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Abstract Human eye colour is a complex pigmentation phenotype in which HERC2 rs12913832 has one of the strongest known
single-variant associations, yet a large genetic effect does not imply one-to-one assignment of categorical eye colour. The original
Iraqi IrisPlex pilot study evaluated the combined six-SNP prediction system; here, we performed a focused secondary analysis that
isolates rs12913832 and directly quantifies its association with the recorded phenotype categories. Participant-level genotype and
observed eye-colour data from all 58 Iraqi individuals were analysed as G/G, G/A, and A/A versus blue, intermediate, and brown eye
colour in a 3x3 contingency framework. Because expected cell counts were sparse, the primary analysis used a two-sided
Fisher—Freeman—Halton exact test, with Cramér's V as the effect-size measure and Pearson's chi-square as a sensitivity analysis. Eye
colour comprised 7 blue, 25 intermediate, and 26 brown phenotypes; genotype counts were 18 G/G, 19 G/A, and 21 A/A. Genotype
and phenotype were substantially associated (exact p=4.99x107'°; Cramér's V=0.60), with concordant Pearson evidence (¥*(4, N=58)
=42.28, p=1.46x107). All blue-eyed participants were G/G, and 19 of 21 A/A participants were brown-eyed, while the heterogeneous
intermediate category occurred in every genotype class. These findings provide a transparent population-specific estimate of the
rs12913832-eye-colour association in this Iraqi pilot dataset while showing that the recorded three-category phenotype is not
uniquely determined by genotype at this single locus.

Keywords HERC2; rs12913832; Eye colour; Genotype-phenotype association; Human pigmentation; IrisPlex

1 Introduction

Human iris colour arises from variation in the amount, distribution, and optical effects of melanin within the iris.
Although blue and brown eyes are often used as simple examples of inheritance, genetic and
quantitative-phenotyping studies show that eye colour is a complex, highly heritable phenotype influenced by
multiple loci, with broad colour categories capturing only part of the underlying biological variation (Sturm and
Larsson, 2009; Liu et al., 2010; Simcoe et al., 2021). This distinction is important because dominance describes
the relationship between alleles at a defined locus, whereas the visible frequency or appearance of a complex
phenotype does not by itself establish a one-gene dominant/recessive mechanism.

Among the loci contributing to normal eye-colour variation, the HERC2-OCA2 region on chromosome 15 has one
of the largest and most reproducible effects. Association and haplotype studies have established a major
contribution of this region to blue-brown eye-colour variation (Duffy et al., 2007; Sturm et al., 2008). The
rs12913832 variant, located within an intronic regulatory region of HERC2, has functional evidence linking allelic
state to long-range enhancer-promoter interactions and transcriptional regulation of the neighbouring OCA2 gene
(Visser et al., 2012). Population-genetic analyses further demonstrate geographic and allelic heterogeneity across
the OCA2-HERC?2 region, cautioning against assuming that a particular allele label carries identical phenotypic
implications across populations (Donnelly et al., 2012).

The same biological architecture underpins forensic DNA phenotyping. IrisPlex incorporates rs12913832 with

five additional pigmentation-associated markers to estimate probabilities of blue, intermediate, and brown eye

colour (Walsh et al., 2011), and subsequent validation demonstrated strong predictive performance for blue and

brown categories across European populations (Walsh et al., 2012). Quantitative analyses nevertheless show

considerable within-category and within-genotype variation (Andersen et al., 2013), while analyses of
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phenotypically discordant rs12913832 genotypes have identified additional variation within the OCA2-HERC2
region that may contribute to eye-colour differences (Salvo et al., 2023). Prediction performance may also vary
with population composition, as demonstrated in admixed Latin American populations (Palmal et al., 2021).
Together, these findings distinguish a strong locus-level association from the unique assignment of a categorical
phenotype.

Al-Rashedi et al. (2020) reported six IrisPlex genotypes, prediction probabilities, and observed eye-colour
categories for 58 Iraqi volunteers in a limited pilot study. Their primary objective was to evaluate the performance
of the multi-SNP IrisPlex prediction system. The participant-level supplementary data, however, permit a
narrower question that was not the primary focus of the original study: how strongly does HERC2 rs12913832
alone correspond to the recorded three-category eye-colour phenotype in this sample? Examining rs12913832
separately allows the observed genotype-phenotype structure to be quantified without conflating it with the
multivariable prediction probabilities produced by IrisPlex. The contribution of the present study is therefore not
the discovery of a new pigmentation locus but a transparent, population-specific secondary estimate of the
strength and pattern of this established association in the available Iraqi pilot dataset, including the extent of
within-genotype overlap in the heterogeneous intermediate category. We reanalysed the complete 58-person
dataset using one prespecified genetic variant, one observed phenotype, and one primary exact association test.
The analytical workflow and provenance are summarised in Figure 1.

Published Iraqi IrisPlex study
N =58

I

Supplementary data
rs12913832 genotype + observed eye colour

|

verified analysis set
58 complete records; no exclusions

J

3 x 3 association analysis
Exact test + Cramer’s V;x* sensitivity

Figure 1 Analytical workflow and provenance. Participant-level rs12913832 genotype calls and observed eye-colour classifications
were extracted from the published Iraqi IrisPlex supplements, verified by Sample ID, and reduced to the prespecified 58-record
analysis set. The study was restricted to a 3 x 3 genotype-phenotype table; the Fisher-Freeman-Halton exact test was primary,
Cramér's V quantified association magnitude, and Pearson's chi-square was a sensitivity analysis
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2 Results

2.1 Analytical sample and marginal distributions

The analytical dataset contained 58 participants with complete rs12913832 genotype and observed eye-colour data;
no records were excluded. Blue eye colour was recorded in 7 participants (12.1%), intermediate eye colour in 25
(43.1%), and brown eye colour in 26 (44.8%). Genotype frequencies were G/G in 18 participants (31.0%), G/A in
19 (32.8%), and A/A in 21 (36.2%) (Table 1).

Table 1 Distribution of observed eye-colour phenotype and HERC2 rs12913832 genotype

Variable Category n (%)

Observed eye colour Blue 7 (12.1)
Intermediate 25 (43.1)
Brown 26 (44.8)

1512913832 genotype G/G 18 (31.0)
G/A 19 (32.8)
A/A 21 (36.2)

Note Percentages use N = 58 as the denominator. No analytical values were missing.

2.2 Genotype-phenotype distribution

Eye-colour composition differed markedly across genotype groups (Figure 2; Table 2). Among G/G participants, 7
of 18 (38.9%) were blue-eyed and 11 of 18 (61.1%) were intermediate; none was brown-eyed. The G/A group
contained 12 of 19 intermediate phenotypes (63.2%) and 7 of 19 brown phenotypes (36.8%), with no blue
phenotypes. Among A/A participants, 19 of 21 (90.5%) were brown-eyed and 2 of 21 (9.5%) were intermediate.
Viewed from the phenotype side, all seven blue-eyed participants were G/G, whereas 19 of 26 brown-eyed
participants (73.1%) were A/A. The intermediate category occurred in all three genotype classes.

Observed eye colour
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Figure 2 Observed eye-colour composition within HERC2 rs12913832 genotype groups. Each bar is normalised to 100% within
genotype; labels report cell count and row percentage. The intermediate category includes green, hazel, and mixed-pigmentation
phenotypes as defined in the source study and therefore should not be interpreted as a single uniform eye-colour phenotype
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Table 2 Cross-tabulation of HERC2 rs12913832 genotype and observed eye-colour phenotype

Genotype Blue Intermediate Brown Total
G/G 7 (38.9) 11 (61.1) 0(0.0) 18
G/A 0(0.0) 12 (63.2) 7 (36.8) 19
A/A 0(0.0) 2(9.5) 19 (90.5) 21
Total 7 25 26 58

Note Values are n (row %) for genotype rows. Fisher—Freeman—Halton exact p =4.99 x 107'%; Cramér's V = 0.60.

2.3 Association analysis

Expected cell frequencies under genotype—phenotype independence ranged from 2.17 to 9.41. Three of nine cells
(33.3%) had expected counts below 5, including all three expected blue-phenotype cells; this sparse structure
supported use of an exact rather than asymptotic test as the primary inferential procedure.

Exhaustive enumeration identified 8,454 feasible 3 x 3 contingency tables with the observed row and column
margins. Using a two-sided Fisher-Freeman-Halton exact test with probability ordering (Freeman and Halton,
1951), the observed table had a conditional probability of 4.52x107'2 and the exact association p value was
4.99x1071°, Association magnitude was substantial, with Cramér's V=0.60 (Cramér, 1999). Pearson's chi-square
sensitivity analysis produced the same substantive conclusion, y*(4, N=58)=42.28, p=1.46x107%. Thus, the
evidence for association did not depend on the asymptotic chi-square approximation.

3 Discussion

3.1 Principal finding and contribution

This focused secondary analysis shows a substantial association between the HERC2 rs12913832 genotype and
the recorded eye-colour category in the 58-person Iraqi dataset. The contribution is deliberately narrow: unlike the
original study, which evaluated the combined six-SNP IrisPlex prediction system, the present analysis isolates a
single established major locus and quantifies its direct contingency structure, effect size, and phenotype overlap in
the available Iraqi sample. G/G was confined to blue and intermediate phenotypes, A/A was overwhelmingly
concentrated in brown phenotypes, and G/A occupied intermediate and brown categories. At the same time,
genotype classes did not map one-to-one onto the three recorded phenotype categories. The result therefore
supports a major genotype-phenotype relationship without implying that rs12913832 uniquely determines
categorical eye colour.

3.2 Biological interpretation and the intermediate category

The direction of the observed association is consistent with the established importance of the HERC2-OCA2
region in human iris pigmentation. Functional studies have shown that rs12913832 can influence long-range
enhancer-promoter interactions and transcriptional regulation of the neighbouring OCA2 gene (Visser et al., 2012),
while association and population-genetic studies have identified this region as a major contributor to normal
eye-colour variation (Duffy et al., 2007; Sturm et al., 2008; Donnelly et al., 2012). The present analysis does not
independently establish this molecular mechanism; it addresses the narrower question of how the established locus
corresponds to the recorded phenotype categories in this Iraqi pilot dataset.

The intermediate category requires particular caution. In the source study it included green, hazel, and irises
containing combinations of two or more pigments, making it a phenotypically heterogeneous operational category
rather than a single uniform eye-colour phenotype (Al-Rashedi et al., 2020). Broad categorical labels also
compress continuous variation in iris pigmentation (Liu et al., 2010; Andersen et al., 2013). Accordingly, the
presence of intermediate phenotypes in all three genotype classes should not be interpreted as direct evidence that
any specific additional locus explains an individual discordant case. The overlap is consistent with the established
polygenic architecture of pigmentation, but it may also reflect information loss from coarse phenotypic
categorisation and other unmeasured sources of variation. Additional OCA2-HERC?2 variation and interactions
among pigmentation-associated genes remain biologically plausible contributors (Branicki et al., 2009; Salvo et
al., 2023).
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3.3 Population context, strengths, and limitations

The extent to which the observed genotype-phenotype pattern applies beyond this dataset cannot be determined
from a 58-person pilot sample. Pigmentation architecture can vary with ancestry and population history, and
studies in admixed populations have identified multiple independent signals within and beyond the
OCA2-HERC?2 region (Adhikari et al., 2019). Broader reviews likewise emphasise allelic and locus heterogeneity
across populations (Liu et al., 2013), while epistatic interactions can influence DNA-based pigmentation
prediction (Pospiech et al., 2014). The original Iraqi study itself was presented as a limited pilot investigation and
recommended larger samples before population-level conclusions were drawn (Al-Rashedi et al., 2020). The
present result should therefore be interpreted as a dataset-level association, not as an estimate of rs12913832
penetrance or eye-colour distribution for the Iraqi population as a whole.

Strengths of the present analysis include its prespecified narrow scope, complete participant-level genotype and
phenotype data, exact inference matched to the sparse 3 x 3 table, and a locked reproducibility workflow linking
the published source supplement to the derived analysis. Limitations are inherited largely from the source study:
the sample is small; recruitment, phenotype assessment, and laboratory procedures could not be controlled by the
present investigators; eye colour was recorded in three broad categories rather than quantitatively; the published
eye photographs were not independently reclassified; ancestry covariates suitable for population-structure
adjustment were unavailable; and the single-SNP design cannot identify which additional loci or interactions
contribute to intermediate or otherwise discordant phenotypes. Statistical precision and generalisability are
therefore limited, and the observed association should not be interpreted as evidence that rs12913832 causally
determines an individual's eye colour.

3.4 Implications

The findings do not challenge the established importance of rs12913832. Instead, they provide a reproducible
population-specific illustration of how a large-effect pigmentation-associated variant can show a strong
association while retaining within-genotype categorical overlap. Larger studies involving Iraqi and neighbouring
populations could test whether the same distribution persists in more representative samples and after adjustment
for ancestry. Future work could also combine rs12913832 with additional pigmentation-associated loci and
quantitative iris imaging to characterise variation obscured by broad categorical phenotypes. Such studies would
extend the present result without conflating high associative or predictive informativeness at a major locus with a
simple one-locus genotype-to-phenotype rule.

4 Methods

4.1 Study design and data source

We conducted a secondary analysis of participant-level data from the Iraqi IrisPlex pilot study reported by
Al-Rashedi et al. (2020). The original study enrolled 58 Iraqi volunteers, genotyped six established IrisPlex
markers using the Sequenom MassARRAY platform, and reported participant-level genotypes, eye-colour
prediction probabilities, and observed eye-colour classifications in the accompanying supplementary materials.
The present analysis was deliberately restricted to the HERC2 rs12913832 genotype and the corresponding
observed eye-colour phenotype. No new participants were recruited, no biological specimens were collected, and
no additional genotyping or phenotyping was performed.

4.2 Ethical context

The original investigators reported ethical approval from the Ethics Committee of Al-Muthanna University
(Document No. 2032, dated 10 May 2018) and written informed consent from all participants (Al-Rashedi et al.,
2020). The present study used only participant-level data already available in the published article and its
supplementary materials. No direct participant contact, additional biological sampling, or new data collection
occurred. Accordingly, this study does not claim new ethical approval or exemption for the secondary analysis.

4.3 Eye-colour phenotype

The original study classified observed eye colour into blue, intermediate, and brown categories. Shades of blue

were grouped as blue and shades of brown as brown; green, hazel, and irises containing combinations of two or
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more pigments were classified as intermediate (Al-Rashedi et al., 2020). Thus, the intermediate category was
intrinsically heterogeneous. Eye photographs were collected by the original investigators as supporting
documentation. The present analysis used the recorded phenotype classifications from the source dataset and did
not independently reclassify the photographs, avoiding the introduction of an additional subjective
phenotype-assessment layer.

4.4 rs12913832 genotype and strand convention

Participant-level rs12913832 genotype calls were obtained from the published supplementary data. Supplementary
Table 2 reported the calls as G, GA, and A, which were standardised in the analytical dataset as G/G, G/A, and
A/A, respectively. The supplementary data also included an rs12913832 T numerical field used in the IrisPlex
representation. Cross-checking all 58 participant records confirmed internally consistent 0/1/2 coding between the
genotype and phenotype source tables.

Because rs12913832 may be represented using genomic A/G or reverse-strand C/T nomenclature, the A/G
convention used in the source dataset was retained throughout. Allelic direction was not inferred across external
studies unless strand orientation was explicitly established, reducing the risk of strand-related misinterpretation.

4.5 Data extraction and analytical sample

Participant identifiers were matched across the genotype and phenotype supplementary tables. For each individual,
the standardised rs12913832 genotype and corresponding observed eye-colour category were extracted. All 58
participant identifiers were unique, complete genotype and phenotype information was available for every
individual, and no records were excluded. Before statistical testing, genotype and phenotype totals were
independently checked against the source supplementary data to confirm consistency with the published records.

4.6 Statistical analysis

Descriptive statistics were calculated for the three eye-colour categories and three rs12913832 genotype groups
and are reported as counts and percentages. Genotype and phenotype were cross-tabulated in a 3 x 3 contingency
table, and expected cell frequencies under the null hypothesis of independence were calculated from the observed
marginal totals.

Because three of nine expected cell frequencies were below 5, the primary inferential procedure was the
Fisher-Freeman-Halton exact test, the extension of Fisher's exact test to rxc contingency tables (Freeman and
Halton, 1951). A two-sided exact p value was obtained by exhaustive enumeration of all feasible contingency
tables with the observed row and column margins. Using probability ordering, probabilities of all tables with
conditional probability less than or equal to that of the observed table were summed to obtain the exact two-sided
significance level. Statistical significance was prespecified at 0=0.05, two-sided. Association magnitude was
quantified using Cramér's V (Cramér, 1999). Pearson's chi-square test was retained as a sensitivity analysis rather
than a co-primary test because of the sparse expected-cell structure. No multiple-testing correction was applied
because only one primary hypothesis test was prespecified.

4.7 Reproducibility

The analytical CSV, extraction script, and analysis script constitute the authoritative computational record for the
present study. The workflow reads the locked 58-participant dataset and regenerates the descriptive distributions,
3 x 3 contingency table, expected cell counts, Fisher-Freeman-Halton exact test, Pearson chi-square sensitivity
analysis, Cramér's V, and the genotype-specific stacked phenotype figure from the same source data. Analyses
involving the other five IrisPlex SNPs, sex-stratified modelling, regression, ROC/AUC analysis, machine-learning
approaches, epistasis testing, image-based phenotype reclassification, and ancestry modelling were outside the
prespecified scope and were not performed.

5 Conclusion
In this secondary analysis of 58 Iraqi participants, the HERC2 rs12913832 genotype was substantially associated
with recorded blue, intermediate, and brown eye-colour categories (exact p=4.99x107'%; Cramér's V=0.60). The
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association was marked, but phenotype overlap remained within genotype classes, particularly within the
heterogeneous intermediate category. The result is consistent with 1s12913832 being a major
eye-colour-associated locus while showing that the recorded three-category phenotype is not uniquely determined
by genotype at this single locus. Because the source dataset was a small pilot sample, these findings should be
treated as a reproducible dataset-level secondary estimate rather than a population-wide or causal inference for
Iraq.
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