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 locus:   physical region or segment of a chromosome 
 allele:  one of a set of possible alternative forms at a given locus 
 genotype: genetic constitution – or particular allele combos – of an organism 
 phenotype: observable properties of an organism, influenced by genotype and environment 
 wild type: “normal” phenotype, genotype or allele, as defined in the lab 
 mutant:  “abnormal” phenotype, genotype or allele, as defined in the lab 
 haploid:  single allele at each locus 
 diploid:  two alleles at each locus 
 homozygote: diploid organism having two identical alleles at a given locus 
 heterozygote: diploid organism having two different alleles at a given locus 
 hemizygote:  
 
Monohybrid Cross: 
 

 Y y 

Y YY Yy 

y Yy yy 

Punnett Square 
 
 
 
 
1:2:1 Genotypic ratio 
3:1 Phenotypic ratio 
 
 
Dihybrid Cross: 

 Y R Y r y R y r 
Y R YY RR YY Rr Yy RR Yy Rr 
Y r YY Rr YY rr Yy Rr Yy rr 
y R Yy RR Yy Rr yy RR yy Rr 
y r Yy Rr Yy rr yy Rr yy rr 

 
 
 
 
 
 
 
 

 
 
9:3:3:1 Phenotypic Ratio 
 
Probability of a particular Genotype: (from YyRr X YyRr cross) 
 
 
 

True breeding yellow peas  True breeding green peas 
 
P0 YY   X  yy 
 
 
F1 “hybrids”  Yy (All yellow: Yellow is dominant) 
         green is recessive 
 
F2 1/4  YY Yellow, pure-breeding 
 1/2  Yy Yellow, hybrid 
 1/4  yy green, pure-breeding 

True breeding Yellow Round True breeding green wrinkled 
 
          YY RR X yy rr 
 
F1    “dihybrids” Yy Rr Yellow, Round (interbreed) 
 
 
F2  9/16 1/16 YYRR Yellow, Round 
 2/16 YY Rr Yellow, Round 
 2/16 Yy RR Yellow, Round 
 4/16 Yy Rr Yellow, Round 
 
     3/16 1/16 YY rr Yellow, wrinkled 
 2/16 Yy rr Yellow, wrinkled 
 
     3/16 1/16 yy RR green, Round 
 2/16 yy Rr green, Round 
 
     1/16 1/16 yy rr green, wrinkled 

   Color gene   shape gene 
 
Probability of yy rr   [1/2 X 1/2] X [1/2 X 1/2]= 1/16 
          1/4         1/4 
 
 
Probability of Yy rr   [(1/2 X 1/2) + (1/2 X 1/2)]  X  [1/2 X 1/2] = 2/16 
 



 
 
Backcross: Cross of progeny to one of the parents 
 YyRr (F1) X YYRR(F0)  gives offspring: 1/4 YYRR 
       1/4 YYRr 
       1/4 YyRr 
       1/4 YyRr 
 1:1:1:1 Genotypic ratio 
 All have same phenotype (Y R) 
or 
 
 YyRr (F1) X yyrr(F0)  gives offspring: 1/4 YyRr 
       1/4 Yyrr 
       1/4 yyRr 
       1/4 yyrr 
 1:1:1:1 Genotypic and Phenotypic ratios 
 Different phenotypes!  Much more informative 
 
Test Cross: Cross of Unknown genotype with recessive homozygote 
 Cross a Yellow Round pea (both dominant traits) with green wrinkled (recessive traits) 
  Y _  R _  X yy rr 
 Any green peas in F1? If so, genotype was Yy 
 Any wrinkled peas? If so, genotype was Rr 
 
Outcross: Cross of mutagenized strain with wild-type strain to "clean up" genetic background 
 
T.H. Morgan  - Drosophila, discovery of sex-linked inheritance = Chromosomal theory of inheritance 
 Wild-type: Red Eyes   Mutant: White-Eyes  
 
 
 
 
 
Morgan's observations: 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
X-chromosome linkage explains the results: 
 
 
 
 
 

Experiment #1 
 
Pure breeding red-eyed flies   Pure breeding white-eyed flies 
  female  X male 
 
    F1 All red  (interbreed) 
 
    F2 3 red:1 white, as expected 
     BUT all the white-eyed flies were male! 

Experiment #2 
 
Pure breeding red-eyed flies   Pure breeding white-eyed flies 
  male  X female 
 
    F1 All females red-eyed! 
     All males white-eyed! 

Experiment #1  +/+ X w/Y 
   (red-eyed)  (white-eyed) 
 
  F1 w/+ females and +/Y males 
   (red-eyed)   (red-eyed) 
 
  F2  +/+ red-eyed females 
    w/+ red-eyed females 
    +/Y red-eyed males 
    w/Y white-eyed males 



 
 
 
 
 
 
 
 
 
Segregation of X-linked traits: 

Sons get an X from Mom and a Y (or 0) from Dad 
--> Sons of affected fathers do not inherit the trait 
--> Sons of het mothers have a 1/2 chance of being affected 
Daughters get an X from each parent 
--> Daughters of affected fathers are obligate hets 
--> Daughters of het mothers have a 1/2 chance of being het 

 
cccc square test: A statistical test used to evaluate some types of genetic data (including segregation ratios)  
 
 
 
 
 
Complications in the relationship between genotype and phenotype: 

Pleiotropy - A single gene mutation may be responsible for a number of distinct and seemingly 
unrelated phenotypic effects. 
Genetic Heterogeneity - Mutations in multiple different genes may all cause the same mutant 
phenotype. 
Redundancy - Mutations in two or more genes may need to be present before a mutant phenotype 
is observed. 
Suppression - A mutation in one gene may “mask” the effects of a mutation in another gene. 
Incomplete Penetrance and Variable Expressivity - Individuals with identical genotypes may 
have different phenotypes. 
 

The Complementation Test  
A test to determine whether or not two recessive mutations are allelic 
(e.g. Do two similar-looking mutant strains carry mutations in the same gene? Or in two different genes?)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Experiment #2  +/Y X w/w 
   (red-eyed)  (white-eyed) 
 
  F1 w/+ females and w/Y males 
   (red-eyed)   (white-eyed) 
 
  F2  w/w white-eyed females 
    w/+ red-eyed females 
    w/Y white-eyed males 
    +/Y red-eyed males 

 c2 = ‡” (expected – observed)2/expected,  
 
 degrees of freedom = # classes – 1 

 
True breeding wrinkled line #1  X True breeding wrinkled line #2 
 
 
   If F1 = wrinkled #1 and #2 “fail to complement” 
     and are alleles of the same gene 
    
 
   If F1 = Round #1 and #2 “complement” 
     and are not alleles of the same gene 
 

Failure to Complement: 
One gene with three alleles: R (round), r 1(rec. wrinkled), r2 (rec. wrinkled) 
 
    r 1 r1 x r2  r2 
 
     r1  r2 (wrinkled) 
 
 and interbreeding of F1 would continue to give ~only wrinkled peas  

Complementation: 
Two genes with two alleles each: R (round), r (rec. wrinkled), S (round), s (rec. wrinkled) 
 
    rr SS x RR ss 
 
     Rr Ss (Round) 
 
 and interbreeding of F1 could generate an RR SS true breeding Round line 



(Rare) Exceptions to the rule of Complementation Tests: 
 Intragenic complementation:  Two (non-null) alleles of the same gene complement each other.  

Intergenic non-complementation:  Two alleles of different (but functionally related or physically 
linked) genes fail to complement.  Because of these exceptions, it is important to combine 

complementation data with other information such as map data when assessing allelism. 
 
Penetrance and Expressivity: 
penetrance - The fraction of individuals with a given genotype who actually  express the phenotype 
usually produced by that genotype.  (i.e. a measure of phenotype frequency). Many alleles cause 
“incompletely penetrant” phenotypes. 
expressivity - The severity of a genetic trait seen in individuals with a given genotype.  Many traits show 
“variable expressivity” in that some individuals are severely affected while others are mildly affected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable expressivity shown by 10 grades of piebald spotting in beagles. Each of these dogs has SP, the allele 
responsible for piebald spots in dogs. (Figure 4-25 from Griffiths).  
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 phenocopy: alteration of a phenotype by nutrition and/or environmental stress 
 consanguinity: relationship by descent from a common ancestor 
 heterogeneity: mutations in different genes causing the same disease 
 
As of 12/13/04, Human Gene Mutation Database (Cardiff) has 44090 mutations in 1714 genes 
      

    
American pedigree showing inheritance of 
 feeblemindedness in an immigrant familty  
(published 1914). 
 

 
 
Types of mutations in Dominant Disorders: 
•Loss-of-function (haploinsufficiency):  e.g. Achondroplasia, FgfR3;  
     Marfan Syndrome, Fibrillin-1; Waardenburg syndrome, Pax3 
•Gain-of-function (increased or ectopic function): Increased bone density, LRP5; 
     Colorectal cancer, b-catenin; Basal cell carcinoma, Smoothened 
•Dominant-negative (abnormal gene product that interferes with the normal allele):  
     Waardenburg-Shah syndrome, Sox10;  
 



 
 

  
 

   
 
X-linked inheritance (Sex-linked) 
•Caused by mutant genes on the X chromsome (few genes on Y) 
•Males are hemizygous (XY) 
•Females have two X chromosomes (XX) but only one is active  
  (due to dosage compensation) therefore, expression of X-linked genes is variable 
•No male to male transmission 



 
 
X-linked Dominant pedigree characteristics: 
•Pedigree pattern differs from that of autosomal dominance only in that all the daughters and none of the sons of 
affected males will be affected, since a male gives his X-chromsome only to his daughters. 
•Few examples: hypophosphatemic rickets, Rett syndrome (MECP2) 
                  - progressive encephalopathy 
                  - only females affected (males die in utero) 
                  - all mutations are new 
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Meiotic Recombination 
-The physical exchange of chromatid arms between homologs in prophase I-Recombination is a physical 
attachment between homologs, and is important for the fidelity of chromosome segregation in meiosis  
Humans: approximately ~1 crossover / chromosome arm-meiosis 
Mutations in genes involved in recombination increase meiotic non-disjunction.  
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Are double crossovers independent of each other? 
Interference (I): a productive crossover interferes with others nearby. Manifest by fewer double crossovers than 
predicted by chance alone. 

Expected doubles = p(rec. regionI) x p(rec.regionII) 
First calculate Coefficient of coincidence (CC):CC =           observed freq. of doubles 

expected freq. of doubles 
I= 1-CC 
If CC = 1, then I = 0 no interference 
If CC = 0, then I = 1 interference is complete, a crossover in region 1 completely interferes with a crossover in region 2. 
 

  
 
Genetics tells you the function of genes and proteins in vivo!Forward Genetics: Screen for new 
mutants in a process of interest 
Without preconceived notion of what genes are involved 

New mutant Phenotype - What is the molecular identity of the gene? 
Phenotype -> Genotype -> Transcription unit  

Progressive refinement of genetic location-link to physical location1)Map to a chromosome 
2)Refine the map to a region on a specific chromosome by using markers that are increasingly close together. 
Recombination map genes using Heterozygous Recombination Markers at a Locus 
Human Genetics- linkage of disease traits to molecular markers 



   
 

 
 

�� �
&�"�����"�!�*-�����"��� � � � � . �/��#��� �
 Spontaneous base changes: 
  ~100 times / cell / day 
 

Thought to be the cause of a large number of spontaneous 
mutations in human CG islands.(5Me-C relatively unstable) 

 
 
 
 
 Spontaneous base loss: 

Depurination/Depyrimidination: 
- removes purine base from DNA(104 bases /cell/day!!!) 

     or pyrimidine bases (less frequent). 
 
 
 
 
 
 Pyramidine dimers: 
 
 
X rays: deletions, inversions, tranlocations, point mutations (on occasion). 
Ems: point mutations, occasional deletions 
DEB and ENU: small deletions 
Transposable elements: insertions 

Spontaneous Base Loss

The glycosyl bond linking DNA
bases with deoxyribose is labile
under physiological cond itions.

Within a typical mammalian cell,
several thousand purines and
several hundred pyrimidines are
spontaneously lost per cell per
day.

Loss of a purine or pyrimidine
base creates an
apurinic/apyrimidinic (AP) site
(also called an abasic site)



 

   
 
Two DNA repair pathways are known to counter the effects of EMS. 
MGMT (methyl guanine methyl transferase)Repair-Activated by methylation or ethylation of the 06 
position of Guanine. Methylation/ethylation at this position has the most pronounced affect on base pairing 
for all nucleotides.-The MGMT protein transfers the methyl/ethyl group to itself and then is degraded.  

 
 
 

Base Excision Repair(BER)-Activated by base loss that either occurred spontaneously, or due to 
Glycosylase removal of bases that have undergone deamination of cytosine, 5-methyl-cytosine, or adenine.  
-Also activated by strand breaks from oxidative stress and reactions leading to oxidation and alkylation of 
bases and sugars. 
 
Somatic versus Germline: 
-mutations incurred in somatic cells of the organism will not be passed on to the next generation, but are 
important for studies of diseases such as cancer. 
-mutations incurred in the germline can be passed onto the next generation and propagated for further 
study.  
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Types of mutations (functional definitions): 

Loss of function (lf)  (usually recessive) 
 
amorphic (= null):  eliminates gene function “knockout”, “strong allele” 
haploinsufficient:   dominant amorphic/null (50% of normal gene product does not suffice) 
hypomorphic:  partially reduces gene function “weak allele” 
 
Gain-of-function (gf) (usually dominant) 
hypermorphic: increases normal gene function may cause phenotype opposite to that of null 
antimorphic : creates poisonous (abnormal) gene function that interferes with the function of the wt 

allele 
may cause a phenotype similar to or more severe than that of null allele 

 often called a dominant negative (dn)  
neomorphic: creates new (abnormal) gene function for example, gene product expressed in new 

location or binds to new partner  
 may cause a phenotype unrelated to that of null allele – DANGEROUS! 
 
The Geneticists’ Mantra: 
To determine the normal function of your gene you need to know the loss-of-function phenotype  

- Null allele reveals earliest requirement for gene 
 - Hypomorph may reveal additional (later) requirements 
 

 
Larger scale alterations: 
Frameshift – small deletion or insertion that changes coding frame 
Deletion  – removes one or more base pairs (coding or non-coding) 
(“deficiency” (df) refers to a large deletion that removes multiple genes) 
Duplication – duplicates one or multiple genes 
Repeat expansion – adds more copies of existing repeat (coding or non-coding)  
(e.g. triplet expansion diseases) 
Insertion – inserts 1 or more extra base pairs (e.g. transposable element) 
Inversion – part of chromosome “flipped” relative to the rest; may involve many genes; breakpoints may 
interrupt gene(s) or create novel gene fusions 
Translocation – part of one chromosome broken off and attached to another; may involve many genes; 
breakpoints may interrupt gene(s) or create novel gene fusions 
 
Arguments that you have loss-of-function, possibly null, alleles:  

*Molecular lesions (large deletion, nonsense, frameshift) 
*Reduced gene product (undetectable mRNA and/or protein) 
*RNAi mimics the alleles 
*High frequency of isolating similar alleles (lf alleles more common, gf alleles rarer) 



*Recessive behavior of alleles (lf alleles usually recessive, gf alleles dominant) 
*Phenotype of alleles is most severe (penetrant, expressive) in “allelic series” 
*Gene dosage studies 

 m/m  looks the same as m/Df   
 m/+ looks the same as Df/+   

m/m is more mutant than m/m/+ 
 

"Gene Dosage Studies"  (Muller, 1932) 
To determine how a mutation affects gene function 
Create animals of some of the following genotypes and compare the severity of their phenotypes: 
+/+   homozygote for + allele 
m/m  homozygote for m allele 
m/Df  hemizygote for m allele 
m/+  heterozygote 
Df/+  hemizygote for + allele 
m/m/+  m homozygote bearing a duplication with the + allele 
+/+/+  + homozygote bearing a duplication with the + allele 

 
Restrictive conditions - mutant phenotype 
Permissive conditions - phenotype more wild-type 
Facilitates recovery and maintenance of sick mutant strains- grow under permissive, analyze under restrictive condition 

Allows genetic determination of time of action 
Allows examination of later developmental functions 
 

Temperature-sensitive alleles 
Mutant phenotype varies with temperature 

Commonly used in yeast, worms, flies (not mammals!)Most ts alleles are heat-sensitive 
Cold sensitive (cs) alleles also exist 

Often due to a missense change that alters folding of the mutant protein product at restrictive temperature. 
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Mobile elements: 
 Present in genomes of all plants and animals (50% in mammals, up to 90% in plants) 
 Ancient elements crucial in RNA -> DNA transition 

 
TSD: Target Site Duplications (variable length) 
ITR: Inverted Terminal Repeats 
LTR: Long Terminal Repeats 
RT: Reverse Transcriptase 
EN: EndoNucleus 
Env: Envelope gene fragments 
 
 

 



 
 
LTR retrotransposons: 
 1. Originate from both transposons and non-LTR retrotransposons (Ty elements in yeast) 
 2. Contains genes for: 

Viral particle coat protein  
protease  
reverse transcriptase  
RNAse H (cleaves RNA in DNA-RNA hybrid) 
integrase 
NO Envelope gene, unlike retroviruses - Can't move from cell to cell!! 

 
   Some target site specificity, pol III promoters, telomeres 
  Reverse transcription (shared with retroviruses) 
 
Non-LTR retrotransposons: 
1. Originate from group II introns of yeast mitochondria (bacterial 
origin) - (L1 elements)  

 
2. Some site-specific, others insert at short consensus sequences 
(relatively random) 

 
3. Reverse transcription and integration are coupled on genomic 
DNA 
 
4. 5' truncation and inversion 
 
 
 
 
 
 
 
How to study non-LTR retrotransposon biology: 
1. Isolate and characterize recent disease-producing insertions 
2. Use in vitro biochemistry to study L1-encoded proteins and Alu RNA/protein complexes 
3. Use engineered L1s and Alus to analyze retrotransposition in cultured human cells and transgenic mice 



4. Analyze whole genome sequences in databases 
 
Present and Future uses of mobile elements: 
1. Aid in DNA sequencing 
 insert a transposon in vitro into a cDNA or a BAC, sequence using a primer from transposon seq. 
2. Insertional mutagenesis (to determine gene function) 
 P element in Drosophila 
 Bacterial transposons in Yeast 
 Sleeping Beauty transposon (a fish Tc1) in mice 
3. Gene correction vector (Sleeping Beauty) 
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Goals of Genomics: 
 •Genome projects and physical maps•Finding the genes within the genomic sequence  

•“Functional genomics”  (deducing the functions of all those genes) 
•Using physical map information during genetic mapping and positional cloning 
•Finding orthologs and accessing genomic information about your new favorite gene family 

•Whole genome shotgun  
 - sequence randomly generated, unordered clones 
 - use sequence to deduce how they fit together  
•Hierarchical shotgun sequencing 

-deduce clone order by “fingerprinting”, etc. 
-shotgun sequence ordered clones 

Much of genome is non-coding: 
   Worm  Fly  Human 
Exons    27%  20%  <2% 
Introns    26%  17%  ~25% 
Intergenic space*   47%  63%  ~75% 
Repeat sequences    7%    3%  ~50% 
*Includes gene regulatory elements such as promoters and enhancers 

  
 

   
 
 



Large-scale analyses of mutant phenotypes 
Genome-wide knockout projects and RNAi screens 

– Find phenotype caused by disruption of each gene  
–Sort genes into functional categories based on phenotype 

Forward genetic screens  
–Find all the genes that can mutate to cause a particular phenotype 
 

Large-scale analyses of gene expression�
Microarray analysis 

–Find genes whose expression differs between specific conditions 
–Find co-regulated genesIn situ hybridization of mRNAs  
–whole-mount or tissue sections 

LacZ or GFP Reporter assays in transgenic animalsComputational predictions of expression patterns  
–based on presence of transcription factor binding sites 
 

Large-scale analyses of binding interactions: 
Genome-wide yeast two-hybrid analysis 
Genome-wide in vitro binding studies with GST fusion proteins 
Genome-wide protein complex identification by Mass-spectrometry  
 

Repositories of genomic information•Integrative databases 
•UCSC Genome Browser: http://www.genome.ucsc.edu/•NCBI: 

http://www.ncbi.nlm.nih.gov/•Ensembl:  http://www.ensembl.org/•Organism-specific databases 
•SGD: http://www.yeastgenome.org/•WormBase: http://www.wormbase.org/•FlyBase: 

http://flybase.net/•MGI: http://www.informatics.jax.org/ 

 
 

Markers that can link the genetic and physical maps 
Phenotypic alleles of known (molecularly identified) genes 
Deficiencies with known molecular breakpoints 
Molecular polymorphisms between defined strains 

–Transposon insertions 
–Microsatellite repeats 
–SNPs (single nucleotide polymorphisms) 

•Orthologs = genes in different species that evolved from a common ancestral gene by speciation 
-Functional equivalence predicted (testable) 

•Paralogs = genes within a species that arose by gene duplication within that species 
–Possible overlapping functions/redundancy 
–May have different tissue-specificity•Homologs = genes sharing a common evolutionary origin 
–Includes orthologs and paralogs 
 

Practical definition of ortholog 
Best reciprocal blast test: each gene/protein is the other’s top hit 


