
Functional genetics



„Forward“ genetics

„Reverse“ genetics

Functional genetics

Link particular mutations/genes with phenotype

phenotype gen/mutation



Phenotypes

Natural variation in populations

• Adaptations, diseases



Phenotypes

Artificial variation originated by mutagenesis

• random mutagenesis 

  - physical mutagens: UV light, X-ray, γ-ray

  - chemical mutagens: ethylnitrosourea (ENU)

  - insertional mutagenesis: transpozons, retroviruses, vectors

Mutations in Hox genes



phenotypegenotype

Phenotype plasticity

environment

Phenotype has to be genetically determined



How to find particular mutations/genes

responsible for the phenotype? 

Forward genetics

phenotype gene/mutation



• Analysis of candidate genes possibly associated with the phenotype. 

• This method was used in the past to find genes for some diseases

(e.g. sickle cell disease) as well as adaptive traits

(e.g. coat color in rodents). 

Method of candidate genes

Rock pocket mouse (Chaetodipus intermedius)

Rock pocket mouse, light color in desert, black color 

on lava flows. Black color due to mutation in 

melanocortin-1-receptor gene (Mc1r) 

(Nachman et al. PNAS 2003).



Genetic mapping

1. Experimental crosses

2. Pedigree analysis

3. Association mapping in natural populations 

4. Admixture mapping (in natural hybrid populations)

• Aims to find linkage of the phenotype to molecular markers for 

which we know the possition in the genome (genetic map).



Genetic mapping using experimental crosses

(QTL mapping)

• By crossing two strains/species differing in the studied trait, we will prepare 

segregating population (např. backcross population or F2 population). 

• Searching for association between the phenotype and molecular markers 

(polymorphic between the strains/species – SNPs, microsatellites). 



Backcross

P:

F1:

BC1:



F2 intercross

P:

F1:

F2:



chr1 chr2 chr3 chr4

Genetic mapping using experimental crosses

Segregating population

LOD = LODa + LODi

LODa    additive effects

LODi       gene interactions

LOD score QTL (Quantitative Trait Locus)



How to create genetic map?

Recombination frequency (1% = 1cM)



The same cross can be used to create the genetic map and 

to perform genetic mapping

• Segregating population can be sequenced using for example ddRAD 

sequencing. 

Henning et al. 2014



• Preparation of segregating population can take a lot of time in 

some species. 

• Coarse-scale mapping (cca 10 cM).

• We will determine number of loci responsible for the 

phenotype, their position in the genome and interactions 

between them. But not the particular genes. 

Genetic mapping using experimental crosses



Consomic strains

(Chromosomal substitution strains)

…
..

PWD/Ph 

(M.m.musculus)

C57BL/6J 

(M.m.domesticus)



How to create the chromosome substitution strain

B6-2PWD

1         2          3

PWD/Ph

Chr 1        2         3 …

C57BL/6J

1        2         3 …

1          2          3

F1

1          2          3

BC1

1          2          3

BC2
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BC10

1          2          3

…
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Intercross



• Construction of strains is time consuming, but once they are available 

mapping to individual chromosomes is very fast and simple.

• For finner-scalle mapping further crossing is needed. 

• From the consomic strain, congenic strain can be relatively quickly 

prepared.

Genetic mapping using consomic strains

• Similar crossings are used in improvement breeding in agriculture  

     – transfer of a selected train from one species to another 
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Recombinant inbred lines

• 20 generations of sibling crossing
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Rekombinantně inbrední linie

• 10 generation of selfing in plants



• Construction of strains is time consuming (20 generací křížení), 

genotyping of the resulting lines, but not during the crossing.

• Once they are constructed mapping is fast and relatively fine-

scalle (~1cM or less depending on the number of strains).

Genetic mapping using recombinant inbred lines



Collaborative cross in mice

More strains, more phenotypes
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Genetic mapping of white head-spot using 

collaborative cross

Two candidate regions long cca 5Mb



MAGIC lines in Arabidopsis thaliana



Animal QTL database



Physical mapping and analysis of candidate genes

• Delimitation of the critical region in the DNA sequence

• Annotation of genes in the critical region

• Searching for polymorphism in candidate genes 

(non-synonymous substitutions, changes in gene expression)

• Experimental confirmation. Transgenes and knock-outs. 

Genetic map 

(cM)

Physical map 

(bp)

např. in mouse 1cM ~ 2 Mb



Dzur-Gejdošová et al. (2012) Evolution

Genetic mapping and identification of genes for F1 hybrid sterility 

Hst1 (Prdm9)

Hstx2

PWD/Ph 

(M.m.musculus)

C57BL/6J 

(M.m.domesticus)



Pedigree analysis

• Pedigrees with a segregating trait (e.g. disease). 

• Coase scale mapping (~1-10cM). 

• Useful for mapping traits with simple Mendelian inheritance.

• Useful in organisms which cannot be crossed in the laboratory.



Important method from the historical perspective. 

Identification of some human disease genes. 

Science (1985)



Association mapping 

• Mapping in natural populations based on linkage disequilibrium (LD). 

• To find association between the train and genetic marker, we need very 

high density of markers (~ 1 mil markers, depends on the level of LD).  
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Haplotype map of human genome

(HapMap projekt)

• Genotypes of 1 mil SNPs located each 

5 kb in the genome in more than 250 

individuals.

• Genome consists of blocks 

(haplotypes) with high LD. Borders 

between these blocks correspond to 

recombination hotspots.

• To find association between a train 

and the marker we need ~ 0.5 mil 

SNPs in European population and 1 

mil SNPs in African population 

(i.e. capacity of one SNP genotyping 

chip)

Nature 437, 1299-1320. 2005



• Very fine scale mapping (~10kb). 

• Mapping qualitative as well as quantitative traits.

• High number of individuals is needed (~ 1000).

• One should be careful about the population structure.

Association mapping



Published GWA Reports, 2005 – 2013
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Published genome-wide association studies (GWA)



NHGRI GWA Catalog

www.genome.gov/GWAStudies

www.ebi.ac.uk/fgpt/gwas/ 



Association study of 7 diseases in British population

The Wellcome Trust Case Control Consortium, Nature 2007 



Personal Genome Project

• infer paternity or other features of the participant's genealogy

• claim statistical evidence that could affect employment or insurance or the ability to 

obtain financial services for the participant

• claim relatedness to criminals or incriminate relatives

• make synthetic DNA corresponding to the participant and plant it at a crime scene

• reveal propensity for a disease currently lacking effective treatment options

Risk of participation



• Genetic mapping in natural hybrid 

populations. 

• Finer resolution compared to 

classical mapping by experimental 

crossing, but coarser compard to 

association mapping.

• ~ 1000 - 5000 markers.  

Admixture mapping



Combination of more approaches

1. Experimental cross 2. association mapping

Genome-wide coarse-

scalle mapping

Local fine-scalle mapping

Experimental 

cross

Admixture 

mapping

Association 

mapping

Number of 

markers

~100 ~1 000 ~ 1 000 000

Resolution ~10 cM ~1 cM, ~1 Mb ~10 kb



Expression (e) QTL mapping

• Difference in gene expression as quantitative trait. 

• eQTL maps regulatory regions (cis or trans) responsible for 

gene expression change.

cis regulation

promotors, 

nearby enhancers, 

trans regulation

transkription factors, 

miRNAs



Morley et al. 2004, Nature

cis e-QTL

trans e-QTL

multiple e-QTL

„Master transkriptional regulators“ 

Some trans eQTLs expression of many 

genes

In one experiment, we can 

study expression of all genes, 

and create regulation 

networks.  

Morley et al. 2007, Nature



• Inactivation or deletion of 

a particular gene. 

• Homologous 

recombination in 

embryonic stem cells.

Reverse genetics

Methods of targeted mutagenesis

Gene knockout



Conditional gene knockout

• Allows gene deletion in a tissue or time specific manner.

• Cre-lox system. 



Gene knockdown

• Reduction of gene expression.

• Based on RNA interference.  





Gene knockin

• Modification (rather than deletion) of the gene sequence.  

Transgen

• Insertion of one or more copies of the gene to the genome. 

Insertion occurs randomly in the genome. 



CRISPR-Cas

• CRISPER (Clusters of 

Regularly Interspaced

Short Palindromic Repeats.

• Cas (CRISPER-associated) 

genes. Nucleases.

• Bacterial imune system



Genome editing by Crisper-Cas9

• Multiple genes can be edited in one step.





Other technologies for genome editing.



Treatment of Hunter syndrom by gene editing



Genome editing in agriculture
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