging bloodstains and UVC exposure are
observed to have a significant effect on the prediction of
these individuals. At D02 estimated category of the eye
color is changed (brown) (Table II) when one locus was
lost (rs1393350) and two allele drop-outs (rs12203592,
rs180040) were occurred from the bloodstain samples
stored for five years (Table I). D02 60 min UVC exposed
sample is predicted as blue eye color (Table II) when
two allele drop-outs on rs12913832 and rs12203592 are
observed (Table I). For the D02 and D03 samples 30 min
UVC exposure caused allele drop-out at rs1800407 loci
and prediction is more like to be brown eye color. For
D03 bloodstain sample stored for five years and 60 min
UVC exposed sample had the same allele drop-out at
rs12203592 (Table I) which resulted in prediction values
below 0.7 and therefore the samples were unclassified.

DISCUSSION

DNA allows for the identification of the individual
from biological samples found in a crime scene. However,
identification can be challenging when the sample found
is degraded or in low amounts. In such cases alternative
DNA markers (SNPs, InDels e.g.) can be used to get clues
regarding the ancestry, phenotype, lineage, and identity.
One potential forensic application of SNP analysis is the
determination of the externally visible characteristics
such as hair and eye color of a given individual. These
findings can reveal the physical characteristics of a person
to provide leads for investigations (Valenzuela et al.,
2010; Kayser, 2015, Maronas et al., 2015). In this study,
we have tested IrisPlex eye color prediction system on
old bloodstains and UVC exposed samples to determine
how degradation affects the prediction accuracy of the eye
color.

We found that a total of 8 out of 10 individuals’ eye
color prediction values were above the cut-off probability
threshold (> 0.7). Blue (D06 reference) and brown eyes
(D01, D05, D08, D10 reference samples) were predicted
accurately and inferred phenotypes were confirmed from
self-reported and photographed eye colors (Table II).

The intermediate eye colors did not yield any correct

prediction. Our sample set had three incorrect and two
inconclusive results for intermediate eye color samples.
The three intermediate eye colored individuals (D04, D07
and D09 reference samples) were estimated as brown.
However, the prediction values for individuals D04
(prediction value for brown= 0,767) and D09 (prediction
value for brown= 0,707) were lower than other brown
eye colored individuals. The other two intermediate eye
colored individuals (D02 and D03 reference samples)
were not classified because of the cut-off probability
threshold. Therefore, our results confirm that the IrisPlex
prediction system is a good choice for determining blue
and brown eye colors with high accuracy, however, the
system is shown to be unreliable for intermediate eye
colors. These findings are consistent with what has been
found in previous studies (Walsh et al., 2011; Dembinski
and Picard, 2014; Freire-Aradas et al., 2014; Bulbul et
al., 2020). Walsh et al. (2011) reported that the prediction
values increase when the eye color of the individual
gets darken (dark blue or dark brown) and thus there is
a correlation between the predicted values and the visual
determination of the eye color phenotypes. A similar
pattern of results was obtained in our study for individuals
D04 and D09. Moreover, additional informative SNPs
associated with the intermediate color were published
and tested for increasing accuracy and the HERC2 SNP
rs1129038 appears promising SNP (Ruiz et al., 2013;
Freire-Aradas et al., 2014; Bulbul et al., 2020).

We used bloodstains stored for five years and UVC
exposed (30 and 60 min) samples for determining the
sensitivity and accuracy of the IrisPlex prediction system.
We observed allele drop-outs and locus loss only at
four (D02, D03, D06, and DO08) old bloodstain samples
(Table I). Although rs1393350 locus was lost for D06 and
DO08 old bloodstain samples, these partial genotypes did
not lead to erroneous eye color phenotype predictions.
DO03-bloodstain sample had a drop-out of the T allele at
rs12203592 which increased the prediction value of the
brown eye color. D02-bloodstain sample had a significant
loss of alleles at several loci, which led to erroneous eye
color prediction.

UV radiation is known to fragment DNA and we,
therefore, tested IrisPlex system to assess the impact of
DNA degradation on the eye color prediction accuracy.
The UVC continuous exposure for 30 and 60 min to D01,
D04, and D05 samples did not lead to any change in the
genotypes of these samples. We obtained partial loss of
genetic profile at D02 and D03 UVC exposed samples.
The allele drop-out at rs1800407 at D02 30 min UVC
exposed sample did not change the eye color prediction.
When the UVC exposure up to 60 min, there were allele
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drop-outs at HERC2 rs12913832 and IRF4 rs12203592 for
the same sample which resulted in an erroneous eye color
prediction. rs12913832 in the HERC2 gene is significantly
linked with blue vs. brown eye color. The absence of
this locus severely limits the prediction accuracy of the
entire eye color (Walsh et al., 2011; Visser et al., 2012).
Therefore, it is suggested that in case of the absence of
this locus, the researchers should not report the results and
perform multiple amplification of the sample to ensure
consistency of genotyping (Chaitanya et al., 2014; Walsh
and Kayser, 2016).

The limitations of the IrisPlex eye color prediction
assay has been tested under different conditions (Draus-
Barini ef al., 2013; Walsh et al., 2013; Chaitanya et al.,
2014). Although IrisPlex assay provides a threshold of 31
pg sensitivity, the quality of the DNA from the degraded
samples, as well as the environmental conditions (UV
radiation, storage) influence the results. Our findings are
in accordance with findings reported by (Draus-Barini et
al.,2013; Walsh et al., 2013; Chaitanya et al., 2014, 2017).
Obviously, low quantity and degraded samples are very
challenging as expected for any other genotyping system
(STRs, SNPs etc.), IrisPlex assay also has limitations
for difficult DNA samples. Hence, to avoid incorrect
classifications and to confirm the genotyping results,
multiple amplification of the degraded samples are highly
recommended. Moreover, when dealing with such difficult
samples guidelines and recommendations that are settled
previously should be followed precisely.
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