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ABSTRACT 
 
Background: The study aimed to analyze the frequency of ABO 
and RhD genotypes, including RHD variant alleles, and to 
evaluate the clinical value of molecular genotyping in comparison 
with standard serological findings. 
Methods: A total of 162 patients were included, all of whom 
underwent comprehensive serological and molecular typing of 
the ABO and RhD systems using PCR-based methods to identify 
weak, partial, and DEL RhD variants as well as other rare alleles, 
with correlation to transfusion history and clinical indications. 
Main findings: The results demonstrated a predominance of 
blood group A and O, while blood groups B and AB were less 
frequent, with the majority of patients being RhD positive. A 
significant number of weak and partial RhD variants were 
identified, particularly among transfusion recipients and patients 
with a positive Coombs test. Molecular genotyping enabled 
clarification of serological discrepancies and precise 
determination of the Rh phenotype, ensuring a more rational use 
of RhD-negative blood units. 
Principal conclusion: These findings confirm the importance of 
molecular analysis of the ABO and RhD systems in optimizing 
transfusion practice, reducing the risk of alloimmunization, and 
supporting an individualized approach to patient care. 
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INTRODUCTION 
 
The International Society of Blood Transfusion 
(ISBT) recognizes over 43 blood group systems 
with more than 360 distinct antigens, 
highlighting the complex immunogenetic basis 
of erythrocyte antigens (1, 2). Traditionally, 
blood group determination relies on serological 
methods; however, these techniques face 
significant limitations in clinical scenarios 
involving erythrocyte deficiency, recently 
transfused cells, autoimmune hemolysis, 
transplantation, or complex prenatal testing (3, 
4). Molecular genotyping, based on the DNA 
analysis of single nucleotide polymorphisms 
(SNPs), insertions, deletions, and 
recombination events, has emerged as a 
transformative approach that enables the 
accurate prediction of blood group phenotypes 
even when serology is inconclusive (5–7). By 
utilizing various DNA sources—such as 
leukocytes, buccal cells, or cell-free fetal DNA 
from maternal plasma—genotyping allows for 
the detection of weakly expressed, atypical, or 
"silent" antigens (8–12). This is particularly 
critical in transfusion medicine for multi-
transfused patients and in preventing 
hemolytic disease of the fetus and newborn 
(HDFN) (13,14). Specifically, within the ABO 
and Rh systems, molecular analysis using PCR-
based techniques or next-generation 
sequencing (NGS) provides precise recognition 
of weak, partial, or atypical phenotypes (15–18). 
Such precision directly impacts clinical 
outcomes by optimizing blood selection, 
rationalizing the use of RhD-negative units, and 
supporting rare donor registries (9, 14, 17). 
Despite its advantages, the integration of 
molecular methods into routine practice 
requires rigorous quality assurance and 
international standardization. Current efforts 
focus on internal quality controls (IQC) and 
external quality assessment (EQA) to ensure the 
reliability of DNA interpretation and inter-
laboratory comparability (19–30). While 
challenges remain regarding the harmonization 
of bioinformatics systems and the high cost of 

specialized equipment, the transition toward 
personalized transfusion medicine suggests 
that genotyping will increasingly become a 
routine standard in clinical laboratories (31–36). 
The aim of this study is to analyze the frequency 
of ABO and RhD system genotypes, including 
RHD variant alleles, in a specific patient 
population. Furthermore, this research 
evaluates the clinical value of molecular 
genotyping in comparison with standard 
serological findings to determine its role in 
enhancing transfusion safety and optimizing 
patient care. 
 
PARTICIPANTS AND METHODS 
 
Participants 
This retrospective observational study was 
conducted using data from the 
Immunohematology Laboratory at the 
University Clinical Hospital Mostar, covering 
the period from January 31, 2023, to July 1, 2025. 
The study population was derived from a total 
pool of 24,207 clinical samples processed in 
2024, which served as the baseline for 
evaluating screening volume. The primary 
inclusion criteria focused on patients of both 
sexes and all age groups for whom definitive 
blood group determination was not achievable 
through standard automated serological 
protocols. Specifically, the study included 1,001 
samples (857 outpatients and 144 inpatients) 
that exhibited ambiguous, weak, or discordant 
serological reactions. Exclusion criteria were 
applied to samples with clearly defined 
serological results that did not require 
molecular clarification. The study was 
conducted in accordance with the Declaration 
of Helsinki and was approved by the Ethics 
Committee of the University Clinical Hospital 
Mostar (Ref. No: (12/2026)). 
 
 
Methods 
The primary objective was to evaluate the 
clinical utility of molecular genotyping in 
resolving serological discrepancies. Secondary 
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objectives included determining the frequency 
of ABO and RhD genotypes and identifying 
specific variant alleles. Initial serological 
screening for ABO and RhD antigens was 
performed using the ERYTRA automated 
analyzer (Grifols, Barcelona, Spain) employing 
BIO-RAD (Cressier, Switzerland) and 
IMMUCOR (Norcross, GA, USA) reagents via 
standard column agglutination technology. For 
all samples meeting the inclusion criteria, 
molecular genotyping was conducted using the 
RBC FluoGene® system (Inno-Train 
Diagnostics, Kronberg im Taunus, Germany). 
This method utilizes sequence-specific priming 
polymerase chain reaction (PCR-SSP) coupled 
with fluorescence detection. Detailed analysis 
focused on RHD and RHCE gene variants, 
specifically identifying weak D, partial D, and 
DEL variants, as well as C/c and E/e 
polymorphisms. All genetic nomenclature 
followed the standards established by the ISBT 
Working Party on Red Cell Immunogenetics 
and Blood Group Terminology. 
 
Statistical analysis 
Statistical processing was performed using IBM 
SPSS Statistics v.24.0. Descriptive statistics were 
used to summarize the frequency and 
distribution of blood group genotypes and 
serological discrepancies. 
 
RESULTS 
 
Socio-Demographic Characteristics of 
Participants 
A total of 162 participants were included in the 
study. The analysis of residence showed that 
more than half of the participants originated 
from the Herzegovina-Neretva County (n = 89; 
54.9%), followed by West Herzegovina County 
(n = 52; 32.1%) and Herzeg-Bosnia County (n = 
16; 9.9%). The remaining participants (3.1%) 
were from other counties or countries. 
Regarding the city of residence, Mostar was the 
most frequent (n = 54; 33.3%), followed by 
Široki Brijeg (n = 27; 16.7%), and Livno (n = 12; 
7.4%). Detailed demographic data and 

residence distributions are summarized in 
Table 1. 
 
Table 1. Residence and Demographic 
Characteristics of Participants 

Category n % 
County of residence   
Herzegovina-Neretva County 89 54.9 
West Herzegovina County 52 32.1 
Herzeg-Bosnia County 16 9.9 
Tuzla County 1 0.6 
Central Bosnia County 1 0.6 
Other country 3 1.9 
City of residence   
Mostar 54 33.3 
Široki Brijeg 27 16.7 
Livno 12 7.4 
Posušje 11 6.8 
Konjic 9 5.6 
Čitluk 8 4.9 
Grude 8 4.9 
Ljubuški 7 4.3 
Rama 5 3.1 
Jablanica 4 2.5 
Čapljina 4 2.5 
Other 3 1.9 
Stolac 2 1.2 
Glamoč 1 0.6 
Srebrenik 1 0.6 
Kupres 1 0.6 
Drvar 1 0.6 
Žepče 1 0.6 
Bugojno 1 0.6 
Sarajevo 1 0.6 
Neum 1 0.6 

 
Clinical Department and Indications for 
Testing 
The samples originated from a wide range of 
clinical departments, reflecting the 
heterogeneity of indications for molecular 
testing. The highest frequency of participants 
was referred from the Transfusion Outpatient 
Clinic (n = 40; 24.7%), followed by the Maternity 
Ward (n = 17; 10.5%), Hematology (n = 16; 
9.9%), and Neonatology (n = 14; 8.6%). Other 
contributing departments included intensive 
care and emergency units (6.2%), cardiology 
(3.7%), and various surgical subspecialties 
(1.2%–3.7%). 
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Transfusion History 
Within the study population, 68 participants 
(42.0%) had a recorded history of blood 
transfusion. This subgroup included several 
multi-transfused patients with significant 
transfusion exposure, reaching up to 47 
recorded episodes in individual cases. The most 
common blood groups among transfusion 
recipients were O RhD-positive and A RhD-
positive. 
 
Distribution of ABO Blood Groups 
All major ABO blood groups were represented 
in the study population (N = 162). Blood group 
A was the most prevalent, followed by group O, 
while groups B and AB were identified at lower 
frequencies. A notable occurrence of A2 and 
A2B subgroups was observed. These cases were 
characterized by discrepancies between cell and 
serum typing, weak reactions with anti-A 
reagents, or the presence of anti-A1 antibodies. 
 
RhD System and Serological Discrepancies 
Initial serological testing identified a high 
frequency of weak or ambiguous RhD 
expressions. These were categorized as "weak 
D," "RhD W," "D 2+," or "unclear RhD" 
reactions. In a significant proportion of these 
cases, standard hemagglutination was unable 
to differentiate between weak D, partial D, or 
DEL variants, necessitating molecular 
intervention. 
 
Molecular Interpretation of RHD and RHCE 
Genotypes 
Molecular typing resolved all cases of 
serological ambiguity. The allelic distribution of 
the RHD gene showed substantial 
heterogeneity: 
• Weak D Variants: The most frequently 
identified alleles were RHD 1W.1, 1, and 1.2, 
corresponding to Weak D type 1. This was 
followed by the RHD 01W.3/3.1 allele, which 
corresponds to Weak D type 3. 
• Partial D Variants: Several highly 
immunogenic partial D variants were 

identified, including D VII (RhD 07.01), DNB, 
DAR2, and 4.1. 
• DEL Variants: The RHD 11 allele (DEL 
variant) was identified in a small number of 
cases where the D antigen was serologically 
undetectable. 
 
RHCE Gene Analysis 
Analysis of the RHCE gene confirmed the 
expected distribution of C, c, E, and e antigens. 
The E allele was present at a lower frequency 
relative to other major Rh antigens. 
Additionally, the allele encoding the Cw 
antigen was identified in several participants, 
correlating with weak reactions observed 
during the antiglobulin phase of serological 
testing. 
 
DISCUSSION 
 
This study evaluated the clinical utility of 
molecular genotyping in resolving serological 
ambiguities within the ABO and RhD blood 
group systems. Our primary findings 
demonstrate that molecular analysis 
successfully resolved 100% of serological 
discrepancies in the cohort (N = 162), 
identifying a high degree of RHD allele 
heterogeneity that would otherwise remain 
misclassified by standard hemagglutination 
techniques. 
The observed distribution of ABO blood 
groups, characterized by the predominance of 
groups A and O, aligns with established 
epidemiological data for the Southeast 
European region (37,38). While the majority of 
participants were RhD-positive, the clinical 
significance of our results lies in the detection of 
specific variant alleles, such as Weak D types 1, 
2, and 3, as well as highly immunogenic partial 
D and DEL phenotypes (39,40). 
A critical aspect of this study is the 
differentiation between variant groups. While 
Weak D types 1, 2, and 3 are typically associated 
with a low risk of anti-D alloimmunization, our 
identification of partial D variants (e.g., D VII, 
DNB, and DAR2) highlights a significant 
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clinical risk. These patients, if incorrectly 
classified as RhD-positive by serology, are at 
risk of developing anti-D antibodies upon 
exposure to the complete D antigen (41–44). 
Furthermore, the detection of DEL variants 
(RHD 11) in serologically D-negative 
individuals underscores the risk these donors 
pose to RhD-negative recipients, as even 
minimal antigen expression can trigger a 
primary immune response (41,42,45). 
Our findings confirm that molecular 
genotyping is an essential adjunct to serology in 
complex clinical scenarios, such as in multi-
transfused patients where donor cell 
interference masks the recipient's true 
phenotype, or in neonates with a positive 
Coombs test (43,46). By providing a definitive 
genotype, we can ensure the rational use of 
RhD-negative blood units—a limited and costly 
resource—by safely managing Weak D type 1 
and 2 recipients as RhD-positive where 
appropriate, while strictly reserving RhD-
negative units for partial D and DEL variant 
patients. 
 
Study Limitations and Future Perspectives 
Despite the high accuracy of the PCR-based 
methods used, this study has limitations. The 
molecular screening focused on known 
common and regional variants; therefore, 
extremely rare or novel RHD mutations may 
not have been captured. Additionally, the 
retrospective nature of the study and the 
specific focus on "problematic" samples means 
the frequencies reported here do not reflect the 
general population but rather a high-risk 
clinical subgroup. Future research should 
incorporate larger, prospective cohorts and 
potentially employ Next-Generation 
Sequencing (NGS) to detect novel alleles that 
escape current PCR-SSP designs. 
 
Conclusion and Clinical Implications 
In conclusion, this study supports the 
integration of molecular genotyping into 
routine transfusion protocols for specific 
indications. Based on our data, we propose a 

standardized molecular reflex testing protocol 
for: 
1. All patients exhibiting weak, 
discordant, or ambiguous RhD serological 
reactions. 
2. Multi-transfused hematological and 
oncological patients to prevent 
alloimmunization. 
3. Pregnant women with weak D 
expressions to determine the necessity of Rh 
immunoglobulin prophylaxis. 
Implementing these recommendations will 
significantly enhance patient safety by reducing 
the risk of hemolytic transfusion reactions and 
supporting an individualized approach to 
immunohematological care (45,46). 
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