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Background: Externally visible traits such as iris and hair color are of interest in different areas of research from ar-
cheology and population genetics to forensic science. Recently a number of models have been developed to predict variants 
of human phenotypic traits. The most popular of them is the HIrisPlex system consisting of 24 SNPs, associated with human 
eyes and hair color.

maTerials and meThods: We used the HIrisPlex system for phenotyping of the Belarusian population. Allelic variants 
of the SNPs were genotyped by massive parallel sequencing. The analysis of the obtained data was performed using the free-
available online resource https://HIrisPlex.erasmusmc.nl.

resulTs: The comparison of the results of genotyping with actual data showed high accuracy of the system for predic ting 
blue and brown eye color (94.5% and 91.8% of correct predictions, respectively), and in identifying brown-haired (84.7%) and 
red-haired individuals (80%). The HIrisPlex system successfully predicts iris and hair color in two most numerous phenotypic 
groups – “brown-haired with blue eyes” (BA = 78.5%) and “brown-haired with brown eyes” (BA = 85.5%).

conclusion: The HIrisPlex system has a high prognostic ability for forensic DNA phenotyping in the Belarusian population. 
But for traits that are difficult identified, additional researchers are required.

Keywords: DNA phenotyping; HIrisPlex; iris color; hair color.

to cite this article:
Seredenko (Shinkevich) MV, Vakula SI, Shapturenko MN, Kondratsiuk AV, Borovko SR, Lugovnjov AV, Gudievskaya IG, Skrypnik OV, Marchenko LN, 
Kilchevski AV. Prognostic capacity of the HIrisPlex genetic phenotyping system in the belarusian population. Ecological genetics. 2021;19(1):67–76. 
DOI: https://doi.org/10.17816/ecogen54547

received: 10.12.2020 Accepted: 12.02.2021 Published: 23.03.2021

https://crossmark.crossref.org/dialog/?doi=10.17816/ecogen54547&domain=PDF&date_stamp=2021-03-15


68

Лицензия CC BY-NC-ND 4.0
© Эко-Вектор, 2021

Экологическая генетика  
Ecological geneticsТом 19, № 1, 2021

ЭкоЛоГическая ГенеТика 
чеЛоВека

DOI: https://doi.org/10.17816/ecogen54547

Прогностическая способность системы 
генетического фенотипирования hIrisPlex 
в белорусской популяции

 © М.В. Середенко (Шинкевич)1, C.И. Вакула1, М.Н. Шаптуренко*1, А.В. Кондратюк1, 
С.Р. Боровко2, А.В. Луговнёв2, И.Г. Гудиевская3, О.В. Скрыпник3, Л.Н. Марченко3, 
А.В. Кильчевский1

1 Институт генетики и цитологии Национальной академии наук Беларуси, Минск, Республика Беларусь; 
2 Комитет судебных экспертиз Республики Беларусь, Минск; 
3 Белорусский государственный медицинский университет, Минск, Республика Беларусь

Введение. Признаки пигментации человека, такие как цвет радужки глаз и волос, представляют интерес для раз-
личных направлений исследований, от археологии и популяционной генетики до криминалистики. В последние 
годы были разработаны модели, позволяющие предсказывать вариации ряда фенотипических характеристик че-
ловека. Одну из таких моделей — HIrisPlex, состоящую из 24 полиморфизмов (SNP), ассоциированных с цветовой 
вариацией глаз и волос, мы использовали для фенотипирования белорусской популяции.

Материалы и методы. Генотипирование аллельных вариантов SNP системы осуществляли методом массового 
параллельного секвенирования. Анализ полученных данных выполняли с помощью общедоступного онлайн ресурса 
https://HIrisPlex.erasmusmc.nl. 

Результаты. Сопоставление результатов генотипирования с фактическими данными показало высокую точ-
ность системы в определении голубых и карих глаз (94,5 и 91,8 % корректных предсказаний соответственно), иден-
тификации шатенов (84,7 %) и рыжеволосых индивидов (80 %), а также в определении цвета радужки и волос сре-
ди двух наиболее многочисленных фенотипических классов — «шатен с голубыми глазами» (BA = 78,5 %) и «шатен 
с карими глазами» (BA = 85,5 %). 

Выводы. Тем не менее система HIrisPlex имеет свои ограничения, что вызывает затруднения при идентифи-
кации как отдельных фенотипических признаков, так и их сочетаний. Такие ограничения могут быть преодолены 
путем расширения панели SNP-маркеров и применения ряда модификаций к математическому аппарату категори-
зации признаков и алгоритму анализа данных.
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INtrOduCtION
Forensic DNA phenotyping (FDP) represents a new 

field in genetics, which refers to the prediction of ap-
pearance features of unknown individual using only ge-
netic information from genotyping or DNA sequencing. 
As a rule, external phenotypic traits have polygenic na-
ture and are influenced by environmental factors, thus 
complicating their prediction. The eyes and hair color 
variations are controlled by a relatively small number 
of genes, which are mainly associated with the bio-
synthesis, transport, and storage of the high molecular 
weight melanin [1, 2]. The type, quantity, and distribu-
tion of eumelanin and pheomelanin (two forms of this 
pigment) determine the type of pigmentation. In blue 
eyied individuals, the outer layer of the iris contains 
less melanin and melanosomes than it is in hazel and 
green eyes. Moreover, content of eumelanin quantita-
tively predominates in dark hair, pheomelanin predomi-
nates in red hair, and both pigments are almost absent in 
fair hair.

Genome-wide association studies (GWAS) have iden-
tified single-nucleotide polymorphisms (SNPs) associ-
ated with pigmentation of human eyes, hair, and skin. 
Mathematical modeling allowed to establish associations 
between SNPs profiles and phenotyping traits [3, 4]. 
The IrisPlex sistem was established as the first in the 
world tool for forensic DNA-phenotyping [5]. This one 
allowed the prediction of light, dark, and intermediate 
iris variants by analyzing allelic variants of six SNPs. 
HIrisPlex is the next enhanced and more recent variant 
of this model that uses an expanded panel of 24 SNPs, 
thus enabling the high accuracy prediction eye and hair 
color variations of an individual [6]. The mathematical 
basis of both models is logistic regression. Additional 
assessment of 17 SNPs involved in skin pigmentation 
created the HIris-SPlex S system (currently most used 
DNA-phenotyping tool). To now to the public and law 
enforcement is available HIrisPlex-S Webtool (https://
HIrisPlex.erasmusmc.nl/). As well other studies pro-
posed systems for pigmentation traits DNA-phenotyping 
based on Bayesian logic, classification trees, alterna-
tive sets of SNPs [7–9]. Among these, the HIrisPlex-S 
is the most widely used due to its ease of use and high 
predictive capability. This tool was used in several pa-
leoanthropological studies, allowed the identification of 
the World War II victim’s remains, and the reconstruction 
of King Richard III’s appearance [10, 11]. Over the years, 
FDP approaches have appeared usefull in the investiga-
tion of crimes, and to date, their applicability in some 
countries is regulated by law.

Desirable the efficiency of DNA phenotyping sys-
tems would be universal. However, in different popula-
tions, there are some inconsistence associated with the 

influence of unaccounted genetic and non-genetic factors 
and also the limitations of the mathematical algorithm. 
To investigate the applicability of the HIrisPlex model 
for the Belarusian population, we performed genotyping 
of 414 individuals and determined the parameters of the 
system efficiency.

mAtErIALS ANd mEthOdS
The study involved 414 participants (247 women – 

59.7%; 167 men – 40.3%) of Belarusian ancestry. 
All subjects were older than 18 and signed the informed 
consent statement.

A subjective-biased rating of the eyes color varia-
tion was made according to the Bunak classifier [12], 
with the following modifications: type 1 – light (blue, 
gray); type 2 – intermediate, mixed; and type 3 with 
dark (brown, black) iris. The results of the subject’s 
self-testing were compared with digital images of its 
iris. We used a four-category scale of hair pigmenta-
tion (close to the traditional understanding of hair color): 
1 – blonde (flaxen, yellow), 2 – red-haired, 3 – brown-
haired individuals (from mid light- to dark- brown), and 
4 implied for brunette.

DNA purification from the whole blood was per-
formed with the phenol-chloroform method. DNA from 
buccal cells swabs was extracted using the NucleoSpin® 
DNA Forensic kit (Macherey-Nagel GmbH&Co KG, Ger-
many) according to the manufacturer’s recomendations.

To analyze SNPs associated with individuals’ eye 
and hair color variation, we used the IonAmpliseq™ 
DNA-phenotyping panel [6]. NGS libraries were prepared 
in manual mode following the standard IonAmpliSeq HD 
protocol. Sequencing was performed on an Ion S5™ 
GSS5–0177 instrument. With an average read length of 
104 nucleotides, the depth of coverage for each base 
was over 100.

The FDP characteristics were established through 
HIrisPlex-S Webtool (https://HIrisPlex.erasmusmc.nl/) 
that based on estimation of 24 genotyped-by-sequenc-
ing SNPs and generates probabilities of eye and hair 
color for each sample. The interpretation of the results 
was carried out following the web tool recommenda-
tions, with some modifications: 1) when the likelihood 
of blue/brown eye color is less than 0.51, the predicted 
human iris color was determined as intermediate, and 
2) the “dark blond” and “brown” hair color options were 
combined into the general category “brown-haired”. 
To assess the HIrisPlex prediction accuracy we used 
sensitivity (SE) and specificity (SP) indices, positive 
and negative predictive values (PPV and NPV, respec-
tively), and classification quality indice – BA (balanced 
accuracy).
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Table 1. Frequencies of pairwise distribution of iris color prediction in the HIrisPlex system and actual data

HIrisPlex Actual data 
(iris color)

blue intermediate brown total

Blue 241 
(58.21%)

11 
(2.66%)

6 
(1.45%)

258 
(62.32%)

Intermediate 2 
(0.48%)

14 
(3.38%)

4 
(0.97%)

20 
(4.83%)

Brown 11 
(2.66%)

13 
(3.14%)

112 
(27.05%)

136 
(32.85%)

Total 254 
(61.35%)

38 
(9.18%)

122 
(29.47%)

414 
(100.00%)

Table 2. Frequencies of pairwise distribution of the results of hair color prediction in the HIrisPlex system and actual data

HIrisPlex Actual data (hair color)

blond brown red brunette (black) total

Blond 24 
(5.80%)

39 
(9.42%)

0 
(0%)

0 
(0%)

63 
(15.22%)

Brown 10 
(2.44%)

244 
(58.94%)

3 
(0.72%)

49 
(11.84%)

313 
(73.91%)

Red 1 
(0.24%)

1 
(0.24%)

12 
(2.90%)

1 
(0.24%)

15 
(3.62%)

Brunette 
(black)

0 
(0%)

4 
(0.97%)

0 
(0%)

26 
(6.52%)

30 
(7.25%)

Total 35 
(8.45%)

288 
(69.57%)

15 
(3.62%)

76 
(18.36%)

414 
(100%)

rESuLtS ANd dISCuSSION
Comparative analysis of genetic phenotyping 

results and evidence data
Analysis of the questionaries revieled that the majority 

of the individuals under research (61.3%) are light-eyed, 
the part of dark-eyed subjects is 29.5%, and the other 
9.2% have intermediate variants of the iris (Table 1). 
According to the assessment of hair color variation, most of 
the participants are brown-haired (69.6%), and 8.4% have 
blonde hair. The frequency of brunettes is 18.4%. Red-haired 
individuals represent 3.6% of the sample (Table 2).

Genotyping with IonAmpliseq™ DNA Phenotyping 
panel allowed us to get full HIrisPlex profiles for all 
414 samples. Further, the data were analyzed in the of-
ficial HIrisPlex online resource (https://HIrisPlex.eras-
musmc.nl/) and corresponding predictive values were 
derived. Than the probability values were converted into 
categorical values, and the resulting prognosis report 
was compared with the evidence data (Tables 1 and 2).

The results obtained for blue and brown eyed indi-
viduals were in high consistency with correct predictions 
of 94.5% and 91.8%, respectively. At the same time, the 
identification of intermediate variants (green, mixed) of 
the iris was hindered, and 63.1% of the phenotypes of 
this group were classified incorrectly.

The predicting accuracy of hair color was quite high 
for brown-haired (84.7%) and red-haired individuals 
(80%). There was a significant proportion of inconsis-
tencies among blondes and brunettes (31.4% and 65.8%, 
respectively), probably due to hair color classification 
errors in questionaries. Subjective self-classification 
dismisses the differentiation of intermediate hair-color 
categories (chestnut-colored/dark-haired, blonde/ me-
dium light-brown). A significant part of individuals who 
identified themselves as brunettes and blondes were 
predicted by HIrisPlex as “brown-haired”. In this cat-
egory hair color variants from medium light-brown to 
chestnut-colored were included (Table 2). A high level 
of prediction accuracy corresponded to light hair tone. 
For this HIrisPlex category, about 98.5% of variants were 
defined correctly.

Assessment of traits independence using Pearson’s 
chi-squared test (χ2) and Spearman’s rank correlation 
(p < 0.01) resulted in a statement that observed types of 
eye and hair color pigmentation and HirisPlex-predicted 
categories are associated. The most independent trait is 
hair shade (r = 0.44 at p < 0.01). In addition, the asso-
ciation of probable (predicted) eye and hair colors with 
empirical data was high (0.67 and 0.72, respectively, at 
p < 0.01).
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Table 3. Characteristics of efficiency indicators of the HIrisPlex model for DNA phenotyping of the Belarusian population

Признак AUC SE, % SP, % PPV, % NPV, % Balanced accuracy (BA), %:  
BA = (SE + SP)/2

Belarusian 
population

Western European 
population [13]

Iris blue 0.94 94.9 89.4 93.4 91.7 92.1 90.0

intermediate 0.74 36.8 98.4 70.0 93.9 68.2 50.0

brown 0.95 91.8 91.8 82.4 96.4 91.8 89.0

Hair blond 0.81 68.6 89.7 38.1 96.9 79.1 72.0

brown 0.74 84.7 50.8 79.7 59.3 67.8 66.0

red 0.93 80.0 99.3 80.0 99.3 89.6 81.0

brunette (black) 0.86 34.2 98.9 86.7 87.3 66.5 66.0

shade 0.91 98.5 35.4 86.6 84.9 67.0 78.0

Note. AUC – area under ROC curve; SE – sensitivity; SP – specificity; PPV – positive prognostic value; NPV – negative prognostic value; 
BA – balanced accuracy.

The accuracy of the hIrisPlex system for 
predicting iris color

In general, the accuracy of the HIrisPlex system for 
the DNA-phenotyping of the Belarusian population is 
equal to that achieved in model validation on polyethnic 
samples [13] (Table 3). In our study, the model sensitiv-
ity (i.e., the proportion of true-positive outcomes) to the 
blue, brown, and intermediate eye variants were 94.9%, 
91.8%, and 36.8%, respectively, with SP values rang-
ing from 89%–98.4%. The high prediction accuracy for 
blue-eyed individuals is not a hallmark of the IrisPlex-
based models. Snipper (uses Bayesian logic) [7] also 
gives higher SE and SP to the light variant of the iris. 
Ob viously, given the widespread prevalence of this phe-
notype in the Belorussian population, the HIrisPlex sys-
tem most accurately predicts the light color of the iris.

The low predictive accuracy for intermediate irises 
may be caused by several reasons:

1) the effects of gene interaction that were not taken 
into account by the model,

2) additional genetic variants affecting on the trait,
3) the modifying effect of epigenetic factors, and
4) errors in the classification of phenotypes.
The solution of the first three points is beyond the 

scope of our study, but a decrease in the level of sub-
jectivity in categorical assessment can significantly in-
crease the model’s sensitivity to the intermediate vari-
ant of the eyes. According to Meyer et al. [14], upon the 
subjective transfer of continuous color variability of the 
iris into a three-category scale, at least 10% of respon-
dents disagreed with the classification of a third part 
of the images presented to them. In our study, more 
than 20% of respondents classified their eye color as 
a variant of green or green-brown. After comparing the 
questionnaire data with macroimages of the iris, only 

38 individuals were categorized under “intermediate iris 
color.” As a result of this approach of phenotypes as-
sessment, it was possible to increase.

The accuracy of the hIrisPlex system for 
predicting hair pigmentation type

The model accuracy for hair pigmentation prediction 
is lower than for iris color (Table 3). In this part of our 
investigation we shifted the threshold of the trait (hair 
color) probability to 0.7 [6]. Its value was obtained after 
comparing the threshold level with decreasing of false-
positive outcomes (low probability threshold) and with 
an increase in the number of undifferentiated individuals 
(high probability threshold). Thus the final classification 
included four categories: blondes, brown-haired, red-
haired, and brunettes.

Given that the HIrisPlex system allows to shift the 
differentiating threshold, based on the study specifics, 
the optimal values of the probabilities in our study differ 
from the recommended one. The greatest consistence 
between the predicted and the actual data was obtained 
when individuals were classified as “brown-haired,” with 
HIrisPlex indexes of PBlondeHair >0.75 (dark blonde), 
PBrownHair < 0.75, and PDarkHair <0.55 (medium light-
brown). This interpretation enabled the achievement of 
higher SE (84.7%), SP (50.8%), and BA (67.8%) for the 
“brown-haired” category. Among all brown-haired peo-
ple predicted by the HIrisPlex model, 15.6% and 3.2% of 
the respondents identified themselves as brunettes and 
blondes, respectively. Meanwhile, the HIrisPlex system 
report that 13.5% of individuals who considered them-
selves to be brown-haired are blondes according to the 
model.

Blondes and brunettes were diagnosed by the sys-
tem correctly in 68.6% and 34.2% of cases, respectively. 
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Table 4. Characteristics of the HIrisPlex system accuracy in phenotypic variants

Phenotypic class Frequency, % SE, % SP, % PPV, % NPV, % BA, %

hair iris

Brown blue 43.2 77.7 78.7 73.5 82.2 78.5

brown 20.5 81.2 90.0 67.7 94.9 85.5

intermediate 5.8 25.0 97.7 40.0 95.5 61.5

Brunette (black) blue 9.9 14.6 99.7 85.7 91.4 57.5

brown 7.3 50.0 99.0 79.0 96.2 74.5

intermediate 1.2 0.0 99.0 0.0 98.8 49.5

Red blue 2.1 66.7 99.0 60.0 99.3 83.0

brown 1.5 66.7 99.8 80.0 99.5 83.5

Blonde blue 6.5 66.7 91.2 34.6 97.5 79.0

brown 1.5 66.7 98.5 40.0 99.5 83.0

intermediate 0.5 0.0 99.8 0.0 99.5 50.0

Note. SE – sensitivity; SP – specificity; PPV – positive prognostic value; NPV – negative prognostic value; BA – balanced accuracy.

A low positive predictive value (PPV) in the “blond” cat-
egory indicated a high portion of false-positive results, 
in which the individuals genotyped as blondes are actu-
ally belong phenotypically to the brown-haired category 
(61.9%). This aspect of the HIrisPlex model could be ex-
plained by the hair color darkening with aging. According 
to Kukla-Bartoszek et al. [15], in about 2/3 of cases, the 
HIrisPlex system can predict lighter hair color seen in 
an individual in early childhood. The physiological ef-
fects of hair darkening can be due to the influence of sex 
hormones on the intensity of melanogenesis [16] or to 
changes in the shape, size, and pigment composition of 
melanocytes with age [17]. However, the high heritability 
of hair darkening (61%–99%) suggests the involvement 
of unknown genetic factors in this process, the identifi-
cation of which could significantly increase the prediction 
accuracy for populations with a high frequency of fair-
haired individuals [18].

In our study, the HIrisPlex system identified over 
64% of the brunette respondents as brown-haired. 
In comparison, only 13.3% of brown-haired individuals 
were classified by the model as brunettes, which signifi-
cantly increased the SP and decreased the model SE for 
this category of subjects. A high quantity of false-neg-
ative outcomes for dark hair can be associated with the 
phenomenon of hair darkening described above, as well 
as errors in the subjective-biased classification of hair 
color variants arising from the trait continuous variation 
specificity.

The balanced prediction accuracy of red hair color in 
the Belarusian population was 89.62%, with high SP and 

SE indices. Only two of the 15 red-haired individuals in 
the study were classified as brown-haired by HIrisPlex. 
The HIrisPlex panel included 12 MC1R loci. These variants 
have different penetrance on pheomelanin biosynthesis 
promotion and its accumulation in melanocytes, thereby 
imparting red color to hair. The accuracy of predicting 
red hair color depends on the frequency of occurrence 
in the population of MC1R gene variants and the ligands 
that bind to it. The SNP coverage of the HIrisPlex panel 
is sufficient for the effective identification of red-haired 
individuals in the Belarusian population.

Assessment of the prevalence of phenotypic 
classes and the accuracy of their discrimination

According to our results, the most common (43.2%) 
phenotypes in the Belarusian population were brown-
haired people with blue eyes. The quantity of brown-
haired people with dark irises was somewhat lower 
(20.5%), and the frequencies of other phenotypic classes 
ranged from 0.5 to 9.9% (Table 4).

From DNA-phenotyping, true-positive outcomes for 
eye and hair color were 88.6% and 73.9%, as shown in 
Tables 1 and 2, respectively. However, for their combina-
tion, the proportion of correct predictions did not exceed 
57.2%, even though that the BA of individual traits (blue, 
brown eye color, red hair color) exceeded 90% (Table 3). 
The balanced prediction accuracies of the blue-eyed 
brown-haired and brown-eyed brown-haired categories 
were 78.5% and 85.5%, respectively. Based on the PPV 
indicator, the probability of correct prediction of these 
phenotypes was about 70%. A negative (NPV) result of 
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genotyping in more than 80% of cases rejected the prob-
ability of possessing the above phenotypes (Table 4). 
A total of 17 (95%) of 18 false-negative predictions ob-
tained for this phenotypic class were errors in the pre-
diction of eye iris color.

All phenotypes with intermediate eye variants were 
characterized by low PPV values (<50%). The probabil-
ity of correctly predicting hair and eye color for those 
individuals (7.5% of the sample) is comparable to the 
probability of a random selection. The very low BA for 
intermediate colored eyes brunettes and blondes can 
be explained by their low frequency in the sample and 
also some genetic aspects, that are outside of con-
sideration the HIrisPlex system. For instance, accord-
ing to the HIrisPlex probabilities, an individual with 
PBlondHair = 0.75, PLightHair = 0.97, PBlueEye = 0.91 was pre-
dicted as “blue-eyed blonde,” but is actually a “blonde with 
an intermediate color of the iris.” Besides, one of the “bru-
nettes with an intermediate color of the iris” was classified 
by the system as “brown-eyed brunette.” Also four indi-
viduals with the same type of appearance were predicted 
to be brown-haired, and the type of iris pigmentation was 
identified correctly for only one of them.

3.6% of the study sample were red-haired individu-
als. Red-haired individuals with intermediate eye color 
were not presented in the study. For two other pheno-
typic classes with this hair shade, high SP, NPV, and BA 
values were obtained. The relatively high proportion of 
false-positive predictions obtained for red-haired people 
with blue eyes (40%) was probably due to the epistasis 
between allelic variants of MC1R and other genes in-
volved in melanogenesis. For example, for one individual 
with a homozygous dominant mutation in MC1R, the pre-
dicted eye color (PBrownEye = 0.79) did not coincide with 
the actual one (gray), which may be due to the peculiari-
ties of pheomelanin accumulation in iris melanocytes.

The low SE for blue-eyed brunettes can be attributed 
primarily to errors in hair color prediction. Most (83%) of 
the respondents in this group were HIrisPlex-predicted 
as blue-eyed, brown-haired people. For brown-eyed 
brunettes, the proportion of misclassified individuals 
was 50%, and 30% of them were brown-eyed brown-
haired people. However, high values of BA, PPV, and NPV 
suggest a high probability of predicting these types of 
appearance based on the results of genetic analysis.

In the case of traits combination prediction, the 
HIrisPlex system generated over 60% false-positive 
results for fair-haired people with blue or brown eyes. 
The published investigations describe the phenomenon 
of the darkening of human hair and the resulting error 
in predicting blondes [15]. Very low PPVs for the brown/
blue eyes blonde can be associated with this drawback 
of DNA-phenotyping systems. The probability of false 
prediction of fair-haired respondents with blue eyes is 
one of the highest.

dISCuSSION
It is known that the effectiveness of DNA-phenotyp-

ing depends on the prevalence of specific phenotypic 
variants in the tested population [19]. Modern Belaru-
sians are anthropologically close to the ethnic groups 
of the adjacent territories, namely, the Russians of cen-
tral and northwestern Russia, Lithuanians, Latvians, and 
Poles, while the inhabitants of the region of the south 
of Belarus (Polesye) are close to the Ukrainians [20]. 
The population of Belarus is mainly composed of light 
phenotyped individuals [21]. The initial orientation of the 
HIrisPlex system to the Western Europeans, that are 
phenotypically close to Belarusians, allows predicting 
all common in our country human pigmentation variants 
with sufficiently high accuracy. The HIrisPlex model ac-
curacy indexes for the Belarusian population in most 
cases overlap with those obtained for a mixed sample 
of the Western European population [13] and are com-
parable with the results of the DNA phenotyping of the 
Swedish population [22]. However, the effectiveness of 
the HIrisPlex model for Belarusians is significantly re-
duced when assessing phenotypic classes representing 
various combinations of hair and eye categories.

In our study, true positive results for the prediction of 
eye and hair color were 88.2% and 73.6%, respectively. 
The part of correct predictions of traits combinations was 
57.2%. The presence of a correlation between the traits 
of eye and hair pigmentation leads us to consider them 
as codependent [23, 24]. So the probability of a predic-
tion error for the compound of two traits does not obey 
general mathematical laws but depends on population 
characteristics. Furthermore, it requires calculations to 
establish the efficiency of the model in a specific genetic 
environment corresponding to a specific ethnic group.

If BA for predicting traits with a predominance of one 
gene contribution exceeds 90% (blue/brown eye color, red 
hair color), so traits with more flexible control and epistatic 
interactions are diagnosed less efficiently. The HIrisPlex 
system predicts light-brown hair color with a low SP in-
dex. Also, insufficient SE was achieved for predictions of 
brunettes and intermediate eye color, as well as HIrisPlex 
generates a low PPV for blondes. It should be noticed 
that a decrease in the probability threshold significantly 
increases the metrics of the prediction quality of the iris 
intermediate color, but increases the number of errors in 
the categories of blue and brown colors.

We also adjusted the probability thresholds for pre-
dicting light-brown hair. The SE and PPV values of the 
model for light shades of hair may be reduced due to the 
phenomenon of hair darkening, which is widespread in 
the Belarusian population with aging. More than 60% of 
brown-haired people are identified by the HIrisPlex sys-
tem as blondes, about 65% of brunettes are dark brown-
haired (chestnut-colored).
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Another important factor that determines the sys-
tem efficiency is the scale of trait classification. Existing 
methods for assessing pigmentation are based either on 
subjective categorization or the selection of mathemati-
cally justified classifiers (the result of the pixel-by-pixel 
processing of digital images). Our study used subjective 
categorization supported by digital photographs. Com-
parison and correction of the subjective assessment 
data based on the analysis of digital images increased 
the balanced prediction accuracy of the intermediate eye 
variant from 57.2% to 68.16%. Possibly, the creation of 
objective and automated classification algorithms, com-
parable to the results of subjective perception of color 
variants, may have significantly increased the metrics of 
the quality of DNA-phenotyping.

Despite the high accuracy of the HIrisPlex system 
for predicting the color of eyes and hair of Belarusians, 

it also has limitations, which can be attributed to age-
related darkening of hair and errors in the subjective 
classification of color variants.

Possible solutions to improve the prediction efficiency 
include the expansion of the panel of SNP markers, the 
selection and validation of a probability threshold specific 
to a given population, the creation of an effective math-
ematical apparatus for categorizing phenotypic character-
istics, and the improvement of the algorithm itself.
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