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Eukaryotic Genome Complexity



1953 Resolution of DNA structure (Nobel price Watson/Crick)
Implications regarding the mechanisms of DNA replication and gene 
expression 

1973 DNA cloning and DNA sequencing (Nobel price 
Gilbert/Sanger)
Definition of gene structure
- molecular definition of several pathologies 

1987 PCR (Nobel price Mullis)
Huge improvement in DNA and gene expression analysis

1990-2001 Genome sequencing 
Identification of complex functions and analysis of multifactorial 
diseases.

Catalyzing discoveries in biological regulation



GENOME: The total genetic information of a cell or organism (Lodish –
Molecular Cell Biology) 

GENE: The physical and functional unit of inheritance, which carries
information from one generation to the next

IN MOLECULAR TERMS, IT IS THE ENTIRE DNA SEQUENCE (INCLUDING EXONS,

INTRONS, AND NON-CODING TRANSCRIPTIONAL CONTROL REGIONS) NECESSARY FOR

THE PRODUCTION OF A FUNCTIONAL PROTEIN OR RNA. (Da Lodish – Molecular
Cell Biology)



• The genome is all the DNA in a cell.
– All the DNA on all the chromosomes
– Includes genes, intergenic sequences, repeats

• Eukaryotes can have 2-3 genomes
– Nuclear genome
– Mitochondrial genome
– Plastid genome

• If not specified, “genome” usually refers to the nuclear 
genome.

Genome



• Genomics is the study of genomes, including large 
chromosomal segments containing many genes. 

• The initial phase of genomics aims to map and sequence 
an initial set of entire genomes.

• Functional genomics aims to deduce information about 
the function of DNA sequences.

• Comparative genomics aims to compare genomic 
sequences to determine functional or evolutionary 
relationships between genomes from different organisms

one of the major question was: 
how many genes are present in the genome? 

The Genomic Era



The most commonly used method in human chromosome banding is G-
banding.

The chromosomes are treated with trypsin and stained with Giemsa, which
preferentially binds AT-rich regions, producing alternating dark bands (Giemsa-
positive; AT-rich) and light bands (Giemsa-negative; GC-rich). Because genes are
preferentially associated with GC-rich regions, dark bands in G-banding are gene-
poor;

214 CHAPTER 7  Genetic Variation Producing Disease-Causing Abnormalities in DNA and Chromosomes

BOX 7.4 Human chromosome banding and associated nomenclature.

Chromosome preparation and chromosome 
banding methods
To study chromosomes under the light microscope, the 
chromosomes must be suitably condensed—meta-
phase (or prometaphase) chromosome preparations 
are required. A peripheral blood sample is taken and 
separated white blood cells are stimulated to divide 
by using a mitogen such as phytohemagglutinin. The 
white blood cells are grown in a rich culture medium 
containing a spindle-disrupting agent (such as col-
cemid) to maximize the number of metaphase cells 
(cells enter metaphase but cannot progress through 
the rest of M phase). Prometaphase preparations can 
also be obtained; they have slightly less-condensed 
chromosomes, making analysis easier.

Chromosome banding involves treating chromosome 
preparations with denaturing agents; alternatively 
they are digested with enzymes and then exposed to 
a dye that can bind to DNA. Some dyes preferentially 
bind to AT-rich sequences; others bind to GC-rich 
sequences. The dyes show differential binding to dif-
ferent regions across a chromosome that will reflect 
the relative frequencies of AT and GC base pairs.

The most commonly used method in human chro-
mosome banding is G-banding. The chromosomes 
are treated with trypsin and stained with Giemsa,  
which preferentially binds AT-rich regions, produc-
ing alternating dark bands (Giemsa-positive; AT-rich) 
and light bands (Giemsa-negative; GC-rich). Because 
genes are preferentially associated with GC-rich 
regions, dark bands in G-banding are gene-poor; 
light bands are gene-rich. 

Human chromosome and chromosome 
banding nomenclature
Human chromosome nomenclature is decided peri-
odically by the International Standing Committee on 
Human Cytogenetic Nomenclature; see under Further 
Reading for the most recent ISCN report published in 
2013. The nomenclature assigns numbers 1–22 to the 
autosomes according to perceived size, and uses the 
symbols p and q to denote, respectively, the short and 
long arms of a chromosome. Depending on the posi-
tion of the centromere, chromosomes are described 
as metacentric (centromere at or close to the middle 
of the chromosome), submetacentric (centromere 
some distance from the middle and from telomeres), 
or acrocentric (centromere close to a telomere).

Each chromosome arm is subdivided into a num-
ber of regions, according to consistent and distinct 
morphological features (depending on the size of the 

chromosome arm, there may be from one to three 
regions). Each region is in turn divided into bands, 
and then into sub-bands and sub-sub-bands, accord-
ing to the banding resolution (Figure 1).

The numbering of regions, bands, sub-bands, and 
sub-sub-bands is done according to relative proxim-
ity to the centromere. If a chromosome arm has three 
regions, the region closest to the centromere would 
be region 1, and the one closest to the telomere 
would be region 3. For example, the band illustrated 
in Figure 1A would be known as 4q21 for these rea-
sons: it is located on the long arm of chromosome 
4 (= 4q); it resides on the second (of three regions) 
on this chromosome arm (= 4q2); within this region 
it is the nearest band (band 1) to the centromere. 
The last two digits of band 4q21 are therefore pro-
nounced two-one (not twenty one) to mean region 
two, band one. Similarly in Figure 1C the numbers 
following 4q in the sub-sub-band 4q21.22 are pro-
nounced two-one-point-two-two.

Note also that in chromosome nomenclature the 
words proximal and distal are used to indicate the 
relative position on a chromosome with respect to 
the centromere. Thus, proximal Xq means the seg-
ment of the long arm of the X that is closest to the 
centromere. Similarly, distal 3p means the portion of 
the short arm of chromosome 3 that is most distant 
from the centromere (= closest to the telomere).
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Figure 1 Chromosome banding resolutions can resolve bands, 
sub-bands and sub-sub-bands. G-banding patterns for human 
chromosome 4 (with accompanying ideogram to the right) are shown 
at increasing levels of resolution. The levels correspond approximately 
to (A) 400, (B) 550, and (C) 850 bands per haploid set, allowing the 
visual subdivision of bands into sub-bands and sub-sub-bands as 
the resolution increases. CEN, centromere. For an example of a full 
set of banded chromosomes, see Figure 2.8. (Adapted from Cross I & 
Wolstenholme J [2001] in Human Cytogenetics: Constitutional Analysis, 
3rd ed (Rooney DE, ed). With permission from Oxford University Press.)
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For decades, the only available map of the nuclear genome was a low-
resolution physical map that was based on chromosome banding.



Milestones in genome research:

•1953 – Watson and Crick discover the structure of DNA.

•1961 – The genetic code for protein synthesis is understood.

•1977 – Development of the Sanger sequencing method.

•1990 – Launch of the Human Genome Project.

•1995 – Sequencing of the first bacterial genome (Haemophilus influenzae).

•2000 – Sequencing of the Drosophila genome.

•2001 – Release of the first draft of the human genome.

•2003 – Completion of the Human Genome Project.



Il progetto genoma umano (HGP) 

• Progetto internazionale 
• Coinvolti 20 istituzioni 

da 6 differenti paesi 
(China, France, 
Germany, Japan, UK and 
USA)  

International Human Genome
Sequencing Consortium:

20 Institutions involved worldwide
from 6 countries (China, france, 

genrmay, jaoan, UK and USA)

the Human Genome Project (HGP)

The total cost of the project was
3 billion dollars.



When the assembled draft sequence of the human genome was
published in February 2001, it was made available through three
public portals: Ensembl, the University of California, Santa Cruz 
Genome Browser (UCSC) and the NCBI Map Viewer.

Actually, the genomic sequence is continuously refined, both in 
terms of closing "gaps" and improving its structure (we are currently
at the 20th release, known as GRCh38).

The clickable genome

http://www.ensembl.org/
http://www.genome.ucsc.edu/
http://www.ncbi.nlm.nih.gov/mapview


Objectives of the Human Genome Project:

•Generate the sequence of the human genome.

•Identify the genes contained within it.

•Store this information in a database.

•Improve tools for data analysis.

•Transfer technologies to the private sector.

•Address the ethical, legal, and social issues that may arise from 

the project.



Timeline of large-scale genomic analyses

1990 Launch of the Human Genome
Project: International Human Genome
Sequencing Consortium (public)



Timeline of large-scale genomic analyses

1998 Launch of a parallel Human 
Genome Project. Celera Genomics
(private) 



Timeline of large-scale genomic analyses

2001 Celera and International Human Genome Sequencing
Consortium publish their “own” genome



Timeline of large-scale genomic analyses

Completion of the Human 
Genome Project.

2003



Genome sequencing is often compared to "decoding," but a sequence 
is still very much in code. In a sense, a genome sequence is simply a 
very long string of letters in a mysterious language.

Genomes



gene: the basic physical unit of heredity; a linear sequence of 
nucleotides along a segment of DNA that provides the coded 
instructions for synthesis of RNA, which, when translated into 
protein, leads to the expression of hereditary character.

Initial definition of GENE

GENE



After completing the human genome we faced 3 Gigabytes of this



Not immediately apparent where the genes are…



The main elements of the human genome:

- 3.2 billion bases for aploid
genome

- Distributed across 22
autosomes plus the sex
chromosomes

- Protein-coding sequences
constitute only about 1-2%
of the human genome
(approximately 20,000-
26,000 genes)

- Repeated sequences make up
more than 50% of the genome



Repeated sequences



How many genes in human genome?
• 2000: must be at least 100000 (Rice has ~40,000, 

C. elegans has ~19,000)
• 2003: human genome sequenced completed: 20687 genes 

There is a remarkable lack of correspondence between genome size and 
organism complexity, especially among eukaryotes



• For many years it was believed that the complexity of a given organism 
was defined solely by the number of proteins encoded in its genome.

• The biggest surprise of the genome sequencing projects was the 
discovery that the number of protein-coding genes does not scale 
strongly or consistently with complexity.

Where is the information that programs our 
complexity? 



Genome size and total transposable-element 
content are strongly correlated

The relationships between haploid genome size and the percentage of the 
genome that consists of protein-coding genes (white circles) and transposable 
elements (black circles) are shown

Larger genomes contain proportionately fewer genes and more transposable 
elements than small genomes

protein-coding genes 

transposable elements



Mammalian Coding genes are complex
Genes contain introns that brake that exons continuity 

90% of pre-mRNA is alternatively spliced



Mammalian Coding genes are complex
Genes contain introns that brake that exons continuity 

90% of pre-mRNA is alternatively spliced

Ensembl 98 release, September 2019, is 20000 
coding genes - but with alternative splicing 
these produce likely ~ 200000 coding protein
transcripts.



Mattick et al. Trends Genetics (2010).

Complex fungi

Prokaryotes

Urochordate

Simple eukaryotes

Invertebrates

Plants

VertebratesVertebrates

Ciona (urochordate)

Invertebrates

Plants

Complex fungi (Neurospora)

Simple eukaryotes (yeasts, plasmodium, Dictyostelium)

Prokaryotes

The proportion of non-coding DNA broadly 
increases with developmental complexity but….

>90%

40%-70%

<1%



Geni parzialmente sovrapposti 

• La densità genica varia ampiamente da 
cromosoma a cromosoma e tra differenti 
regioni dello stesso cromosoma 

• In regioni ad alta densità geni possono essere 
parzialmente sovrapposti e generalmente 
trascritti in senso opposto (9% dei geni) 

Esempio: 3 geni sovrapposti ad un introne di NF1 

- Gene density varies widely from chromosome to chromosome and 
between different regions of the same chromosome.  

- In high-density regions, genes can be partially overlapping and are 
generally transcribed in the opposite direction (9% of genes).  

Partially Overlapping Genes

Example: 3 overlapping genes on an intron of NF1



• Conservation in Gene Order 

chr21

chr17chr16chr10

Human

mouse



Central dogma of Molecular Biology

gene: the basic physical unit of heredity; a linear sequence of 
nucleotides along a segment of DNA that provides the coded 
instructions for synthesis of RNA, which, when translated into 
protein, leads to the expression of hereditary character.

Initial definition of GENE



•To study human variability

•To study gene expression

•To study evolutionary relationships between humans and other

organisms

•To identify correlations between the information contained in the

genome and susceptibility and predisposition to diseases, as well as

responses to drugs (pharmacogenomics)

Why it is important to know the genome sequence



Next Generation Sequencing (NGS) 
• 2005 – 454 Life Sciences acquired by 

Roche Diagnostics; based on emPCR and 
pyrosequencing. Massive parallel 
Sequencing by Synthesis. 

• 2007 – SOLiD (Applied Biosystems): based 
on Sequencing By Ligation technology.  

• 2007 – Solexa acquired by Illumina: 
 Based on Sequencing by Synthesis with 

cleavable fluorescent didesoxy-
nucleotides. 

• 2011 – Pacific Biosciences: single 
molecule real time sequencing (SMRT) 

• 2005 (founded) – Oxford Nanopore: 
nanopore based sequencing of single 
DNA molecules.  

2015

The progress in recent years of sequencing technologies allows us to reach the goal of
a 1,000 dollar genome, thus making the sequencing of each individual possible …… the
bottleneck is data interpretation.



The ENCODE project

The National Human Genome Research Institute (NHGRI) 
launched a public research consortium called ENCODE, 
Encyclopedia Of DNA Elements, in September 2003.

The goal of the ENCODE project was to create a catalog of functional elements in
the human genome, including transcribed regions, regulatory elements, and
modifications of DNA and DNA-binding proteins

Even though only 1% encodes for proteins, the project highlighted that more than 80% 
of the genome is functionally "active."



FANTOM is an international research
consortium founded by Dr. Hayashizaki and
his colleagues in 2000 to functionally
annotate all the full-length cDNAs that had
been collected by the Mouse Encyclopedia
Project at the Japanese research institute
RIKEN

The FANTOM project



Non coding DNA in Complex genomes

Complex genomes have about 10 to 30 times more DNA than is
required to produce all the RNAs or proteins of an organism.
The non-coding DNA includes:

• Introns
• Regulatory elements of genes
• Multiple copies of genes, including pseudogenes
• Intergenic sequences
• Interspersed repeats
• Small and long non coding genes



Intergentic non coding sequences



The complexity of an organism, therefore, arises from 
how the expression of different genes is regulated

The complexity of an organism is the result of more than just the 
number of nucleotides that make up the genome and more than just the 
number of coding genes:

1. A coding sequence can produce a large number of protein products 
thanks to alternative splicing.

2. Transcribed sequences in non-coding RNA coordinate gene expression 
(at the transcriptional and post-transcriptional levels!).

The combination of 1. and 2. with other regulatory elements, such as 
enhancers and promoters, makes it clear that while the size of the 
genome is a component of complex organisms, its contribution to the 
complexity of such organisms is minimal.
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Non-coding RNAs and RNA-based 
therapies: innovation in modern medicine

Splice variant

Alternative TSS

Processed mRNA

miRNA/
snoRNA

Intronic lncRNA
PROMPTs

PROMPTs

tiRNAs

PALRs

eRNA

bidirectional lncRNA

Antisense lncRNA

miRNA cluster

TASRs

PALRs

Human genome is pervasely transcribed
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Non-coding RNAs and RNA-based 
therapies: innovation in modern medicine

Types of RNAs
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Non-coding RNAs and RNA-based 
therapies: innovation in modern medicine

mRNA CODING

NON CODING
Structural and regulatory roles

tRNA
Protein synthesis

snRNA
splicing

microRNA
Translation/RNA stability

rRNA
Protein synthesis

lncRNA 
(linear and circular)

regulatory role
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t
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<200nt 

>200nt 

Types of RNAs



Rethinking the central dogma



Gene Expression regulation in Eucaryotes 

DNA and transcriptional control

RNA maturation

RNA Transport

RNA Localization

Translation

RNA turnover



Gene Expression regulation in Eucaryotes 

DNA and transcriptional control

RNA maturation

RNA Transport

RNA Localization

Translation

RNA turnover

Small and 
long non coding RNAs Proteins



The different stages of gene expression are interconnected at
various levels



Questions about the genome

Obtaining the genome sequence and its functional elements is only 

one step toward understanding biological processes.

Questions:

- What is transcribed from the genome?

- Which proteins and RNAs interact with the functional elements of 

the genome?

- What is the epigenetic state?

In other words, how does our genome function?


