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1. Basics about genetics and sequencing

Genetics is a branch of biology concerned with the study of genes, genetic variation, 
and heredity in organisms

https://en.wikipedia.org/wiki/Genetics
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1. Basics about genetics and sequencing

Mendel’s Law of Inherence

https://en.wikipedia.org/wiki/Gregor_Mendel

Versuche über Pflanzen-Hybriden 
(Experiments on Plant Hybridization) 

1866

Material: Pea plants with different traits

Methods: Cross the parental lines (P) to obtain its progeny (F1) and cross them with 
themselves to obtain a new progeny (F2). Measure the frequency of each trait in the progeny.

https://en.wikipedia.org/wiki/Gregor_Mendel
https://en.wikipedia.org/wiki/Experiments_on_Plant_Hybridization
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(Experiments on Plant Hybridization) 
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(Experiments on Plant Hybridization) 
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1. Law of dominance and uniformity 
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3. Law of independent assortment
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https://en.wikipedia.org/wiki/Gregor_Mendel

Versuche über Pflanzen-Hybriden 
(Experiments on Plant Hybridization) 

1866

1. Law of dominance and uniformity

X
Dominant allele 

Red flower
Recessive allele 

White flower

The dominant allele will present uniformity for the F1 generation

PRR PWW

F1RW
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https://en.wikipedia.org/wiki/Gregor_Mendel

Versuche über Pflanzen-Hybriden 
(Experiments on Plant Hybridization) 

1866

2. Law of segregation

X

The recessive allele will reappear in the F2 generation in a 
3:1 proportion (dominant:recessive) 

Alleles segregate in the progeny

F2RW

F1RW F1RW

F2RWF2RR F2WW
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https://en.wikipedia.org/wiki/Gregor_Mendel

Versuche über Pflanzen-Hybriden 
(Experiments on Plant Hybridization) 

1866

2. Law of segregation

Alleles segregate in the progeny

Dominance 
3:1

Co-dominance 
1:2:1

F2RR F2RW

F2RW F2WW

PRR

PWW

F2RR F2RW

F2RW F2WW

PRR

PWW
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Mendel’s Law of Inherence

https://en.wikipedia.org/wiki/Gregor_Mendel

Versuche über Pflanzen-Hybriden 
(Experiments on Plant Hybridization) 

1866

3. Law of independent assortment
Alleles for separate traits are passed independently of one another

Independent Dominance 
9:3:3:1

3:1 Green/Yellow (R/r) 

3:1 Wrinkle/plain (Y/y)

https://en.wikipedia.org/wiki/Gregor_Mendel
https://en.wikipedia.org/wiki/Experiments_on_Plant_Hybridization
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Mendel’s Law of Inherence

3. Law of independent assortment

but… there are deviations from 
Mendelian segregations

Bateson Saunders Punnett

Flower color: Purple/Red 
Seed shape: Long/Round GENETIC LINKAGE



1. Basics about genetics and sequencing

Allele is a variant form of a given gene, meaning it is one of two or more versions of a 
known mutation at the same place on a chromosome

Bateson Saunders

Allele definition

Most individuals have two sets of chromosomes (diploid), so they can have one 
(homozygous state) or two alleles (heterozygous state) of the same gene.

RR WW

Homozygous state

RW RW

Heterozygous state
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Allele definition

https://en.wikipedia.org/wiki/Allele_frequency

https://en.wikipedia.org/wiki/Allele_frequency


1. Basics about genetics and sequencing

Genetic Linkage and Genetic Maps
Morgan Sturtevant

Genetic linkage is the tendency of DNA sequences that are close together on 
a chromosome to be inherited together during the meiosis phase of sexual reproduction

RR WWBB SS

X

F1

F2

RR WWBB SS

X

F1

F2



1. Basics about genetics and sequencing

Genetic Linkage and Genetic Maps
Morgan Sturtevant

Homologous recombination is a type of genetic recombination in 
which nucleotide sequences are exchanged between two similar or identical 
molecules of double-stranded or single-stranded nucleic acids
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Genetic Linkage and Genetic Maps
Morgan Sturtevant

Linkage analysis is is a genetic method that searches for chromosomal segments 
that cosegregate

Linkage groups

Genetic map

Map is based on 80 F2 individuals from the cross 
L. esculentum LA925 x L. pennellii LA716.
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Genetic Marker

A genetic marker is a gene or DNA sequence with a known location on a chromosome that can be 
used to identify individuals or species. It can be described as a variation (which may arise due to 
mutation or alteration in the genomic loci) that can be observed. 

• RFLP (or Restriction fragment length polymorphism)
• SSLP (or Simple sequence length polymorphism)
• AFLP (or Amplified fragment length polymorphism)
• RAPD (or Random amplification of polymorphic DNA)
• VNTR (or Variable number tandem repeat)
• SSR Microsatellite polymorphism, (or Simple sequence repeat)
• SNP (or Single nucleotide polymorphism)
• STR (or Short tandem repeat)
• SFP (or Single feature polymorphism)
• DArT (or Diversity Arrays Technology)
• RAD markers (or Restriction site associated DNA markers)

https://en.wikipedia.org/wiki/DNA_sequence
https://en.wikipedia.org/wiki/Chromosome
https://en.wikipedia.org/wiki/Species
https://en.wikipedia.org/wiki/Restriction_fragment_length_polymorphism
https://en.wikipedia.org/wiki/Simple_sequence_length_polymorphism
https://en.wikipedia.org/wiki/Amplified_fragment_length_polymorphism
https://en.wikipedia.org/wiki/RAPD
https://en.wikipedia.org/wiki/Variable_number_tandem_repeat
https://en.wikipedia.org/wiki/Microsatellite_(genetics)
https://en.wikipedia.org/wiki/Microsatellite_(genetics)
https://en.wikipedia.org/wiki/Single_nucleotide_polymorphism
https://en.wikipedia.org/wiki/Short_tandem_repeat
https://en.wikipedia.org/w/index.php?title=Single_feature_polymorphism&action=edit&redlink=1
https://en.wikipedia.org/wiki/Diversity_Arrays_Technology
https://en.wikipedia.org/wiki/Restriction_site_associated_DNA_markers
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mutation or alteration in the genomic loci) that can be observed. 

SNP
ATATATAT C LTR LTRGAG POL

Gypsy TE
Reference
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G
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MITE
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MITE TEMicrosatellite
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Genetic Marker

A genetic marker is a gene or DNA sequence with a known location on a chromosome that can be 
used to identify individuals or species. It can be described as a variation (which may arise due to 
mutation or alteration in the genomic loci) that can be observed. 

ATATATAT C LTR LTRGAG POL

Gypsy TE

ATATATAT C LTR LTRGAG POL
C LTR LTRGAG POL

AT G
ATATATA C LTR LTRGAG POL

G
G

ATATATAT

AT
AT

MITE

MITE

MITE

MITE TE
Reference

Sample 1

Sample 2

Sample 3

Microsatellite SNP

chr1    1001   C   G   …   0/0

chr1    1001   C   G   …   0/1

chr1    1001   C   G   …   1/1

https://en.wikipedia.org/wiki/DNA_sequence
https://en.wikipedia.org/wiki/Chromosome
https://en.wikipedia.org/wiki/Species
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Locus

Locus (plural loci) is a specific, fixed position on a chromosome where a particular gene or genetic 
marker is located 

van der Knaap, Esther, et al. "What lies beyond the eye: the molecular mechanisms regulating tomato fruit weight and shape." Frontiers in Plant Science 5 (2014): 227.



Gene is a sequence of nucleotides in DNA or RNA that encodes the synthesis of a gene product, 
either RNA or protein 

Gene

1. Basics about genetics and sequencing

https://en.wikipedia.org/wiki/Gene

https://en.wikipedia.org/wiki/Gene
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DNA sequencing is the process of determining the precise order of nucleotides 
within a DNA molecule. It includes any method or technology that is used to 
determine the order of the four bases—adenine, guanine, cytosine, and thymine—in 
a strand of DNA. 

https://en.wikipedia.org/wiki/DNA_sequencing

(Gentile et al. Nano Lett., 2012, 12 (12), pp 6453–6458)

ATGCGCGTCGCGGTGAAT
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https://learn.genetics.utah.edu/content/basics/

To know more about basic genetics…

https://learn.genetics.utah.edu/content/basics/


1. Basics about genetics and sequencing

2. First steps: Pre-NGS era

3. Short read sequencing technologies

4. Long read sequencing technologies

5. Common file formats

Outline of Topics



2. First steps: Pre-NGS era

1950 1960 1970 1980 1990 2000 2010 2020

Electrophoresis (1952)

D
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A Structure (1953)

Sanger D
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A Sequencing (1977)

AB370A Sequencer (1986)

AB310 capillar Sequencer (1986)

454 Sequencer (2005)
Solexa G

enom
e Analyzer Sequencer (2006)

Pacific Biosciences Sequencer (2011)

O
xford N

anopore Portable sequencer (2015)

M
S2 Bacteriophage (1977)

Epstein-Barr Virus (1984)

H
aem

ophilus influenzae (1995)

Arabiodpsis thaliana (2000)

H
om

o sapiens (2001)

2016/02/04 Sequenced 
Genomes

Viridiplantae 178

Metazoa 5907

Bacteria 7897



2. First steps: Pre-NGS era

Frederick Sanger (1918-2013) 
Twice awarded with the Nobel Prize of Chemistry



2. First steps: Pre-NGS era

Sanger DNA sequencing



2. First steps: Pre-NGS era

0.015Mb

0.078Mb 
0.315Mb

0.138Mb 
0.414Mb

1.3Mb 
2.6Mb

Error Rate
0.1% 

Error Type
substitution

Sanger DNA sequencing systems
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(Mardis E.R. (2013) Annual Review of Analytical Chemistry 6: 287-303)

Next Generation Sequencing vs Sanger

Next Generation Sequencing Sanger

DNA libraries need to be prepared Fragment amplification

Direct nucleotide detection based in 
different methods

Physical fragment separation for 
detection

Millions to billions of reads Thousands of reads

Variable size (short and long 
technologies) 400 to 900 bp read length

Variable error rate Very low error rate

Quantitative comparison Semicomparative comparison
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Sequencing

Technology Read length (bp) Accuracy Reads/Run Time/Run Cost/Mb

Applied Bio 3730XL 
(Sanger) 400 - 900 99,9% 384 4 h  

(12 runs/day) US$2.400

Roche 454 GS FLX
(Pyrosequencing)

700 
Single/Pairs 99,9% 1.000.000 24h US$10

Illumina HiSeq4000 (Seq. by 
synthesis)

75-250 
Single/Pairs 99% 5.000.000.000 24 to 120 h $0.05 to $0.15

Ilumina MiSeq 
(Seq. by synthesis)

50-300 Single/
Pairs 99% 44.000.000 24 to 72 h US$0,17

SOLiD 4
(Seq. by ligation)

25-50  
Single/Pairs 99,9% 1.400.000.000 168 h US$0,13

ION Torrent
(Seq. by semiconductor)

170-400 
Single 98% 80.000.000 2 h US$2

Pacific Biosciences Sequel
(SMRT)

14,000  
Single 85% (99.9%) 1.600.000 4 h US$0,6

Oxford N. Minion (Nanopore 
sequencing)

10,000  
Single

62%  
(96%) 4.400.000 48 h US$0,02

Short  
reads

Long  
reads



1. Basics about genetics and sequencing

2. First steps: Pre-NGS era

3. Short read sequencing technologies

4. Long read sequencing technologies

5. Common file formats

Outline of Topics



3. Short read sequencing technologies

Libraries types



3. Short read sequencing technologies

Libraries types



3. Short read sequencing technologies

Multiplexing
Use of DNA tags (4-7 bp) to identify samples in the same sequencing lane, cell or 
sector. 

mRNA-1

mRNA-2

Sample	
1

Sample	
2

cDNA-1-tag_ATGC

cDNA-2-tag_CGAG

ATGC

CGAG

AUGCGUU
AUGCGUU

UUGCGCU
AAGAGUU

AUGCGUU
AUGUGAA

UUGCGCU
AAAAGUU

ATGCGTTATGC
ATGCGTTATGC

TTGCGCTATGC
AAGAGTTATGC

ATGCGTTCGAG
ATGTGAACGAG

TTGCGCTCGAG
AAAAGTTCGAG

}
Pool

ATGCGTTCGAG

ATGTGAACGAG
TTGCGCTCGAG

AAAAGTTCGAG

ATGCGTTATGC

ATGCGTTATGC

TTGCGCTATGC

AAGAGTTATGC

Sequencing

Libraries types



3. Short read sequencing technologies

Sequencing systems: 454

Pyrosequencing technology

(Mardis E.R. (2008) Trends in Genetics 24: 133-141)



3. Short read sequencing technologies

Sequencing systems: 454

http://www.bio-itworld.com/BioIT_Article.aspx?id=131053



3. Short read sequencing technologies

Sequencing systems: Illumina

http://www.illumina.com/



3. Short read sequencing technologies

Sequencing systems: Illumina

Sequence by Synthesis technology

(Mardis E.R. (2013) Annual Review of Analytical Chemistry 6: 287-303)



3. Short read sequencing technologies

Sequencing systems: Illumina

http://www.illumina.com/techniques/sequencing/dna-
sequencing.html#



3. Short read sequencing technologies

Sequencing systems: Illumina

https://www.illumina.com/systems/sequencing-platforms.html

Benchtop	systems	

Production-scale	systems	

https://www.illumina.com/systems/sequencing-platforms.html


3. Short read sequencing technologies

Sequencing systems: SOLiD

https://products.appliedbiosystems.com



3. Short read sequencing technologies

Sequencing systems: SOLiD Sequence by Ligation technology
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Sequencing systems: SOLiD
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Sequencing systems: SOLiD



3. Short read sequencing technologies

Sequencing systems: SOLiD

http://media.invitrogen.com.edgesuite.net/ab/
applications-technologies/solid/solid-5500.html



3. Short read sequencing technologies

Sequencing systems: Ion Torrent

https://products.appliedbiosystems.com



3. Short read sequencing technologies

Sequencing systems: Ion Torrent

Sequence by Semiconductor technology

A"sample"of"DNA"is"cut"into"
millions"of"fragments,"and"
each"fragment"is"a7ached"
to"its"own"bead"

The"fragment"is"copied""
un;l"it"covers"the"bead"

This"automated"process"
produces"millions"of"beads"
covered"with"millions"of"
different"fragments"

The"beads"are"then"flowed"
across"the"chip,"each"being"
deposited"into"a"well"

Then"the"chip"is"flooded"
with"one"of"the"four"
nucleo;des"

If"the"next"base"on"the"DNA"
strand"is"complementary"to"
this"nucleo;de,"a"nucleo;de"
will"be"incorporated"and""
a"hydrogen"ion"will"be"
released"

The"hydrogen"ion"changes"
the"pH"of"the"solu;on"in""
the"well"

An"ionCsensi;ve"layer"
beneath"the"well"measures"
that"pH"change"and"
converts"it"to"voltage"

This"voltage"change"is"
recorded,"indica;ng"the"
nucleo;de"has"been"
incorporated"and"the""
base"is"called"

This"process"happens"
simultaneously"in"millions"
of"wells"

Copy%DNA% Load%chip% Incorporate%nucleo6de% Detect%and%call%



3. Short read sequencing technologies

Sequencing systems: Ion Torrent

Sequence by Semiconductor technology
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Sequencing systems: Ion Torrent

Sequence by Semiconductor technology
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4. Long read sequencing technologies

Sequencing systems: Pacific Biosystems (PacBio)

http://www.pacb.com/



4. Long read sequencing technologies

Sequencing systems: Pacific Biosystems (PacBio)

Single Molecule Real Time (SMRT) technology

Niedringhaus et al. Analytical Chemistry 2011
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Niedringhaus et al. Analytical Chemistry 2011
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Sequencing systems: Pacific Biosystems (PacBio)

Single Molecule Real Time (SMRT) technology

http://genome.duke.edu/cores-and-services/sequencing-and-genomic-technologies/pacbio



4. Long read sequencing technologies

Sequencing systems: Oxford Nanopore (ON)

https://www.nanoporetech.com/
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Sequencing systems: Oxford Nanopore (ON)

Niedringhaus et al. Analytical Chemistry 2011

Sequence by Nanopore technology
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Sequence by Nanopore technology
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Sequencing systems: Oxford Nanopore (ON)
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5. Common file formats

I.  FASTA
FASTA format is a text based file format that store three different types: DNA, RNA or protein 
sequences. Used to represent the information for sequences for genomes, mRNA’s, cDNA’s, 
miRNA’s…

>SeqID1 optional_description1
AGCGTGGAGAGCGATGAGATCAGAAAGTAGGACGACAGATGGGGAGAT
GGCAGGTGTGGGAGGAGTTGACGATGACGTGATTGATGACGGGAGACG
>SeqID2 optional_description2
AGCGTGGAGAGCGATGAGATCAGAAAGTAGGCTGACAGATGGGGAGAT
GGCAGGTGAGGGAGGAGCTGACGATGACGTGTTTGATGACGGGAGACG
>SeqID3 optional_description3
AGCGTGGAGAGCGATGAGATCAGAAAGTAGGACGACAGTGGGGGAGAT
GGCAGGTGAGGGAGGAGTTGACGATGACGTGTTTGATGACGGGAGACG

Space separating ID and description

One line ID

ID line always starts 
with “>”

}

sequence can be one 
or more lines



5. Common file formats

II.  FASTQ
FASTQ format is a text based file format that store usually DNA sequences. It contains information 
about the sequencing QUALITY of each nucleotide.

@GWNJ-0957:89:GW170928504:7:1101:2757:1309 1:N:0:NCGTCCC
TATCTAAGTATTTGATTAATGATAGATGACGATGGAGAAATATAATCTACTTTTTTAAGTCCCTCATTTTC
TTTCTCCATCTTTCTTTTTTATTACTCCCATTGTTCCCCAT
+
AAAAAFFJFJJFJJAAAAAFJJJ<FJJJJJJJJJJ7<7<<<<JJJJJJFFJJJAFJF-7<<-7AFJJFJJJ
JJJJJAJJFJFJ<7<-7A-7FAFJA777777<7-7--7--7
@GWNJ-0957:89:GW170928504:7:1101:3549:1309 1:N:0:NCGTCCC
ACCATTCATTATTTTTTTATTTAGTCTTTATTACTTTACTTTCCTTCCTTCTGAAATACTGCTATTGTACA
TAAAACAAAATGATCTACTTAAAAATAAAACAAATTTAAAA
+
AAA-AAJJFJJAAJAA-7AFJJ-7-<<-<AJJ--<J-<-<---77F7-A---A7--
<777<7<7<<F-77F<J<JJ7F7AFF77<77<7777<77<---7---77---7---

One line ID

ID line always starts 
with “@”

}

sequence can be one or 
more lines

quality line always 
starts with “+” }

One quality character per nucleotide. Each character code a number from 
0-41 (Illumina v1.8+).



5. Common file formats

II.  FASTQ
FASTQ format is a text based file format that store usually DNA sequences. It contains information 
about the sequencing QUALITY of each nucleotide.
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III.  SAM/BAM
SAM (and its binary form BAM) format is designed to store read mapping 
information to a reference. It has 11 columns.
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5. Common file formats

IV.  GFF3
GFF3 is a text-based file with 9 columns. It is designed to store genomic features (e.g. genes, exons, 
repetitive elements…) information. More information at http://gmod.org/wiki/GFF3.

##gff-version 3
ctg13   .  mRNA  1300  9000  .   +   .  ID=mrna0001;Name=GDR1
ctg13   .  exon  1300  1500  .   +   .  ID=exon00001;Parent=mrna0001
ctg13   .  exon  1600  1800  .   +   .  ID=exon00002;Parent=mrna0001
ctg13   .  exon  3000  3900  .   +   .  ID=exon00003;Parent=mrna0001
ctg13   .  exon  5000  5500  .   +   .  ID=exon00004;Parent=mrna0001
ctg13   .  exon  7000  9000  .   +   .  ID=exon00005;Parent=mrna0001

se
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so
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mrna0001

exon00001 exon00002 exon00003 exon00004 exon00005

http://gmod.org/wiki/GFF3


5. Common file formats

DIPLOID
0 = REF
1 => ALT
/ => NO PHASED
| => PHASED

V.  VCF
VCF is a text-based file with 8 fixed columns and one extra per sample for the 
multisample files. It contacts metadata at the beginning of the file as “#” 
explaining the different fields

#CHROM POS  ID    REF  ALT QUAL  FILTER INFO         FORMAT   SAMPLE1
20     1370 rs01  G    A   29    PASS   DP=14;AF=0.5 GT:GQ:DP 0/1:51:14 
20     1730 .     T    A   3     q10    DP=11;AF=0.2 GT:GQ:DP 0/1:58:11
20     2121 rs02  A    G,T 67    PASS   DP=10;AF=0.5 GT:GQ:DP 1/2:23:10
20     6781 .     T    .   47    PASS   DP=13;AF=1   GT:GQ:DP 1/1:56:13

E.g.	1
E.g.	2
E.g.	3
E.g.	4

GT:GQ:DP

0/1:51:14

G
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Y
P
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T
H
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E
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T
Y
P
E
 
Q
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• E.g.	1	is	a	biallelic	heterozygous	SNP.	
• E.g.	2	is	a	biallelic	heterozygous	SNP	with	

low	quality,	probably	because	the	mapping.	
• E.g.	3	is	a	non-biallelic	heterozygous	SNP.	
• E.g.	4	is	a	biallelic	homozygous	Deletion



NGS Applications

    Whole Genome Sequencing

    Transcriptome Sequencing

    Reduced Representation Approaches

    Bisulphite Sequencing

    Chromatin Contact Sequencing

Epilogue



Applications

Homework: 
1. Select one article from group 1 and another one of group 2. 
2. Read critically and summarise the article in three tweets. 
3. Prepare two questions for each article. 
4. Send me (aureliano.bombarely@unimi.it) the tweets and the questions by 

March 31st by email. Use the Subject “Bibliographic Work Genomics 
2020”. 

5. I will send you back a question from the list of question that I will produce 
and you will need to send me the answer by April 7th, 2020.

mailto:aureliano.bombarely@unimi.it
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