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Abstract

Objectives: The resolution level of human leukocyte antigen (HLA) typing critically influenc-
es the interpretation of population genetic parameters. This study aimed to quantitatively
evaluate the effects of 2-, 4-, and 8-digit typing resolutions on allelic diversity, Hardy-Wein-
berg equilibrium (HWE), linkage disequilibrium (LD), and asymmetric LD (ALD) in a Central
Anatolian population.

Materials and Methods: High-resolution next-generation sequencing (NGS)-based HLA
typing was performed for six loci (HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQB1, and HLA-
DPB1) in 150 unrelated healthy donors. Population genetic analyses were conducted using
PyPop v1.2.1 software, and the results were comparatively assessed across 2-, 4-, and 8-digit
resolution levels.

Results: Higher typing resolution systematically increased allelic richness and revealed hid-
den heterozygosity. While several loci appeared to conform to HWE at lower resolutions, sig-
nificant deviations emerged at higher resolutions. Linkage disequilibrium strength increased
with resolution, and ALD analysis consistently demonstrated directional dominance between
specific locus pairs, reflecting biological hierarchies within haplotypes. Low-resolution typing
underestimated allelic diversity, obscured heterozygosity, masked evolutionary signals, and
weakened LD, potentially leading to misinterpretations.

Conclusion: High-resolution HLA typing, particularly at the 8-digit level, is essential for the
accurate interpretation of population genetic parameters, disease association studies, and
donor-recipient matching in transplantation. Future studies should focus on developing
cost-effective high-resolution typing methods to enhance global accessibility and improve
data accuracy in global HLA research.
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Introduction

The human leukocyte antigen (HLA) complex, encoded by
the major histocompatibility complex (MHC), is charac-
terized by its remarkable polymorphism and linkage dis-
equilibrium (LD), which makes it crucial for both immunity
and disease susceptibility (1). Balancing selection, which
promotes a heterozygote advantage and enhances resis-
tance to infection, is the main evolutionary force main-
taining this diversity (2). This diversity poses a significant
challenge in clinical settings, such as hematopoietic stem
cell transplantation, whereas strong LD aids in forming
ancestral haplotypes that are essential for tracking popu-
lation migration and disease susceptibility (3).

Identifying HLA alleles depends on typing resolution, which
ranges from 2-digit serological groups to 8-digit sequenc-
es that capture the most detailed level of allele diversity.
Population genetics utilizes tools such as the Hardy-Wein-
berg equilibrium (HWE) and LD to analyze a population's
genetic structure (1-3). However, the quantitative effect of
the "resolution gap" on these parameters remains unclear.
Low-resolution methods can group functionally distinct
alleles, leading to a "dilution effect", which can obscure
true genetic diversity and weaken statistical signals (4,5).

This study addressed a key methodological question:
How does HLA typing resolution influence the estima-
tion of population genetic parameters and the evolu-
tionary inferences drawn from them? Specifically, our
objectives were to:

1. Quantify changes in allelic diversity and heterozy-
gosity at 2-, 4-, and 8-digit resolutions.

2. Assess the effect of resolution on the results of HWE
and Ewens-Watterson (EW) neutrality tests; and

3. Evaluate how typing resolution alters the strength
and directionality of LD and asymmetric LD (ALD).

By analyzing a single Central Anatolian population at
three distinct resolution levels, we aimed to demonstrate
that typing resolution is a fundamental determinant of
how population genetic structure and evolutionary pat-
terns are interpreted (3,6,7).

Materials and Methods

The overall workflow of the study is summarized in
Figure 1.

Study Population and Methodological
Considerations

This retrospective study included 150 unrelated healthy
donors from the database of the Tissue Typing Labo-
ratory, Eskisehir Osmangazi University, between Janu-
ary 2020 and July 2025. The study group consisted of
150 unrelated donors (52.7% female, 47.3% male) with

1. Sample collection & DNA prep

L» DNA isolation
Ls qc (quality check)

2. High-resolution HLA typing via NGS

Ly Target loci: A, B, C, DRB1, DQB1, DPB1
Ly 8-digit alleles

3. Resolution conversion
L» From 8-digit — 4-digit
L From 4-digit — 2-digit

4. Population genetics analyses

L Allelic diversity
Heterozygosity
L» HWE, EW, LD & ALD

5. Interpretation & clinical relevance

L Evaluation of resolution impact
L Clinical & research

Figure 1. Overview of the study workflow. The diagram illustrates
the sequential steps from sample collection to the final compara-
tive interpretation of results across different HLA typing resolutions.
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a mean age of 38.6 + 19.4 years. The cohort partially
overlapped with the donor database used in our previ-
ous publication, while also incorporating newly recruited
donors (8).

Most participants were of Central Anatolian origin, resid-
ing primarily in the city where the study was conducted
or in neighboring provinces (8). As this was a retrospec-
tive study using a donor database, certain limitations
were acknowledged. To minimize bias, individuals with
known familial relationships were excluded based on a
database cross-check and self-reporting by donors, en-
suring that all participants were unrelated. No additional
confounding factors were controlled for, as the primary
objective was to compare the methodological resolu-
tions within the same cohort rather than to conduct a
case-control analysis.

The study was conducted in accordance with the princi-
ples of the Declaration of Helsinki, and the study proto-
col was approved by the Ethics Committee of Eskisehir
Osmangazi University Faculty of Medicine (Approval No:
2025-06).

Human Leukocyte Antigen Typing

Genomic DNA was isolated from peripheral blood col-
lected into tubes with K3 EDTA using an automated
system (EZ1 DNA Blood Kit 200 pL; Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
DNA concentrations were measured using the QlAxpert
System (QIAGEN GmbH, Hilden, Germany), as described
in our previous study (8,9). DNA samples purified to an
A260/A280 ratio between 1.65 and 1.80 were used for
subsequent next-generation sequencing (NGS) analysis.

High-resolution genotyping for HLA-A, HLA-B, HLA-C,
HLA-DRB1, HLA-DQB1, and HLA-DPB1 loci was conduct-
ed using the MIA FORA NGS FLEX HLA Typing Kit (BioAr-
ray Solutions Ltd., New Jersey, USA), following the man-
ufacturer's guidelines. Sequencing data were processed
using the MIA FORA NGS FLEX HLA Genotyping Software
(version 3.0), with reference to the IMGT/HLA database
version 3.43.0 (10). For comparative analyses, 8-digit
high-resolution data were converted to 2- and 4-digit
resolutions by focusing on the initial two fields of the
HLA allele identifiers.

Population Genetics Analysis
Population genetics analyses for all three resolution lev-
els were performed using Python for Population Genom-
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ics (PyPop) v1.2.1 software (11). Alleles with frequencies
below 1% were excluded from the HWE and LD analyses
to minimize the potential for statistical artifacts arising
from rare variants.

Compliance with HWE was evaluated using the Markov
chain Monte Carlo (MCMC) exact test (12). Evidence of
natural selection pressure was assessed via Slatkin's
EW neutrality test (13). LD was measured using the nor-
malized D’ coefficient and Wn (a multiallelic extension
of the r2 correlation measure) (14), and ALD analysis
was performed based on the criteria defined by Thom-
son and Single (15). The statistical significance of LD
measures was determined by a permutation test (1000
permutations) to account for multiple pairwise compar-
isons. For all analyses, statistical significance was set
at p<0.05.

Results

Impact of Resolution on Allelic Diversity and
Genotype Counts
Analysis of six HLA loci demonstrated that as typing res-

Allele counts (k)

A C B
HLA locus

DRB1 DQB1 DPB1

B 2-digit B s-digit

4-digit

Figure 2. Allelic richness (k) by HLA locus across 2-, 4-, and 8-digit typing
resolutions.

Bars show the number of unique alleles (k) observed at each HLA locus at 2-, 4-, and
8-digit resolution; exact counts are printed above bars. Data were derived by collapsing
the same high-resolution NGS typings to lower resolutions. Allelic richness increases sys-
tematically with resolution, most notably at the B and DRB1.
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Table 1. Observed and expected homozygote/heterozygote frequencies at different loci and resolution levels.

Locts Rasolion Observed Expected Observed Expected
homozygotes (n) homozygotes (n) heterozygotes (n) heterozygotes (n)
2-digit 21 20.34 129 129.66
HLA-A 4-digit 12 15.4 138 134.6
8-digit 11 13.74 139 136.26
2-digit 22 11.6 128 138.4
HLA-B 4-digit 14 7.06 136 142.94
8-digit 11 6.57 139 145.2
2-digit 34 19.76 116 130.24
HLA-C 4-digit 25 12.33 125 137.67
8-digit 14 6.34 136 143.66
2-digit 18 18.59 132 131.41
HLA-DRB1 4-digit 11 9.7 139 140.3
8-digit 11 6.57 139 143.43
2-digit 32 39.79 118 110.21
HLA-DQB1 4-digit 18 18.1 132 131.9
8-digit 17 11.67 133 138.33
2-digit 26 22.33 43 46.67
HLA-DPB1 4-digit 15 14.51 54 54.49
8-digit 7 531 62 63.69

Due to typing limitations, the HWE analysis for the HLA-DPB1 locus was performed on a reduced sample size of N=69 individuals.

Table 2. Hardy-Weinberg equilibrium (HWE) exact test
(Guo-Thompson MCMC) p-values.

2-digit 4-digit 8-digit
(p-value) (p-value) (p-value)

HLA-A 0.1463 0.4969 0.0216
HLA-C 0.0020 0.0024 0.0011
HLA-B 0.0002 0.0000 <0.0001
HLA-DRB1 0.2325 0.0458 0.0005
HLA-DQB1 0.7440 0.3513 0.0157
HLA-DPB1 0.0868 0.1290 <0.0001

Table 3. Summary of p-values for the Ewens-Watterson (EW)
neutrality test and Hardy-Weinberg equilibrium (HWE) homozy-

gosity test.

HWE homozygosity

Locus Resolution test (p-value)
2-digit 0.0168 0.0007
HLA-C 4-digit 0.1662 0.0029
8-digit 0.1662 <0.0001
2-digit 0.0096* 0.0040*
HLA-B 4-digit 0.0456* 0.1842
8-digit 0.0456* 0.1842
2-digit 0.0063* 0.8993
HLA-DRB1 4-digit 0.1368 0.8993
8-digit 0.1368 0.8993
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Table 4. Linkage disequilibrium (LD) measures (D" and Wn) for major HLA locus pairs.

Locus pair 2-digit D’ 4-digit D’ 8-digit D’ 2-digit Wn 4-digit Wn 8-digit Wn
HLA-A: HLA-C 0.46928 0.59824 0.75926 0.32873 0.48810 0.54729
HLA-A: HLA-B 0.55093 0.69351 0.73031 0.41791 0.55265 0.58476
HLA-C : HLA-B 0.85144 0.92100 0.93958 0.71223 0.75377 0.74748
HLA-B : HLA-DRB1 0.60246 0.77966 0.87513 0.46484 0.51672 0.56286
HLA-DRB1 : HLA-DQB1 0.94183 0.96729 0.95636 0.93373 0.84443 0.76977

Table 4 summarizes the strongest Linkage Disequilibrium (LD) findings; D' values for all 15 locus pairs are illustrated in Figure 3.

Table 5. Asymmetric linkage disequilibrium (ALD) values among selected HLA loci.

2-digit 0.93373 0.60155 0.94344 <0.0001
HLA-DRB1 : HLA-DQB1 4-digit 0.84443 0.7411 0.92872 <0.0001
8-digit 0.76977 0.6906 0.87049 <0.0001
2-digit 0.71223 0.77876 0.64005 <0.0001
HLA-C : HLA-B 4-digit 0.75377 0.81541 0.66424 <0.0001
8-digit 0.74748 0.7978 0.71408 <0.0001
2-digit 0.50531 0.23721 0.5383 <0.0001
HLA-B : HLA-DQB1 4-digit 0.58367 0.39864 0.62972 <0.0001
8-digit 0.5775 0.47329 0.64707 <0.0001
2-digit 0.46484 0.36098 0.51365 <0.0001
HLA-B : HLA-DRB1 4-digit 0.51672 0.50716 0.58582 <0.0001
8-digit 0.56286 0.55813 0.60471 <0.0001
2-digit 0.41791 0.42723 0.36501 <0.0001
HLA-A: HLA-B 4-digit 0.55265 0.53381 0.44397 <0.0001
8-digit 0.58476 0.5973 0.49967 <0.0001

8ALD (Locus 1 — Locus 2): Indicates the predictive power of the first locus (e.g., DRB1) in the first column of the table for the second locus (e.g., DQB1).
ALD (Locus 2 — Locus 1): Indicates the predictive power of the second locus for the first.

*Marked p-values were found to be statistically significant based on the results of 1000 permutation tests (p<0.05).

Values marked in bold indicate a stronger prediction direction for each locus pair.

olution improved, the number of distinct alleles (k) also
increased (Figure 2). For instance, transitioning from a
2-digit to an 8-digit resolution increased allele richness
from 16 to 44 for the HLA-A locus and from 23 to 58 for
HLA-B.

Alongside the increase in allele numbers, there was a con-
sistent decrease in the number of homozygous individuals
across all loci with higher resolution, whereas the number

of heterozygous individuals increased (Table 1). For exam-
ple, at the HLA-C locus, the number of observed homozy-
gotes dropped from 34 at a 2-digit resolution to 14 at an
8-digit resolution. By contrast, the number of heterozy-
gous individuals at this locus increased from 116 to 136.

Hardy-Weinberg Equilibrium and Natural
Selection Test Results
The population's adherence to the HWE was highly

181



HLA Resolution; HWE, ALD, and Heterozygosity

Figure 3. Linkage disequilibrium (D) values across HLA loci at dif-
ferent typing resolutions.
Each cell represents the pairwise D’ value between HLA loci, shown for 2-digit,

4-digit, and 8-digit resolution. The color scale indicates the strength of LD
from low (yellow) to high (dark red), with exact values overlaid in each cell.

sensitive to typing resolution (Table 2). The HLA-C and
HLA-B loci consistently and significantly deviated from
HWE across all three resolution levels (all p<0.01). In
contrast, the HLA-A, HLA-DQB1, and HLA-DPB1 loci con-
formed to HWE at lower resolutions but deviated signifi-
cantly at the 8-digit level. The HLA-DRB1 locus deviated
at both 4-digit (p=0.0458) and 8-digit (p=0.0005) reso-
lutions.

The EW neutrality test revealed a different and more

complex pattern (Table 3). The HLA-B locus showed sig-

nificant deviation from neutrality at all resolutions. How-

ever, the HLA-C, HLA-DRB1, and HLA-DQB1 loci deviated

significantly only at the 2-digit level, whereas the HLA-A

and HLA-DPB1 loci did not deviate at any resolution. Figure 4. Asymmetric linkage disequilibrium (ALD) values between HLA loci
at different typing resolutions.

Linkage Disequilibrium (LD) and Asymmetric The heatmap shows directional ALD values for each HLA locus pair at 2-digit, 4-digit, and
LD (ALD) 8-digit resolution. Rows indicate the locus pair and the direction of the association (e.g.,
A:B-1-2 vs. A:B-2-1). The color scale represents the magnitude of ALD, ranging from

The normalized D’ coefficient was used to assess the LD i
low (blue) to high (red).
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between pairs of loci. Generally, as typing resolution in-
creased, there was a noticeable increase in the D’ values
(Table 4, Figure 3, Supplementary Table 1). For instance,
the D’ value for the HLA-A : HLA-C locus pair was 0.46928
at the 2-digit level and increased to 0.75926 at the 8-dig-
it level. The strongest LD signals were detected at the
8-digit level between HLA-C : HLA-B (D'=0.93958) and
HLA-DRB1 : HLA-DQB1 (D'=0.95636).

In the ALD analysis, a consistent and prevailing direction
was observed between certain locus pairs, regardless of
resolution levels (Table 5, Figure 4, Supplementary Ta-
ble 2). Across all resolution levels analyzed, the predic-
tive influence from HLA-C to HLA-B (C - B) and from
HLA-DQB1 to HLA-DRB1 (DQB1 - DRB1) was more pro-
nounced than that in the reverse direction.

Discussion

The findings of this study demonstrated that increasing
HLA typing resolution, from low to high, reshapes our
understanding of the HLA genetic landscape. High-res-
olution typing uncovered previously "hidden" allelic di-
versity and heterozygosity, prompting a re-evaluation of
HWE, natural selection, and LD. Our results highlighted
how the "dilution effect" associated with low-resolution
typing systematically diminishes or obscures evolution-
ary signals, resulting in a "blurred" view of the genetic
landscape (16).

"Dilution Effect": The Core Mechanism
Obscuring the Genetic Landscape

The primary mechanism responsible for nearly all ob-
served outcomes is the "dilution effect," which stems
from the low resolution (8). Two-digit typing merg-
es structurally and functionally distinct alleles (e.g.,
Cx07:01 and C=07:02) into a single serological category
(C*Q7). This leads to an artificial decrease in the number
of alleles, as demonstrated in our study: the number of
alleles identified at the HLA-A locus increased from 16 at
2-digit to 32 at 4-digit and 44 at 8-digit resolution.

More critically, this merging leads to the artificial clas-
sification of individuals with different genotypes (e.g.,
C*07:01/C*07:02) as "homozygous" (C*07/C*Q7). This
phenomenon, termed "hidden heterozygosity," directly
accounts for the systematic reduction in the number of
homozygotes observed in our study as resolution im-
proved (11).
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Selection at the Haplotype Level: Synthesis
of Complex Signals in HWE and EW Tests

Our analysis also demonstrated that deviations from the
HWE are notably influenced by resolution and become
particularly complex when considered in conjunction
with selection tests. The HLA-C and HLA-B loci consis-
tently deviated from HWE across all resolution levels
(all p<0.0024), indicating the strong selection pressure.
However, selection signals at these loci are not well un-
derstood. Hardy-Weinberg equilibrium analyses revealed
that the number of homozygous individuals at these loci
was significantly higher than expected. In contrast, the
EW neutrality test indicated that the overall homozy-
gosity (F) at these loci was lower than expected under
neutral evolution, suggesting a heterozygote advantage.

This apparent contradiction may result from selection
acting on the entire haplotype rather than on the individ-
ual alleles. If a beneficial B-C haplotype becomes com-
mon in the population, certain genotypes may appear
overrepresented in HWE analyses (17). This was more ap-
parent when examining specific targets of selection at the
genotypic level. The overall excess of homozygotes at the
HLA-C locus was specifically driven by genotypes, such as
C*07+C*07. The presence of many other rare haplotypes
in the population maintained a low overall homozygosity
(F), creating a heterozygote advantage signal in the EW
test (18). Thus, the differing outcomes of the two tests re-
vealed two distinct aspects of the same evolutionary pro-
cess: the rise of certain advantageous haplotype blocks
and the maintenance of overall diversity (19).

Linkage Disequilibrium and the True Power
of Ancestral Haplotypes

Strong LD, the fundamental architecture of the HLA re-
gion, became increasingly evident with higher typing res-
olution in our study. This is a direct consequence of the
elimination of the "dilution effect.” High-resolution anal-
ysis directly reflected the true, non-random association
between specific alleles and leads to a marked increase
in LD measures such as D'. For example, the D" value for
the HLA-A : HLA-C locus pair increased from 0.469 at the
2-digit level to 0.759 at the 8-digit level. This increase was
particularly notable for some pairs; for instance, at 8-digit
resolution, the D' value for the HLA-B : HLA-DRB1 pair was
over 12% higher than that observed at 4-digit resolution.

These findings suggest that high-resolution typing does
not create new links, but rather reveals the inherent
strength of ancestral haplotype structures that have
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been maintained by evolutionary forces. In particular,
the HLA-C : HLA-B pair in Class | and the HLA-DRB1 :
HLA-DQB1 pair in Class Il were identified as nearly stable
genetic blocks, exhibiting exceptionally high LD values.
This suggests that previous evolutionary research using
low-resolution datasets may have consistently underes-
timated the extent of MHC haplotype conservation.

Asymmetric LD analysis further clarified these relation-
ships. Although ALD values varied depending on typ-
ing resolution, directional dominance (e.g.,, C-B and
DQB1-DRB1) remained consistent regardless of resolu-
tion in certain locus pairs. This can be seen as a biologi-
cal reflection of the functional or evolutionary hierarchy
within haplotypes (20).

Unveiling Hierarchical Structures in
Haplotypes Through Asymmetric LD
Traditional LD metrics such as D' and r2 offer a single,
symmetric value to describe the relationship between
two loci. However, in systems with multiple alleles, such
as HLA, where one locus has significantly more alleles
than the other, this method does not provide a complete
picture. To address this issue, ALD was developed by as-
sessing the correlation between loci in both directions.

A key finding of our study was that the directional dom-
inance identified by ALD (e.g.,, DOB1 - DRB1 and C -
B) remained consistent across all resolution levels, even
with a substantial increase in the number of alleles. This
consistency strongly indicates that the observed patterns
are not merely statistical anomalies but reflect genuine
biological and evolutionary processes.

Our results demonstrated that the W(DRB1/DQB1) val-
ue for the HLA-DRB1 : HLA-DQB1 pair was almost 1.00,
indicating that knowing an allele at the HLA-DQB1 lo-
cus allows for the perfect prediction of the associated
HLA-DRB1 allele. However, the predictive accuracy in the
opposite direction, W(DQB1/DRB1), is not flawless. This
asymmetry implies a functional or evolutionary hierarchy
between these two loci. This situation might arise from
selection pressures that aim to maintain the structural
and functional integrity of the expressed DR-DQ heterod-
imer or from selection on one locus, causing a "genetic
hitchhiking" effect on the other.

The Broad Implications and Study
Limitations
The results of this study have significant implications for

contemporary immunogenetic research. In the context of
disease association studies, achieving high resolution is
crucial for identifying the actual causal variant, as low-res-
olution findings can be deceptive (21). In the field of an-
thropological genetics, low resolution tends to systemat-
ically underestimate the strength of linkage disequilibri-
um, potentially leading to incorrect conclusions regarding
population history. Regarding transplant compatibility,
8-digit resolution offers a vital evaluation of genomic
compatibility throughout the entire linked MHC region,
reducing the clinical risks associated with mismatches in
minor histocompatibility antigens or immune-regulating
genes, such as tumor necrosis factor (TNF) (22).

However, the broad adoption of high-resolution typing
has encountered several obstacles. Increased expenses,
the need for specialized equipment, and the demand for
advanced bioinformatics expertise can pose significant
challenges, especially in resource-constrained environ-
ments. Although this study established 8-digit typing
as the scientific benchmark, future research should also
aim to develop more affordable and accessible high-res-
olution methods to ensure that these advantages are
globally applicable. Our findings, consistent with those of
studies in other populations that reveal greater diversity
with high-resolution, strongly support the investment in
such technologies.

High-resolution HLA typing studies in African cohorts
have demonstrated a marked increase in allelic richness
and the unmasking of “hidden heterozygosity,” close-
ly paralleling our observations in the Central Anatolian
population (16). In contrast, lower-resolution analyses
in European datasets (7) have tended to underestimate
haplotype conservation, whereas our results confirm
that higher resolution sharpens LD signals and more ac-
curately reflects ancestral haplotype structures.

Moreover, methodological advances in asymmetric LD
analysis (6) provided a theoretical framework for our
findings on stable directional dominance (e.g., C-B,
DQB1-DRB1) across all resolution levels. Clinically,
studies on transplantation immunogenetics (22) have
shown that low-resolution matching increases the risk of
graft-versus-host disease and rejection. Our demonstra-
tion that 8-digit typing represents the gold standard is,
therefore, both clinically and evolutionarily relevant.

Of note, theoretical models of heterozygote advantage
(19) suggested that MHC diversity itself may drive the
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appearance of heterozygote advantage, offering a con-
ceptual framework for the complex HWE and neutrality
test outcomes that we observed. Taken together, these
comparisons highlighted that our study not only pro-
vided a region-specific contribution but also reinforces
broader international evidence that high-resolution typ-
ing is essential for accurate population genetic inference
and clinical decision-making.

Conclusion
This study quantitatively demonstrated that the res-
olution of HLA typing had a significant influence on

the interpretation of population genetic parameters.
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