
Concepts of Modern Genetics 

Genetic Analysis in Yeast 

• The power of yeast (online lesson) 

o Yeast = single cell fungi → ideal model system for eukaryotic cell biology, high degree of 
conservation with more complex eukaryotic organisms 

▪ Very fast growth (division every 90 minutes) 

▪ Cell wall: mechanical stability and protection, exacerbates (erschweren) migration → 
easily moved by wind/water, immunity to external viruses → little modification by 
horizontal gene transfer (might be reason for efficient homologous recombination 
because of low risk of inserting foreign DNA) 

▪ Other yeasts = pathogens: e.g. Candida albicans → fungal infections 

▪ Grow both in liquid cultures and on plates, on defined media → reproducibility + effects 
of depleted media 

▪ Easy duplication using replica plating for selection / isolation of mutant clones 

▪ Robustness towards environmental conditions → can be frozen/freeze-dried or stored 
at room temperature for years 

▪ High rate of homologous recombination (fix DNA, switch mating type, ensure correct 
segregation during meiosis) → integrate exogenous DNA into specific locations of DNA 

▪ Replication via autonomously replicating sequences (ARS) that contain the origin of 
replication → plasmids outside of chromosomes are replicated within yeast cells 

▪ Can reproduce both asexually (identical clones) 
and sexually (recombination) 

• Haploid stage: genetic analyses → 
recessive traits manifested 

• Diploid stage: maintaining mutations, 
combine alleles of genes in order to 
determine recessive or dominant traits or 
gene interactions  

o S. cerevisiae: haploid genome, 12’000kb of DNA, 16 chromosomes, high gene density 
(~6600 genes, mainly without introns) 

▪ Two different haploid mating types (sex): MATa and MAT 

• a-factor and -factor = mating pheromone 

• a-cells respond to -factor, -cells to a-factor → grow mating projection (shmoo) 
towards source of other factor → fusion forms diploid cell 

• Type determined by genes present in the mating type locus (MAT) → two 
different alleles that encode regulators 

• In haploid state: haploid-specific genes (hsg) expressed together with sex-

determining genes (asg or sg), diploid-specific genes (dsg) repressed 
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• In diploid state: hsg repressed and dsg expressed 

• MATa = default state → asg and hsg always expressed 

• MAT: -specific genes due to activation by 1, 2 represses asg → 2 
determines mating type 

• In MATa/MAT diploids: 2 represses asg, a1/2-dimer represses hsg + 1 → hsg 
no longer represses dsg 

• Switching mating type (homothallism): both male and female reproductive 
structures are present in same thallus (vs. heterothallism) → S. cerevisiae is 
heterothallic in the haploid form (in case that mating type switch is not possible) 
and homothallic in diploid form 

o Diploid state has advantages such as forming spores under limiting conditions 
and recombination to produce new genotypes 

o Switch by replacing MATa allele with MAT allele (cells carry additional copy of 
both MAT alleles → HML/HMR (Hidden MAT Left/Right) locus = silenced copy 
of MAT) → homologous recombination initiated by HO gene (cuts DNA at MAT 
locus) 

o In research: often altered that mating type switch is not possible → stable 
propagation of haploid cells (heterothallic) 

• The relationship between mutation and phenotype (online lesson) 

o Forward genetics: abnormalities (phenotype) → genotype 

o Reverse genetics: genotype → phenotype (only possible after genome sequencing) 

o Defining mutations: 

▪ Effect on DNA sequence: point mutation, bp deletion, insertion, deletions of larger 
pieces, inversions, duplications or translocations 

▪ Effect on function of a gene: 

• Lethal mutation: organism dies → central metabolism or other essential functions 
(e.g. transcription, translation, development in higher organisms) 

• Conditional mutation: phenotypic effect under certain conditions → restrictive 
conditions. Under permissive conditions no effect. → Destabilized fold of mutated 
protein, protein required for amino acid synthesis 

o Auxotrophy mutations → requires additional nutrients to carbon and nitrogen 
vs. prototroph (no other nutrients needed) → wild-types usually prototrophs 

• Loss-of-function mutation reduces/abolishes activity of gene, usually recessive 

• Null mutation: completely abolishes activity of gene 

• Gain-of-function mutation increases activity/active in appropriate or 
inappropriate circumstances, usually dominant 



3 

• Dominant-negative mutation blocks gene activity causing loss-of-function 
phenotype even in presence of normal copy of gene 

• Suppressor mutation suppresses phenotypic effect of another mutation 

o Phenotype caused by mutation: 

▪ Temperature sensitive (ts) mutations: functional at low (permissive) temperatures, 
impaired at high (restrictive) temperatures. Usually due to protein destabilization 

▪ Dominant-negative (dn) mutations: e.g. when transcriptional activator is affected → 
retains DNA binding activity but lacks ability to transactivate 

o Gene interactions: Epistasis = action of one gene upon another to affect phenotype 

▪ Occurs when: 

• Two or more loci interact to create new phenotype 

• Allele at one locus masks/modifies effects of alleles at other loci 

▪ Examples: 

• Epistasis in same pathway: Adenine synthesis in yeast → ade2 mutants 
accumulate red pigment (AIR, ade2 needed for processing of AIR). Red phenotype 
is reversed by additional mutation in ade3 (AIR is no longer produced) → ade3 is 
epistatic over ade2. Adenine auxotrophy is not rescued! 

• Epistasis in different biological processes: Secretory pathway and ER-associated 
degradation pathway (ERAD): Misfolded proteins are retained in ER, exported to 
cytosol and degraded. SEC61 mutation leads to protein degradation due to partly 
misfolded domains which leads to death. This is inhibited by UBC6 mutation 
because SEC61 protein is not degraded anymore 

o Synthetic lethality 

▪ Combination of mutations in two or more genes leads to cell death 

▪ Indicates functional relationships between genes → buffering schemes that allow 
phenotypic stability despite genetic variation and environmental change 

▪ Example: arginine availability: Arg can be imported by CAN1 or synthesized by arg 
enzymes. CAN1 can also import canavanine (toxic). CAN1 mutation leads to 
canavanine-resistance → often used for selection.  

• Genetic screening: Isolation of yeast mutants (online lesson) 

o Workflow forward-genetic screen: 

▪ Selection of a biological process (phenotype) 

▪ Generation of mutant population (mutagenesis) 

• Using chemical compounds (e.g. ethyl methanesulfonate EMS → produces 

mutations by alkylating guanines that are incorporated into DNA during 

replication. This leads to thymine pairing instead of cytosine → point mutation 

after several rounds of replication, G-C to A-T) 

• Physical mutagenesis using irradiation such as X-rays → double strand breaks, 

leading to chromosomal mutations (e.g. deletions) 

▪ Choosing a screening strategy (readout) 

• Measure optical density of liquid cultures 
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• Examine colonies using a microscope 

▪ Identification of interesting mutants (screening vs. selection) 

• Screening: requires large numbers of mutants, time-consuming, allows 

examination of every single colony → wide range of mutations 

• Selection: only mutants of interest survive, saves time, some mutations not 

discovered (e.g. because of too slow growth) 

▪ Identification of the gene resulting in the mutant phenotype (mapping and cloning) 

▪ Verify phenotype is caused by mutation, epistasis analysis 

o Tetrad analysis allows analysis of inheritance patterns and thus making predictions about 

the nature of the mutation. It allows mapping mutations onto the chromosomes and to 

determine whether two mutations are linked. 

▪ All four meiotic products are contained within a single ascus → mendelian segregation 

predicts specific patterns of allele segregations → analyse spores for inheritance ratio 

and compare to expected ratio 

▪ Phenotypes not inherited in Mendelian fashion must either be caused by more than 

one gene or may follow non-Mendelian type of inheritance (not in nucleus) 

▪ Mapping is possible by comparison to another mutation with known genetic locus  

o Questions to ask regarding nature of the mutants: → tetrad analysis 

▪ Is phenotype cause by one or several mutations? 

• Single-gene segregation after crossing mutant cell to wild type strain → single 

gene segregation ratio 2:2. If ratio differs, it is not a single mutation 

▪ Is phenotype dominant or recessive? 

• Screen is started with haploid cells. Cross cells with wild type to form diploid cells 

→ mutation dominant: diploid cell shows mutant phenotype 

▪ How many genes have we identified all together? 

• Screen is saturated, if same mutations are found over and over again. 

• Tested by complementation tests → crossing mutants with another → if 

mutation in same gene: crossed mutants show mutant phenotype, no 

complementation. Mutation is in different genes: diploid cell shows wild-type 

phenotype → only possible in recessive mutations! 

o For dominant mutations: test spores resulting from diploid complemented 

mutants. If same gene is affected → all spores show mutant phenotype. If 

different genes are affected → ratio of 1:3 (wild type:mutant) 

• Complementation tests do not show expected results in some cases: 

o Mutations of different genes that act in the same pathway or are functionally 

connected fail to complement each other 

o Mutations in the same gene may complement each other if the second 

mutation can reverse the effect of the first mutation (e.g. in multimeric protein 

complexes composed of subunits produced by different mutant alleles of the 
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same gene) → 4:0 segregation where all mutants show phenotype (mutations 

are tightly linked) 

• Examples for genetic screens in yeast (online lesson) 

o Screen to identify genes involved in the cell cycle 

▪ Mutants blocked at a certain stage of cell cycle can be identified by morphological 

screening thanks to division by budding 

▪ Conditional mutants that can grow at 23°C but not at 36°C 

▪ Grow cell cultures with mutagen, plate on agar plates, grow at 23°C, then replicate 

▪ One cell culture grown under restrictive conditions → cells with cell division mutations 

will start division to the point where the mutation would be needed, where they arrest 

the cell cycle → all cells of one colony show same phenotype 

▪ Cell-division control (cdc) mutants: 

• Unbudded cells → G1 arrest 

o Haploid or diploid DNA content → diploid: budding process failed 

• Bud growing from apex → S-phase entry 

• Large budded cells with single nucleus → DNA replication, mitotic entry, mitosis 

• Large budded cells with divided nucleus → mitotic exit 

• Chains of non-separated cells → cytokinesis 

o Screen for genes involved in yeast metabolism 

▪ Identify mutants that are unable to synthesize certain metabolites → auxotrophic 

▪ Genes acting in these pathways are conditionally essential → permissive conditions = 

rich medium, restrictive conditions = medium lacking specific compound 

▪ By supplementing intermediate products specific for different steps of the pathway, one 

can identify which step is affected 

▪ Example: adenine biosynthesis 

• ade1 and ade2 mutants accumulate intermediate compound AIR that turns the 

colony red → one of the two steps just after AIR is blocked which is why AIR is 

aerobically oxidize into red pigment. In the presence of adenine, the biosynthetic 

pathway is shut down and cells remain white, in the absence of oxygen the cells do 

not turn red, only after exposure to oxygen → indicator for respiration 

• If steps before AIR are blocked or oxidation is defective, colonies stay white → 

additional white adenine-requiring mutants 

o “Petite colony mutants” → lack oxidative metabolism, mostly defective 

mitochondria, very common 

• Shift from red to white often used as non-selective phenotype in genetic screens 

o Ade2-103 mutation: early stop codon → non-functional; with second mutation 

that affects stop codon → functional protein. Screening for white colonies in 

ad2-103 mutants → defective mitochondrial function, adenine precursor 

synthesis, or mutant fails to recognize stop codons 
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o Screen for genes implicated in the secretory pathway 

▪ Mutations in these pathways are likely lethal → identify temperature-sensitive (ts) 

mutants that accumulate intracellular vesicles 

▪ Secretion deficiency → protein & lipid accumulation, cannot increase surface → denser 

• Grow at permissive temperature, switch to restrictive temperature prior to 

centrifugation → separated by density gradient centrifugation → recover high-

density cells, regrow clones 

▪ Identify mutants in early secretory pathway using signal sequence in amino terminus 

• Fuse signal sequence to DNA sequence of cytosol enzyme (e.g. histidinol 

dehydrogenase) → is transported to ER where it cannot perform its function → 

cells die on medium without histidine 

• Mutations that affect protein transport into the ER make ER localization of 

modified enzyme less efficient → cells survive in absence of histidine (only works 

in partial loss-function mutations) 

o Screen for drug resistances 

▪ Cycloheximide resistance 

• Cycloheximide: drug inhibiting translation by inhibiting translocation of ribosome 

along mRNA → leads to stop of protein synthesis & growth at high concentration. 

At low concentration, protein synthesis is not fully inhibited 

• Cycloheximide-resistant temperature sensitive (crl) mutants have mutations in 

ribosomal subunits & in proteasomal genes/components of ubiquitination system  

▪ Rapamycin resistance: immunosuppressive compound, required for activation of 

helper T-cells in mammals → Effect on S. cerevisiae: irreversible arrest in G1 phase 

• Resistance caused by mutation on TOR1 or TOR2 (serine/threonine kinases that 

control growth, metabolism and cell survival) 

• TOR signalling is highly integrated in other signalling pathways that respond to 

external conditions (e.g. insulin-signalling cascade) 

• Gene mapping and identification (online lesson) 

o Gene mapping using tetrad analysis 

▪ Whole-genome sequencing would be inefficient, costly and laborious 

▪ Genetic methods to narrow down regions where mutation could be located → linkage 

analysis (distance between two genes measured by frequency of recombination): linked 

if they do not segregate independently → same chromosome 

▪ Types of tetrads: allows analysis whether genes are i) linked to each other, ii) linked to 

centromere (crossover), and iii) one or both genes are not linked to centromere 

• In absence of recombination:  

o Parental ditype (PD): resemble the two kinds of parental spores 

o Nonparental ditype (NPD): two kinds of nonparental spores 

• In presence of recombination:  
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o Tetratype (TT): result of crossing-over events → four spores with distinct 

genotype 

• Linked, chance of crossover < 25% → PD > 50%, TT > 0 (one crossover), NPD rare 

(¼ of double crossovers) → PD > TT > NPD 

• Unlinked, can rearrange in all possible manners with same probabilities → 6 

tetrads: 1 PD, 1 NPD, 4 TT → PD = NPD 

• Linked to centromere: PD : NPD : TT is 1 : 1 : <4, cannot be determined if A and B 

are linked genes 

o Crossover frequency and genetic distance 

▪ Crossovers are equally likely at any point along the length of a chromosome 

▪ Probability of crossover is proportional to distance between the two genes → greater 

distance, greater probability of crossover between them 

▪ Distance is expressed in genetic map unit (m.u.) or centimorgan (cM): defined as 

distance between genes for which 1 out of 100 meiosis is a recombinant → 

recombination frequency (RF) of 1% is equivalent to 1 centimorgan 

o Calculating gene-centromere linkage from tetrad frequencies 

▪ One known centromere-linked gene needs to be present in the cross 

▪ In tetratypes a crossover has occurred between a gene and its centromere → no 

tetratype in unlinked genes if both genes are very tightly linked to the centromere 

▪ Gene trp1 (auxotrophic for tryptophan) is very close to centromere → reference 

▪ Linkage = ½ * TT / (total number of tetrads) cM 

o Calculating gene-gene linkage from tetrad frequency: 

▪ Distance less than 25% crossover (<25 cM) 

▪ No NPD: linkage = ½ * TT / (number of total tetrads) cM 

▪ Few NPDs: linkage = ½ * (TT + 6*NPD) / (total number of tetrads) cM 

▪ Calculating gene-gene linkage only makes sense when the two genes are linked 

• Gene interactions (online lesson) 

o Gene identification by complementation analysis 

▪ Introduction of wild-type copy of mutated gene reverts mutant phenotype (only works 

with recessive phenotypes) → use recombinant DNA library (different plasmids, 

containing genome fragments, origin of replication, autonomously replicating 

sequence (ARS), yeast centromeric DNA (CEN4) and selectable marker) to transform 

yeast colony → only cells with plasmid can grow 

▪ Plasmids: very stable, does not get lost from the cell, but copy number is not stable; in 

a cell colony because there are so many cells, some of them will lose the plasmid! 

▪ URA3 gene often used as marker (strains used are ura3-), interaction with 5FOA is 

lethal → used for selection. Other selection markers: antibiotic resistance, auxotrophy 

▪ CEN4 required for plasmid to propagate symmetrically to mother and daughter cells 

▪ Yeast cells must contain recessive mutation of interest and marker in plasmid 
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▪ Mutant yeast cells are transformed with DNA plasmid library, transformants are 

identified and screened for those that complement the mutant phenotype 

▪ Plasmid that complements the gene of interest contains gene that is causing mutant 

phenotype → determine precise genomic segment in recombinant plasmid by 

sequencing DNA at the ends of the plasmid and searching database of entire genome  

▪ Make new plasmids, each containing only one of the genes from original plasmid or 

classic complementation tests between mutant of interest and mutations in each of 

the candidate genes using synthetic genetic arrays (SGA, collection of mutants where 

ORF is replaced by a marker) 

▪ Often, wild type is not really wild type → just the main strain, sometimes Ura3- etc. 

o Genome editing 

▪ Phenotype could be caused by different types of mutations → early step after 

identifying gene is to construct deletion that results in null mutant → compare to 

original mutant / test for viability 

▪ Precise deletion using DNA fragments synthesized by PCR 

• PCR amplifies a selectable marker (e.g. antibiotic resistance) using primers 

containing short region of homology to the DNA sequences flanking the open 

reading frame of the gene of interest → gene of interest is replaced 

• PCR product is transformed into yeast cells and incorporated by homologous 

recombination (use diploid yeast strains in case of lethality for haploid situation) 

• Select for PCR transformed spores (using antibiotic resistance or auxotrophy) 

• Since S. cerevisiae genome is known, a deletion mutation of every gene can be 

made → synthetic genetic array (SGA) 

▪ Also used to tag genes with fluorescent tags or affinity tags for protein purification 

▪ In higher eukaryotes, genome editing is more difficult (homologous recombination is 

rarer) → specific systems like CRISPR/Cas9 or TALEN have been developed 

o A side note: Identification of open reading frames 

▪ Open reading frame (ORF) has potential to code for a protein or peptide 

▪ Detected in DNA sequence because it does not contain a stop codon 

▪ Two strands with opposite orientation + three different ways to place codon → 6 

different ways to read genome (reading frames) 

▪ Possibility for start codon 1/64 (43), for stop codon 3/64 (there are 3 stop codons) 

▪ ORF present if distance between start and stop is large enough that probability of 

having such a sequence by random is smaller than 5% → 300bp = 100 aa 

▪ Alternatively: what part of genome is expressed → purifying mRNAs 

▪ Alternatively: identify conserved regions by comparison to related organisms 

o Epistasis and suppressor analysis 

▪ Epistasis: Phenotype caused by a mutation in one gene is masked by a mutation in 

another gene → can help to determine their relative order of function 
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▪ Interaction between two or more genes that control a single phenotype 

▪ Suppressor analysis: looking for mutations that are epistatic to mutation of interest 

• Isolation of “revertants” of the original mutant (no longer show original mutant 

phenotype) by screen or selection 

• Two possibilities for revertants: either true reversion of mutation or second 

mutation in an interacting gene that compensates for the mutation (“extragenic 

suppressor”) → epistasis 

• Cross of revertant with wild-type strain, tetrad analysis → true revertants: tetrads 

are all PD; extragenic suppressors: different pattern because of segregation of the 

two mutations 

▪ Type of suppressed mutation often determines nature of suppressor mutation 

• Dosage suppressor: rescues in high copy → mutant protein is destabilized but 

increased dosage of wild-type partner stabilizes the protein 

• Interaction suppressor: allele specific/gene specific → conformation of mutant 

protein is altered, interaction partner is also altered 

• Bypass suppressor: pathway specific, rescues null allele → mutant blocks one 

way, suppressor opens alternative pathway 

• Nonsense suppressor: allele specific, gene non-specific → mutant terminated 

early by nonsense codon, rescued by tRNA that recognises nonsense codon 

▪ In suppressor analyses, double mutants show a phenotype that is different from either 

single mutant → synthetic interaction 

o Synthetic lethality 

▪ Double mutant is lethal under conditions where both single-mutant parents are viable 

▪ If each mutation impairs an aspect of an essential process, the double mutant should 

have a more severe phenotype 

▪ Redundancy: more than one gene can perform the same function → can compensate 

for each other 

• To find redundant pathways, cross mutation with other mutations and observe 

resulting phenotype → only double mutants will show phenotype 

▪ Three possible relationships uncovered by synthetic lethality: 

• Redundant genes in regulatory pathway 

• Genes whose products interact in a complex → reduce complex activity but it’s still 

sufficient for survival, double mutant reduces activity below threshold 

• Genes whose products independently contribute to the same process → 

overlapping functions 

▪ Inactivation of quality control mechanisms can affect the fidelity of other processes 

• RAD9 is involved in DNA damage checkpoint → without stress, it is non-essential. 

In combination with defective chromatin organization it becomes lethal 

▪ Rare cases of interaction: 
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• Intragenic complementation/allelic complementation: double mutant behaves 

like wild type, although the two mutations are in the same gene → can indicated 

that the protein codes for two independent domains 

• Non-allelic non-complementation: double mutants with mutations in different 

genes that result in the same phenotype fail to complement each other in the 

heterozygous diploid → indicates that two genes encode physically interacting 

proteins, both genes lower concentration of multimeric complex 

o Ordering genes in a pathway 

▪ Comparing single-mutant phenotype with double-mutant phenotype can determine the 

relative functional order of two genes 

▪ Two different types of biological pathways: → components act in a defined sequence 

• Biosynthetic (metabolic): gene corresponds to the enzyme, loss-of-function 

mutations that affect different genes in the same metabolic pathway will have 

distinct phenotypes because different intermediates are accumulated→ Upstream 

gene is epistatic to downstream gene 

• Regulatory: each step activates/inactivates the next gene product in the pathway, 

mutations can only affect the pathway in two ways: activation or inactivation → 

Downstream mutant is usually epistatic over upstream gene 

• Non-Mendelian inheritance (online lesson) 

o A review of Mendel’s laws: 

▪ Law of Segregation: in diploid organisms that produce gametes by meiosis, each allele 

is segregated into a different gamete 

▪ Law of Independent Assortment: the segregation of alleles happens independently of 

other alleles (only true for genetic loci that are not linked) 

▪ When crossing two individuals with a known genotype, one can predict the probability 

that the offspring will have a particular genotype and phenotype 

o Non-Mendelian inheritance: 

▪ Genes that are not located in the nucleus, instead they reside in cytoplasmic organelles 

and plasmids → origin of cytoplasm (not of the nuclear DNA) determines phenotype 

▪ Mitochondria and chloroplasts have their own genomes and use their own 

transcriptional and translational machinery. Usually many more than two copies of 

each gene → special patterns of inheritance 

o Mitochondrial inheritance: 

▪ In most higher eukaryotes, one parent provides the organelles (usually female parent) 

▪ Mitochondrial inheritance is thus uniparental (maternal inheritance) → little 

opportunity for genetic recombination 

▪ All mitochondrial DNA is inherited as a single unit (haplotype) → can be used to infer 

the evolutionary history of population (“mitochondrial Eve”) 

▪ In yeast, both haploid cells contribute equal amounts of mitochondria to the diploid 

zygote. Maternal and paternal mitochondria are randomly distributed in subsequent 

divisions. After a few generations, a cell will generally only contain mitochondrial DNA 
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from one of the parent cells because only a small part of the mtDNA passes from 

mothers to buds → drift 

▪ When diploids with segregated mitochondria undergo meiosis, the four haploid 

daughter cells receive the same mitochondrial genes and segregation is 4:0 or 0:4 

• In vast generality: exactly 50% 4:0 and 50% 0:4 → different nuclear genes! 

o The use of yeast in studying mitochondrial genes 

▪ S. cerevisiae can produce energy by fermentation and thus does not depend on 

mitochondria → can survive mutations in mitochondrial genes that arrest oxidative 

phosphorylation or even total loss of mtDNA in the presence of fermentable carbon 

sources → can be used for conditional growth screens/selections 

▪ Some mitochondrial components are encoded in nuclear genes (e.g. subunits for 

mitochondrial RNA polymerase and mitochondrial ribosomes) → mutations in either 

mtDNA or nuclear DNA can impair mitochondrial function, distinct inheritance patterns 

▪ Mutants defective in oxidative phosphorylation form small colonies on medium 

containing limiting amounts of fermentable carbon sources → petite mutants 

• Nuclear PET genes segregate 2:2 during meiosis 

• Mitochondrial rho mutations segregate in a different fashion. Rho mutants that 

result in complete loss of mtDNA are called rho0 mutants, partial loss mutants are 

called rho- mutants.  

o If rho- mutant is crossed with wild-type strain → 50% of tetrads show 4:0 and 

50% 0:4 segregation due to drift, sometimes bias towards 0:4 (rho+ : rho-): 

mutant genome proliferates faster than wild type (hyper-suppressor, when 

origin of replication is amplified through tandem repetitions) 

o Rho- mutants can be used in complementation assays to detect whether a 

certain gene can complement and reverse the mutation 

o Mitochondria are inherited independently of nucleus → suitable marker for 

inheritance of cytoplasm (Rho0 often used for this purpose) 

o Phenotype of Rho0 is the same as Rho- (cannot respire) 

• Non-Mendelian Inheritance (Lecture) 

o Sexuality in many organisms is not about reproduction but about recombination → 

recombination is important in times of stress, but only to a certain degree. It is needed to 

eliminate mutations: In haploid state → mutants die, only “healthy” cells will survive 

▪ Diploid cells have the advantage that there is a template to repair damaged DNA and 

also reduces noise in protein production (due to more promotor activity) 

o Mendelian genetics: genes are on chromosomes, in the switch from haploid to diploid 

genes are not lost, the probability of inheriting one or the other chromosomes is equal; the 

alleles separate in a 2:2 aspect, they separate independently (unless linked) → 

chromosomes coevolve because there is no competition 

o Non-Mendelian genetics: no balance of different alleles, alleles can get lost (competition)  

▪ Non-Mendelian genes are often used for adaptation to the environment because 

selection happens a lot faster than selection for chromosomal mutations 
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o Karyogamy: fusion of two nuclei in transition from haploids to diploids 

▪ Defective: one of the fusion cells does not divide nucleus properly → one daughter cell 

has three nuclei; one has one nucleus → useful because haploid daughter cell can have 

nucleus from one parent and cytoplasm from the other parent (cytoduction) 

• Mitochondrial genotype is cytoductible → cytoplasmic inheritance 

o Yeast cell first ferment all available glucose using glycolysis. Only then they start oxidizing 

the ethanol → evolutionarily, yeast using glucose of fruit as fast as possible, ethanol is toxic 

to most bacteria: yeast can colonize fruit rapidly and fend off bacteria 

o Ade2-101 (codon 101 has been transformed into a stop codon), Rho+ → cells turn red, 

identify mutations that turn the mutants white 

▪ Type 1: Rho- / Rho0: do not respire, oxygen is required for the formation of red pigment 

▪ Type 2: Sup35 is an Ade- suppressor → phenotype is white, even in presence of oxygen. 

Sup35 is a termination factor (random tRNA can bind to stop codon instead and 

continue the translation of protein) 

• Suppressor tRNA: mutation of anticodon loop of a tRNA → binds to stop codons 

instead of termination factor and continues translation (often there are multiple 

stop codons following each other at the end of the protein: even if one is not 

recognized due to a mutated tRNA, the protein is ended in the proper place) 

▪ Type 3: does not segregate in Mendelian fashion, very rare 

• Rho+, Ade+ → white, recover ade2 mutation, turn red when ade is deleted 

completely: can read through stop codon. Mutation is dominant. Tetrad analysis 

shows only one type of tetrad (white) → mutation psi+, inherited with cytoplasm, 

encoded on a protein that is resistant to proteases (prion) = Sup35 protein 

o Prion: protein that has the ability to propagate a trait, has two forms: A and AP. 

AP is resistant to proteases and insoluble, non-functional, transformation to AP 

is autocatalystic (all proteins turn into AP if there are a few) 

o You only get rid of mutations that are selected against → being Psi+ allows heat-sensitive 

mutations to survive, psi+ is activated when many proteins are misfolded or damaged 

 

Forward Genetics 

• Classical Forward Genetic Screens in Drosophila and C. elegans (online lesson) 

o Overview of model organisms 

▪ Model organism = species that are extensively studied to enhance biological and 

medical research; assumption: discoveries provide insight into processes in other 

organisms (conservation of genetic material/metabolic & developmental pathways) 

▪ Common features: short generation time, inexpensive keeping, ease of manipulation 

▪ Selecting the right model for your question: 

• Model should be as simple as possible and as complex as necessary 

o E.g. immune system of C. elegans is different from that of vertebrates 

o Development and embryogenesis → studied in C. elegans/D. melanogaster 
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• Which techniques for genetic manipulation are available for this organism? 

• One strain is defined as the wildtype strain 

o Caenorhabditis elegans – The worm of choice for studying cell differentiation 

▪ Transparent, non-parasitic nematode, eukaryotic → developmental biology 

▪ Findings made in this nematode are transferrable to a broad spectrum of organisms 

▪ Genome: five autosomes + one sex chromosome, ~100 million base pairs (200x smaller 

than human genome), similar gene count to humans (~20’000) → high gene density, 

about 35% of genes have human homologs 

▪ 1mm long, tissues and organs of more complex animals but in a simplified form (302 

neurons, 95 muscle cells), lacks circulatory and respiratory tracts, bones, etc. 

▪ Two forms of sex: Male (one sex chromosome X0) and hermaphrodite (matched pair of 

sex chromosomes XX). Hermaphrodite = self-fertile female that can produce male and 

female gametes → self-progeny by internal fertilization 

• Males are generated by non-disjunction of X-chromosomes during meiosis → 

needed for moving mutations between strains to ensure genetic variability 

(because females usually self-fertilize) 

▪ Embryonic development: four larval stages, ~800 minutes at 20°C → one of the fastest 

growing animal models 

▪ Hermaphrodites consist of exactly 959 somatic cells, males have exactly 1031 cells 

• Generated through an invariant cell lineage (eutely) → can predict differentiation 

pattern of each cell during embryogenesis 

▪ Easy to handle, can be grown in small Petri dishes or liquid cultures, fed inexpensive 

diet of bacteria, can be kept frozen 

▪ Short (three day) generation time, lifespan of 2-3 weeks, single hermaphrodites can 

produce up to 300 progenies 

▪ Transparency facilitates study of cellular differentiation/developmental processes 

o Forward genetic screens in C. Elegans 

▪ Wild-type C. elegans hermaphrodites = parental population P0 → Mutagenized 

▪ P0 lays eggs → F1 generation → heterozygous (m/+) → ¼ of F2 progeny will be 

homozygous (m/m) → recessive F2 screen: allows identification of recessive 

phenotypes in F2 generation 

• Hermaphrodites worms are handy, because only one worm with the mutation is 

needed to generate homozygous progeny 

▪ Forward screen: unbiased, reveal any mutation associated with observed phenotype 

o Drosophila melanogaster – the fly of choice to study development 

▪ Easy and inexpensive to maintain in a laboratory, short (ten-day) generation time, 

produces many offspring 

▪ Males and females can be distinguished by morphological features: 

• Female: pointed abdomen; Male: smaller, dark backs, black patch on abdomen 
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▪ After eggs are fertilized → rapid nuclear division 

without cytoplasm division (syncytium) → later eggs 

hatch: larvae → puparium: (metamorphosis) → adults 

▪ Four pairs of chromosomes (three autosomes, one sex 

chromosome XX/XY) 

• Genome is fully sequenced: 140 million bp, ~50% 

of the 15’000 genes have human homologs 

▪ Many external features can be affected by mutations, 

large number of developmental processes conserved between flies and vertebrates 

▪ Mutant libraries, RNAi collections etc. → facilitate large-scale genetic analyses 

▪ Stocks cannot be frozen, but have to be maintained continuously 

o Forward genetic screens in Drosophila 

▪ Heidelberg screen: recessive F2 screen → revealed 15 fundamental 

developmental genes that cause defects in embryonic segmentation  

▪ Suited to look for genes involved in embryonic development 

• Body is first divided along the anterior-posterior axis into segments 

→ similar fundamental plan, number is determined in wildtype → 

patterning of the embryo can be visualized already in the larval 

cuticle (external shell) 

• Mother loads egg with most of the gene products required for the very early steps 

of embryogenesis (maternal effect genes) → define the two main axes (anterior-

posterior and dorsal-ventral) → few mutations block early embryogenesis 

• To study embryonic lethal mutations: isolate heterozygous siblings and keep these 

for further breeding. To identify heterozygous individuals, a special chromosome 

that carries a visible marker mutation is used (balancer chromosome) 

o Zebrafish: 25 chromosomes, two sex chromosomes (X/Y), 1500 million base pairs, 26’000 

genes (almost whole genome is duplicated →paralogs) 

o Human: 22 chromosomes, 2 sex chromosomes (X/Y), 3000 million base pairs, 20’000 genes 

o Balancer chromosomes as tools to isolate and maintain lethal mutations 

▪ Dominant phenotypic marker on homologous chromosome to the mutation that 

allows selection → after crossing with wildtype: 50% balancer/+ and 50% mutation/+ 

▪ Balancer chromosomes consist of one or more inverted DNA segments 

• No longer really homologous to its corresponding wild type chromosome → 

prevents crossovers and recombination because synapsis is inhibited in vicinity of 

inversion breakpoints. If crossover does happen, this results in chromosomes that 

have two centromeres or no centromeres (in inverted regions) 

o Chromosomes resulting from crossovers will lack some genes and have multiple 

copies of other genes → do not survive 

• Often carry recessive lethal factor → only heterozygous flies for both the balancer 

and the mutation survive → balancer and mutation are maintained 
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o The setup for the Heidelberg screen 

▪ Concentrate mutations on second chromosome → important to decide on a balancer 

▪ Mutagenized males are crossed to virgin females (heterozygous for chromosome 

balancer) → F1 males with balancer chromosome (and probably also mutation on 

other chromosome) crossed with virgin balancer females → done for every single male 

with different mutations to obtain females and males with the same mutations → F2 

heterozygous for mutation 

▪ Crossing males and females from F2 → F3 generation: 25% homozygous for balancer, 

50% balancer + mutation, 25% homozygous for mutation 

▪ Analysis of those lines with homozygous lethal mutations identified fundamental 

developmental genes → compare cuticle to wildtype  

▪ Found different classes: gap-, pair-rule and segment-polarity genes → regulatory 

hierarchy to create a pattern in the embryo 

▪ Cannot identify maternal effect genes, genes affect patterning of internal structures, 

tissue-specific genes. Small genes (e.g. miRNAs) have a low mutation frequency 

• Forward Genetic Methods to Screen F1 Generations (online lesson) 

o Clonal screens 

▪ Cells in specific tissue are homozygous for mutation, rest of animal is heterozygous for 

mutation → artificially induced recombination in somatic cells using Flp recombinase 

• Flp recombinase mediates site-specific recombination between target sites (FRT 

sites) → FLP/FRP technique is established in Drosophila and has recently been 

adapted to C. elegans and the mouse 

• FRT sites have to be artificially introduced at identical positions on the 

homologous chromosomes, Flp recombinase gene also has to be artificially 

introduced into the genome 

• Flies with mutation distal to an FRT site on one chromosome are crossed with flies 

containing only the FRT site → 50% of offspring is heterozygous for the mutation 

and the FRT site, 50% will be homozygous for only the FRT site 

• Heterozygous flies are of interest → mitosis: Flp recombinase mediates 

recombination between the chromatids of homologous chromosomes at the FRT 

sites → DNA exchange distal of FRT site → some cells are homozygous for the 

mutation → proliferate and grow to clonal areas with identical genotype 

• Occurrence of recombination can be visualized by a visible marker on one of the 

chromosomes that participates in recombination 

▪ Advantages: F1 screens can be carried out for recessive phenotypes, by using a Flp 

recombinase that is expressed in specific cells/specific stage in development, one can 

control where and when recombination occurs → tissue-specific 

▪ Homologous chromosomes need to be paired in mitotic cells for mitotic recombination 

→ special in Drosophila, does not occur at a high frequency in most other organisms. 

Thus, mitotic recombination occurs with much lower frequency in other organisms 

▪ Can be used to study maternal effect genes by mutating nursing cells 
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o Examples for clonal screens 

▪ ey-Flp experiment: Flp is fused to regulatory region of the eyeless gene → expressed 

specifically in the developing eye disc → homozygous mutants only in adult eye 

▪ Select against homozygous wild-type clones → chromosomes carry Minute (M) 

mutation (mutations in essential components of the translation apparatus) → recessive 

lethal, dominant growth inhibition.  

• Minute mutation present on non-mutant FRT chromosome: after recombination, 

cells that received two copies of non-mutant chromosome die → only mutant/ 

heterozygous cells survive, but heterozygous cells grow only slowly → twin spot 

clones (cell that founds this clone is twin of homozygous mutant clone) 

o A screen for growth regulators using the Flp/FRT system 

▪ “Pinhead/Bighead” screen: mutants disrupting size regulation are identified by simply 

screening for flies with small/big heads → body is normal sized, acts as internal control 

▪ Use eye-Flp/FRT system combined with cell lethal mutation → four screens 

• Mutations in left & right arm of chromosome 2, left & right arm of chromosome 3 

• Mutagenize flies with EMS, cross mutagenized flies with line containing non-

mutant FRT line and FLP recombinase 

• F1 generation → flies with bigger / smaller eyes than usual → mutation in growth-

regulating genes → identification of main components of insulin signalling cascade 

o Modifier screens 

▪ Screen for dominant enhancers of suppressors: loss-of-function mutations for almost all 

genes are recessive → reducing activity of this protein by a mutation in another gene 

may lead to a phenotype because the protein level is now no longer sufficient for 

normal function → dominant enhancer/suppressor (synthetic interaction) 

▪ Synthetic interaction: double mutant has a phenotype different from either single 

mutant parent → in screen start with one mutation, look for second mutation that 

makes phenotype more severe/milder → enhancer/suppressor = modifiers 

• Synthetic lethality as most severe case of enhancement 

• The same gene can act as a suppressor or an enhancer if one mutation leads to 

overexpression (gain of function) and one leads to loss of function→ modifier 

refers to mutation, not gene! 

o Example for a dominant modifier screen in Drosophila: playing with the sevenless threshold 

▪ Drosophila eye: 750 units (ommatidia) packed into hexagonal array → slightest 

perturbations to ommatidium can be visually detected → easy readout 

• Each ommatidium consists of eight photoreceptor cells (R1 to R8), eleven pigment 

cells and four lens-secreting cone cells 

▪ Photoreceptor cells have specific positions in ommatidium, express specific genes and 

have specific special properties 

▪ During eye development: sevenless signal transduction pathway controls cell-fate 

choice between the photoreceptor cells and cone cells 
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• Activation of receptor-tyrosine kinase Sevenless (Sev) in R7 precursor cell by 

binding to bride of sevenless protein (Boss) 

• Absence of Boss/Sev signalling: development into cone cell; presence of Boss/Sev 

signal: differentiation into R7 

• Gain-of-function of SevS11 is used (constitutively active), independent of binding to 

Boss → normal development of R7, but some cone cell precursors also turn into 

R7 → rough eye phenotype → sevenless activity necessary and sufficient for 

determination of R7 cell fate 

o Increases sevenless signalling in cone cells (normally inactive because no Boss 

signalling) → dosage-dependant modifier mutations were identified: decrease 

the strength of sevenless signalling, affect R7 differentiation 

• Dosage dependency of sevenless signalling; signalling needs to be above threshold 

for differentiation into R7 instead of into cone cells 

o In SevS11, pathway is hyper-activated → in some cone cell precursors, threshold 

is reached, and they differentiate into R7 

o If another mutation decreases activity of sevenless pathway → under 

threshold again, no differentiation 

o Overexpression screens 

▪ Genes with redundant functions often cannot be detected in large-scale screens (no 

visible phenotype) → Gal4 system allows overexpression of genes to screen for 

phenotypes 

• Gal4: yeast transcriptional activator, regulates upstream-activating sequence 

(UAS) that is inserted next to a gene of interest 

• Used to silence genes using RNA interference: cross flies with Gal4 gene under 

control of tissue-specific enhancer with flies containing sequence for hairpin-RNA 

specific for the gene to be silenced under the control of the UAS sequence 

o In F1 generation → hairpin RNA is expressed → silencing of target mRNA 

• For screen: use flies that contain transposons (P elements): mobile elements, 

occur naturally in Drosophila genome, can change their location (transposition) → 

may interrupt other genes/over-activate gene 

o Overexpression screen: vectors containing P element + UAS site (EP element) 

→ injected in embryos → insertion of EP-element vector in fly genome via 

transposition → if next to a gene: overexpression by activation through Gal4 

o Ideally: collection of lines with EP element insertions at any possible locus → 

EP element is induced to change its location by adding enzyme transposase → 

cross each line with line containing Gal4 sequence → overexpression of gene 

o EP elements can also be used in synthetic screens to search for modifiers of a 

given phenotype: overexpress possible modifiers 

• Revisiting genetic interactions (online lesson) 

o Introduction 

▪ Forward genetics: choose phenotype → what are the responsible genes? 
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▪ Reverse genetics: change genotype → how does phenotype change? 

▪ Genotype: either describes allele combination of one gene, or entire set of genes 

▪ Phenotype: often result of interactions between more than one gene 

o Allelic interactions 

▪ Dominant/recessive: only dominant allele is visible in heterozygous individual 

• E.g. sickle-cell anaemia:  point mutation in HbA → abnormal shape and decreased 

functionality, resistance to malaria 

o Point mutation is recessive for anaemia, dominant for malaria resistance and 

co-dominant for sickle shape 

• Phenotype: different levels → molecular, cellular, organismal → terms 

recessive/dominant only apply to given level of phenotype 

▪ Co-dominance: both alleles are visible in heterozygous individual 

• E.g. AB0 blood group: chemical modifications of glycoprotein (H antigen) 

controlled by three alleles (IA, IB, i) → A and B are co-dominant over 0 (in A and B 

the H antigen is modified, in 0 it is not) → in AB individuals, the A and B 

modifications are made → different from AA/A0 or BB/B0 or 00 

o Penetrance and expressivity 

▪ Dominant traits in Mendelian inheritance cannot skip a generation 

▪ Pedigrees (“Stammbaum”) can be analysed to assess probability of inheriting a trait 

▪ If trait skips a generation, distinguish: Trait not visible vs. Allele not been passed on 

▪ Penetrance: fraction of individuals carrying an allele that express the associated trait 

• Percentage describes fraction of individuals that display trait 

• Incomplete penetrance: carrier of dominant allele does not show trait 

o E.g. autosomal-recessive disease phenylketonuria: phenylalanine cannot be 

hydrolysed → accumulates in blood. Homozygous: disability when consuming 

normal diet → phenotype is linked to determining (environmental) factor 

o Can depend on the specific mutation → is activity reduced close to threshold? 

o Heterozygous/homozygous (allele dosage, haploinsufficiency), differential 

allelic expression, modulating influence of additional genetic variants 

(modifiers), age-/sex-dependent 

▪ Variable expressivity: variation of phenotypic expression across individuals that have a 

particular genotype → quantitative, continuous (not like penetrance, which is binary) 

• Percentage describes intensity of a trait in one individual 

o Epistasis 

▪ Phenotype of double mutant is the same as phenotype of one of the single mutants 

▪ In regulatory pathway: downstream mutant usually determines phenotype → epistatic 

over upstream gene 

o Control of mitosis vs. meiosis in the C. elegans germ line 
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▪ Wild type: germ line proliferates starting from two primordial germ cells (Z2 and Z3), 

start proliferation when worm has hatched → mitosis in somatic gonadal stem cell 

niches (one distal tip cell (DTC) located at the tip of the two gonad arms) 

▪ DTC: responsible for maintaining germ stem cells throughout the entire life 

▪ After stem cells leave niche: differentiate & begin meiosis controlled by notch signalling 

▪ DTC expresses LAG-2 (Delta homolog) → ligand for Notch receptor GLP-1 

▪ Activated GLP-1 → intracellular domain is cleaved off and enters nucleus, where it 

activates transcription of genes that promote mitosis and prevent meiosis 

▪ As cells move away from DTC → LAG-2 cannot activate GLP-1 → enter meiosis  

▪ Glp-1 mRNA is expressed in all germ line cells. GLP-1 protein is restricted to mitotic 

region → GLD-1 represses translation of glp-1 mRNA (as well as other targets) by 

binding to 3’-untranslated region (UTR) 

• In mitotic cells, FBF proteins are expressed because of GLP-1 signalling → bind 3’-

UTR of target mRNA and prevent translation of gld-1 and gld-2 (redundant 

proteins that are required for meiotic differentiation) 

▪ Loss-of-function mutations in glp-1, lag-2 or fbf-1/2 lead to entry of meiosis without 

mitotic expansion of stem cell pool 

▪ Double loss-of-function mutations in gld-1 and gld-2 prevent entry into meiosis → cells 

divide mitotically → germ cell tumour, gld-1 / gld-2 are epistatic over the other genes 

• Reconsidering gene identification using novel mapping strategies (online lesson) 

o Complementation groups and mapping: a short reminder 

▪ Use complementation tests to group mutations into complementation groups → 

mutations that do not complement each other → in the same gene 

▪ Allelic series: alleles of a gene can affect the same phenotype with different strength, 

various degrees of dominance 

• Revealed by observing phenotypes of each possible heterozygote offspring → 

allelic series is determined to set up hierarchy of dominance 

▪ Mapping is always relative to a gene or marker with a known genetic location 

▪ Linked genes (close on the same chromosome) lead to larger number of progenies that 

resemble the parental class than expected if two genes were to assort independently 

▪ Underlying mechanism for mapping: recombination and crossing over during meiosis 

▪ Recombination frequency is proportional to the physical distance between genes, range 

between 0 and 50% → produces recombinant phenotypes 

o Mapping by recombinant frequency 

▪ Testcross: mate heterozygous individual of two or more genes with homozygous 

recessive individual 

• Genes on different chromosomes: recombination frequency of 50% 

• Genes far apart on the same chromosome: recombination frequency of ~50% 

• The closer two genes are, the smaller the recombination frequency 
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• If the two genes are close to the centromere, the distance may not be 

proportional to the recombination frequency 

• If the genes are further apart than 30 m.u. the distance is underestimated due to 

double crossovers 

▪ Probability of crossover occurring between two genes that are relatively close on the 

same chromosome are additive → map distances between genes are additive → 

construction of linear chromosome map 

o Mapping with molecular markers 

▪ Molecular marker: sequence difference that does not produce a visible phenotype 

▪ Main types of molecular markers: 

• Single nucleotide polymorphisms (SNPs): common in model organism 

• Small insertions and deletions (Indels): common in model organisms, high density 

and rapid scoring methods 

• Simple-sequence-length polymorphisms (variable number tandem repeats VNTR) 

o Copy number variants: DNA segment is present at a variable copy number, 

relatively frequent, some are linked with disease (e.g. trinucleotide repeats 

TNR → massive increase of TNR can cause Huntington’s disease) 

• Repetitive DNA sequences of various length 

▪ High throughput and automated scoring 

▪ General mapping strategy using molecular markers: 

• One strain contains one allele of markers with known location, the other strain 

contains the other allele of the same markers 

• Strains are crossed and for every marker, the allele present is compared to the 

resulting phenotype → which marker correlates strongest with mutant 

phenotype? → marker and mutation are linked (mutation is close to this marker) 

o Principle of SNP mapping 

▪ SNP (Single Nucleotide Polymorphism): DNA polymorphism at a specific position, 

differs only in a single nucleotide, high frequency in non-coding parts of the DNA 

▪ Allow gene mapping at a very high resolution (in humans: 1 SNP every 800 bp) 

▪ To map mutation of interest: SNP is detected using SNP microarray → simultaneously 

binds and identifies thousands of SNPs 

o Example of a SNP mapping approach in C. elegans 

▪ DNA sequence polymorphisms between wildtype and closely related strain are used as 

genetic markers → differ by around one SNP every 800 base pairs 

▪ Two strains are crossed → F2 mutants are analysed for distribution of SNP markers 

• Chromosome mapping: identify relevant chromosome 

• Interval mapping: seek place of gene in interval between two SNPs 

▪ Find markers that are closely associated with mutant phenotype 
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o Combining whole-genome sequencing and SNP mapping 

▪ Map mutation by SNP mapping, instead of analysing each F2 animal for SNP alleles, F2 

mutant animals are singled out to fresh plates 

▪ F3 generation by self-fertilization (to increase amount of DNA for sequencing): DNA is 

pooled and sequenced (bulk segregant analysis) 

▪ Number of recombinants determines resolution if the number of markers is not 

limiting → increase resolution by looking at more recombinants 

o Integrated genome maps 

▪ Physical genome map: identify base-pair sequence of genes as well as their position 

along the chromosome → unit of distance: number of DNA bases → whole genome 

sequencing (sequence small genomic fragments, assemble them into whole sequence) 

▪ Annotation: process of screening DNA for gene-like sequences 

▪ Integrated genome map combines recombination map and physical map → phenotype 

mapped on recombination map can be linked to function deduced from physical map 

• Physical map shows gene’s possible action on cellular level; recombination map 

reveals effect of the gene on the phenotypic level 

• Helpful in analysis and research of diseases 

• Gene distances of physical and recombination maps are out of proportion in 

regions where recombination occurs more or less frequently than on average 

• Forward Genetics Lecture 

o Tools for forward genetics 

▪ Mutagenic substances → act through different mechanisms, choice of mutagen 

determines the type of mutations to be expected 

▪ Phenotypic markers: mutations that cause easily detectable phenotypes, mutations in 

genes with precisely known locations, dominant/recessive, constitutive/conditional 

▪ Transgenic markers: transgenes with marker inserted at different chromosomal 

locations, usually dominant, sometimes selectable 

▪ Molecular markers 

▪ Balancer chromosomes: used to isolate and study lethal or sterile mutants, labelled 

with a dominant marker 

▪ Suppression of Recombination by chromosomal inversions → used to inhibit 

recombination of balancer chromosome with the other chromosome 

▪ FLP/FRT: transmitting mutation to offspring is not a problem. All cells in the body are 

at least heterozygous for the mutation → 50% of germ cells are mutants 

▪ OvoD1: needed in nursing cells, otherwise the mother is infertile → often used as 

balancer chromosome: only cells with recombination can proliferate 

o Interactions between different mutations 

▪ Complementation: mutations in different genes → phenotype can be rescued in 

heterozygous individuals; non-complementation: same gene = complementation group 
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▪ Epistasis 

▪ Suppression: identify genes involved in the same process as the original mutation 

▪ Enhancers: mutations which have little effect on their own enhance the mutant 

phenotype of mutations in another gene (either dominantly or recessively) 

▪ Modifiers: mutations affecting the phenotype of another mutation → includes 

enhancers and suppressors (genetic background can contain such modifiers → 

importance of working with isogenic lines!) 

o From phenotype to genotype 

▪ Recombination and Genetic Mapping: every mutant has a few thousand mutations → 

to find out which one is responsible for phenotype of interest: cross mutant back with 

wildtype several times and select for phenotype → after a few generations, genome 

will be mostly wildtype apart from the locus of the mutation of interest 

▪ Whole Genome Sequencing 

▪ RNAseq: make cDNA from RNA, shatter into fragments, sequence fragments, map 

reads → only exons are sequenced → can be used to study gene expression  

▪ ChIPseq: identify biding sites of proteins (e.g. transcription factors) → chemically bind 

protein to DNA, fish out with specific antibodies, release DNA and sequence it 

▪ Microfabricated high-density picolitre reactors: mix DNA with capture beads → create 

water-in-oil emulsion → micro-reactors of little water beads containing the capture 

beads and DNA in the oil emulsion → perform emulsion PCR → isolate DNA containing 

beads → deposit into PicoTiter Plate → sequence every bead separately 

▪ Single nucleotide polymorphism microarrays: often used as an alternative to whole 

genome sequencing (e.g. in human genetics) → just look for specific markers 

o Quantitative Genetics 

▪ Quantitative traits usually show continuous phenotypes (e.g. height) 

▪ Environment: strong influence on quantitative traits, different genotypes respond 

differently to changes in environment 

▪ Recombinant inbred lines (RILs) as a tool to study quantitative traits → always select 

for the most extreme phenotypes and inbreed those 

▪ Quantitative Trait Loci (QTLs): genetic loci that contribute in combination with other 

loci to the phenotypic variation, a single QTLs never determines the entire degree of 

variation, some show epistatic interactions 

• Mapping strategies are the same as for single genes: linkage of marker to QTL is 

determined by its distance from QTL and by the relative contribution of the QTL to 

the phenotype → difference value (z-score): theoretical probability value 

composed of both → can be measured experimentally, for high z-score we do not 

know if the QTL is very strong and the linkage is weak or the other way around 

• Plot and separate values according to genotype → find linear regression, do 

values show a normal distribution? → statistical 

tests, calculate the LOD score (likelihood of 

disequilibrium, -log10(p)) → plot LOD score of 

the markers along chromosome positions 
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Reverse Genetics 

• Genome Sequencing (online lesson) 

o Introduction 

▪ Forward genetics = phenotype-driven gene discovery 

▪ Reverse genetics = Gene driven approach: introduce programmed mutations into 

genome → investigate gene product and function → DNA sequence must be known 

▪ Cost of sequencing has dropped → genome sequence for many organisms is available 

→ difficulty now is to understand which sequences contain relevant information 

o Independence of information and physical representation in DNA 

▪ Information is stored in base pair sequence, sequence has no influence on physical 

properties of the DNA molecule or the speed, efficiency, and accuracy with which DNA 

enzymes process it 

▪ Two important consequences 

• Same DNA-sequencing methods can be applied to any piece of DNA 

• Capturing the base sequence captures the most relevant biological information 

o Sanger sequencing 

▪ Assemble all components needed for DNA-synthesis in a test tube (single-stranded 

template DNA, primer, polymerase, triphosphate deoxynucleotides (dATP, dGTP, 

dTTP, dCTP)) → primer anneals to template → polymerase binds and extends primer 

→ nucleotides are attached to the 3’-hydroxyl group of the previous nucleotide 

▪ Additionally, add dideoxynucleotide (ddNTP) = nucleotide analogue, 3’-hydroxyl group 

is replaced by hydrogen → incorporated into DNA, prevents addition of further 

nucleotides → terminates synthesis of DNA chain 

▪ Add small amount of one type of dideoynucleotide (e.g. thymidine → ddTTP) and 

normal nucleotides of all types → synthesis of DNA strands is stopped in various 

locations, where the last nucleotide incorporated is thymidine → DNA strands of 

various lengths (fragments) 

▪ Perform this synthesis in four separate reactions, each containing a different 

dideoxynucleotide → four populations of synthesized fragments 

▪ Separate synthesized strands by gel electrophoresis → shorter DNA strands move 

through the gel more quickly → label nucleotides (e.g. radioactively) → separate 

products from each of the four reactions on adjacent lanes of the same gel → staircase 

pattern of bands corresponding to the different lengths → sequence can be read 

▪ Nowadays: radioactive-label replaced with fluorescence-based version → each 

nucleotide is labelled with different fluorophore → allows combination of all four 

synthesis reactions into one, only needs one lane of gel, readout can be automated by 

placing colour-sensitive fluorescence detector at the bottom of the gel that detects 

each fluorescing band as it passes 

▪ Efficiency was improved continuously 
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▪ Maximal read length: 1000 bases (due to relative size resolution of electrophoresis → 

the longer the strand, the smaller the relative difference in weight) 

▪ Error rate: 1/10’000-1/100’000 

▪ Reasons for popularity: sequencing primers can be chosen by experimenter (allows 

targeted sequencing) and very low error rate even for long stretches of DNA (good for 

verification of candidate mutations found with other sequencing methods) 

o Development of sequencing technologies 

▪ Various implementations of Sanger method: first-generation sequencing technologies 

→ clear separation of biochemical sequencing reaction and read-out process 

▪ Next-generation sequencing (NGS)/second-generation technologies → biochemical 

reaction and readout are part of one integrated process, need for an amplification step 

(PCR-like process) prior to sequencing 

▪ Third-generation technologies → circumvent amplification step, sequence individual 

molecules, can read longer sequences 

o Sequencing-by-synthesis (SBS, e.g. Illumina) 

▪ SBS only uses modified nucleotides that stop translation, label (e.g. fluorescent) can be 

chemically cleaved, each base carries a fluorophore of a different colour 

▪ Attach template molecules to solid surface (flow cell), anneal primer to the template 

strand and polymerase is bound → Synthesis: 

• 1) flow cell is flooded with solution containing all four nucleotides 

• 2) polymerase extends primer by one complementary nucleotide → further 

incorporation is inhibited by the functional group 

• 3) remaining non-incorporated nucleotides are washed away 

• 4) fluorescent signal is measured → which nucleotide has been incorporated 

• 5) fluorophore and terminating group are removed and washed away  

• 6) Repeat steps 1-5 

▪ SBS methods can be parallelized and miniaturized → not improved speed/accuracy, 

but billions of parallel sequencing reactions in a flow cell the size of a microscope slide 

are possible → individual reactions can be identified by their xy-coordinates on the 

flow cell, no physical transfer of reaction products is necessary 

▪ Individual DNA molecules bound to the flow cell are amplified in a PCR-like process 

before SBS → primers are attached to flow cell surface → amplification of fragments 

→ tight cluster of ~1000 copies the initial DNA → stronger signal that can be detected 

as one dot in the readout 

o Limitations of second-generation sequencing technologies 

▪ Need to synchronize reactions across molecules → limits speed and read-length 

• Without synchrony: fluorescent signals out of register → uninterpretable 

• → substantial waiting time at each reaction step + time-consuming flushing in and 

washing out of the reagents 



25 

• If one molecule of the cluster skips a step → out of synchrony → after many steps: 

too many molecules are out of step → random fluorescence signals drown out the 

signal from those molecules that have remained in lockstep 

o Third-generation sequencing technologies: sequencing individual molecules 

▪ No need for synchronization → reaction does not need to be stopped and reagents do 

not need to be exchanged 

▪ PacBio: fluorescent-based single-molecules real-time (SMRT) sequencing 

• Observation of nucleotide addition in real time 

• Individual DNA-Polymerase is immobilized at the bottom of 100nm diameter 

nanowells → individual fluorescently labelled nucleotides diffuse in and out of 

these nanowells → incorporation when they are complementary → time between 

successful binding and formation of phosphodiester bond → phosphate-linked 

fluorophore is excited and emits optical signal→ colour reveals base 

• Polymerase cleaves attached fluorophore during incorporation → diffuses away 

from sensor before next labelled dNTP is incorporated 

• Removes synchronicity-imposed limits on read length 

• Challenge: boost signal from one molecule while minimizing background noise → 

keep volume around polymerase extremely small → does not contain nucleotides 

most of the time→ only when nucleotide binds template strand’s complementary, 

it stays long enough to generate significant fluorescent signal, error rate ~10% 

▪ Nanopore technology reads DNA sequence directly by passing it through a narrow 

protein pore in a membrane and measuring influence on ionic current through the pore 

• Pore appears to be genetically modified version of a porin protein. Porins span 

outer membrane of many bacteria where they permit the rapid, non-specific 

diffusion of hydrophilic small molecules across the membrane 

• Porin protein is embedded into polymer-based membrane that separates two 

chambers containing electrolyte solutions → apply small electrical voltage → flow 

of electrolyte ions through the pore → measurable electrical current 

• DNA molecule is charged → pulled through pore → due to slightly different size, 

shape and polarity, different bases have a slightly different effect on electrolyte 

current → change is measured and gives information about base sequence 

• Challenge: current change depends not only on base itself but also on the identity 

of neighbouring bases → sophisticated base-calling algorithm is needed 

• No fundamental read-length limit, quality of reads stays constant; very high speed 

(~500 bases per second); semi-conductor-based technologies for measuring 

electrical currents are cheap, precise and miniaturized 

• New technology → no reliable performance indicators available, error rate ~10% 

o Map-based sequencing 

▪ Full-length stretch of DNA cannot be sequenced at a time → needs to be broken up 

into parts of smaller size → library generation → sequence smaller pieces → 

reassemble sequence in correct order (sequence assembly) 
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▪ Systematically break initial DNA into smaller fragments → library of DNA fragments 

where each fragment is stored in its own test tube, location on original DNA is known 

→ sequence fragments and assemble them based on known order 

▪ Break initial DNA into fragments of 100’000-200’000 base pairs using restriction 

enzymes → fragments are inserted into bacterial artificial chromosomes (BAC), 

circular constructs that allow the insertion and propagation of long stretches of DNA 

(additional to the sequence of the BAC) → position on initial DNA is determined by 

physical mapping 

▪ Subset of BACs is selected that spans the entire DNA sequence → digested into 

fragments of 10’000 bases → physical mapping onto original BAC → sequenced using 

primer to a known portion of the vector → gives new primer sequence → sequence 

entire BAC 

▪ Logistical challenge: minimum of 600’000 fragments of 10’000 base pairs → need to 

be stored in separate containers, separate primers are needed 

▪ No ambiguity about how to assemble sequences into original DNA sequence 

o Shotgun sequencing 

▪ Shear full-length piece of DNA into fragments that can be sequenced individually 

▪ Resulting library is completely unordered → most fragments overlap partially with 

neighbouring fragments → identical sequences that can be used to find neighbours 

▪ Needs substantial computing power, overlap of 16 bases is sufficient to uniquely 

identify a neighbouring fragment, but duplications are hard to discover → ambiguities 

about assembly of fragments → not possible to accurately assemble entire mammalian 

genome sequence → often complemented by traditional mapping data 

• How to create transgenic animals (online lesson) 

o Genome engineering – an overview 

▪ Ways of altering a gene of interest: 

• Deletion from genome (in diploids, both copies need to be deleted) → gene 

knockout: useful if gene is not essential. Alternative: replace gene with another 

gene that is expressed in the wrong tissue/at the wrong time 

o Gene can be engineered so it is only deleted in certain tissues → find tissue 

specific roles of the gene 

• Introduce new genes (e.g. reporter constructs): gene attached to a regulatory 

sequence of another gene → introduce reporter gene by placing it with gene of 

interest in the same DNA construct and inserting it into an organism → expression 

of reporter is used as a marker for successful uptake of the gene of interest 

o Reporter genes: commonly induce visually identifiable characteristics (e.g. 

fluorescent or luminescent proteins) → can be fused to gene of interest → 

resulting protein can be traced inside the cell (translational reporter) 

o Transcriptional reporters: promotor fragment from a gene of interest also 

drives expression of another gene (e.g. of lacZ that produces a blue coloured 

substrate) → it can be seen in which tissues the gene is expressed 
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o Important: choose adequate type of reporter → transcriptional reporters can 

be used to visualize the expression pattern of a gene (usually no technical 

challenge), transcriptional reporters may give an incomplete representation of 

the real expression pattern (spatially and temporally) due to external influences 

or developmental cues that do not work on the newly expressed gene (e.g. 

degradation, protein modification, etc.) 

o Translational reporters: additional regulatory information (e.g. in introns) is 

present, translational gene fusion can provide information about subcellular 

localization and temporal aspects of gene regulation, fusion of a gene to GFP 

may disrupt protein function → false interpretation of expression pattern 

▪ To check whether fusion protein reflects localization and action of wild-

type protein: do complementation test with a knockout mutant 

o Transgenesis: how transgenic animals are generated 

▪ Transgene: foreign/modified gene that has been added to the genome to create a 

transgenic organism → introduced by: 

• Electroporation: used in bacteria/cell cultures 

• Particle bombardment: used in plant cells 

• Microinjection: used in mammalian cells, fly embryos, worms 

• Viral transfer: used in plant and mammalian cells 

▪ To be most useful, altered gene must recombine with the cell’s genome to stably be 

maintained after cell division and to be integrated into germ line cells 

o Electroporation 

▪ Cells are mixed with DNA → electric field is applied to the cells → permeability of 

cellular membrane is increased (lipids shift position, opening pores in the bilayer)→ 

DNA is introduced into the cell → membrane recovers completely 

▪ Allows introduction of large highly charged molecules 

▪ Short electrical pulse charges membrane like a capacitor → migration of ions from the 

surrounding solution → localized rearrangement of lipid morphology 

o Gene gun 

▪ Gunbiolistic particle-delivery system: can also transform organelles, not just nucleus 

▪ Small heavy metal particles (gold or tungsten) are coated with DNA and shot into the 

target cells under high pressure 

▪ Used for labelling subsets of cells in cultured tissues 

▪ Often used for plant cells: due to rigid cell wall, electroporation does not work here 

o DNA microinjection 

▪ In C. elegans: simple injection 

• Injection strategy is determined by the worm’s reproductive biology: gonads are 

syncytial (many nuclei in same cytoplasm) → DNA solution is injected into the 

syncytial region of one of the arms → ~100 nuclei are exposed to the DNA, by 

chance, a few of the nuclei take up the DNA 
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• Transgenic DNA can form an array with multiple copies of the DNA as independent 

unit or it can be integrated into a chromosome (may lead to gene disruption) 

▪ In Drosophila: similar to C. elegans 

• Injection into syncytial stage of Drosophila development; because future germ 

cells are located at the posterior position of the egg → injection there 

• Transgenic construct contains marker gene (e.g. gene for red eyes) → allows us to 

find the flies that successfully received the transgene (only in second generation, 

in first generation, the construct is only present in germ cells) 

• Insertion of transgene into DNA is random → need to map gene 

o Determining the insertion site of transgenes 

▪ Use a balancer chromosome already when crossing the G0 generation 

▪ Example: chromosome 2 → balancer carries mutation Cy (bent up wings), and X-

chromosomal homozygous mutation w- (white eyes) 

• G1: carry balancer and transgene (TG), genotype is not clear 

o If TG is on second chromosome: flies are TG/Cy 

o If TG is NOT on the second chromosome: flies are +/Cy; TG (on a different 

chromosome) 

• We need another cross to determine where TG is inserted → cross red-eyed Cy 

flies with balancer flies (white eyes, Cy) 

o Three possible phenotypes if TG is on 2nd chromosome: TG/Cy or +/Cy or +/TG 

o Four phenotypes if TG is inserted on 3rd chromosome: +/Cy:+/TG or +/Cy:+/+ or 

+/+:+/TG or +/+:+/+ 

o → if there are white eyed, non-curly flies → TG is not on 2nd chromosome, 

because in that case always either TG or the balancer are present 

▪ Transgenes that are inserted on X chromosome: can be identified without balancer → if 

G0 fly is male: only female offspring are transgenic → X-linked 

• Reverse Genetics in Invertebrates (online lesson) 

o Integration of the transgenic DNA: Transposon 

▪ Transposons: mobile DNA sequences (transposable elements TE), can relocate from 

one genomic location to another, catalysed by the enzyme transposase 

• Make up ~44% of the human genome, exist in many organisms 

• Likely have a regulatory function 

▪ DNA Transposons: transposase binds near the terminal inverted repeats (TIRs), excise 

transposon and pastes it to a new place → double-stranded DNA cut with staggered 

ends (cut and paste) 

▪ Retrotransposons: relocated by a copy-and-paste mechanism → copied DNA is re-

inserted in the genome at a different position while original transposon is maintained  

• Long terminal repeat (LTR) retroelements: two long terminal repeats, encode 

genes for reverse transcriptase and integrase → crucial for retrotransposition 
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• Non-LTR retroelements: no LTRs, encode genes for reverse transcriptase and an 

endonuclease that cuts the target DNA 

• Each group contains autonomous and non-autonomous elements: autonomous 

elements encode products required for transposition. Non-autonomous elements 

do not code, but contain sequences necessary for transposition 

• Mechanism: RNA polymerase II transcribes transposon, converted into cDNA by 

reverse transcription, integrated into genome by integrase enzyme 

▪ Regulation of transposons 

• Suppression of transposon transcription (e.g. with chromatin modifications: 

modification of histone tails, DNA methylation, alterations of chromatin packaging 

/condensation) → enzymes needed for transposition are not transcribed 

o Transposon-mediated transgenesis in Drosophila 

▪ P-element transposons: originally identified in the fly’s own genome, transposase 

genes in P elements are probably silenced in wild-type strains 

• Contain two terminal repeats 

• Mobile (autonomous): encode enzyme P transposase → catalyses transposition 

• Transgenesis: P transposase is separated from P element → non-autonomous P 

element; plasmid containing P transposase (helper plasmid) is provided together 

with the transgene that contains transposon backbone (needed for transposition), 

sequence of interest, and a marker → injected into fly strains that do not have the 

same transposon to avoid unwanted mobilization 

• Disadvantages: size of DNA that can be integrated is limited, location of 

integration cannot be controlled 

▪ Transposition: excision or replication of transposon from plasmid and insertion into 

host genome, insertion-site characteristics depend on transposon 

• Integration of P elements mostly at 5’ end of genes → other transposons for 

insertion in other places (e.g. PiggyBac transposon) 

• Hot spots: high frequency insertion site 

o Applications of transposon-mediated transgenesis in Drosophila 

▪ Gene-disruption methods: transposon interferes with function of a gene 

▪ Transgenic technologies: introduce new components/exogenous genes into genome 

▪ → Flp/FRT system, gene-knockout, generation of genome-wide RNAi library of 

transgenic insertions were made possible with the use of P elements 

o Enhancer traps 

▪ Enhancer trap: transgenic construct used to identify genes that are expressed in a 

specific tissue → weak promotor on construct, if it is inserted close to a tissue-specific 

enhancer → under control of this enhancer → expression of reporter gene 

• Contains transposable element and reporter gene, often genetic marker for 

selection (e.g. w+) 
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• Most common enhancer trap: P[lacZ] (lacZ gene fused to 5’ end of P element) → 

lacZ will be expressed in the same spatial and temporal pattern as the gene into 

which the element is inserted 

o Carries sequences for propagation as circular plasmids in bacteria (ori, 

ampicillin-resistance gene) → plasmid rescue to clone DNA that flanks a 

transgenic construct → can be used to identify insertion site 

▪ Isolate genomic DNA containing P[lacZ], cut with restriction enzymes, 

ligated, circular DNA is transformed into bacteria → selection for 

ampicillin, recover plasmid DNA → sequence 

▪ Can detect enhancers, study tissue-specific gene control, identify flanking genes 

displaying interesting expression patterns  

▪ Engineered to permit cloning of DNA adjacent to the site of insertion → enables 

isolation of the enhancer and its target gene 

o Gene-disruption methods using P elements 

▪ Gene misexpression by P elements: EP element carries UAS sequence → allows 

activation by the transcription factor Gal4 → expression of gene by Gal4 

▪ Gene disruption: suppress expression of a gene by disrupting its sequence → used for 

gene identification in complementation analysis; many genes are not available yet 

because P element tends to transpose locally 

▪ P element excision: create gene-specific deletions (knockouts) → P element is inserted 

close to gene of interest → null allele by “imprecise-excision” method: transposase 

activity is temporarily induced, excision of P elements → repair of double strand break 

(DBS) by DNA repair machinery: different outcomes 

• Ends of DBS are used to induce new DNA synthesis using the homologous sequence 

as a template (homology-directed repair) 

o Restoration of P element or restoration of the original chromosome without 

the P element (precise excision, P element is excised without damage to 

chromosomal region where it was inserted) 

• DBS is enlarged to a gap by repair machinery → can lead to deletions that can 

extend in one or both directions of the original insertion site 

▪ To check successful excision of gene: use forward primer that binds to sequence 

before P element and reverse primer that binds shortly after the P element → PCR: if P 

element has been removed, the resulting DNA stretches will be much shorter than if it 

has not been removed 

o RNAi in model organisms 

▪ C. elegans: double-stranded RNAs are introduced by feeding the worms with bacteria 

that express these RNAs → processed by dicer 

▪ Drosophila cells: dsRNA molecules are added to culture medium → processed by dicer 

• Easy and rapid (silencing within 72 hours) 

• Transgenic flies that express RNA with long inverted repeat (can fold back on itself 

to become double stranded → hairpin RNA) → processed into siRNAs by dicer → 
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RNA hairpin construct is placed under control of UAS sequence → tissue or time 

specific expression of dsRNA 

o Libraries of transgenic flies expressing different hairpin RNAs are publicly 

available → target over 88% of all protein-coding genes in the fly; these 

libraries were created using P elements 

▪ Human/mouse cell lines: siRNA generated in vitro, introduced into cultured cells by 

transfection → directly incorporated into RISC 

▪ RNAis can cause off-target effects because they are relatively small → can also bind to 

other genes than the desired one; some genes are not downregulated effectively; in 

some tissues, RNAi does not work efficiently (e.g. brain) 

• Gene targeting in the mouse (online lesson) 

o The mouse as a model system 

▪ Mammal like humans → closest model that is small and cheap enough for efficient 

handling in the laboratory (95% same genes, similar/same diseases) 

▪ Short generation time and large number of progeny (compared to other mammals) 

o Germline transformation in mouse 

▪ Ectopic transgene insertion by microinjection 

• Solution of transgenic DNA is injected into nucleus of fertilized oocytes with a 

micropipette → inserted into oviduct of foster mouse → some of the eggs will 

develop into baby mice 

• Transgene is inserted randomly into genome during embryonic development 

(typically as multi-copy arrays → size is different at each integration site) 

• Sometimes inserted into germ cells → progeny will inherit transgene in all cells 

• Advantages: less laborious than gene targeting 

• Disadvantages: abnormal expression patterns, inefficient (only 5-10% of injected 

oocytes lead to transgenic mice) 

• Transposon-mediated integration in mice 

o Identify dormant transposons and artificially recreate them as active agents → 

vector for introducing foreign genes: e.g. Sleeping Beauty transposon  

o Sleeping Beauty (SB) transposon: transposase and transposon → translocates 

by cut-and-paste mechanism; SB transposase inserts transposon into TA base 

pair; transposase can be encoded within the transposon or supplied separately 

(non-autonomous) → cannot independently continue to excise and reinsert  

▪ Transposition has to be targeted to specific cell types for gene therapy → 

e.g. use SB transposon to introduce chimeric antigen receptor (CAR) to 

redirect specificity of human T cells to tumor-associated antigens 

▪ Targeted insertion: The stem-cell method 

• Avoid random integrations → based on homologous recombination: transgene 

contains sequences homologous to sequence in genome → transgene replaces 

genomic homologous counterpart: can add, replace or delete genes 
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• Homologous recombination occurs rarely  → transform cultured mouse embryonic 

stem cells (transform more rapidly) → screen for insertion with selectable markers 

on the transgene → ES cells with successful integration are injected into 

blastocyst-stage embryo and implanted into foster mother 

• Some ES cells may be incorporated into the embryo → chimeric embryo, if some 

germ cells are transformed: progeny will inherit transgene (heterozygous) 

o Generation of knockout mice: Positive-negative method to select for targeted integration 

▪ Transgene is flanked by sequences homologous to the sequence to be deleted → 

targeting vector: clone gene of interest, disrupt gene by insertion of neomycin-

resistance gene → introduce targeting vector into mouse embryonic cells 

▪ Integration of vector into genome:  

• Homologous recombination between targeting vector and homologous DNA 

sequence → neomycin-resistance gene is inserted after recombination; 

deletion/knockout of function of the gene of interest 

• Random insertion into DNA (ectopic insertion) → no disruption of gene of interest 

• No insertion at all → most frequent 

▪ Selection: first select for neomycin-resistance → only cells with successful insertion 

survive; select for thymidine-kinase (marker also on targeting vector) → treat cells with 

ganciclovir: all cells containing tk gene die 

• Tk gene is outside homologous region on targeting vector → in homologous 

recombination it will not be incorporated into the DNA 

▪ ES cells are taken from a strain of brown mice, embryo used for injection is derived 

from black mouse, surrogate mother also from black strain → If ES cells are 

incorporated into embryo: chimeric, contains brown cells and black cells → selection by 

fur color → mate chimeric mice with black mice → if some germ cells have been 

transformed: offspring is heterozygous for insertion → mate heterozygous mice to 

obtain homozygous mice → complete knockout animals 

• Use PCR to analyze DNA for presence of transgene/knockout in heterozygous mice 

▪ This method can also be used to create knock-ins: mutant version of gene is replaced 

with wild-type counterpart → ultimate goal of gene therapy 

o Conditional knockouts with the Cre/loxP system 

▪ Site-specific recombination enzyme + target DNA that has recognition sites for this 

enzyme → target DNA sequence can be rearranged at an appropriate time by 

activating the gene encoding the enzyme (e.g. Flp/FRT system or Cre/loxP system) 

▪ Cre/loxP system: site-specific recombinase (Cre) catalyzes recombination between two 

loxP sequences → site and orientation of loxP determines result of recombination 

• On same DNA, face opposite directions: inversion of DNA sequence between loxP 

• On same DNA, same orientation: sequence between loxP is excised as circular 

piece of DNA 

• Different DNA strands: translocation of the two strands 
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▪ Floxing a gene: introducing loxP site around gene of interest in same orientation → 

leads to complete knockout 

▪ Alternative: introduce loxP sites between promotor and gene to be activated around 

an expression inhibitor → when Cre/loxP system is activated, inhibitor is excised, and 

gene is activated 

▪ Making the Cre/loxP system conditional: 

• Tissue specificity: Cre recombinase is placed under tissue-specific promotor to 

restrict expression to this tissue 

• Temporal control: Cre recombinase expression is induce by external factors. This 

can e.g. be done by fusion of Cre to the ligand-binding domain of the human 

estrogen receptor → stimulation with tamoxifen (estrogen-receptor antagonist): 

Cre containing ligand binding domain of ER translocates to the nucleus 

▪ Mice need to be homozygous for the loxP-flanked allele of interest, and must contain 

cre gene  → generate mice heterozygous for loxP-flanked allele and heterozygous for 

cre transgene → cross homozygous loxP-flanked mouse with cre transgenic mouse → 

~50% of offspring is heterozygous for loxP and cre → mate back with homozygous loxP 

mouse → ~25% of progeny is homozygous for loxP and heterozygous for cre 

▪ For most genes, floxed mouse strain can be ordered from companies 

o The use of mosaics in mice 

▪ Cre/loxP system generates genetic mosaics: animal consists of wild-type and mutant 

cells → useful to study genes that are important for very early events in development 

(constitutive mutations would be lethal) 

▪ Useful to determine tissue or cell type in which a gene is required 

• Cell-autonomous function: gene is required in cells where it is expressed 

• Non-autonomous function: gene is required in neighbor cells of cells where it is 

expressed (e.g. Notch signaling) → do only mutant cells exhibit mutant phenotype 

or also wild-type cells? 

▪ Create mosaic animals where differently labeled cells serve to visualize cellular events 

• Visualize synaptic circuits by genetically labeling neurons with distinct colors → 

brainbow transgenes: allow expression of multiple fluorescent proteins from a 

single transgene by Cre recombination; use incompatible lox sites so that excisions 

between pairs of lox sites creates mutually exclusive recombination events 

• Brainbow constructs are inserted in tandem (many copies) → differential 

expression of constructs generates fluorescent mixtures → up to 90 different 

colours; expression can be directed to a subset of neurons by placing brainbow 

transgenes under promotor of interest 

o Biomedical applications of the Cre/loxP system 

▪ Creation of human disease models: diabetes, obesity, heart disease, etc. 

▪ Test specific functions of mutations associated with various types of cancer 

▪ Current projects: replace mouse genes with human genes (“humanizing”) or create 

more accurate models for human pathologies 
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▪ Mouse models for testing different treatment strategies 

▪ Cave: mice are not humans! → e.g. different spectrum of tumors due to p53-knockout 

→ limits utility of knockout mice as models of human disease 

• Genome editing (online lesson) 

o The goal: increasing the frequency of homologous recombination 

▪ So far, gene-targeting methods rely on homologous recombination → rare (1/107 cells)  

▪ Key process: induction of DNA double-strand breaks (DSB) at the target site → detected 

as potential lethal damage → natural pathway of DSB repair: copy from homologous 

template → provide exogenous template with gene of interest 

▪ Alternative: join broken ends of DSB directly without homologous template → non-

homologous end joining: sometimes, ligation is imprecise → deletions, insertions, or 

substitutions → targeted mutagenesis 

▪ DSB occur rarely (10-40 breaks per cell cycle) → increase number of DSB 

o Method 1: Zinc-finger nucleases (ZFN) 

▪ DNA is cut by DNA endonucleases → target these enzymes to specific genome 

sequence to induce DSB at desired location 

▪ Create nuclease by fusing DNA-cleavage domain of a bacterial endonuclease with a 

DNA-binding domain (zinc-finger domain) 

• Zinc finger: small structural motifs (domains) present in proteins, contain multiple 

finger-like protrusion that make contacts with their target molecule depending on 

the amino-acid sequence and number of fingers → typically serve function as 

interaction modules that bind DNA, RNA and proteins 

• Zinc-finger nucleases (ZFN) for gene targeting is based on FokI endonuclease: 

DNA-binding domain can be engineered to target a specific DNA sequence 

o Most useful design of synthetic DNA-binding domain: set of three zinc fingers, 

each finger primarily binds only 3 base pairs of DNA 

o Two FokI DNA-cleavage domains must dimerize in order to cut the DNA → two 

ZFN molecules need to bind simultaneously → provides high specificity, 

palindromic recognition sequences are needed on the DNA for two ZFN to bind 

▪ ZFN plasmids can be injected directly into early-stage embryos → ZFN locates the 

target sequence and creates a DSB → stimulates cellular process of non-homologous 

end joining and results in mis-repair of DNA sequence (usually knockout) 

▪ ZFNs provide an alternative strategy to embryonic-stem-cell based homologous 

recombination, low immunogenicity → used for gene therapy 

▪ Does not require use of ES cells → used for wider spectrum of organisms, faster, 

efficient germline transmission without incorporation of foreign DNA sequences 

▪ Design and production of ZFNs are expensive and time-consuming, off-target effects 

need to be considered, only sequences of about 500 bp can be targeted, sometimes fail 

in vitro (“due to the limited capacity of target cells towards the ZFNs”), not every 

nucleotide triplet has a corresponding zinc finger, interactions between zinc fingers can 

reduce specificity 
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o Method 2: Transcription activator-like effector nucleases (TALEN) 

▪ TAL effectors (TALE): proteins that bind promotor sequences and activate gene 

expression → recognize DNA sequences through central repeat domain (~34 amino-

acids repeats), each repeat is similar but not identical: differs at amino-acid positions 

12 and 13 = repeat-variable di-residue (RVD) 

▪ RVD: recognizes a specific base; upon folding of TALE protein, different RVDs are 

exposed on the surface within a sequence → can bind target DNA 

• RVD determines nucleotide that TALE will recognize; HD targets cytosine, NI 

targets adenine, NG targets thymine, NN targets guanine 

▪ TALEs are fused to DNA-cleaving domain = effector domain (e.g. FokI) 

▪ TALE enters nucleus by an incorporated nuclear localization sequence (NLS) 

▪ Advantage: potential cleavage sites ~35 base pairs (→ more than zinc-finger (cleavage 

site every 500 base pairs, confined to sequences of triplets)), context-independent, 

little off-target effects, low immunogenicity 

▪ TALE can be fused to other proteins in order to achieve a targeted effect → fuse to 

transcriptional activation domains (AD) or repression domains (RD) → artificial switch 

for gene regulation in vivo 

o Method 3: The CRISPR/Cas9 system 

▪ RNA-programmable system to introduce double-strand breaks 

▪ CRISPR = Clustered Regularly Interspaced Short Palindromic Repeats 

▪ Originally used for immune defense 

• Host cell specifically incorporates short sequences from invading genetic elements 

into a specific region of its genome (CRISPR-array locus) → repeat sequences 

(CRISPR) + foreign DNA integrated between the repeats (protospacer sequences) 

• Sequences are transcribed and processed into small RNAs → guide Cas protein 

complex to recognize and cleave incoming foreign genetic material 

▪ CRISPR/Cas9 type-II system (bacterium Streptococcus pyogenes) 

• Transcription of CRISPR array → long RNA is cleaved into short crisper RNAs 

(crRNAs): sequence information about invader → bind to transactivating RNA 

(tracrRNA) → builds complex with Cas9 protein (cellular endonuclease) → if 

complementary invasive DNA is found → Cas9 cuts and destroys foreign DNA 

▪ Genome-engineered CRISPR-Cas9 technology: 

• Dual tracrRNA:crRNA is engineered as a single-guide RNA (sgRNA) → sequence at 

5’-side determines DNA target site + duplex-RNA structure at 3’-side binds to Cas9 

• Synthetic sgRNA and Cas9 have to be provided to the cell 

• After Cas-induced double-strand break → DNA repair by 

o Non-homologous end joining (NHEJ): can induce insertions or deletions 

o Homology-driven repair (HDR): used to insert desired sequences through 

recombination of the target locus with supplied DNA donor templates 
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• Using pairs of guide RNA → Cas9 induces large deletions or chromosomal 

rearrangements 

(e.g. inversions)  

• Fusing Cas9 to protein domains that can activate expression of proteins → induce 

expression of proteins specifically 

• Fusion of Cas9 with other effector domains to alter DNA modifications 

• Fusion of Cas9 to fluorescent proteins → specific genomic loci can be marked and 

analyzed by imaging 

• Lecture Notes Reverse Genetics 

o Metagenomics: study of genetic material recovered directly from environmental samples → 

traditionally, sequencing relied upon cultivated clonal cultures → now genome sequencing 

can be performed on organisms that are not easily cultured in the lab 

o Bioinformatics: application of computer science to the management and analysis of 

biological information → e.g. look for genes in genome, predict protein structure/function 

▪ Gene prediction algorithm, homology finding algorithms (BLAST), EST database 

(partially sequenced cDNAs), RNAseq data 

▪ Possible gene prediction algorithm: transcription regulatory element, promotor, 5’UTR, 

translation initiation site, introns & exons with splicing sites, translation termination 

site, 3’ UTR, polyadenylation site 

o Site-directed transgenesis: 𝜑C31 integrase can only catalyze integration, not excision → 

attP sequence serves as a fixed docking site in the genome → identical genomic surrounding 

controls for possible position effects 

o Morpholinos as translational inhibitors: morpholinos are antisense oligonucleotides with a 

morpholino ring instead of ribose → stable, nuclease resistant, no mRNA degradation, 

specific inhibition of translation, do not activate innate immune system; BUT expensive 

o Further Uses of Genome Engineering 

▪ Applications in Pest Control 

• Problem: pesticides/insecticides are nonspecific → perturb ecosystem, strong 

selection for resistance 

• Conclusion: gene control is species-specific, self-dispersion of GM individuals, 

vertical transmission of modifying agent minimizes off-target effects 

• Sterile Insect Techniques (SIT): mass rearing (collection) → select males → 

gamma-irradiation (sterilization) → release → no offspring 

o Derivative: release of insects carrying a dominant lethal (RIDL) mutation (e.g. 

apoptosis promoting gene) → mutation is suppressed under cultured conditions 

(by feeding of inhibitory agent) but becomes active when released in nature  

o Problem: males need to be manually separated from females → approach: use 

phenotypic markers for females to allow for easier selection OR make suicidal 

device only active in females (female specific lethal approach) 

▪ Female Specific Approach: use a promotor that is only active in females → 

e.g. yolk promotor OR use a conserved sex-specific switch (sex-specific 
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expression based on alternative splicing (only in females is the stop codon 

removed by alternative splicing and thus leads to functional gene product) 

• Gene Drive Systems: ability of a gene to be inherited more frequently than 

Mendelian genetics would dictate → superior to conventional SIT methods 

o Exogenous insertion (site specific DNA cleavage + homology directed repair 

HDR) OR propagation after sexual reproduction 

o Construct that disrupts female splicing site of a gene but not the male of a sex 

determining gene → leads to sterile intersexual individuals & death of females 

▪ Applications in Human Health 

• Creating Disease Models (e.g. creating knockout mice) 

• Therapeutical Applications 

o Application of CRISPR to correct metabolic liver disease in newborn mice, 

improve muscle function in mouse model of Duchenne muscular dystrophy 

 

Small non-coding RNAs 

• Stepping into small RNA biology (online lesson) 

o The RNA world 

▪ Epigenetic regulation: changes in gene function that are not associated with a change 

of the DNA sequence 

▪ Non-protein coding DNA sequences were often seen as junk DNA until the discovery of 

the regulatory function of RNA 

▪ RNA: result of transcription, mediator of translation 

• Linear (simple source of genetic information), secondary structures possible due 

to single-strand nature → interaction with other molecules 

▪ Post-transcriptional gene silencing (PTGS): Gene expression is not only controlled at 

level of transcription → small, non-coding RNAs recognize expressed mRNA → direct 

degradation or inhibit translation 

o Classes of small non-coding RNAs: common aspects and differences 

▪ Three categories of non-coding RNAs for PTGS: 

• Short interfering RNAs (siRNAs): double stranded, act in RNA interference (RNAi) 

→ triggered by long (exogenous) dsRNA → defense against foreign or invasive 

nucleic acids 

• microRNAs (miRNAs): double stranded, encoded by cell’s own genome, serve to 

regulate gene expression 

• piwi-interacting RNAs (piRNAs): single stranded, Dicer-independent, found only in 

metazoans (germline) 

▪ Similarities 

• Only present in eukaryotes 
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• miRNAs and siRNAs start out as precursor molecules that are processed into short, 

double-stranded RNA fragments of 20-30 nucleotides by Dicer RNase 

• One of the two strands of small dsRNA is loaded onto RNA-induced silencing 

complexes (RISCs) → target mRNA through Watson-Crick base pairing → silence 

expression 

▪ Differences: 

• miRNA excised by Dicer from short and imperfect stem-loop/hairpin precursors as 

a single small RNA species → may accumulate to tremendous levels in the cell 

• siRNAs produced by consecutive cuts by Dicer along a perfect, long dsRNA 

molecule → always part of a population 

o The connection to the siRNA pathway revealed the mode of biogenesis of miRNAs 

▪ RNA complementary to the transgene RNA; unusually small and uniform length of 

RNAs (approx. 20 nucleotides), sense and antisense strands → double-stranded RNAs, 

most likely derived from longer dsRNA precursor 

• Transgenes that trigger RNA silencing are organized into inverted repeats as a 

result of aberrant transgene insertion → allows production of long dsRNA 

• Direct injection of dsRNA induces RNA silencing via RNA interference (RNAi) 

▪ dsRNA is converted into siRNA by Dicer → sufficient to perform conversion 

o Modes of action of miRNAs and siRNAs 

▪ Both siRNAs and miRNAs depend on Dicer for maturation, are incorporated into RISC 

• siRNAs bind mRNA targets with perfect complementary → cleavage 

• miRNAs bind 3’ UTR of mRNA by multiple imperfect matches → repression of 

translation 

• → these rules are not always true: miRNAs can bind 3’ UTR or coding region just 

like siRNAs → cleavage; some siRNAs only trigger repression 

▪ Flexibility allows cells to switch from one mode of silencing to the other depending on 

the need of the cell → rapid adaption of gene expression through translational 

inhibitors (more quickly reversible); mRNA degradation is irreversible → longer term 

o Biogenesis of miRNA and RISC assembly 

▪ Two processing events that lead to mature miRNA 

• miRNA transcripts (pri-miRNA) processed into precursors (70 nucleotides, pre-

miRNA, stem-loop) → nuclear ds-RNA-specific nuclease Drosha 

• Cuts off loop from pre-miRNA to create mature miRNA (22 nucleotides) → Dicer, 

in cytoplasm 

▪ In plants: Dicer-like 1 (DCL1) carries out both cleavage processes in the nucleus 

• 2’-O-methylation on both strands via RNA methylase HEN1 → protects end of 

miRNA from undergoing oligouridylation and subsequent degradation 

▪ Export into cytoplasm by Exportin 5 or HASTY (plants): Ran-GTP dependent transporter 

▪ Incorporation of one strand into RISC in cytoplasm, other strand is discarded 
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• Selection of strand due to thermodynamic properties of the duplex (unwinding 

begins at  the extremity displaying highest free energy = weakest base pairing) → 

process does not require energy  

• In contrast: perfectly paired siRNA separation requires energy and is catalyzed by 

AGO-mediated slicing 

▪ Selected strand is incorporated into AGO → guide part, exposes the most 5’-end 

nucleotides (2-8 = seed region) of the miRNA used for initial target scanning 

• Multiple AGO homologues → suggests different composition of RISCs in tissues/ 

developmental stages 

• Initial cut (slicing): critical first step → RNA destabilization 

• Several other proteins are associated with RISCS, vary for different AGO proteins 

o Post-transcriptional gene silencing by miRNAs 

▪ In animals: degree of miRNA-mRNA complementarity determines regulatory 

mechanism (cleavage/slicing or repression of translation) 

• Translational repression might be default mechanism to repress gene expression 

• Prevalence of repression vs. slicing is different for each miRNA-target pair 

• In house-keeping genes (expressed with very low fluctuation): short 3’ UTR region 

to avoid gene silencing 

▪ Mechanisms of translational repression by miRNAs 

• Translation of mRNA: initiated by protein complex elF4F (recognized 5’-cap 

structure) → regulates translation initiation → recruits 40S subunit of ribosome 

together with initiation factor elF6 → at AUG start codon, 60S subunit is joined → 

elongation begins 

o Initiation complex also interacts with 3’-end of RNA through interaction with 

proteins that specifically bind the poly(A) tail → circularization of molecule → 

enhances translation efficiency 

• No clear consensus on which mechanism for repression is prevalent in animals 

o Always coupled to accelerated mRNA decay induced by de-adenylation and de-

capping of the target mRNA → decrease in mRNA levels 

▪ Mediated by de-adenylation and de-capping machinery (nucleases) 

▪ mRNA decay coupled to translational repression is different from mRNA 

endonucleolytic cleavage mediated by AGO 

• Bulk effect counts, some targets display much stronger effects for a single miRNA 

while others buffer out the action of miRNAs 

• Identification of miRNAs and their targets (online lesson) 

o Quantifying miRNAs 

▪ Due to their small size and high degree of homology, identifying and quantifying 

miRNAs is challenging 

▪ Isolate small RNAs → transcribe into DNA & replicate (RT-PCR) → sequence 
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• Led to identification of several dozens of miRNAs → starting point to look for 

more miRNA genes by intensive bioinformatics research 

▪ Bioinformatics research: use computational approach, predictions based on hairpin-

shaped secondary structure and high evolutionary conservation of miRNAs from 

different species → miRNAs still need to be experimentally verified 

▪ Detecting miRNAs: northern blotting, RT-PCR, microarrays, sequencing 

o Northern blotting 

▪ Can determine whether RNA of interest is present in a sample, and at which level → 

sequence must be known already 

▪ Extract RNA samples from cells → miRNAs only make up a small part of the RNA → use 

electrophoresis to separate RNAs by size 

• Small RNA fraction also contains very abundant transfer RNAs 

▪ After electrophoresis, RNA is transferred onto a membrane (blotting) → incubated 

with a hybridization probe → probe is labelled (e.g. with radioactive phosphorus 32P) 

→ X-ray film is applied to dried membrane → detects radioactive signal 

• Probe is usually miRNA-complementary DNA oligonucleotide 

▪ Allows (semi-)quantitative visualization of miRNAs; separates RNA sizes → mature 

and pre-miRNA can be analyzed 

▪ Suffers from low sensitivity, low throughput, and high input RNA requirements, 

radioisotopes as labels pose several safety concerns + increase time of experiment 

• Low sensitivity: low abundant RNAs are difficult to detect → can be improved by 

using locked nucleic acids (LNA) in the probes 

o LNA = RNA with modified ribose moiety → locks ribose in 3’-endo conformation  

→ increases hybridization properties of the probe → very stable in vivo and in 

vitro, can be used to detect miRNA expression in tissues (in situ hybridization) 

▪ Number-one method of miRNA analysis in plants and other species: cheap, easy to 

perform, does not rely on high-tech equipment 

o Quantitative reverse-transcriptase PCR (qRT-PCR) 

▪ RT (Reverse Transcription): Population of RNA molecules isolated from cells → RNA is 

converted into DNA using reverse transcriptase (RT) 

• To analyze expression of a single gene, use primers that anneal specifically with 

the RNA of interest → gene-specific primers 

• Analyze expression of several genes: use random primers or use primer that binds 

to poly(A) tail of mRNA → multiple T nucleotides = poly dT primers 

▪ PCR: Choose primers (forward and reverse) specifically for each RNA to be amplified 

• Problem: miRNAs are tiny, length approx. = typical DNA primer → miRNAs are 

elongated by adding a poly(A) tail using poly(A) polymerase before reverse 

transcription → added poly(A) tail can be used as universal primer 

• Use miRNA-specific forward primer together with a universal reverse primer 

• Quantitative PCR: 
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o Rate at which PCR product is generated is directly related to amount of RNA 

present in sample → after each cycle, amount of PCR product is determined 

using chemical dyes that only fluoresce when bound to double-stranded DNA 

o Progression of fluorescence intensity reflects the amount of RNA 

o RNA of an internal reference gene is amplified by RT-PCR to quantify the 

amount of RNA present → housekeeping genes (e.g. ribosomal genes) 

▪ Advantages: fast to perform, allows direct quantification, sensitive, relatively 

inexpensive and flexible → often used to validate novel miRNAs 

▪ Limitations: to detect miRNAs, only one flanking primer can be specific to the miRNA so 

that only one product is amplified; short template length makes it hard to distinguish 

miRNA isoforms that only differ by a few nucleotides 

o Ultra-deep sequencing (RNA-Seq) 

▪ Isolation of RNA (size selection) → conversion into cDNA + adding adaptors for 

sequencing → amplification → sequencing of cDNA 

• RNA cannot be sequenced directly: highly unstable (prone to hydrolysis), RNA 

needs to be amplified before sequencing → PCR only works on DNA, many 

sequencing techniques still rely on DNA polymerase for sequencing 

• Generating cDNA + amplification = library preparation 

▪ Converting RNA to DNA using reverse transcriptase 

• 3’ RNA adaptor (primer) is ligated to the small RNA using a ligating enzyme → 

primer is designed to specifically capture miRNAs that have a 3’ hydroxyl group 

resulting from enzymatic cleavage by Dicer-like enzymes 

• 5’ adaptor is added that captures 5’ phosphate group → designed to capture small 

RNAs with 5’ end phosphate group (specific for all Dicer products) 

▪ After reverse transcription: PCR using primers that anneal to the end of the adaptors 

▪ Parallel sequencing → sequence genomic region/miRNA molecule multiple times → 

high number of replicate reads = deep sequencing → detect rare molecule species 

comprising as little as 1% of the original sample 

• Deep sequencing provides sequence and frequency 

• Can identify both known and novel miRNAs 

▪ Limitations: medium-high input quantity, library preparation and PCR amplification can 

induce errors, bias towards preferential sequencing of particular sRNA species, cost for 

deep sequencing still relatively high 

o Identification of miRNA targets: Target predictions 

▪ Computational predictions tend to be difficult due to short length of miRNA 

▪ Bioinformatics was able to identify many miRNAs, mainly in plants where most miRNAs 

are nearly perfectly complementary to their targets 

• Many predicted plant miRNAs targets are transcription factors → possible miRNA 

function in regulation of developmental processes 
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▪ In animals: miRNA-target pairings are not entirely complementary → rely on rules that 

were built on a few known miRNA-target interactions → rules refined with discovery of 

new miRNAs 

▪ Experimental validation of potential targets: fuse GFP reporter open reading frame 

upstream of predicted target’s 3’ UTR (miRNA sensor) → examine GFP expression with 

and without overexpression of corresponding miRNA 

o Identification of miRNA targets: Validations 

▪ GFP-sensor approach: monitor expression of target gene depending on miRNA in vivo 

▪ Luciferase (enzyme that produces luminescence by converting substrate luciferin) → 

dual-luciferase assay for miRNA-target validation: 3’ UTR of gene suspected to be 

miRNA target is cloned downstream of translational stop codon of luciferase gene 

• Commercially available vectors carrying luciferase gene; usually second type of 

luciferase gene that produces protein that emits at a different light spectrum → 

used for normalization of emission quantification 

o Transfect vector construct into cells → fusion mRNA (luciferase gene + 3’ UTR 

of potential miRNA target) is transcribed → if it is a real target: miRNA reduces 

activity of miRNA-reporter luciferase compared to control luciferase 

o Measure light emission → precisely quantify effect of miRNA on its target 

• miRNAs in animal development and disease (online lesson) 

o Characteristics of animal miRNAs 

▪ miRNA mode of action 

• Most miRNAs bind to 3’ UTR of target gene → imprecise complementary → 

translational repression + mRNA decay; in case of perfect complementary → RNA 

cleavage by Argonaute-catalyzed endonucleolytic slicing 

• Many miRNA-target transcripts carry multiple target sites for different miRNAs → 

sophisticated mode of gene-expression control at post-transcriptional level 

▪ miRNA location within genomes: often located within introns of genes, co-expressed 

with host gene, location and co-expression often conserved across species; often 

located in regions that are involved in different cancer types 

▪ miRNA genes in the animal kingdom 

• Correlation between number of miRNAs and morphological complexity 

• Requirement for miRNA formation: transcript must be able to form the correct 

secondary structure that can be recognized by Drosha and Dicer 

o Easily achieved → miRNA genes might emerge more easily than a novel 

protein-coding gene 

o Recognizes short sequences in target gene for interaction → miRNA target sites 

can easily be acquired/lost in transcriptome; few base-pair changes in miRNA-

gene sequence are very likely to lead to different target genes 

o The role of miRNAs in vertebrate development: lessons learned from zebrafish 
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▪ Problem: due to short sequence, miRNA genes are rarely affected by mutations → hard 

to detect in forward genetic screens 

▪ Solution: use organisms with defective miRNA biogenesis (Dicer knock-down/knock-

out) → maturation of miRNA is inhibited 

• miRNAs are required for normal development, but also exert functions beyond 

developmental stages 

▪ Zebrafish: loss of function of Dicer → arrest at late developmental stage (before, 

maternally provided Dicer is used) 

• Mutants with additional knockout of maternal Dicer (maternal-zygotic, MZ): mild 

defects in early development → embryonic patterning is not affected; in later 

stages, morphogenesis defects 

o Neurulation severely affected: Incorrect formation of brain ventricles & lack of 

constrictions that form midbrain-hindbrain boundary 

▪ Specific family of miRNAs: highly expressed in first 48 h of development → 

injection rescues mutant phenotype → miR-430 seems to be responsible 

for major switch in brain development → most likely controls multiple 

targets in brain morphogenesis 

• miRNAs are essential for later steps of embryogenesis; most miRNA are not 

expressed in early development (up until segmentation), strong expression after 

organogenesis 

• miRNA is highly tissue-specific in fully developed tissues (even region-specific 

within organs, e.g. endocrine vs. exocrine pancreas) → important not only for 

tissue-fate establishment but also in maintenance of tissue identity and integrity 

• miRNAs expressed in development often stay highly expressed in adult → 

establishment and maintenance of cell fates → failure can cause cancer 

o miRNA in human disease 

▪ Major role in developmental processes such as proliferation, cell cycle, differentiation, 

metabolism, apoptosis, developmental timing, neuronal cell fate, neuronal gene 

expression, brain morphogenesis, muscle differentiation, and stem cell division 

▪ Repress gene translation of hundreds of genes → change in miRNA composition often 

results in disease 

o Mechanisms that change miRNA action 

▪ Mechanisms affecting small number of miRNAs/targets 

• miRNA loss-of-function mutation (e.g. due to effect on hairpin structure, mutated 

seed sequence, impaired biogenesis), gain-of-function (e.g. overexpression by 

amplification, mutation of promotor, increased efficiency of miRNA processing, 

translocation to new promotor that is more active/active in different tissue) 

• Mutation of binding site in target mRNA → loss of original miRNA target or new 

undesired miRNA target sequence (happens often due to large number of miRNAs 

and short seed sequence) 

▪ Global changes in miRNA and/or target accumulation 
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• Loss of function mutations in Pol-II, Drosha, Dicer, Exportin-5, AGO 

o Mutations affecting miRNA biogenesis 

▪ SNPs: point mutations that occur with a certain frequency within a population 

▪ Effect on miRNA biogenesis: primary transcription, miRNA biogenesis, miRNA-mRNA 

interaction 

• SNPs in the pri region (sequence only present in pri-miRNA) → decrease in mature 

miRNA levels, often associated with higher cancer risk 

• SNP in pre-miRNA: also associated with various types of cancer 

▪ SNPs can lead to either down- or upregulation of mature miRNA 

o Mutations affecting miRNA-target interactions 

▪ Mutations in seed sequence of miRNA / mutations in target gene 

• Example: miR-146a, heterozygous mutation shows greater risk for cancer than 

homozygous → SNP in seed region of passenger strand → new target binding site 

→ heterozygous: three different mature miRNAs → target different mRNAs 

▪ SNP in miRNA binding site of target gene (3’ UTR): found in many cancer types 

o Mutations in the miRNA pathway affect animal breeding 

▪ Mutations affect function in artificial selection in animal breeding 

▪ Example: point mutation creates mir-1 target site in 3’-UTR of myostatin gene → 

inhibits myostatin expression → increased muscle mass → popular lean-meat sheep 

• Myostatin inhibits muscle-cell growth and differentiation (myogenesis) 

o Mutations in the miRNA pathway are involved in cancer development 

▪ Genes encoding proteins that regulate cell proliferation, differentiation, or cell death 

are often mutated in cancer cells → tumor-suppressor genes (negative regulators of 

cell growth) vs. oncogenes (enhance growth) 

▪ Oncomirs: miRNAs that act as tumor suppressors and oncogenes, sometimes even as 

both → used in diagnosis and treatment of cancer 

• Can act as both because they control many unrelated targets → can control 

opposing cellular processes → depends on miRNA/mRNA expressed in cell type 

o Example: miR-125b has opposite roles in different cancer types/cell lines → 

targets transcription factors, growth factors → role in cell differentiation, 

proliferation, and cell death 

▪ Fragile sites: sites where chromosome is susceptible to breakage, amplification and 

fusion with other chromosomes → associated with development of cancer; 50% of 

miRNA genes are located in such areas → crucial function in cancer progression 

o Predicting tumor origins by miRNA profiling 

▪ High tissue specificity of miRNA expression → expression profiles of miRNAs used to 

classify cancers 

▪ Profiles of approx. 200 miRNA genes are sufficient to accurately classify cancer types 

▪ Tumors from same embryonic lineage show similar miRNA expression profiles 
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▪ Classification often better than using profiles of protein-coding mRNAs → can classify 

very poorly differentiated tumors into tissue-specific lineage 

o miRNA circulating in plasma or serum can be used as biomarkers 

▪ Avoid biopsy for cancer diagnosis → look for biomarkers in blood plasma/urine 

▪ miRNAs that circulate in the blood serve as biomarkers for disease → levels are 

significantly different in patients compared to healthy people, miRNA appear to be very 

stable (incorporated into small vesicles) 

▪ Origin of miRNA in blood: maybe from apoptotic bodies (cell fragments) 

• miRNAs in plants (online lesson) 

o Plant-miRNA biogenesis 

▪ miRNA genes are mostly located intergenic (in contrast: animals mostly within introns) 

▪ Transcribed by DNA-dependent RNA-polymerase II → primary miRNA (pri-miRNA) → 

capped and poly-adenylated 

▪ Nucleus: pri-miRNA undergoes formation of stem-loop precursor (pre-miRNA, more 

variable in size than animal counterparts) and excision by Dicer-like 1 (DCL1) → mature 

miRNA duplex → exported into cytoplasm → 2’-O-methylation at 3’ end of both strands 

by HEN1 to protect duplex from oligo-uridylation and degradation by exonucleases 

• Differences to animals: in animals, nuclear processing is catalyzed by Drosha, 

processing into miRNA happens in the cytosol by Dicer 

▪ Guide-miRNA is incorporated into Argonaute (AGO) proteins → mechanism that 

chooses correct guide-miRNA not formally resolved 

▪ AGO loaded with guide-miRNA forms with other proteins the RNA-induced silencing 

complex (RISC) to mediate target-gene specific silencing 

o Slicing or translational inhibition – two different modes of silencing 

▪ Degree of complementarity: plant miRNA mostly binds to highly complementary target 

sites in coding regions → often mRNA degradation, clearing mRNA irreversibly; much 

more limited number of mRNA targets than animals due to near-perfect matching 

• Makes computer-based target identification straightforward 

▪ miRNA-mediated mRNA degradation 

• AGO1 in RISC can cleave target mRNA between nucleotide 10 and 11 

• mRNA fragments are degraded from the newly generated 3’ and 5’ ends, which 

are not protected compared to the original ends (5’-cap, 3’-poly(A) tail) 

• Leads to reduced mRNA levels, irreversible → e.g. switch for permanent decisions 

in cell fate acquisition → mutations lead to severe consequences for development 

▪ Translational inhibition by plant miRNAs 

• Does not lead to reduced mRNA levels, or only slightly reduced, reversible → e.g. 

for coordination of stress-responsive gene expression (by repressing stress-

response repressors) 

▪ One single miRNA can result in a combination of the two types of silencing → varying 

involvement in the two processes depending on the miRNA → flexibility! 
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▪ Neither position of binding to the target (coding region/UTR) nor degree of pairing 

seems to be predictive of silencing process; translation inhibition may be promoted by 

protein factors that interact with AGO 

o Modulating plant miRNA activity 

▪ Regulation of plant-miRNA gene transcription 

• In contrast to animals: miRNA as independent transcription units with own 

promotors and regulatory elements → modulated by transcription factors 

• Gene families provide redundancy and protection from losing gene function → 

especially in important genes, where loss would lead to severe consequences 

o Also enables some level of diversification 

▪ Regulating miRNA processing 

• Dicer-like 1 (DCL) is the main enzyme of miRNA processing, AGO is the key miRNA 

effector protein → regulation of miRNA processing and activity involves regulation 

of DCL1 and AGO 

• Regulation is mediated by two miRNAs → feedback regulation 

▪ Regulation miRNA activity 

• Temporarily → binding miRNA to inert targets 

• Example: phosphate starvation → positive as well as negative regulators of 

phosphate uptake are expressed → negative regulator is inhibited by miR-399, 

which is expressed until phosphate levels rise again 

• Inhibition by “target mimicry” (divert miRNA from normal target mRNA) 

▪ → transient miRNA regulation: can be used for genetic studies by engineering RNAs 

that mimic a target and temporarily knock down miRNAs 

o Plant miRNA-directed regulation 

▪ Temporal regulation: target gene is produced at one point in time but not at another 

• Gradient of miRNA expression → opposing gradient of target over time despite 

constant target transcription 

▪ Spatial restriction: tissue specific activation 

• Example: CUP-SHAPED COTLEDON2 (CUC2) → influences plant morphology 

(serration of leaves) 

o Regulated by miR-164 → mutation of miR-164 or mutation of CUC that makes 

it resistant to miR-164 leads to expression of CUC2 in all tissues 

• siRNA-mediated gene silencing in plants (online lesson) 

o Comparing siRNAs and miRNAs 

▪ Similar biogenesis and activity in the cell 

▪ miRNA 

• Excised by Dicer from imperfect stem-loop precursor as single small RNA species 

• May accumulate to tremendous levels 
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▪ siRNA 

• Degradation via slicing and exonuclease-mediated degradation 

• May also function in translational inhibition and other sequence-specific gene-

silencing mechanisms 

• Produced by consecutive cuts by Dicer along a perfectly double-stranded dsRNA 

precursor → always part of a population 

o Experimental evidence for endogenous siRNAs 

▪ Deep sequencing in Arabidopsis showed that majority of small RNAs in plants are 

siRNAs (24 nucleotides long, produced by DCL3) 

• Could not be miRNAs because similar distribution patterns of small RNAs in 

mutants for DLC1 (Dicer homologue that produces plant miRNAs) 

• These were healthy plants → small RNAs must be endogenous 

▪ Arabidopsis has four Dicer genes (dcl1-4) → make mutants for all four → assign small 

RNAs to one of the proteins 

▪ Each DCL produces small RNAs of a very specific size (except DCL1) 

• Middle domain of Dicer acts as a molecular ruler → determines size of Dicer 

product; distance between PAZ domain that Dicer uses to anchor itself to the long 

dsRNA extremity, and the RNase-III catalytic residues of Dicer 

▪ 24-nucleotide-long siRNAs could be mapped to genomic sites containing transposons 

and retrotransposons → transposable elements as origin of endogenous siRNAs 

▪ Density of small RNA-generating loci was highest at the centromere regions → known 

to contain high density of repeated elements, including transposons/retrotransposons 

o Role of endogenous siRNAs 

▪ Regions around centromeres are mostly heterochromatin → poorly transcribed by RNA 

polymerase II 

▪ siRNAs in euchromatic regions also map to TEs 

• Many TEs form inverted repeat loci, transcription of which can lead to self-

complementary dsRNA 

▪ TE-derived dsRNA is converted into siRNAs by DCL3 → loaded mostly into AGO4  

• AGO proteins anneal to nascent transcripts of the targeted DNA → recruit de novo 

methyl-transferase to add methyl groups to the cytosines in target DNA → 

silencing of TE → prevents gene disruption through mobilization of TE 

• “RNA-directed DNA methylation” RdDM → another mechanism how siRNA can 

silence genes by epigenetically modifying the DNA to reduce transcription 

o Role of exogenous siRNAs in plants: antiviral silencing 

▪ siRNA products of DCL2 and DCL4 are underrepresented in healthy plants; drastically 

increase in virus infected plants → siRNAs do not map onto plant genome but onto the 

virus genome 

▪ Plants lacking DCL2/DCL4 are more susceptible to plant viruses → seem to mediate 

antiviral defense, seem to be redundantly active against all viruses 
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▪ Production of siRNAs in virus infections 

• dsRNA precursor forms by replicating the genomic positive, single-sense (+) RNA 

strand of the virus into a complimentary negative-sense (-) RNA → annealing 

• Precursor is recognized and cut into siRNA by DCL2/4 

• siRNA is loaded onto AGO proteins (AGO1/2) to mediate gene silencing by 

degradation; AGO1 is also main effector for most plant miRNAs 

▪ Viral (-) strand is copied to produce multiple (+) strands → (+) strands serve for protein 

synthesis → more virus production → need to reinforce immune response to keep up 

with high viral replication rate 

• Many RNAs to be targeted for destruction → plants encode RNA-dependent RNA 

polymerases (RDR) → amplify the antiviral silencing action by generating dsRNA 

de novo from virus single-stranded RNA substrates 

• Cleaved RNA fragments from AGO1/2-slicing serve as templates 

▪ Viral counter-defense strategies to escape virus-induced gene silencing (VIGS) 

• Viral suppressors of RNA silencing (VSR): proteins that interfere at different steps 

in the silencing pathway 

o p19 protein: binds siRNAs in a size-dependent, sequence-independent manner 

→ prevents loading onto AGO 

o p38 protein: binds AGO1/AGO2 and prevents loading of virus-derived siRNAs 

▪ Antiviral RNAi defense and VSR by viruses are also found in invertebrates including C. 

elegans and Drosophila 

▪ Not programmed by the host → can be virtually adapted to any virus 

o Systemic transgene RNAi 

▪ RNAi induced locally in response to long dsRNA/viruses can move between cells 

▪ Systemic silencing signal + signal amplification 

• Amplification occurs through the same RNA-dependent RNA polymerase that also 

mediates the amplification of antiviral RNAi 

• siRNA duplexes move independently of AGO proteins between cells and through 

vasculature → same routes as the ones taken by viruses 

• Allows plant tissues to become immunized against viruses, ahead of the infection 

o Summary of the role of DCL proteins in gene silencing in plants 
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• Lectures on small non-coding RNAs 

o Agrobacterium tumefaciens: produces T-DNA that can induce tumours in infected plants → 

if tumour-inducing genes are removed: harmless T-DNAs containing RL and LB (disarmed T-

DNAs) → recombinant DNA technology to introduce pieces of genetic information into 

disarmed T-DNA → can be used to introduce transgenes into plants 

▪ Co-suppression: both introduced sense transgene and endogenous gene are silenced 

• At post-transcriptional level: silenced and non-transgenic loci are transcribed at 

the same rate → transgenic trans-acting factor must cause degradation of 

endogenous mRNA → factor is likely an antisense RNA 

• Antisense RNA, sequence-specific for target mRNA must be involved → small & 

sequence of the silence mRNA 

o Sense small RNAs also accumulate in co-suppressed lines → suggests that small 

RNA precursor is a long dsRNA 

o Sense transgenes frequently are rearranged during transformation to form 

inverted repeats → transcription of inverted repeats leads to long dsRNA 

o Injection of dsRNA yields higher effect than injection of sense or antisense RNA 

→ potent and nucleotide-sequence specific silencing 

▪ Identification of Dicer: RNaseIII are the only enzymes known capable of digesting long 

dsRNA → only Dicers could produce sRNAs in ATP-dependent manner 

• Co-depletion of Dicer-1 and Dicer-2 resulted in 8-fold reduction in RNAi efficacy 

• Dicer does not move along the RNA; just cuts & releases; ATP is required for 

untangling of RNA 

▪ Identification of RNA-induced silencing complex (RISC): distinct from Dicer complex 
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• Argonaute (AGO) protein as a core component → binds 

sRNAs at 3’ end via the PAZ domain, 5’ end of small RNA 

(seed) allows micro nucleation to the target RNA → AGO 

are endonucleases that use catalytic residues to cleave 

target small RNA hybrids exactly at the 10-11nt (“slicing”) 

o If there is a mismatch in central region: slicing is inhibited 

▪ Foreign and cellular sources of double-stranded RNA 

• Exogenous: IR transcript, aberrant RNA, viral RNA 

• Endogenous: endogenous stem-loops (miRNAs), repetitive elements, cis-antisense 

transcripts, non-coding transcripts 

o Going deeper into silencing sRNA-mediated regulations in plants and animals 

▪ Si/miRNA strand selection 

• Si/miRNA duplexes are functionally asymmetric → preferentially loaded into AGO 

with less stable end toward phosphate-binding pocket → results in selection of 

guide strand 

o In flies: Dicer-2/R2D2 heterodimer senses asymmetry of siRNA duplex → 

prerequisite for Ago2-RISC assembly 

o In mammals: no other factors are needed for asymmetric assembly; central 

mismatches promote RISC loading, mismatches in seed and 3’-mid regions 

promote slicer-independent unwinding 

o ATP is required for duplex loading; slicer-independent and slicer-dependent 

unwinding does not require ATP 

o 5’-terminal nucleotide identity is important → decides on AGO isoform binding 

as well as silencing type 

o Evolutionary pressure to maintain bulge sequences in precursor RNA so that 

the correct strand will be incorporated into AGO → bulge regions can also be 

used to design siRNAs artificially (force AGO to incorporate the correct strand) 

▪ miRNA targets in metazoans 

• Most mRNA contain target sites for multiple miRNAs, located mostly in their 3’-

UTRs → allows sophisticated mode of gene expression control at post-

transcriptional level 

o Complex effects on gene expression depending on: respective cellular 

concentration of each miRNA (influenced by cell type, cell context, miRNA 

isoforms) & miRNAs; act both in qualitative and quantitative manners 

• Possible modes of action of metazoan microRNAs 

o mRNA cleavage (requires perfect complementarity with target) vs. 

translational repression (TR) coupled to prevailing decay 

o Most metazoan miRNAs (99%) display imperfect base-pairing → highly 

conserved central mismatch prevents slicing 

▪ The almost impossible theoretical implications of the “seed” only-guided targeting 
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• Seed notion is only valid to some extend → helped characterize biologically 

important miRNA functions. BUT: is seed pairing mandatory for target 

recognition? 

• Limited length of seed → any given metazoan miRNA may target dozens of 

potential transcripts → each of them undergoing 1.5-2 fold regulation  

• Most genes are haplo-sufficient! → what if these predicted targets are not bona 

fide targets but promote a general buffer to miRNA activity? → only few select 

transcript are genuine targets? 

o In that case, the targets would regulate the miRNAs 

o It is unlikely that every predicted miRNA target is dose-sensitive enough to be 

functionally regulated by miRNAs 

o Haplo-insufficient genes tend to bear the most highly conserved miRNA 

binding sites 

• In mammals: Seed pairing: many target mRNAs → translational repression 

• In plants: Extended pairing: fewer, mostly known & validated targets → slicing 

▪ miRNA target stabilization and enhancement of translation 

• Influence on local sequence context: secondary structures of mRNA, occupancy by 

RBP (= RNA binding protein, can seem like activation if AGO is a weaker repressor 

than RBP), removal of repressor (activation) 

▪ Antiviral RNAi 

• Innate immune response not programmed by the host but by structural and 

nucleotide sequence features of the pathogen’s RNA 

• In mammals: Long dsRNA often induces non-specific block in translation and mRNA 

degradation via the PKR-IFN pathway → interferon response → argument against 

long dsRNA-mediated RNAi in mammalian cells 

o Mouse embryonic stem cells do not mount an IFN response to long dsRNA 

o De-differentiation of cells enhances antiviral RNAi 

o Adult progenitor cells in various tissues might be primary sites of antiviral RNAi 

o RNAi seems to happen in many of our cells, but is often overpowered by other 

antiviral defence mechanisms 

o Single-cell resolution of global microRNA-mediated gene regulations within a complex organ 

▪ miRNAs are key for normal plant development and for adaptation to stress  

▪ Whole-tissue analyses confound miRNA action in specific cell types → often, the 

variations in target accumulation seem very modest (2 to 2.5 folds), yet most genes are 

haplo-sufficient → if there are different cell types in a tissue, each of them might 

accumulate different miRNAs: when combined, these accumulations average out 

• miRNA needs to be studied at single-cell resolution  

▪ Current methods to analyse miRNAs and their actions in plants & metazoans 
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• miRNA sensors, full length target fusions, miRNA promotor fusions → only 

address single miRNA-target combinations; cannot be created for every miRNA 

• To see if miRNA is transcribed: fuse GFP to miRNA 

• To see if miRNA is loaded: use modified AGO1 

▪ Non-invasive immunoprecipitation for cell-type specific profiling of AGO1-loaded 

miRNAs 

• Invasive techniques lead to stress response → change miRNA expression 

• IP-based cell-type specific profiling of miRNAs is possible without contamination 

from surrounding cell layers  

• Dozens of new miRNAs & alternatively processed known miRNAs were discovered. 

Many display cell-type specific patterns. All are AGO1-loaded = active 

• Finding targets of miRNA: cell-specific miRNA action using polysome IPs 

o Robust and pure; high resolution, high quality translatome 

▪ Importance of cellular miRNA and probably target concentrations 

• E.g. selective target expression gradient under limiting miRNA concentration → 

block vs. gradual regulation 

▪ Still a multitude of unknown spatial gene regulatory mechanisms, staggering level of 

precision and versatility 

▪ Movement of miRNAs → non-cell autonomous, movement is exquisitely regulated → 

radial gradient (acts like a morphogen, important for patterning) 

• miRNA can move from one cell to another 

• miRNA does not move bound to AGO (AGO does not move between cells) → is 

incorporated into AGO after movement and activation 

o Modification by enzymes to prevent loading in origin cell and promote 

movement → in target cell: reversal of enzymatic modification → miRNA is 

never active and mobile at the same time 

▪ Future: target mRNA movement between cells, stress applications and systems 

biology, developmental (longitudinal) as well as spatial studies, applications to simple 

whole metazoan organisms 

o RNA-directed DNA methylation in Arabidopsis 

▪ Most plant endo-siRNAs are made by DCL3 and map to repeats and TEs → produced as 

populations along TEs 

▪ Transposons (transposable element TE): fragment of DNA that can insert into new 

chromosomal locations, some copy themselves and increase in number within the 

genome 

• Responsible for large scale chromosomal rearrangements and single-gene 

mutagenic events 

• Two major classes: DNA transposons (cut and paste) vs. retrotransposons (copy 

and paste) → main threat to genome integrity comes from retrotransposons 
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• Transposons make up a major content of eukaryotic genomes (50% of human 

genome, 85% of barley genome, 98% of iris genome)  

• How do organisms live with TEs? 

o Most TEs are broken (remnants), active TEs evolved to insert into “safe-

havens” including themselves → most mutations neutral, sometimes harmful; 

in rare cases, mutations may be adaptive 

o Host regulates TE transcription and movement by epigenetic means → can 

provide advantages to gene expression control 

o TEs are usually inactive but stress conditions may activate TEs → increase 

mutation frequency 

o Major threats: intra- and inter-chromosomic rearrangements 

o DNA and histone methylation cause heterochromatin formation at TE loci → 

reduces or prevents recombination and rearrangement 

▪ DNA methylation 

• DNA can be covalently modified by cytosine methylation → three patterns for 

different sequence contexts; only two patterns are propagated during DNA 

replication (by MET1 = maintenance methylase) 

• Plants are continuously growing → stem cells → anything methylated in a stem 

cell has long-lasting effects on the plant 

o Germ-line is not formed in embryogenesis in plants → any later occurring 

methylation pattern can still be transferred to germ-line cells 

• In mammals: shortly after fertilization → 2 massive waves of methylation which 

affect the primordial germ-line cells 

• DNA methylation (epigenetic silencing of TE) is necessary to silence transposons 

and maintain genomic integrity → in DNA hypo-methylated individuals (e.g. due 

to reduced DDM1 activity), TE-induced mutations accumulate 

• Asymmetric methylation sites require additional information 

o Maintained (and initiated) by information on associated histones and RNA-

directed DNA Methylation (RdDM) → directs de novo DNA methylases to 

these sites (using siRNA) 

▪ RdDM is required to explain how transposons and repeats become 

methylated for the first time once detected as foreign in the genome 

o Key features of RdDM 

▪ Can occur in fully developed tissues → DNA replication is not necessary 

▪ Extremely potent and can methylate cytosines in all sequence contexts 

▪ Strictly confined to regions of homology between the transgene and the 

inoculated viroid 

▪ Sequences as small as 30bp can undergo efficient methylation → guide 

RNA is only 21-24 nt long! 
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▪ The more a transposon moves and proliferates, the higher is the chance that it will 

create inverted repeats of itself → overlapping 

transcripts or inverted repeats → new dsRNA 

originates from only one copy of transposon 

• dsRNA can activate Dicer → processing of RNA → loading of AGO with siRNA → 

gene silencing through methylation 

• Epigenetic silencing has a genetically tractable origin and is dynamic 

• Paradoxically, epigenetic transcriptional silencing requires active transcription (at 

least for initiation) 

• Aberrant TE loci that genetically initiated epigenetic silencing are no longer 

required to maintain the process of methylation → may segregate away via out-

crossing leaving no tractable origin of the whole process 

o The PolIV/PolV/RDR2 process active on all copies now maintains the system 

dynamically 

▪ Pol V: produces short, non-coding transcripts (30nt) → template for RDR2 

(creates double stranded RNA) → through initial trigger, the system can 

then be maintained independently (steady state) 

▪ Viroids 

• Plant pathogens consisting of short, highly complementary circular, single-

stranded RNA → can fold to form a dsRNA 

• Viroid RNA does not code for any proteins → rely on their host entirely for their 

replications (rolling circle) as well as for their movement 

• Pathogen-derived resistance (PDR) to protect from viroids → transgenic lines 

containing pathogen genome 

o One would expect these lines to produce viroids at a low level, but many did 

not → transgene regions with viroid genome was methylated de novo 

o Only replicating copies of viroids in genome are methylated → need to form 

RNA for methylation! 

▪ Genetic and epigenetic consequences on endogenous gene expression 

• An initial genome invader and its many copies have been tamed by the host via 

epigenetic silencing → undergoes selection to retain only useful parts of the 

invader → use dynamic RdDM imposed on such remnants to modulate endogene 

expression (e.g. with regulatory elements from TE genes) 

• These regulatory elements may e.g. be activated in response to stress which is 

known to dampen RdDM 

o Various levels of transcriptional control of gene expression: euchromatin ready to 

transcribe → genetic control on/off → epigenetic control, rheostatic adjustment 


