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ABSTRACT
Objective: This study aimed to investigate the re
and ABO blood groups in healthy donors. A co
performed between A Rh(+) and O Rh(+) individuals.
Materials and Methods: This retrospectd i
University Tissue Typing Laboratory bg
with a mean age of 41.2 + 14.8 ye
Rh[+] and 107 O Rh[+]). The H

the Human Leukocyte Antigen (HLA) system
ysis of HLA immunogenetic architecture was

46 unrelated healthy donors registered at the xxxxxxx

and 2025. Participants were 50.7% female and 49.3% male,

immunogenetic analyses were performed on 249 donors (142 A

1, -DQBI, and -DPBI1 loci were genotyped using the DNA-

based PCR-SSO method. All , haplotype distributions, Hardy—Weinberg equilibrium (HWE), and

linkage disequilibrium (L ¢ analysed using the PyPop software.

Results: Allele distributions similar between groups. DRB116 was enriched in A Rh(+) donors (8.8%

B113, and DPB101 were enriched in O Rh(+) donors (p = 0.032, 0.022, and

y ered between groups (A Rh(+): DQB1-DPBI1, p = 0.038; O Rh(+): HLA-A—
ere in HWE (p > 0.05).

ated that A Rh(+) and O Rh(+) donors share a largely similar HLA genetic

likely refleet minor population heterogeneity rather than distinct ancestry and may aid donor matching and
int tio population-based immunogenetic association studies.

¢: Bu caligma, saglikli Tiirk donérlerde Insan Lokosit Antijen (HLA) sistemi ile ABO kan gruplari arasindaki
kiyi arasgtirmay1 amaglamistir. A Rh(+) ve O Rh(+) bireyler arasinda, popiilasyon diizeyinde olasi1 farkliliklar
incelemek amaciyla HLA immiinogenetik mimarisinin karsilastirmali analizi yapilmistir.

Gerec ve Yontem: Bu retrospektif calismaya, 2017-2025 yillar1 arasinda xxxxxxx Universitesi Doku Tiplendirme
Laboratuvari’na kayitli 346 akraba olmayan saglikli donor dahil edilmistir. Katilimcilarin %50,7’si kadin, %49,3’i
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erkek olup, yas ortalamasi 41,2 + 14,8 yildir. Ayrintili HLA immiinogenetik analizleri 249 donor iizerinde
gercgeklestirilmistir (142 A Rh[+] ve 107 O Rh[+]). HLA-A, -B, -C, -DRB1, -DQBI1 ve -DPB1 lokuslart DNA
temelli PCR-SSO yontemi ile genotiplenmistir. Alel frekanslari, haplotip dagilimlari, Hardy—Weinberg dengesi
(HWD) ve baglant1 dengesizligi (LD) oriintiileri PyPop yazilimi kullanilarak analiz edilmistir.

Bulgular: Genel olarak alel dagilimlari iki grup arasinda biiyiik 6l¢lide benzer bulunmustur. DRB116 aleli A Rh(+)
dondrlerde daha yiiksek siklikta goriiliirken (%8,8’¢ karst %4,2; p = 0,049), B49, DPB113 ve DPB101 alelleri O
Rh(+) grubunda daha yiiksek siklikta saptanmistir (sirastyla p = 0,032; 0,022 ve 0,015). Baglant1 dengesizligi (L
ortintiileri gruplar arasinda farklilik gdstermistir (A Rh(+): DQB1-DPB1, p = 0,038; O Rh(+): HLA-A-DQBI,
0,019) ve incelenen tiim lokuslar Hardy—Weinberg dengesine uygun bulunmustur (p > 0,05).

Sonug: Analizler, A Rh(+) ve O Rh(+) dondrlerin biiyiik 6l¢iide benzer bir HLA genetik arka planina sahip
oldugunu, ancak sec¢ilmis sinif I ve sinif II alelleri ile LD oriintiilerinde istatistiksel olarak saptanabilir

anlasilmasi, donor eslestirme stratejilerinin optimize edilmesine ve popiilasyon temelli immiin
iliskilendirme caligmalarinin daha dogru yorumlanmasina katki saglayabilir.

Anahtar Kelimeler: HLA, iImmiinogenetik, ABO Kan Gruplar1, Haplotip Frekansi, B4

1. INTRODUCTION

The Human Leukocyte Antigen (HLA) system (chromosome 6) is highl
response and tissue compatibility in transplantation [1]. Similarl A
(chromosomes 9 and 1) are fundamental to transfusion med1c1

mismatches and blood group incompatibilities is esse
[2-4].

Studies have suggested potential associations bet
remain inconsistent, and the immunogenetic rela
subtle genetic differences between common bloo

ins‘unclear in healthy individuals. Understanding
h as A Rh-positive (A+) and O Rh-positive (O+), may
ation-based disease association studies. Currently,

In this study, we hypothes1ze
subtle but measurable varia
heterogeneity within a regl
the HLA immunogengtiesa

BO phenotypes, specifically A Rh(+) and O Rh(+), coincide with
allelic and haplotypic distributions, reflecting a degree of immunogenetic
ulation. To test this hypothesis, we performed a comparative analysis of
re between healthy A Rh(+) and O Rh(+) donors in a western Central Anatolian
ct differences in allele frequencies, haplotype distributions, and linkage
disequilibrium (LD provide insights into regional immunogenetic diversity and offer potential
implications i

uded in the final analysis. The cohort comprised 142 A Rh(+) and 107 O Rh(+) individuals, representing
t gion's most prevalent phenotypes.

articipants were 50.7% female and 49.3% male, with a mean age of 41.2 + 14.8 years. No statistically significant
differences in age or sex distribution were detected between the A Rh(+) and O Rh(+) groups (p > 0.05), ensuring
demographic homogeneity for immunogenetic comparisons.



The study protocol was approved by the xxxxxxxxx Clinical Research Ethics Committee (Protocol No: 415; Date:
04.11.2025) and conducted in accordance with the principles of the Declaration of Helsinki. Due to the retrospective
nature of the study all data were anonymized to ensure donor confidentiality

Inclusion/Exclusion Criteria:
The study population was selected based on the following criteria.

Inclusion criteria were: (i) unrelated healthy blood donors aged 1865 years, (ii) availability of HLA genotypin,;
results, and (iii) documented ABO and RhD blood group data.

Exclusion criteria were: (i) presence of known chronic systemic, inflammatory, or autoimmune diseas
incomplete or ambiguous immunogenetic records.

2.2. Laboratory Methods

ABO and RhD blood grouping were performed at the institutional transfusion laborato
haemagglutination method (Bio-Rad ID-System, Bio-Rad Laboratories, Switzerland)li
quality protocols, both forward (cell) and reverse (serum) grouping were conducted fo

phenotypic accuracy, only donors demonstrating 100% concordant forwagd and reverse typin
for inclusion in the study.

standard
To ensure
sults were eligible

For HLA typing, genomic DNA was extracted from ethylenediaminetet
samples using standard procedures. Genotyping was performed for six 16 A-A, -B, -
-DPB1 — using the LIFECODES sequence-specific oligonucleoti i , CT,
USA) according to the manufacturer’s instructions [6]. Allele a @v‘ and nomenclature were based on the

IMGT/HLA database (version 3.43.0) [7].

Population genetic analyses were performed spe (+) and O Rh(+) donor groups to ensure
statistical robustness; other blood groups were ex the comparative immunogenetic analysis due to
insufficient sample sizes. Allele and haplot i ere estimated using PyPop software (version 1.3.0) [8,

9]. Haplotype frequencies for multilocus @7 es,were inferred using the Expectation—-Maximization (EM)
algorithm.

2.3. Statistical Analysis

Deviation from Hardy—Weinb WE) was evaluated for each locus using both the chi-square test
on a Markov chain Monte Carlo (MCMC) approach with 1,000 iterations.

ibution of allele frequencies, the Ewens—Watterson homozygosity test and

s. Because alleles within the MHC are correlated through strong LD, the effective number of
ests is lower than the nominal number of allele comparisons; therefore, we reported unadjusted p-
rpreted results as hypothesis-generating signals, with emphasis on effect sizes, Cls, and biological
ility. Demographic comparisons were performed using the SPSS software (version 25.0; IBM Corp.,

NY, USA). Statistical significance was set at p < 0.05.

. RESULTS

3.1. General Profile of the Study Population



A total of 346 unrelated healthy donors were included in the initial screening process. The most prevalent blood
groups in the total donor pool were A Rh(+) (n = 142, 41.0%) and O Rh(+) (n =107, 30.9%), followed by B Rh(+)
(11.0%), O Rh(-) (6.1%), and AB Rh(+) (5.2%) (Table 1, Figure 1).

A detailed immunogenetic comparative analysis was conducted on 249 donors representing the two most frequent
phenotypes (A Rh(+) and O Rh(+)). Across the analysed cohort, the most frequent HLA alleles were HLA-A*(2,
HLA-B*35, HLA-C*07, HLA-DRB1*11, HLA-DQB1*03, and HLA-DPB1*04, providing a representative
overview of the regional HLA profiles.

3.2. Basic Population Structure and Heterozygosity

Both donor groups demonstrated genetically stable population structures in the study. All examined
conformed to the Hardy—Weinberg equilibrium (HWE) (p > 0.05), indicating no significant devi
expected genotype distribution. The observed heterozygosity (H,) values exceeded 85% at m
extensive allelic variation. The O Rh(+) group showed slightly higher heterozygosity at HLA-A
whereas the A Rh(+) group demonstrated marginally higher diversity at HLA-DQBI. T h
was observed at the HLA-DPBI locus in both groups (Table 2).

3.3. Allele Frequency Differences Between A Rh(+) and O Rh(+) Do

Although the overall allele distributions were broadly similar between th or groups, seyeral statistically

significant differences were identified at specific loci.

.8%), corresponding to a
.032). Conversely, HLA-

b p -
h(+r) individuals (4.2%), representing a
more than twofold increased likelihood in the A Rh(+) 2.205,95% CI: 1.004.81, p = 0.049).
Additionally, DPB1*13 was markedly enriched in the p(5.8%) compared with the A Rh(+) group
B1*01 was observed exclusively in the O

(+) donors (OR = 0.06, 95% CI: 0.003-1.09, p =
RB1*11, DQB1*03, and DPB1*04, did not differ
mmunogenetic backbone of the study population

Rh(+) group (4.7%), representing significantly 1
0.015). Other frequent alleles, including A*02, B
significantly between the groups and repr
(Table 3).

3.4. Haplotype Profiles Across oc esolution

Haplotype frequency analysi§ demo ted both shared conserved haplotypic blocks and group-specific distribution
patterns, indicating modest bubdetectal opulation-level differentiation between A Rh(+) and O Rh(+) donors
(Table 4).

At the Cla cl, the A Rh(+) group exhibited a pronounced and dominant haplotype structure. The
tion was HLA-A*02~B*35~C*04 (6.98%), which clearly exceeded all other identified

, the O Rh(+) group showed a more evenly distributed profile, with two co-dominant
01~B*35~C*04 and HLA-A*11~B*35~C*04, each occurring at 4.08%. Notably, haplotypes
*49 (for example, HLA-A*23~B*49~C*(7) appeared among the top combinations exclusively in the O
onsistent with the allele-level enrichment of HLA-B*49 in this subgroup.

ur-Locus Level (HLA-A~B~C~DRB1)

he A Rh(+) cohort, the haplotypic structure remained centred around a single dominant block, HLA-
*02~B*35~C*04~DRB1*11 (3.05%). Conversely, the O Rh(+) group demonstrated multiple co-dominant
haplotypes at comparable frequencies (~3.06%), including HLA-A*11~B*35~C*04~DRB1*15 and HLA-
A*03~B*07~C*07~DRB1*15.



3.4.3. Five-Locus Level (HLA-A~B~C~DRB1~DQB1)

The dominant haplotype in the A Rh(+) group was HLA-A*02~B*35~C*04~DRB1*11~DQB1*03 (3.05%). In
contrast, the O Rh(+) group again showed a more distributed profile, with two leading haplotypes — HLA-
A*11~B*35~C*04~DRB1*15~DQB1*06 and HLA-A*02~B*44~C*14~DRB1*11~DQB1*03 — each occurring at
3.19%.

3.4.4. Six-Locus Level (HLA-A~B~C~DRB1~DQB1~DPB1)

The A Rh(+) group retained a clearly leading extended haplotype, HLA-
A*02~B*35~C*04~DRB1*11~DQB1*03~DPB1*04 (3.21%), indicating a relatively centralized hapl
architecture. In contrast, the O Rh(+) group did not show a single dominant extended haplotype. Sev
combinations shared the highest observed frequency (2.44%), including HLA-
A*23~B*49~C*07~DRB1*11~DQB1*03~DPB1*04, again highlighting the contribution of -bear
chromosomes to the O Rh(+) immunogenetic structure.

3.4.5. Shared Class II Backbone

ed Class I . HLA-
tion in both (+) (13.72%) and O

Despite these Class [-driven differences, both groups shared a highly co
DRB1*11~DQB1*03~DPB1*04 was the most frequent DR~DQ~DP com
Rh(+) (13.82%).

3.5. Analysis of Linkage Disequilibrium (LD) Profiles

Pairwise LD analysis was performed to evaluate the strength of ic associations between HLA loci
in the A Rh(+) and O Rh(+) donor groups (Table 5 an

In both groups, strong and highly significant LD (p < 0. sistently observed between neighbouring loci,
particularly for HLA-C~HLA-B, HLA-B~HLA-D 1~HLA-DQBI. These findings confirm the

However, differences emerged when lon
significant LD between HLA-A and H
association did not reach statistical si

pair showed significant LD in the

s detected in the O Rh(+) group (p = 0.019); however, this
e A Rh(+) group. Conversely, the HLA-DQB1-HLA-DPB1

4. DISCUSSION

LA allele frequencies, haplotypic patterns, and LD structure. Although the
ABO and HLA systems are loeated on different chromosomes, the multilayered differences observed across alleles,
haplotypes and indicate that ABO phenotypes align with subtle immunogenetic heterogeneity within a
er than reflecting direct genetic linkage [2, 3].

urkiye [4, 10, 11]. However, the principal contribution of this study lies in demonstrating that
mon blood groups differ not only in individual allele frequencies but also in the structural organisation

4 llelic Differences Reflecting Immunogenetic Heterogeneity

llele-level variations provide the first layer of evidence for genetic differentiation between the studied groups. The
enrichment of B¥49 and DPB1*13 in O Rh(+) donors, alongside the higher frequency of DRB1*16 in A Rh(+)
individuals, suggests subtly differing immunogenetic patterns within the same geographic population. Notably, the
markedly lower odds of DPB1*13 in A Rh(+) donors (OR = 0.10) and the exclusive detection of DPB1*01 in the O



Rh(+) group support this variation. However, due to low absolute frequencies, these findings should be regarded as
preliminary observations requiring cautious interpretation.

It should be noted that ABO blood groups are not classical markers of deep ancestry. The differences observed in
this study most likely reflect regional sampling variability or subtle shifts in the immunogenetic background of the
donor registry rather than ancestral stratification. Given that HLA and ABO systems are located on separate
chromosomes (9 and 6, respectively), these associations are interpreted as population-level co-occurrences withi
defined geographic area.

Given Tiirkiye's history of migration and admixture, these variations likely reflect historical population stz
rather than recent selection. Since these patterns were identified in healthy individuals, they represent b@s
genetic variation. Overall, these findings are most consistent with subtle immunogenetic heterogeneit
level variation) within the regional donor registry, rather than distinct ancestry-defined strata [5,

4.2. Haplotype Architecture: Relative Centralization Versus Dispersion

The A Rh(+) group exhibited a centralized haplotypic pattern dominated by the HLA
A*02~B*35~C*04~DRB1*11~DQB1*03~DPB1*04 extended haplotype. In contrast, group showed a
"flatter,”" dispersed organization with multiple co-dominant haplotypes. se structural atiofis, evidenced by the
cumulative frequency of top haplotypes, likely reflect distinct historical pa s of genetic deift and recombination
within the regional population.

4.3. Structural Organization Revealed by LD

Whlle both groups shared strong LD between nelghborlng loci and DRB1~DQB1), long-range
(+) donors, whereas DQB1~DPBI1

linkage was 51gn1ﬁcant only in the A Rh(+) group. Thi i erences in chromosomal coupling along

4.4. Implications for Immunogenetic Diversity'and Clinical Practice

Although the observed differences
transplantation (HSCT), donor m; avily on haplotype frequencies in regional registries. A more

common haplotypes, where 1spersed O Rh(+) structure indicates broader diversity that could be
advantageous for matchlng combinations. These findings may also contribute to the interpretation
of unexpected donor-reeipic ismatches in HSCT registries from genetically heterogeneous populations.

ndings may also help contextualise the reported associations between ABO blood
e-mediated diseases. Associations reported between specific ABO phenotypes and
OVID-19 severity, may not be attributable solely to ABO antigens but could be partially
rlying HLA background that co-occurs within the ABO-defined subpopulation [12].

ora-Buch et al. showed that RhD status and HLA genotypes may influence the T cell

s such as the BK virus [13]. Therefore, our results provide a population genetic framework for
BO-disease associations with greater nuance and caution.

eralflimitations of this study should be acknowledged. First, the moderate sample size and single-center design
limited the statistical power and generalizability of our findings, particularly for less frequent blood groups and rare
les. Consequently, associations involving low-frequency variants should be interpreted with caution, as small
ount variations can disproportionately skew odds ratio estimates and significance levels.
Furthermore, no formal correction for multiple comparisons was applied. Given the exploratory aim of identifying
potential immunogenetic patterns within a regional population, raw p-values were presented to minimize the risk of
overlooking potentially relevant signals. Additionally, since HLA loci exhibit strong linkage disequilibrium, these



alleles are not independent variables, making strict correction methods potentially overly conservative in this
context. Accordingly, the reported findings should be regarded as preliminary observations that require validation in
larger, multi-center cohorts.

The donor pool consisted of voluntary donors rather than a strictly random population sample, which may have
introduced some degree of selection bias. Another primary limitation is the use of the PCR-SSO typing method,
which provides low-to-intermediate resolution. While this approach is acceptable for regional registry-level
analyses, it inevitably limits the confidence in haplotype inference and the precise characterization of LD patterns
compared with contemporary high-resolution sequencing (NGS). Specifically, intermediate resolution may ma

rare allelic variants and finer-scale diversity, potentially leading to an oversimplification of the haplotypic
architecture.

Additionally, the A blood group was not further subdivided into A1 and A2 phenotypes using Al lecti
and A2 subgroups differ in antigen density and potentially in their clinical and immunogenetic associ

functional immunological consequences or disease susceptibility patterns.

5. CONCLUSION

detectable differences. Because ABO and HLA loci are on different chrg ¢ ese observations most likely

reflect sampling-level immunogenetic heterogeneity within the donor reg an distinct ancestry-defined

differences. Recognizing this variation may contribute to improve c population-based association

studies and provide supportive information for donor matching & oratory design and intermediate-
hyipo
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A Rh(+) Group — D’
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Table 1. Blood Group Distribution of the TotallDonor Poo ded in the Study (n=346)
Blood Group Percentage (%)

A Rh(+) 41.0

O Rh(+) 30.9

B Rh(+) 11.0 @
O Rh(-) 6.1

ABRh(+) 52 K

A Rh(-) 3.5

B Rh(-) 1.7

AB Rh(-) 0.6
Total

Ta C rison of Observed Heterozygosity (Ho) Rates in Two Donor Groups

AL A Rh(+) Ho O Rh(+) Ho
89.4 92.1
91.2 93.0
86.0 87.9
1 88.1 89.7
DQBI 84.5 822

DPB1 58.3 62.4



Table 3. HLA Alleles Showing Significant Frequency Differences and Odds Ratios Between Donor Groups

n (%) n (%)
DRB1*16 25 (8.8%) 9 (4.2%) 2.20
B*49 8(2.8%) 15 (7.0%) 0.38
DPB1*13 2 (0.6%) 12 (5.8%) 0.10
DPB1*01 0 (0.0%) 10 (4.7%) 0.06 :0 0.015

*OR values are calculated with O Rh(+) as the reference group. P-valu alewlated using Fisher’s exact test
(p < 0.05 is significant).

Table 4. Comparison of Top Haplotypes Acros§ Increasing us Resolution -
Fre Fre
Grou q q
Locus Level p Rank 1 Haplot; (% Rank 2 Haplotype (%
) ) |
A 6. 2.5
A*24~B*35~C*04
3-Locus Rh(+) 8 o
A~B~C
( ) 40 A#11-B*35-C*04 &0
8 8
5 3.0 2.4
4-Locus ~C*04~DRB1*11 5 A*02~B*07~C*07~DRB1*15 4
(A~B~C~DRBI1 ﬁ ﬁ
~B*35~C*04~DRB1*15 6' A*03~B*07~C*07~DRB1*15 6
A*02-B*35~C*04~DRB1*11~DQB1*0|3.0 |A*24~B*35~C*04~DRB1*04~DQBI |2.4
3 5 %03 4
A*11~B*35~C*04~DRB1*15~DQB1*0|3.1 |A*02~B*44~C*14~DRB1*11~DQB1 |3.1
6 o |03 o
A*02~B*35~C*04~DRB1*11~DQB1*0|3.2 | A*24~B*35~C*04~DRB1*04~DQB1 |2.5
3~DPB1*04 |l |*03~DPB1*04 6 |
A*01~B*35~C*03~DRB1*07~DQB1*0|2.4 |A*23~B*49~C*07~DRB1*11~DQB1 |2.4
2~DPB1*04 4 |*03~DPB1*04 4




Table 5. Linkage Disequilibrium (LD) for Groups

Locus Pair A Rh(+) D’ A Rh(+) p-value O Rh(+) D’ O Rh(+) p-value
HLA-A ~HLA-C 0.452 0.018* 0.498 0.027*
HLA-A ~HLA-B 0.427 0.002* 0.548 0.0003*
HLA-A ~HLA-DRBI1 0.295 0.198 0.318 0.176
HLA-A ~HLA-DQB1 0.284 0.087 0.412 0.019*
HLA-C ~HLA-B 0.801 <0.0001* 0.836 <0.0001*
HLA-C ~HLA-DRBI1 0.446 0.002* 0.489 0.006*
HLA-C ~HLA-DQB1 0.351 0.011%* 0.372 0.041%*
HLA-B ~ HLA-DRBI1 0.552 <0.0001%* 0.563 <0.0001*
HLA-B ~HLA-DQBI1 0.443 <0.0001* 0.497 <0.0001*
HLA-DRBI1 ~ HLA-DQB1 0.941 <0.0001* 0.879 <0.0001*
HLA-DRBI1 ~HLA-DPB1 0.392 0.028* 0.541 0.031%*
HLA-DQBI1 ~ HLA-DPB1 0.268 0.038* 0.473 0.211

* Statistically significant at p < 0.05
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