
Mendelian Genetics 
Overview; dominant/recessive inheritance

Pascal Gagneux, PhD    September, 28, 2020 Lecture #31 

St Thomas's Abbey, Brno Czech Republic 2015, with orchestra and choir.  

where Mendel made his discoveries 155 years ago

Crossing plants and counting the relative frequency of phenotypes in the offspring!

Pea pods as families!

Some traits disappear only to reappear a generation later!

Recognize that inheritance can be genetic and non-genetic:                                      
Human culture is a second system of inheritance. 
Conceptualize the human genome as a vast “landscape”, where genetic variants 
are subject to many influences from other sites in the genome and the environment. 
Recognize  the mosaic nature of each individual human genome. 
Explain the difference between dominant, recessive, and X-linked inheritance 
Explain the difference between penetrance and expressivity. 
Calculate the risk of having a child affected with a dominant, recessive, or X-linked 
disorder using information from pedigrees and population allele frequencies.   
Interpret pedigree symbols using current nomenclature. 
Identify patterns of inheritance from pedigree analysis

Key Terms:  
Diploid, genome, autosome, sex chromosome, cytogenetics, locus, allele, haplotype, dominant, 
recessive, x-linked, penetrance, expressivity, homozygous, heterozygous, hemizygous, 
consanguinity, pedigree, germ line, wild type, cytogenetics, Fluorescence in situ hybridization 
(FISH), isoform, epistasis, SNP/SNV, structural variants (SV), pleiotropy, epistasis, syndrome.

Learning objectives

Mendelian Inheritance Module 1: 
Inheritance: genetics and culture!

How can inheritance across 4 generations be explained? Is it shared “blood”? Blood is a mixture 
of liquid and particles (cells) and secreted proteins, blood blends when mixed with other blood. 
BUT DNA is particulate and can only be shuffled. 
Genetic inheritance is powerful but many inherited traits are non-genetic: language, beliefs, 
wealth, poverty, education, infections, diet, lifestyle.  Human culture is a powerful inheritance 
system of its own! 



1000 x model of the genome in Sperm and Egg

Molecules of inheritance Recap: DNA

Ferguson Smith 1997 European Journal of Human Genetics

interphase 
nucleus

spread from 
metaphase 
(cell dividing 
by mitosis)

Human chromosomes painted with probes 
from sorted gibbon chromosomes

Human egg 130 microns (the size of a grain of table salt) magnified times 1000 =130 mm = 13 
cm; Sperm 60 micron (invisible to the naked eye) magnified times 1000 = 6 cm long; Somatic cell: 
20 micron, magnified times = 2 cm diameter (large marble); Haploid Genome: ~1 meter, magnified 
times 1000 = 1 km of thread. 
The human genome consists of 22 pairs of autosomal chromosomes and one pair of sex 
chromosomes. Each haploid genome is thus 23 chromosomes (each chromosome is a single 
strand of DNA tightly wrapped around histone proteins, the combined length of these 23 
chromosomes is ~ 1m).  Metaphase, when the cell is ready to divide, is when chromosomes can 
be seen as compact rods under a microscope after staining. When a cell is busy living (not 
replicating) during interphase , the DNA is decondensed into “puffs” as seen above. Sorted gibbon 
chromosomes can be stained and used for “painting” of human chromosomes. The gibbon 
fluorescent chromosomes will bind to places on the human chromosomes that have similar DNA 
sequences (this method is called “fluorescent in situ (DNA) hybridization” or FISH also called 
“chromosome painting”). 

DNA segments in haploid egg and sperm and in every diploid cell of the body
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The complement of chromosomes in human gametes (haploid = single copy of each 
chromosome) and body (somatic) cells (diploid two copies of each chromosomes except for 
males who have a single X chromosome and a Y chromosome). 22 pairs of autosomal 
chromosomes and a pair of X chromosomes for females, or a single X- and single Y chromosome 
for males. X and Y chromosomes are known as sex chromosomes or allosomes. The 
karyotype (full complement of all chromosomes) of a female and male cell is illustrated on there 
right. 
Interesting fact: sperm do not actually carry chromosomes as the 23 segments of DNA of sperm cells are mostly removed from the histone proteins 
and tightly wrapped around protamine proteins so as to fit snuggly into a minuscule sperm head. 



The Germ Line is not a simple line:
• Each generation shuffles the parental genes. 
• Half of the shuffled genes from both parents form the genotype of the offspring. 
• Each somatic cells carries this genotype. 
• The germ cells are formed by shuffling and halving the genotype once again.

The germ line is made up of shuffled pieces of DNA that meet and get taken apart again by sexual 
recombination.—-> WE ARE DYNAMIC MOSAICS of mixed heritage!

Somatic cells 
(body cells)

*

 * Somatic mutations (can cause cancer).

*

*
*

*

Each generation shuffles the parental genes. Half of the shuffled genes from both parents form the 
genotype of the offspring. Each somatic cells carries this genotype. 
The germ cells are formed by shuffling and halving the genotype once again. Half of the 
chromosomes in the gametes are recombinant, the other half are as found in the parents. 
Good example of misperception:  Blood as vehicle of inheritance? Completely erroneous 
notions of “pure blood” and “contamination” are still around. 

Inheritance of acquired characteristics?  
>200 generations of male circumcision, male babies still born with a prepuce!

Relief depiction of circumcision from from the necropolis at Saqqara  
Dating to Dynasty 6 and specifically to the Service of Nesi (Pharaoh) Teti (2355-2343 BCE)

4500 years  

> 220 generations 

Just like the mouse tails cut off along successive generations by Weissmann, over 200 generation 
of male circumcision has not caused baby boys born without a prepuce. It represents a 
culturally inherited practice! 

Sex: Meiosis (reduction division)

Colgrave, Nick.EMBO Reports 2012

Mixing of genomes via meiosis and fusion of gametes

asymmetrical, maximise  
retention of cytoplasm

One large egg (oocyte) 
per meiotic division

symmetrical, minimise  
retention of cytoplasm

Four tiny sperm 
per meitoic division

Massive Increase in Diversity
SEX = G.O.D.

(Generation Of Diversity)

Each generation, half of the reshuffled DNA 
from two parents forms a new individual

The core aspects of sex in eukaryotes. For simplicity, the figure shows a hypothetical organism in which the whole genome is carried in a 
single chromosome. The sexual cycle starts with a diploid cell that contains two different copies of the genome on a pair of homologous 
chromosomes. Each chromosome is first replicated to produce two genetically identical chromatids. The chromosomes then line up and 
exchange genetic material through recombination, producing chromatids that contain a mix of genetic material from both chromosomes. 
A two-stage meiotic division then leads the production of haploid gametes, each containing a single chromatid—half of the genetic 
material of the original diploid cell. Completion of the sexual cycle requires that diploidy is restored through the fusion of two gametes, 
usually from two different individuals. The production of eggs (ova) maximizes the size and content of cytoplasm, including nutrients by 
generating a single egg from a meiotic division, that in the case of sperm produces four tiny sperm, each with its unique combination of 
reshuffled and halved genome. 



Pedigree analysis
• Still the most effective tool for visualizing inheritance patterns 
• Useful for clinicians AND patients 
• Nomenclature is standardized

Generation

Generation

Generation

Individual

African Crowned Cranes in 
Ngorongoro Crater, Tanzania 
P.Gagneux

Pied de grue (French for “foot of the crane”) is the origin of the English word pedigree. 

Non-paternity rates in most modern societies are around 1% not 10%!  Anderson KG. Current 
Anthropology 2006, Larmuseau, M.  et al. Current Biology 2019. 

Pedigree analysis: nomenclature

Genetics in Medicine,  Thompson & Thompson, Elsevier

Example: 
D= sperm donor

E (“evaluation”) describes test 
results known/uninformative

• Most recent update (Bennett et al, 
2008 PMID18792771) includes 
symbols for assisted reproductive 
technologies, gender identity, 
genetic test results, and guidance 
for publishing, privacy, and EMR 
use.

Five basic Mendelian Pedigree Patterns

Y-linked: 
affects only males, affected males always have an affected father, 
all sons of an affected male are affected.

III

IV

I

II

Autosomal dominant:  
affected person has at least one affected parent 
both sexes affected, child of affected and unaffected has a 50% risk.

I

II

III

IV

Autosomal recessive: 
affected person has unaffected parents, increased risk from 
consanguinity, both sexes affected, after birth of affected 
child, each subsequent child has a 25% risk.

I

II

III

IV
X-linked recessive: 
affects mainly males, affected males born to unaffected parents, affected 
males among relatives no male to male transmission in the pedigree. 

I

II

III

IV

X-linked dominant: 
affects either sex but females more than males 
child of affected female has 50% risk for an affected male all his daughters but none of his sons are affected.

I

II

III

IV

redrawn from Human Molecular Genetics, Strachan and Read, Garland

1. Autosomal Dominant: 
affected person has at least one affected parent, either sex affected, child of affected and unaffected has a 
50% chance of being affected 
2. Autosomal recessive: 
affected person has unaffected parents, increased risk from consanguinity, both sexes affected, after birth of 
affected child, each subsequent child has a 25% chance of being affected 
3. X-linked recessive: 
affects mainly males, affected males born to unaffected parents, affected males among relatives, no male to 
male transmission in the pedigree 
4. X-linked dominant: 
affects either sex but females more than males, child of affected female has 50% chance of being affected , for 
an affected male all his daughters but none of his sons are affected. 
5. Y-linked: 
affects only males, affected males always have an affected father, all sons of an affected male are affected.



Mendelian Inheritance Module 2: 
Chunks of DNA trickling through generations independently

Phylogenetics and the origin of 
species 
John C. Avise, Kurt Wollenberg 
Proceedings of the National 
Academy of Sciences  
1997, 94 (15) 7748-7755

Different segments of our genomes share common ancestors at various time depths (number of 
past generations back). 

Average probability of inheriting DNA across a pedigree

Consanguinity: coefficient of relatedness:

Citynoise, Wikicommons 2015

Calculating the probability of DNA segments flowing through generations. 

Gene distribution through 16 generations

Parent-Child
Siblings

Aunt-Nephew
Uncle-Niece
Grandparent-
grandchild

Aunt-Nephew
Uncle-Niece

First Cousin Second
Cousin

3% identical by descent

Brian Basgen, Wikicommons 2011

Rapid decrease in shared genes with distance in relatedness.



Genetic vocabulary: 
“genome, gene, allele, haplotype”

Genome

                Primary 
               transcript

Protein 
(Isoform)

Gene, Locus
Locus 1 Locus2 Locus 3 Locus 4

Chromosome 
(DNA)

mRNA

Allele
Chromosome 1’

Locus 1 
Allele 1*01’

Allele 1*02’ 
Locus 1

Chromosome 1

Exon 1

Intron 1

Exon 2 Exon 3

Intron 2

promoter

Haplotype

Haplotype 1

Allele 1*02’ 
Locus 1

Allele2*02’ 
Locus 2

Allele 3*02’ 
Locus 3

Locus 1 
Allele 1*01’

Locus 2 
Allele 2*01’

Locus 3 
Allele 1*01’

 Haplotype 2

Post-translational  
modifications

Some key terms used in genetics: genome, gene, locus (“site” in Latin), allele, haplotype, 
promoter, exon, intron, mRNA, post-translational modification. The same locus can encode a 
number of different “versions” of a protein called “isoforms” by splicing and use of different 
transcription starting site.  Haplotypes are long stretches of DNA that carry unique combinations of 
genetic variants (alleles). Post-translational modifications of proteins include the addition of sugar 
(glycosylation), or phosphate (phosphorylation) etc… Among other things, these modification 
regulate the function of proteins. 
Wild Type allele: most common variant, not associated with disease. 

Achondroplasia, FGFR3   
(gene for growth factor receptor, “signalling”)

Dr. Michael Craig Ain 
Orthopaedic Surgeon, 
Johns Hopkins

A dominant “gain of function” mutation!

FGFR3 
gly1138arg

Vosoritide?

The most common form of dwarfism, achondroplasia is caused by mutations in the gene for 
FGFR3, fibroblast growth factor receptor 3. The most common one is a gain of function mutation 
with frequencies similar across different population the world over, most cases are due to de novo 
(new) mutations in one of the parents, usually the father. G1138A Mutation is found in over 90% of 
spontaneous achondroplasia cases.  

Vosoritide, an experimental drug by BIOMARIN is currently in clinical trials.

Neurofibromatosis, NF1 gene  
(tumor suppressor gene, “control of cell division”)

Neurofibromin protein acts as a tumor suppressor. 

Insertion of transposable elements called Alu elements, a 
type of Short Interspersed Nuclear Element (SINE).

Alu elements, chunks of “jumping DNA” make up almost 
40% of our genome! Their activity can disrupt genes and 
contributes to evolution. The green fluorescence on this 
karyotype of a human cell indicates the presence of All 
elements.

Bolzer et al., (2005) PLoS Biol 3(5)

The NF1 gene provides instructions for making a protein called neurofibromin.Neurofibromin acts 
as a tumor suppressor protein. Tumor suppressors normally prevent cells from growing and 
dividing too rapidly or in an uncontrolled way. This protein appears to prevent cell overgrowth by 
turning off another protein (called RAS) that stimulates cell growth and division. NF1 is the most 
common neurological disorder caused by a single gene; occurring in one in every 3,000 
children born. 
Autosomal dominant. 



Alcohol flush, ADH1B,  ALDH2  
(genes for alcohol metabolizing enzymes)

traditional Chinese báijiǔ  
(ጮᯌ)distillery

Frequency of most common mutation: 

ALDH2*2 
loss of functional isoform in 
mitochondria.

ADH1B*2

traditional Chinese Qū (Ἁ, koji) fermentation

Alcohol is a natural toxin produced as a waste product when yeast ferment sugars. Humans have 
fermented sugars (diluted honey) or malted grain since more than 10 thousands of years to make 
alcohol. 
genetic variation at two genes  coding for alcohol metabolism alcohol dehydrogenase 1b that 
turns alcohol to acetaldehyde and aldehyde dehydrogenase 2 that turns acetaldehyde into acetate 
can strongly affect an individual’s ability to metabolize alcohol and in doing so limit the toxic effect 
of alcohol. 
These genes act in a co-dominant manner: one allele of a poorly active enzyme reduces 
metabolism, two copies lead to much stronger effect: individuals with two copies of inactive/or 
slowly active enzyme get classical facial flushing after just a small amount of alcohol. The reasons 
for the high frequency of these alleles in East Asia are not understood, but could include social 
selection against alcoholism, known to be very costly to societies. East Asia, where distillation 
was wide-spread early in history. East Asian populations have lower rates of alcoholism than many 
other populations. 

Co-dominant inheritance

Co- dominant:  
affected person has at least one affected parent 
both sexes affected, child of affected and unaffected has a 50% risk. 
Homozygous individuals are more severely affected

I

II

III

IV ? ? ?

-/-      ->  no flushing
+/-      ->  flushing
+/+      ->  severe flushing

 +/+ 

Paradigm shift: 
New born screening routinely done for 34 different genetic mutations  
in California. 

Present: Perform molecular testing when possible! 
-If molecular testing not done on affected relatives, and the 
Diagnosis is clear, can consider global testing  
-For some conditions, full sequencing of gene is done 
-For other conditions, panel testing of common mutations

Recessive inheritance
Neonatal screening in California is performed on new borns via heel prick. Blood is collected 
on paper and genetically tested for a panel of diseases (organic acid diseases, fatty acid 
oxidation disorders, Amino acid disorders, endocrine disorders, hemoglobin disorders and 
others. 




Catalogue of single gene disorders OMIM
Online Mendelian Inheritance in Man

NCBI 
National Center for Biotechnology 
OMIM 
Online Mendelian Inheritance in Man

Over 16,000 genes and  
8600 phenotypes.

Over 16,000 genes and 8600 phenotypes. 
best place to start your gene search. Each gene listed includes alternative gene names, 
history of its discovery, cloning, gene function and references.

Zócalo in Mexico City, Spencer Tunick 2007

23,000 protein coding genes (UCSD undergrads in 2012!) 

1000s of long non-coding RNA “genes” 

100,000s of enhancers in genome (friends and relatives of UCSD 
undergrads!)

The “Gene” Crowd

Mendelian Inheritance Module 3: 
The vast landscape of the genome

The notion of “genes” defined as stretches of DNA encoding a protein, have become limiting. 
There are thousands of other functional elements in our genomes that have regulating functions. 
Networks of co-expressed genes with hub-like transcription factor proteins that orchestrate levels 
of co-expression. The new definition of a gene is “a segment of DNA encoding proteins or RNA”. 
The majority of genes have multiple functions: they are pleiotropic. Such pleiotropic effects can 
take place in different tissues and at different times during our lives, they can even be “good” early 
in life and “bad” late in life, in which case they are known as antagonistic pleiotropy. Senescence 
(aging) has been explained by antagonistic pleiptropy, whereby genes with positive effects really in 
life are selected even though they may have negative effects much later in life. Williams G.C. (1957). 
"Pleiotropy, natural selection, and the evolution of senescence". Evolution. 11 (4): 398–411.  

Genome “syntax”
Chromatin  Remodeling 
“genome packaging” and its effects on gene expression 
via access for transcritpion factors, enhancers and 
transcriptional machinery

Histone Modification 
annotation of histone and effects on gene expression. 
methylation, acetylation, ubiquitination, O-GlcNAcylation

DNA Methylation 
annotation of DNA, silencing of paternal or maternal 
allele, or both.

non-coding RNA  
(micro, piwi, nc, circular RNA etc.. interact with  
ribosomal proteins, transcription factors, messenger RNA)

RNA-binding Proteins 
Approximately 1000 RBP in nucleus, cytoplaams and 
mitochondria regulate splicing, translation, degaradation

THE GENOME is much more complicated than most of us think, possibly more complicated than 
we can think! 
Information in the genome includes several layers above the simple DNA sequence: packaging, 
modification of histones, modification of DNA, microRNA and RNA-binding proteins all affect 
regulation of gene expression. 



Schizophrenia, a multi-gene disorder 
genes contributing risk ABCA13, AKT1, C4A, COMT, DGCR2, DGCR8, DRD2, MIR137, NOS1AP, 
NRXN1, OLIG2, RTN4R, SYN2, TOP3B, YWHAE, ZDHHC8, chromosome 22, & many more!

Cross-Disorder Group of the Psychiatric Genomics Consortium, Identification of risk loci with shared effects on five major psychiatric disorders: a genome-wide analysis The Lancet 2013

Schizophrenia, is a human-specific condition that appears to have many genetic contributions as 
well as environmental determinants. Genome wide association studies (GWAS) have identified 
dozens of loci, most of them with small effects on the risk of schizophrenia. Identical twins are only 
50% congruent with regard to developing schizophrenia, even though they share an identical 
genome. 

Finding variants that matter for complex disease risk:

Ruzzo et al., 2019, Cell 178, 850–866

Overview of the Analysis Pipeline for identifying Autism Spectrum Disorder (ASD) candidate loci. 
High-coverage whole-genome sequence reads were aligned to the human reference genome 
(hg19) and quality control checks were applied to ensure both sample identity and sequencing 
coverage. SNVs and indels were called following GATK’s best practices, annotated using both 
VEP and ANNOVAR, and then filtered for mildly stringent quality thresholds. All de novo variants 
were classified by ARC and high-confidence variants were retained. Large SVs were identified by 
four different SV detection algorithms, three of which used aligned sequence reads and one that 
performed de novo alignment (SMuFin). Large SVs were annotated using Bamotate and then 
filtered for high-quality variants by using our multi-algorithm consensus pipeline. The resulting 
variants were then analyzed to identify ASD risk factors and perform integrative genomic analyses. 

Genetics of Psychiatric Disorders (many loci involved!)

Geschwind and Flint, Science 2015

Anxiety
Alcohol abuse
Major Depressive
Phobias
Conduct
Attention Deficit
Post traumatic stress
Bipolar
Eating disorders
Obsessive complsive
Autism spectrum
Schizophrenia
Tourette syndrome

genome wide association studies structural variants (duplications,
deletions, repeats)

Summary of genetic analyses performed on 13 psychiatric disorders.  
(A) Highest lifetime (point for ASD) prevalence in percentages. The discontinuous bar in phobias 
represents the range in different forms. 
(B) Heritability estimates; bars, standard error (SE).  
(C) Single nucleotide polymorphism (SNP) -based heritability estimates; bars, SE.  
(D) Number of genome-wide significant loci.The x axis is discontinuous because of the large 
difference of associated loci between disorders.  
(E) The number of associated structural variants (SVs) that either reach genome-wide significance 
or 
have been replicated with P ≤ 0.01 in another study.  
(F) The y axis shows associated GWAS loci (blue) and SVs (green) by the number of cases (x axis) 
in the largest study for that disorder. The number of cases in the largest study for GWAS (D) and 
SV studies (E) is reported next to each disorder..The order of disorders and their color coding are 
maintained throughout the bar plots. See table S1 for underlying data and references 



amalgamated from many sources.

Rare single genes have profound effects on cognition 
Most cognitive traits have >100 loci associated with them 

Geschwind and Flint, Science 2015

Heterogeneous genetic risk factors converge in biological networks. 
Different study designs, such as trios, multiplex affected families, or case-control (shown at far left) 
identify different forms of genetic risk in cases (the arrow size indicates the relative effect size). By 
integrating these data with biological network data, one can assess in a genome-wide manner 
whether disease-associated risk variants are enriched in specific biological networks. Here, for 
illustration, we depict rare de novo variants associated with autism spectrum disorders (ASD), 
enriched in the yellow module.The function of this module of co-regulated genes can be further 
annotated using gene ontology, which implicates these large effect ASD-associated variants in 
chromatin remodeling, transcriptional regulation, and neurogenesis. Networks can be 
subsequently mapped onto developmental time points, brain regions, circuits, or cells. 

Paternal age and germline mutation rate
Culture directly affecting the human germ line mutation rate!

De novo mutation and 
paternal age.

Jonathan Sebat UCSD and other teams have counted the new (de novo) mutations in children by 
comparing the genomes of parent child trios. On average approx 45 de novo mutations are 
passed on to each child, most come from the father, more so if he is older. 



Mendelian Inheritance Module 4: 
Dominant, recessive, penetrance and expressivity.  
Diploidy, dominant alleles, recessive alleles (LoF), penetrance, expressivity 

Reconstruction of 10 ky old Cheddar Man:  
Ancient genomics indicates that the earliest Brits had 
blue eyes and dark skin

Dominant and recessive inheritance refers to traits, NOT to genes. 
HERC2/OCA2 gene variants are indicative of green/blue eyes 
SLC24A5 gene variants indicative of darker skin. 

Sickle Cell Anemia, HBB gene  
(gene for hemoglobin B subunit, structural and gas transport protein)

Piel, F. et al. Global distribution of the sickle cell gene and geographical 
confirmation of the malaria hypothesis. Nat Commun 1, 104 (2010).

Sickle cell disease affects millions of people worldwide. The disease is caused by inheritance of 
two copies (autosomal recessive) of mutated hemoglobin beta subunit genes. It is most common 
among people whose ancestors come from Africa; Mediterranean countries such as Greece, 
Turkey, and Italy; the Arabian Peninsula; India; and Spanish-speaking regions in South America, 
Central America, and parts of the Caribbean. The mutation appears to be selected by the relative 
resistance to malaria in carriers of just a single mutation (heterozygote carrier). 
Sickle cell disease is the most common inherited blood disorder in the United States, affecting 
70,000 to 80,000 Americans. The disease is estimated to occur in 1 in 500 African Americans and 
1 in 1,000 to 1,400 Hispanic Americans. 
Sickle cell anemia is a pleiotropic disease because the expression of a single mutated HBB gene 
produces numerous consequences throughout the body. The mutated hemoglobin forms 
polymers and clumps together causing the deoxygenated sickle red blood cells to assume the 
disfigured sickle shape.  As a result, the cells are inflexible and cannot easily flow through blood 
vessels, increasing the risk of blood clots and possibly depriving vital organs of oxygen. Some 
complications associated with sickle cell anemia include pain, damaged organs, strokes, high 
blood pressure, and loss of vision. Sickle red blood cells also have a shortened lifespan and die 
prematurely. 



Cystic Fibrosis (CF), CFTR gene  
(gene for chloride channel)

Mirtajani SB, et al. Geographical distribution of cystic fibrosis; The past 70 
years of data analyzis. Biomed Biotechnol Res J 2017;1:105-12

Frequency of most common mutation: 
The most common mutation, called delta 
F508, is a deletion of one amino acid at 
position 508 in the CFTR protein. The resulting 
abnormal channel breaks down shortly after it 
is made, so it never reaches the cell 
membrane to transport chloride ions. It is 
present in 2/3 of CF patients.  

Loss or partial loss-of-function mutation in the CFTR gene are autosomal recessive causes 
of disease: Cystic fibrosis or CF.

In individuals who inherit two mutated copies,  challenged chloride ion transport can cause a 
baby’s sweat to taste salty. The disorder affects the lungs, pancreas, liver, kidneys, and 
intestine, it also causes infertility in males. 

The disease occurs in 1 in 2,500 to 3,500 white newborns. Cystic fibrosis is less common in 
other ethnic groups, affecting about 1 in 17,000 African Americans and 1 in 31,000 Asian 
Americans.

Humans carry an average of one to two recessive lethal alleles! Recessive disease genes are 
much more common than dominant genes. 


Recessive inheritance (hidden liabilities?)

Genetics in Medicine Figs 7-4, 7-5

We each carry on average of one to two recessive lethal alleles…..in our genomes (Gao et al. 
and Mollie Przeworski Columbia University, Genetics 2015).


Recessive inheritance

Genetics in Medicine p.112

Recurrence risks and genetic counseling: 
Carrier parents have a 25% risk of affected pregnancy 
Unaffected sibs have a 2/3 chance of being a carrier

Punnet Square: 
The Punnett square is a square diagram 
that is used to predict the genotypes  
 for a single locus with just 2 alleles 
of a particular cross or breeding 
experiment. It is named after Reginald C. 
Punnett

Wikimedia

To predict the genotypes of a particular mating (cross) one can list the types of gametes of one 
parent against the type of gametes of the other.




same gene encoding phenotypes with different inheritance pattern:  
A and B are co-dominant, 
0 is recessive.

ABO Histo-Blood groups, ABO gene 
(glycosyl-transferase enzyme, attaches monosaccharide to sugar chains)

Springer and Gagneux 2015 J. Proteomics

ABO histo-blood group (so called because the antigenic molecules are found on tissue, secretions 
and red blood cells) is the first molecular polymorphism discovered in humans. 
Histo-blood groups A and B are co-dominant, but Group O is recessive, because it results 
from a “null” allele, a version of the gene that codes for a non-functional glycosyl transferase. One 
working copy of this gene is enough to create the phenotype.  

ABO inheritance (Co-dominant)
A

A

O

O

B

AB OO

OAB

BA

AB A

A A B

B

OB

Phenotype

Genotype

Group A Group B Group AB Group 0 

I

II

III

IV

B O

B

A O

AB

From Genotype to Phenotype

nucleus 
(intercellular compartment 

holding  the genome)

rough ER 
(endoplasmatic reticulum)

smooth ER

golgi apparatus 
(stacks of vesicles)

vesicle

cell surface

ribosomes

Glycocalyx

The genome is frequently called the “blueprint” for life.  However, genomes never exist in isolation. The 
phenotype or phenome includes lipids (fats) and glycans (sugars), neither of which are directly 
“encoded” in the genome. Glycoproteins and glycolipids of our cell surfaces and secretions are 
assembled by enzymes in the ER and Golgi. The ER Golgi systems of vesicles in each cell provide 
ample opportunities for different gene products to interact, i.e. many enzymes modify other proteins by 
adding and adjusting post-translational modifications. Under different conditions and in different cell 
types, these gene products can interact differently and in sodding they produce different phenotypes. 
These interactions also represent the result of multiple interactions between many gene products and 
the diet. Genes affecting other (independently inherited) genes is known as epistasis. 
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CDG: congenital disorders of glycosylation

courtesy of Hud Freeze, Turnham Sanford Inst.
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Rare genetic disorders affecting glycosylation, steady growth in discovery. 
Many of these cases were discovered by biochemical and genetic work-ups of samples from 
children who were not thriving or had cognitive impairments. they are all linked to glycosylation, 
the addition. Modification and/or removal of glycans on or from glycoconjugates. 

Recessive inheritance

Genetics in Medicine p.112

Paradigm shift: 

Past: Identify carrier probabilities, use population frequencies  
to counsel couples on probability of affected child:

Example: Consultand has a _____% chance of being a carrier 
Population carrier frequency is  1 in 2500  

Principles of genetic testing and genetic counseling: 
Genetic testing can confirm the diagnosis in many cases, but diagnosis is often made in neonatal/
pediatric period 
Preconceptual/prenatal carrier screening is now common and can be based on ancestry, or 
“global” carrier testing. 
Example: Tay-Sachs carrier testing for Ashkenazi Jewish population but also French Canadians 
(Quebec), Cystic fibrosis carrier testing for European ancestry, Beta Thalassemia carrier screening 
for Mediterranean/Asian  ancestry. 
Usually one parent screened first, then second parent only if there is a “hit”. Family notification 
important for other relatives of child-bearing age.

Recessive inheritance

Example: Consultand has a 25% chance of being a carrier 
Population carrier frequency is  1 in 2500  

Probability of having an affected child is 

¼ x 1/2500 x ¼ = 1 in 40,000 
 

Probability of inheritance from carrier uncle (generation II, individual 5) multiplied by population 
frequency of recessive mutation multiplied by the probability of inheriting from other carrier 
parent.



Recessive inheritance
Special case: Consanguinity: 
True homozygosity: inherited same mutation from both parents who are related

Political, economic, and other cultural motivations repeatedly lead to inbreeding, such as in 
European Royal families….. with sometimes dire consequences for the health of royal offspring 
such s Charles the II, the last Habsburg ruler of Spain. 
Inbreeding/Consaguinity in Past European Royal families can be considered a clash between 
genetic and cultural inheritance: keeping political power and wealth within the clan but also 
risking similar recessive mutations….. 
Geography can easily lead to inbred populations: Pitcairn Island, Easter Island, Martha’s 
Vineyard, Swiss Alps…. 

Penetrance and Expressivity

Limb development membrane 
protein1 1 LMBR1 
membrane protein involved in 
sonic hedgehog signaling 
limb development.

Penetrance: Proportion of carriers affected 
“genotype penetrates towards the phenotype”

Expressivity: degree or severity of trait 
“different levels of expression when genotype does penetrate”

Complete Penetrance Incomplete Penetrance

Individuals with same
genotype of interest

Individuals with same
genotype of interest

Narrow Expressivity Variable Expressivity

Penetrance refers to the probability of a gene or trait being expressed. In some cases, despite 
the presence of a dominant allele, a phenotype may not be present. One example of this is 
polydactyly in humans (extra fingers and/or toes). A dominant allele produces polydactyly in 
humans but not all humans with the allele display the extra digits. “Complete” penetrance means 
the gene or genes for a trait are expressed in all the population who have the genes. “Incomplete” 
or ‘reduced’ penetrance means the genetic trait is expressed in only part of the population. The 
penetrance of expression may also change in different age groups of a population. Reduced penetrance probably results from a combination of 
genetic, environmental, and lifestyle factors, many of which are unknown. This phenomenon can make it challenging for genetics professionals to 
interpret a person’s family medical history and predict the risk of passing a genetic condition to future generations. 
Expressivity on the other hand refers to variation in phenotypic expression when an allele is 
penetrant. Back to the polydactyly example, an extra digit may occur on one or more 
appendages. The digit can be full size or just a stub. Hence, this allele has reduced penetrance as 
well as variable expressivity. Variable expressivity refers to the range of signs and symptoms that 
can occur in different people with the same genetic condition. As with reduced penetrance, variable expressivity is 
probably caused by a combination of genetic, environmental, and lifestyle factors, most of which have not been identified. If a genetic condition has 
highly variable signs and symptoms, it may be challenging to diagnose.

Mitochondrial DNA           X  Y

Autosomes (1 of 22 pairs)

Modes of inheritance: uniparental & biparental

Sex Chromosomes (X and Y)

Each of us is a genomic mosaic, a unique combination of reshuffled genomes. “Pure blood” 
does not exist! We are all just variously reshuffled mutts, all of us also inbred to various degrees!” 
Not all DNA is reshuffled: mitochondria DNA and most of the Y chromosome DNA are passed on 
uniparentally. The vast majority of your genome is comprised of 22 pairs of autosomal 
chromosomes.  



Mendelian Inheritance Module 5: 
Binary yet gradual

Genetic underpinnings of sex: why sex is mostly binary but gender is mostly gradual

When penetrance and expressivity affect sexual differentiation!

~ 5%

Relative size of Sex chromosomes

X 
155 Mb

Y 
59 Mb

PAR1 & 2 
~3Mb

femalemale

Most of the Y 
does not recombine: 

it is inherited as 
 one haplotype!

In females 
the X 

recombines

Neil A. Bradbury, in Principles of Gender-Specific Medicine (Third Edition), 2017

The missing second X-chromosome and differing Y-chromosome make human males about 5% 
different from human females.Male mammals are haploid for the X chromosome. They have no 
back-up for any potential deleterious mutation on their X chromosome. This is thought to 
contribute to higher male mortality throughout life (this is supported by the observation that in 
birds, it is the female that have mismatched sex chromosomes and female birds have higher 
mortality).Ref: Xirocostas, Z.A. et al The sex with the reduced sex chromosome dies earlier: a comparison across the tree of life Biology 

Letters 2020 

Less clear: when sex chromosomes play tricks
Swyer Syndrome  46,XY females, androgen insensitivity syndrome 
Swyer syndrome occurs in approximately 1 in 80,000 people.

46,XX Male Syndrome (“ testicular disorder” translocation of SRY to X chromosome) 
Approximately 1 in 20,000 individuals with a male appearance are 46,XX

Klinefelter Syndrome  47,XXY males 
approximately 1 in 650 male births..

Turner Syndrome  45,X0 females 
approximately 1 in 2,000 to 5,000 female births.

47,XYY males (Jacob’s Syndrome) 
This condition occurs in about 1 in 1,000 newborn boys.  
Five to 10 boys with 47,XYY syndrome are born in the US each day.

47,XXX females 
Triple X syndrome occurs in around 1 in 1,000 girls.  
On average, five to ten girls with triple X syndrome are born in the US each day

Some sex chromosome disorders cause distinct changes in the body and cognition (Klinefelter 
and Turner Syndromes), others cause barely any changes, even allow fertility (XYY males and 
some XXX females). 
Syndrome: a set of correlated symptoms often associated with a disorder or disease.



Affected males inherit both alleles from the same close ancestor.  
They are homozygous for an allele coding for a non-functional enzyme.

Consanguinity in an Island population, SRD5A 
(steroid 5alpha reductase/ testosterone synthesis enzyme)

Thigpen et al. NEJM 1992

The pedigree, affected males are shown in black. steroid 5 alpha reductase 2 gene SRD5A2   (on 
chromosome 2) Twenty-nine families share a common female ancestor in generation I, who had 
nine children with five partners. Couples in the six subsequent generations have had at least 47 
affected male children (■), identified on the basis of family history, physical examination, endocrine 
testing, and in vitro biochemical assay. Circles denote female family members, and squares male 
family members. 
other mutation identified by: Cai LQ, Zhu YS, Katz MD, et al. (1996). "5 alpha-reductase-2 gene mutations in the Dominican Republic". J. Clin. 
Endocrinol. Metab. 81 (5): 1730–5. doi:10.1210/jc.81.5.1730. 

Sex, gender, gender identity

Brad Wierbowski

Robert Martin 
https://www.psychologytoday.com/us/blog/how-
we-do-it/201909/intersex-life-in-the-overlap-zone 

Attempted representation of gender identity and sexual orientation. Transgender individuals are 
those who identify with a gender that differs from their assigned sex. This is a facet of identity 
that is completely distinct from sexual orientation. These graphs do not represent the full 
spectrum of either facet, as they are multidimensional. For instance, there may be genders that 
some identify with that are neither “male” nor “female. Furthermore, there are no “lines” that 
divide these identities, and they may be considered malleable and overlapping. 
The biological and psychological underpinnings of what places each of us on a certain spot of 
these multidimensional spaces remain very poorly understood. If some positions seem rare, this 
does not mean that they are less real! 
Blackless, M., Charuvastra, C., Derryck, A., Fausto-Sterling, A., Lauzanne, K. & Lee, E. (2000) How sexually dimorphic are we? Review and 
synthesis. American Journal of Human Biology 12:151-166. 

Combining chromosomal and hormonal factor intersex, the frequency in the US races almost 
2%, which is the same as the frequency of red haired people….not that rare!! 

Penetrance example: BRCA1 & BRCA2

DNA repair pathway enzyme 
involved in repairing double stranded breaks in DNA

“Oncogenes” tumor suppressor genes that when 
broken can contribute to cancer risk.

BRCA1

BRCA2

Independent existence of deleterious mutations as part of another genome…. creates different 
genomic context and can explain individual differences in penetrance and expressivity.



Summary
Molecules of genetic inheritance trickle through the generations independently.

Even phenotypes considered to be totally binary, are much more complicated in reality.

Penetrance refers to the proportion of individuals with the genetic variants showing any phenotype.

Expressivity refers to the level of phenotypic expression.

Germ line cells are the only ones to pass on genetic material between generations.

Pedigrees are images of DNA itineraries across generations.

Proportion of shared DNA diminishes rapidly after first cousins.

Much inheritance is NOT genetic.

Genomes are vast “landscapes” and most traits have many underlying genetic contributions.

Most disease associated genetic variants are recessive, including many “null alleles”.

In humans, genetics and all of biology is profoundly intertwined with culture, often making the 
measurement of genetic contribution very difficult.


