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The study of human blood type inheritance represents a foundational pillar in the field of genetics, serving as a

primary example of how multiple alleles and codominance dictate phenotypic expression. Unlike the simple

Mendelian inheritance patterns often observed in pea plants, where a single dominant allele completely masks a

recessive one, the ABO blood group system reveals a more nuanced biological interaction. Understanding these

patterns is not merely an academic exercise; it is a critical requirement in clinical medicine, transfusion science,

forensic pathology, and prenatal care.

The Genetic Architecture of the ABO Blood Group System

The ABO blood group is determined by a single gene located on the long arm of chromosome 9 (9q34.2). This 

gene, known as the ABO glycosyltransferase, encodes for enzymes that modify the carbohydrate chains

attached to proteins and lipids on the surface of red blood cells (erythrocytes). These modifications create the

antigens that define an individual's blood type.

Human blood types are governed by three primary alleles: I<sup>A</sup>, I<sup>B</sup>, and i. The interaction

between these three alleles demonstrates two distinct genetic principles:

•  Codominance: The IA and IB alleles are codominant. If an individual inherits both, both antigens are 

expressed equally on the cell surface, resulting in Type AB blood.

•  Complete Dominance: Both IA and IB are completely dominant over the i allele. The i allele is recessive and 

does not produce a functional glycosyltransferase enzyme.

The Biochemistry of Antigens: Glycosyltransferase Activity

To understand the genetics, one must understand the biochemistry. All individuals possess a precursor known as 

the H antigen (or H substance). The I<sup>A</sup> allele encodes an enzyme (alpha-1,3-N-

acetylgalactosaminyltransferase) that adds N-acetylgalactosamine to the H antigen. The I<sup>B</sup> allele 

encodes an enzyme (alpha-1,3-galactosyltransferase) that adds D-galactose. The iallele produces a non-

functional protein, leaving the H antigen unmodified.

Deciphering Genotypes and Phenotypes

The distinction between an organism's genetic makeup (genotype) and its observable traits (phenotype) is

essential when analyzing blood types. Because humans are diploid organisms, we inherit one allele from each

parent, leading to six possible genotypic combinations that result in four distinct phenotypes.



Phenotype (Blood Type) Genotype(s) Antigens Present Antibodies Produced

Type A IAIA (Homozygous) or IAi 
(Heterozygous)

A Antigens Anti-B

Type B IBIB (Homozygous) or IBi 
(Heterozygous)

B Antigens Anti-A

Type AB IAIB (Heterozygous) A and B Antigens None

Type O ii (Homozygous) Neither (H Antigen only) Anti-A and Anti-B

This table illustrates why Type O is considered the universal donor (for packed red cells) because it lacks A and B 

antigens that would trigger an immune response, while Type AB is the universal recipientbecause the plasma

lacks antibodies against A or B antigens.

The Rhesus (Rh) Factor: The Second Dimension of Inheritance

While the ABO system is the most prominent, the Rh factor (specifically the D antigen) is equally vital for clinical 

compatibility. The Rh factor is inherited independently of the ABO system, following a simple dominant-recessive 

pattern. It is governed by the RHD gene.

•  Rh-Positive (+): Genotype RR or Rr. The D antigen is present.

•  Rh-Negative (-): Genotype rr. The D antigen is absent.

When combined with the ABO system, we arrive at the eight common blood types (A+, A-, B+, B-, AB+, AB-, O+, 

O-). The presence of the Rh factor adds a layer of complexity to pregnancy, where Rh-incompatibility between a 

mother (Rh-) and a fetus (Rh+) can lead to Hemolytic Disease of the Newborn (HDN), also known as

Erythroblastosis Fetalis.

Methodological Approach: Solving Inheritance with Punnett Squares

A Punnett square is a visual grid used to calculate the mathematical probability of an offspring inheriting a specific

genotype. To perform a cross involving blood types, one must first identify the parental genotypes. If the parental

phenotypes are known but the genotypes are ambiguous (e.g., Type A), both homozygous and heterozygous

possibilities must be considered unless genealogical data suggests otherwise.

Case Study 1: Heterozygous Type A Father and Type O Mother

In this scenario, the father's genotype is I<sup>A</sup>i and the mother's is ii.

1.  Set up a 2x2 grid.

2.  Place the father's alleles (IA and i) on the top.

3.  Place the mother's alleles (i and i) on the side.

4.  Fill the boxes by combining the row and column headers.

Resulting Grid:

•  Box 1: IAi (Type A)

•  Box 2: IAi (Type A)

•  Box 3: ii (Type O)

•  Box 4: ii (Type O)



Analysis:There is a 50% probability the child will have Type A blood and a 50% probability the child will have Type

O blood.

Case Study 2: Type AB Father and Type O Mother

This is a classic genetics problem. The father is I<sup>A</sup>I<sup>B</sup> and the mother is ii.

•  Offspring genotypes: 50% IAi and 50% IBi.

•  Offspring phenotypes: 50% Type A and 50% Type B.

•  Key Finding: It is impossible for this couple to have a child with Type AB or Type O blood.

Advanced Genetic Phenomena and Anomalies

While standard inheritance covers the vast majority of cases, technical experts must be aware of rare exceptions

that can confound standard blood typing and paternity tests.

The Bombay Phenotype (h/h)

The Bombay Phenotype occurs when an individual inherits two recessive alleles (hh) for the H gene. Without the 

H antigen precursor, the A and B enzymes have nothing to attach their sugars to. Consequently, even if the person 

possesses the IA or IB alleles, their blood tests as Type O. This is an example of epistasis, where one gene

interferes with the expression of another. In a transfusion emergency, a person with the Bombay phenotype can

only receive blood from another Bombay individual, as they produce antibodies against the H antigen present in all

standard O, A, B, and AB blood.

Cis-AB Inheritance

In very rare instances, the A and B alleles are located on the same chromosome (cis) rather than on homologous

chromosomes (trans). This allows an AB parent to pass both A and B alleles as a single unit to their offspring. This

can result in a Type AB parent and a Type O parent having an AB child, which would be impossible under normal

Mendelian rules.

Clinical and Forensic Applications

The practical application of blood group genetics extends far beyond the laboratory. In Transfusion Medicine, the 

strict adherence to compatibility matrices is a matter of life and death. An incompatible transfusion leads to acute 

hemolytic transfusion reaction (AHTR), where the recipient’s immune system destroys the donor cells,

potentially causing renal failure and disseminated intravascular coagulation (DIC).

In Forensic Serology, blood typing was the gold standard for exclusion in the pre-DNA era. While DNA profiling is

now the primary method, blood typing remains a rapid, cost-effective preliminary tool for narrowing down suspect

pools or verifying biological parentage. The mathematical certainty of exclusion (e.g., a Type O mother and Type O

father cannot produce a Type B child) remains a powerful evidentiary tool.

Worksheet Practice: Technical Problem Set

To master these concepts, practitioners should engage with complex scenarios. Below is a structured practice

framework designed to test depth of understanding.

1.  Scenario A: A woman with Type B blood (whose father was Type O) has a child with a man who has Type AB 

blood. What is the probability of the child being Type B? Ð

    Solution: The woman is heterozygous (IBi). The man is IAIB. Cross: IBi x IAIB = IAIB (AB), IBIB (B), IAi (A), 



IBi (B). Probability of Type B: 50%.

2.  Scenario B: Can two Type A parents have a Type O child? Ð

    Solution: Yes, if both parents are heterozygous (IAi). The resulting probability for Type O (ii) is 25%.

3.  Scenario C: An Rh-negative mother and an Rh-positive father (heterozygous) are expecting. What is the risk 

of Rh incompatibility? Ð

    Solution: Genotypes: rr (mother) x Rr (father). 50% of offspring will be Rh-positive (Rr), potentially triggering 

maternal sensitization if not managed with Rho(D) immune globulin.

Statistical Distribution and Population Genetics

Blood type frequencies vary significantly across different ethnic and geographic populations. This variation is 

studied through the lens of the Hardy-Weinberg Principle, where the frequency of alleles (p for A, q for B, and r 

for O) can be calculated using the formula: (p + q + r)² = 1, which expands to: p² + 2pr + q² + 2qr + 2pq + r² = 1.

•  p²: Homozygous Type A

•  2pr: Heterozygous Type A

•  q²: Homozygous Type B

•  2qr: Heterozygous Type B

•  2pq: Type AB

•  r²: Type O

Globally, Type O is the most common phenotype, likely due to a selective advantage in certain environments, such

as increased resistance to severe malaria, though it may increase susceptibility to other pathogens like cholera.

Synthesizing the Genetic Logic of Blood Systems

The mechanics of blood type inheritance provide a profound look into the elegance of molecular biology. From the

specific sugar-adding enzymes of the ABO gene to the presence or absence of the D protein in the Rh system,

every aspect of our blood type is a direct translation of our genetic code. The interaction of multiple alleles, the

expression of codominance, and the occasional epistatic interference (as seen in the Bombay phenotype)

demonstrate that while Mendelian principles provide the foundation, the reality of human biology is far more

intricate.

As we move further into the era of personalized medicine, the significance of these markers continues to expand.

We now understand that blood types are linked to various health predispositions, including cardiovascular risks and

gastric cancer susceptibility. This underscores the necessity for medical professionals, biological researchers, and

students to maintain a robust, technical understanding of inheritance patterns. By utilizing tools like Punnett

squares and biochemical assays, we can continue to predict, diagnose, and treat conditions related to the very

fluids that sustain human life.

Ultimately, the study of blood groups bridges the gap between theoretical genetics and practical clinical outcomes.

Whether resolving a question of paternity, ensuring a safe surgical procedure, or identifying a suspect at a crime

scene, the principles of A, B, and O remain some of the most reliable and critical data points in modern science.
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