








Identification of yeast genes coding for proteins involved in 
DNA damage repair and definition of epistasis groups.

A): Survival curves of mutants rad25 and rad1 exposed to UV radiation.
They have different sensitivity but the double mutant is not additive. Both 

genes are involved in NER and belong to the same epistasis group.
B) and C); rad6 and rad52 code for two proteins involved in 

post-replication repair (PPR) and recombination repair (HR), respectively.
Rad52 alone does not cause sensitivity to UV (C) but double mutants with 

rad25 (C) are additive as double mutant of rad6 and rad25 (B) 
because the genes belong to different epistasis groups.
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Single-celled eukaryote

• Grow in many natural locations, 
and in animals and insects.
• Rapid growth
• Stable haploid and diploid state
• Non-pathogenic (GRAS) and 
inexpensive

Simple genetics and physiology

• Efficient transformation system  
and homologous recombination

Sequence data for
Saccharomycetes

Yeast as model system

Several genes involved in human diseases has an homologs in yeast
(Foury F. (1997) Human genetic diseases: a cross-talk between man and yeast, 195:1-10) 

L.H. Hartwell               T. Hunt                P. Nurse

S. cerevisiae Sz. pombeSea urchins

Nobel Price for 
Medicine and 
Physiology 2001 for 
discoveries of 
proteins that control 
cell cycle division.



Mutation Phenotype/Fitness

Examples with yeast

1. Is a given gene essential and what is its function ?

2. Is the gene function dependent on the environment?

3. Is a given  gene haplo-insufficient (or haplo-proficient) ?

Fitness and haploinsufficiency: the role of the environment



kanr

Transformation with the disruption 
cassette and gene knock-out

Sporulation and 
formation of the tetrad

Tetrad dissection

Essential
gene

Non essential 
gene

chr. III

chr. III

Yeast diploid cell (2n)

Is a gene essential?
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Haploinsufficiency occurs when a diploid organism has only a 

single functional copy of a gene (with the other copy inactivated 

by mutation) and the single functional copy does not produce 

enough of a gene product (typically a protein) to bring about 

a wild-type condition, leading to an abnormal or diseased state. It 

is responsible for some but not all autosomal dominant disorders 

Haplo-proficient, HP are genes which, when one copy is 

deleted from a diploid cell, result in an increased rate of 

proliferation. 



Mutation Phenotype/Fitness

Genetic redundancy

Examples with yeast

1. Is a given gene essential and what is its function ?

2. Is the gene function dependent on the environment?

3. Is a given  gene haplo-insufficient (or haplo-proficient) ?

Fitness and haploinsufficiency: the role of the environment



The yeast genome

53 cluster homology regions



Across many eukaryotes the frequency of 
dispensable genes is high

Organism Percentage of essential 
genes

B. subtilis 7.3%

S. cerevisiae <20%

C. elegans 5.5%

M. muscularis 13.7%-19%



Marker rescue technique: loxP-kanMX -loxP deletion cassette 
for multiple deletion

loxP loxPkanrPTEF TTEF

Cre/loxP site-specific recombination system from the bacteriophage P1.

This module allow the recycling of the marker: once the KanMX has replaced the 
gene of interest, it can be excised from the yeast genome via the recombination of the 
two loxP sequences, promoted by the Cre recombinase. 

Cre

crecre



loxPlox P

loxP scar left in the 

genome

Excision of the marker

loxP kanrPTEF TTEFlox P kan rPTEF TTEF loxPlox P
1. Transformation 

with loxP cassette

2. Transformation 

with Cre plasmid

3. Activation of the 

Cre recombinase

loxPlox P

cre

loxPlox P

loxPloxP

kan r

kanr

Cre

Cre

Cre4. Elimination  of the 

Cre plasmid 

Cre



Locations of the AAD (red) homologues in the yeast genome

XV

IV

VI

X

XIV

III

YDL244c

YDL243c

YFL058w

YFL057c
YFL056c

YJR155w

YJR156c

YNL331c

YNL332w

YCR107w

YOL165c

THI5

THI12

YDL242w

YJR154w

YCR106w

YOL166c

2078

2730

17248

18346

1543114763

18566

The genetic redundancy is more apparent than real

Northern blot 

• The AADs are expressed under 
oxidative stress conditions, the 
expression isYap1p dependent 

• Only AAD4 and AAD6 are 
expressed under oxidative stress 
conditions.

NF

Delneri et al., Genetics153: 1591-1600  (1999)
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Genetic redundancy

In the biological and  physiological context

• What is the true meaning of thegenetic redundancy within a genome ? Are the 
members of the gene family truly redundant ?

• Are all the members expressed ? 

•Is every gene member making a fractional contribution towards the functional 
activity ? 

•Are they expressed under different physiological conditions ? 



Environment

Mutation Phenotype/Fitness

Genetic redundancy

Examples with yeast

1. Is a given gene essential and what is its function ?

2. Is the gene function dependent on the environment?

3. Is a given  gene haplo-insufficient (or haplo-proficient) ?

Fitness and haploinsufficiency: the role of the environment



Non essential

Env. 1: 
Rich media

Conditional
Essential

Env. 2:
Minimal media

Tetrad dissection

Dispensability of a gene depends on the environment

i.e. TRP-, LEU- mutations are 
not essential  since rich media 
contains all amino acids, that 
can be imported in the cell. 

i.e. TRP-, LEU- mutations 
are essential  in minimal 
media with no amino acids.



Environment

Mutation Phenotype/Fitness

Genetic redundancy

Examples with yeast

1. Is a given gene essential and what is its function ?

2. Is the gene function dependent on the environment?

3. Is a given  gene haplo-insufficient (or haplo-proficient) ?

Fitness and haploinsufficiency: the role of the environment



Fitness 
Definition: Probable genetic contribution of an individual to succeeding 
generations.

In yeast, the relative fitnessis given by the growth rateof different type of cells 
as they compete for a pool of resources.

Genome-wide approaches to fitness via competition analysis

• Measure of fitness and genetic resources



Competition experimentsprovide direct measurement of growth 
rate, and consequently fitness, in the chosen environment.

Competition experiments



Availability of a complete set of oligonucleotide-tagged 
deletion mutants, produced by the Yeast Genome Deletion 
Project. 

Each deletion is marked by two unique 20 bp “bar codes”, so 
that they can be quantitatively discriminated via 
hybridisation array analysis or NGS.

Genome-wide resources



Molecular Barcode Yeast Deletion Collection (YDC)

chr V

Strain A

chr X

Strain B

chr IV

Strain C

Gene A::Kanr

Up-TAG Down-TAG

Up-TAG Down-TAG

Up-TAG Down-TAG

YDC with each strain carrying 
different TAGs (coloured dots)

Gene B::Kanr

Gene C::Kanr



2. Genome extraction and
PCR amplification of the TAGs

1. Parallel competition
assay of 6,000 yeast barcoded
mutant strains.

A
B C A B C  

UPTAGs DOWNTAGs

3. Hybridisation of the PCR products to 
the DNA chip, containing the TAG oligos 
immobilised on a silicon wafer.

GeneA::Kanr

U1

U2

D1

D2

GeneB::Kanr
U1

U2

D1

D2

GeneC::Kanr
U1

U2

D1

D2

Strain A

Strain B

Strain C



2. Genome extraction and
PCR amplification of the TAGs
with oligos containing P1 and P2
adaptors and multiplexing barcode)

A
B C A B C  

UPTAGs DOWNTAGs

Hybridisation array substituted by NGS
(SOLiD or Illumina technology)



B. If the deletion of the Gene Bhas a negative impact on fitness in the 
growth condition chosen, that particular strain will tend to disappear. 

C. If the deletion of Gene C has an advantage in the media of choice, the 
strain carrying that deletion will become over-represented in the 
population over the time. 

A. If the deletion of the Gene Ahas no impact on fitness in the growth 
condition chosen, the intensity of its up- and down-tag will not change

∆∆∆∆A

Beginning competition

Beginning competition

Beginning competition

End competition

End competition

End competition

∆∆∆∆A∆∆∆∆A

∆∆∆∆B ∆∆∆∆B∆∆∆∆B

∆∆∆∆C ∆∆∆∆C∆∆∆∆C



Mutations 

Environment 1

Phenotype

Fitness

Mutations Phenotype

Environment 2
Mutations Phenotype

Environment 3

Mutations Phenotype



chr. V

chr. V
chr. X

chr. X

chr. 
IV

chr. IV

Collection of homozygous diploid

(ca. 4,500 strains out 6,000 ORFs)

Discovered genes that are necessary for optimal growth under six well-studied 
conditions: high salt, sorbitol, galactose, pH 8, minimal medium and nystatin 
treatment (Giaever et al., Nature, 2002).

Discovered genes involved in the mitochondrial function and biogenesis. 
(Steinmetz et al., Nature Genetics, 2002).

Diploid organism
(WT)

Homozygote deletant

A/A ∆∆∆∆A/∆∆∆∆A Studies on gene function



• Heterozygous strains will allow the study of essential genes 

• Genes with a haplo-insufficiency phenotype can be isolated: 
study gene dosage

chr. V

chr. V

chr. IV

chr. IVCollection of 
heterozygous diploids

(ca. 6,000 strains)

Problem: how do we obtain a fair detection of fitness changes since 
one copy of the gene is still there?

Diploid organism
(WT)

Heterozygote deletant

A/A ∆∆∆∆A/A Studies on gene dosage



Competition between a population of deletant strains.

N

Chemostat: open system where nutrients, 
pH and culture volume are kept constant.

Medium feedMedium outlet

To keep 
constant 
the volume

pH feed 

To keep 
constant 
the pH

Batch: closed system in 
which cells are grown in a 
fixed volume where the 
nutrients and pH change 
during growth.

physiological steady state 
with constant growth rate

the culture environment
continuously changes



C

E

P S

N

Cultures in chemostat under different nutrient limitations



Fitness profile in:

• C-limited

• N-limited

• P-limited

• Grape juice  (natural environment)

Chemically defined 
media

Small-scale parallel fermentation modular system

Genome profiling in different environments

YDC 
inoculum

Batch 
phase Continuous 

culture

Steady state, 
beginning

Steady state, 
mid point 

Steady state, 
end pointTimeline



Genes with an haplo-insufficient
phenotype

12% 12%

20%

Genes with an haplo-proficient
phenotype

10%

13%

20%

GJ: 3.8%

YPD: 3%

(Giaever et al.,2004)



Reproducibility of the data



P versus GJ
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1. Nucleosome remodelling complex 

2. COPI vesicle coat
3. RNA polymerase II transcription 
mediator activity
4.  Mediator complex
5.  Poly(A)tail shortening
6. CCR4-NOT complex
7. Ornithine biosynthesis
8. Sin3 complex
9. Negative regulation of meiosis
10. SWI/SNF complex
11. Nuclear nucleosome
12. DNA-directed RNA polymerase II\, 
core complex
13. NAD-independent histone 

deacetylase activity
14. Regulation of transcription from 

Pol I promoter
15. Protein kinase CK2 activity
16. Protein kinase CK2 complex
…
25. Nitrogen utilisation

1. COPI vesicle coat
2. Ornithine biosynthesis
3. Response to pH
4. Poly(A)tail shortening
5. CCR4-NOT core complex
6. Nucleosome remodeling complex
7. SWI/SNF complex
8. Hydrogen-transporting ATPase 
domain V0 domain
9. Mediator complex
10. Regulation of transcription from 
Pol I promoter
11. Protein kinase CK2 activity 
12. Protein kinase CK2 complex
….
21. Negative regulation of meiosis

1. Negative regulation of meiosis
2. NAD-independent histone 
deacetylase activity
3. Glycolysis
4. Mitotic chromosome condensation

5. COPI vesicle coat
6. Microtubule binding
7. NAD-dependent histone 
deacetylase activity
8. Metallopeptidase activity
9. Protein kinase CK2 activity
10. Protein kinase CK2 complex
…
26. poly(A)tail shortening

C-limited N-limited P-limited 

Haplo-insufficiency profile mainly common to all environments

Protein trafficking is the cell category most affected by changes in gene dosage



COPI vesicles coat componentsHaplo-insufficient phenotype:



1. Endopeptidase activity 
2. Ubiquitin-dependent protein 
catabolism
3. Actin cytoskeleton organization and 
biogenesis
4. Proteasome regulatory particle \, 
lid subcomplex
5. Proteasome core complex \, 

alpha-subunit complex
6. Actin filament organization
7. NADH oxidation
8. Receptor activity
9. Proteasome core complex \, 

beta-subunit complex
10. Protein phosphatase regulator activity
11. Microsome
12. Ubiquitin conjugating enzyme 
activity
13. Bud tip
14. Histone binding
15. MAP kinase kinase activity
16. Proteasome regulatory particle \, 
base subcomplex

1. Cytosolic large ribosomal 
subunit
2. Commitment complex
3. Chromatin accessibility 
complex
4. Arp2/3 protein complex
5.  snRNA cap binding complex
6. snRNP U1
7. Actin cytoskeleton organization 
and_biogenesis
8. Actin filament organization
9. Bud site selection
10. Pyruvate dehydrogenase 
complex
11. Chromatin silencing at 
telomere
12. Spliceosome assembly
13. Telomeric DNA binding
14. Transcription coactivator 
activity
15. Telomere maintenance

1. Transmembrane receptor 
activity

2.  Mitochondrial inner 
membrane protein 
insertion complex 

3. Osmosensory signalling 
pathway

4. Nucleotide-excision repair \, 
DNA damage recognition

5. Sphingolipid biosynthesis
6. snRNP U1
7.  DNA-dependent DNA 

replication
8. Cytochrome c oxidase  

biogenesis

C-limited N-limited P-limited 

Haplo-proficiency data: Gene ontology analysis

Delneri D, et al. (2008) Nat Genet. 40: 113-117
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Genes showing haploinsufficient phenotype in grape juice

COPI vesicle coat

(p=0.020)

Category
p-
value

In Category from Cluster k f

nucleobase, nucleoside, nucleotide 
and nucleic acid transporter 
[GO:0015932]

0.0017 FUR4 FCY2 ANT1 3 8

solute\:cation symporter 
[GO:0015294]

0.0025 FUR4 MAL31 FCY2 3 9

ATP binding [GO:0005524] 0.0078
ATP1 PCA1 RBK1 RAD18 
RVB1 PMA1 PPA1 RRP3 
ATP2 DBP7 MSH2 RVB2 

12 165

electrochemical potential -driven 
transporter [GO:0015290]

0.0088
FUR4 CTP1 MAL31 
PHO87 FCY2 DIP5 

6 55

pyrimidine transport [GO:0015855] 0.0010 FUR4 FCY2 2 2

fatty acid oxidation [GO:0019395] 0.0025 TES1 ECI1 ANT1 3 9

regulation of transcription by 
glucose [ GO:0046015] /carbon 
catabolites [GO:0045990 ]

0.0031 VPS36 SNF8 2 3

regulation of translational initiation 
[GO:0006446]

0.0100 PAT1 TIF2 2 5

regulation of nitrogen utilization 
[GO:0006808]

0.0100 GAT 1 URE2 2 5

CCR4 -NOT complex [GO:0030014] 0.0004
CDC39 CAF130 CAF4 
POP2 

4 12

hydrogen -transporting ATP 
synthase, catalytic core (sensu 
Eukarya) [GO:0005754]

0.0010 ATP1 ATP2 2 2

FUR4 is 
synthetically lethal 
with URA3



 

Category p-
value 

In Category from Cluster k f 

cytoskeletal adaptor [GO:0008093] 0.005 ENT1 YAP1802 ENT3 
ENT2  

4 8 

NADH dehydrogenase [GO:0003954] 0.010 NDE2 NDE1  2 2 

RAN small monomeric GTPase 
[GO:0003929] 

0.010 GSP1 GSP2  2 2 

 

 

 

endocytosis [GO:0006897] 0.002 

ENT1 YDR036C UBC5 
CUP5 YAP1802 YSC84 
ENT3 YPK1 YPT52 
ENT2 YPT53 SLA2  

12 48 

vacuole inheritance [GO:0000011] 0.007 SEC18 VAC8 TRX2 
VPS34 VAC14  5 13 

ethanol fermentation [GO:0019655] 0.009 NDE2 PDC1 NDE1  3 5 

cytosolic large ribosomal subunit (sensu 
Eukarya) [GO:0005842] 0.003 

RPL21A RPL41B 
RPL35B RPL35A 
RPL12B RPL7A RPL1B 
RPL27A RPL2B 
RPL37A RPP0 RPL26A 
RPL6A RPL13B 
RPL36A RPL20A 
RPL18B  

17 83 

19S proteasome regulatory particle, base 
subcomplex [GO:0008540] 

0.003 RPT3 RPT6 RPT5  3 4 
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Genes showing haploproficient phenotype in grape juice

Grape juice 
is low in 
nitrogen



Haploinsufficiency genes accumulate on chromosome III

Chromosome III harbour the 
mating type locus

Accumulation of haplo-insuffcient 
genes on chr. III may be a 
mechanisms to prevent its loss.

Deletion of one 
MAT locus or loss 
of the chromosome 
III in a diploid cell, 
result in the cell 
perceiving itself as 
a haploid.



MOB2 (cell polarity)YFL035c-aNAB2 (mRNA 

polyadenilation)

YGL122c

CDC47 (DNA replication 

initiation)

YBR202wNAM9, MNA6 (protein 

biosynthesis)

YNL137c

SPC105 (microtuble)YGL093wunknownYPL146c

INO80 (DNA repair)YGL150CBCP1 (unknown)YDR361c

CWC25(unknown)YNL245CunknownYDL196w

unknownYGR115CCWC25 (unknown)YNL245c

unknownYDL196wGWT1 (unknown)YJL091c

TUB1 ( cytoskelton, 

chromosomes segregation)

YML085CCDC23 (cyclin catabolism)YHR166c

RSC6  (chromatin modelling)YCRO52wYIG2 (unknown)YNL156c

SEC21 (ER-Golgi 

transportation)

YNL287wKRE29 (unknown)YER038c

List of genes showing haploinsufficiency in C- and N-limitation

C-limited: decreased fitness N-limited: decreased fitness



Principle: Reducing the gene copy number of drug targets result in 
sensitisation to the drug of interest.

chr. V

chr. V

Application to Pharmacogenomics

Discovery of new molecular drug targets

chr. V

chr. V

Drug

Drug

Drug

Molecular 
target

Drug

Detectable fitness loss



YDC in presence of the drug

Drug
Drug

…end up with very few 
cells at the end 

The strain carries  the 
mutation in a gene that 

encode for a drug target.

…If loosing out in the competition



Screening of medically relevant drugs using yeast 

genome profiling

FOL2 has a human 

homolog

FOL1 has a homolog in C. albicans, but 

no human homolog.

Antianginal drug (molsidomine)

Genes in sterol biosynthesis 

results haploinsufficient.

Explanation why patients 

treated with this drug 

showed lower cholesterol 

Anticancer drug 5-FOA

rRNA processing exosome results 

haplo insufficient

5-FOA  inhibit cell growth 

by inducing RNA damage.

Anticancer drug methotrexate Identified new target FOL1 and FOL2 

involved in folate biosynthesis.



Screening for secondary targets of N-bisphosphonates 
(anti-cancer  agents)



Screening for secondary targets of N-bisphosphonates

N-bisphosphonates (anti-cancer  agents) Identified secondary targets: i.e. 
genes involved in organisation of 
cytoskelton.

Haplo-insufficient

Haplo-proficient

N-BP needs correct acidification to 
be released in cytosol

Fitness advantage of RAV1 mutant 
responsible for acidification of the 
endocytic vesicles.

RAV1 hemizygote mutants have 
impaired acidification and 
therefore N-BP cannot release 
in the cytosol and cell develop 
resistance to this drug.



Summary of chemogenomic screening with different drugs

Drugs Class Genes identified References
benomyl Fungicide drug TUB1 and TUB2 Giaeveret al., 1999

tunicamycin Antibiotic drug ALG7 Giaeveret al., 1999

fluconazole Antifungal drug ERG11 Giaeveret al., 1999

molsidomine Antianginal drug ERG7 Lum et al., 2004

5-fluorouracil Antiproliferative
drug

CDC21, RRP6, RRP41,
RRP44, RRP46, NOP4,
MAK21, SSF1 and
YPR143W

Lum et al., 2004

methotrexate Anticancer drugs FOL1 and FOL2 Giaeveret al., 2004

atorvastatin and lovastatin Anticholesterol drugs HMG1, PDR5and ERG13 Giaeveret al., 2004

N-bisphosphonates Osteoporosis and
anticancer drugs

ERG20, MRH1, ATG4,
ALF1, TUB3, DBF4 and
RAV1

Bivi et al., 2009

chitosan Antimicrobial compound SLN1 Zakarewska et al.,
2007

rapamycin Antifungal agents and
immunosuppressant drug

SER1, SER2, HOM2 and
HOM3

Chan et al., 2000

wortamannin Anticancer drug SML1, POL1, POL2, RAD7,
MSH1, MSH2,and MLH3

Zewail et al., 2003



Conclusions on  studies of gene dosage effect on fitness 
and environmental dependency of  gene function

• Yeast Deletion Collection (YDC) used as model to study gene function and 
gene dispensability 

•YDC Homozygote collections to study the biological  function of non 
essential genes in different environments

• YDC Heterozygote collection to study the gene dosage effects on fitness in 
different environments (haploinsuffcient phenotypes)

•YDC Heterozygote collection employed in pharmacogenomics screening to 
discover molecular drug targets.



Mutations 

Environment

Phenotype

Genetic redundancy

Genetic background

• Cross all Yeast Deletion Collection with different yeast strain and species.
• Study of the haploisufficiency profile in different environments

Investigating the impact that intra-specific and inter-specific variation 
have on the phenotypes and fitness

Interaction of genetic background & environment

Dowell R.D. Ryan O., et al.,…& Boone C. (2010), Science 328: 469



Genomic level

Transcriptome

Proteome

Single/multiple 
gene knockout

Phenotypic 
assays

Study of the expression 
profile of the cell under 
different physiological 
conditions.

Cluster analysis

Study of the proteins 
produced by a cell under 
different physiological 
conditions. Protein-
protein interaction.

Functional analysis from single gene to gene network 

Env1 

Env2 

Env3 

Env4 
































