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Most normal somatic cells can only replicate a finite number of times

senescence

ALL cancers reactivate 
telomerase or an alternative 
pathway that serves the same 
function











telomerase is necessary but not sufficient
for cancer



Being able to divide only a finite number of times provides a hard stop
on lifespan, but also works to prevent cancer



In normal reproduction

- Sperm and oocytes retain telomere length
due to the activity of telomerase

- The offspring will have the same length telomeres
as the parents



Although the clone of sheep A (Dolly) could have been created using only sheep A, sheep B and C were used in the
cloning process in order to ensure that Dolly was truly a clone and the not the result of unexpected mating.

Nucleus removed
From egg cell

Cell with DNA fused
Into enucleated egg cell

Implantation into
The surrogate mother

Birth of clone of 
Sheep A (Dolly)



In cloned animals

- Oocytes are enucleated

- Donor cells are somatic cells. No telomerase
activity is present.

- Shorter telomere length in these somatic cells
compared to sperm/oocyte



somatic cells (udder cell from Dollys clone mother/father)
(no telomerase)

crisis

immortal cells (telomerase on)

What is Dolly’s age?
Germ cells (telomerase high)

Telom
ere length

senescence
Cell divisions

Dolly

Nature 399:316-317

Telomere length of cells in Dolly?

- Comparable to that of a six year older control (sheep live to be
about 12 normally)











A digression: Sex seems complicated. 
Why bother with sexual reproduction at all?

Why is the creation of new combinations/diversity
so important? 





The problem with males: 
Asexuals should spread within a population of sexuals

Each female produces two progeny





Parthenogenetic species (no sex) always sit at the tip of phylogenetic
trees.  As though they exist only transiently and then go extinct 



The problem with males: 
Asexuals should spread within a population of sexuals

Each female produces two progeny



Sex and recombination bring together rare, advantageous 
gene combinations in the same individual

No sex and 
recombination

Sex and 
Recombination

Time



The Red Queen Hypothesis: evolution never stops because
competing species are also evolving

“Now, here, you see, it takes all the running you
can do to keep in the same place. If you want to
get to somewhere else, you must run twice as
fast as that”

https://www.youtube.com/watch?v=y6rqugj_mVk

Brief description of red queen dynamics in the context of virus-host
interactions



If a pathogen can successfully 
attack one member of a clonal 
population, it can attack all.

Sex creates diversity that always 
(most of the time) allows some 
individuals to be resistant to attack

Infectious disease and the
benefits of sex



Muller’s ratchet
In the absence of recombination genomes that acquire deleterious 

mutations cannot lose them through recombination
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When a cell acquires a 
deleterious mutation (in gene A) 
it is much more likely that a 
second  deleterious mutation (in 
gene B) will appear before a 
reversion mutation occurs in 
gene A. 

In short, there are many more 
ways to break a gene than there 
are to fix a broken gene.

Thus, all other things being 
equal, genomes within a 
population should accumulate 
deleterious mutations over 
time. 

How do prokaryotes avoid this 
problem?



Chromosomes better (and worse) than any in the current 
population can be generated by crossing over in meiosis.

Sex promotes both improvement and purging!

Deleterious mutations accumulate in asexual populations

= a deleterious mutation



1. The red queen hypothesis

Evolution cannot stop when an optimal phenotype arises
(because its never optimal for long)

The pressure to evolve always exists since those you
compete with (other species) are also always evolving

2. Populations can undergo a “mutational meltdown” due
to Muller’s ratchet

3. Meiosis can both create and purge beneficial/deleterious
combinations of genes

Some reasons for sex



Mendelian Genetics

• Gregor Mendel (1822-1884),

• Augustinian monk,
»  Botanist,

• Pisum sativa,

• Garden pea,
»  1st “Model Organism”.
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Meiosis without recombination. Independent assortment of homologs to different 
Poles creates gamete diversity

2n (n = # of diff chromosome pairs)

The two possible alignments
of nonhomologous
chromosomes at metaphase I

Anaphase I

Metaphase II

Anaphase II



Alternate form (phenotypes)



Dominant vs. Recessive Traits

x P

F1

The trait that appears in the F1 generation is the DOMINANT trait.

The trait that disappears in the F1 generation is termed RECESSIVE.





What are the mutations that underlie Mendels traits?



Many plants are hermaphrodites. They carry both male 
and female sex organs, and can self-fertilize





Monohybrid Cross

• Mating between individuals that differ in 
only one trait, 

– yellow pea  x  green pea,

– violet flower x white flower

– tall x dwarf

– round seed x wrinkled seed

– full pod x constricted pod

– etc.





Homozygous for dominant
allele

Heterozygous for dominant
and recessive allele

Homozygous for recessive
allele

Independent segregation of A/a locus alleles during meiosis
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Dominant alleles are not always Wildtype. They can also encode versions of a
protein that dominantly cause disease in the presence of a Wildtype allele



Look at human pedigree genetics in book



Dominant trait

Male Female

Healthy
Diseased



Dominant phenotype associated with A



Recessive autosomal trait





Molecular mapping: codominant markers



nontaster must be
recessive

Het.

Het.

A highly polymorphic recessive trait

Two unaffected individuals give rise
To an affected offspring = recessive
trait



Homozygous loss-of- function
of the RB gene in individual cells
predisposes those cells to
tumorigenesis (a recessive
phenotype).

Why does inheritance of the 
disease state look like that of
a dominant allele?

Foreshadowing a few lectures
down the road......



Manx cat genetics

X

Average litter:  2 tailless kittens : 1 tailed kitten



Manx cats: origin on the Isle of Man



X

Average litter:  2 tailless kittens : 2 tailed kittens

Manx cat genetics



X

Average litter:  2 tailless kittens : 2 tailed kittens

Manx cat genetics



How do we explain the ratio of 
phenotypes in the F1 generation?

X

Average litter:  2 tailless kittens to 1 tailed kitten



• Is the tailless allele recessive or 
dominant?

• Is the tailless cat homozygous or 
heterozygous?

• How can we explain the 2:1 offspring ratio



Manx is homozygous lethal

M m

M MM Mm 
Tailless

m Mm 
Tailless

mm 
Tailed

tailless Manx               
X                          

tailless Manx

Tailless Male

Tailless 
Female

2 tailless : 1 tailed

Recessive lethality (associated with a dominant allele)

X
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• The Product rule (a.k.a. the AND rule): The 
probability of two independent outcomes 
occurring simultaneously is the product of their 
individual probabilities.

• The Sum rule (a.k.a. the OR rule): The probability 
of two mutually exclusive outcomes occurring is 
the sum of their individual probabilities.

Can also use two probability rules to 
predict Mendel’s results.

(probability: the # of times expect an event / # times event could happen.)



We can draw it, or we can use the product rule to save time and 
space!

The probability of getting round, yellow peas is the probability of 
getting round peas AND the probability of getting yellow peas.
(3/4)(3/4) = 9/16

The probability of getting round, green peas is the probability of 
getting round peas AND the probability of getting green peas.
(3/4)(1/4) = 3/16

The probability of getting wrinkled, yellow peas is the probability of 
getting wrinkled peas AND the probability of getting yellow peas.
(1/4)(3/4) = 3/16

The probability of getting wrinkled, green peas is the probability of 
getting wrinkled peas AND the probability of getting green peas.
(1/4)(1/4) = 1/16



Penetrance and expressivity

---Penetrance:   The percentage of individuals with a given genotype
expressing the expected phenotype. This depends on the whole genotype
of the individual causing specific allelic interactions, and on the
environment.

---Expressivity:   Determines the extent to which a given genotype is
expressed phenotypically in an individual.

1. Incomplete dominance
2. Codominance
3. Multiple alleles
4. Recessive epistasis
5. Dominant epistasis
6. Recessive lethality
7. Gene interactions in different pathways
8. Complementary gene action
9. Duplicate genes
10. Pleiotropy

Extensions to simple mendelian analysis
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IA,IA or i,IA
IB,IB or i,IB IA,IB

i,i 

Codominance and multiple alleles: Blood group antigens

Three alleles:
IA, IB, or i

Expression of a
A type sugar, a
B type sugar,
both, or no sugar
on the I protein



Dominance relationships are determined by the environment and the level of
analysis. At the molecular level sickle cell and normal hemoglobin are
codominant. 



Pleiotropic mutations have effects on several different characters.  In this case 
the dominance relationships depend on the phenotype examined.





•  4 of 6 dogs, or 66% 
of the population 
shows the phenotype, 
at some level,

• penetrance is usually 
referred to as a 
percentage.

all the same genotype

Penetrance …the frequency at which 
individuals with a given 
genotype manifest a specific 
phenotype.



range of phenotypes

all the same genotype

Expressivity …the degree or range 
within which a phenotype
of a specific genotype
is expressed

Phenotype strength may depend on
the presence or absence of specific
alleles at other genetic loci.



Himalayan rabbits carry a temperature-sensitive form of tyrosinase
Required for melanin synthesis

…Or phenotype may
depend on the
environment



The genotypes behind coat 
color in labrador retrievers

Epistasis and puppies



ee epistatic 
to bb

>
X Y Z

E >
Brown

pigment
Black

pigment

B

colorless
substrate

= 9: 3: 4

In epistasis the genotype at one locus masks the ability to determine the 
genotype at a second locus. Epistasis relationships are often found in 

biochemical pathways.Recessive epistasis
Disruption of an early step in the pathway blocks the ability to determine the genotype 
with respect to genes involved in later steps



The functions of E and B

• E encodes melanocortin receptor 1 -- 
promotes production of eumelanin leaving 
dogs black or chocolate brown; null allele (e) 
means mc1r is not functional and dogs only 
produce phaeomelanin (yellow)

• B regulates distribution of melanin in hair 
shaft.  B promotes dense packing of melanin 
(black) and b promotes less dense packing 
(chocolate brown).



Dominant epistasis produces ratios of 12:3:1 or 13:3

12:3:1---A dominant allele in one gene, B, masks the contribution of a second gene, A, (blocks color
formation) regardless of the A allele. Thus in bb individuals the A- and aa genotypes can express
themselves, resulting in a total of three different phenotypes.

.

>
<

>
white green yellow

A

B

X

B acts to inhibit the processing of a white precursor
into a green product.

In the absence of the B gene product the A product processes
the green precursor into a yellow product.

Dominant epistasis: one possible mechanism
= 12 (white): 3(yellow): 1(green)
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Complementary gene action

Dominant alleles from two different genes must be present to
produce a particular phenotype.

Notice that if we had a way to distinguish colorless product X
from colorless product Y this would be an example of recessive
epistasis.



White and purple flowers of 
sweet pea

How many genes contribute to a process 
(flower color)



White and purple flowers of 
sweet pea



How many genes are required to generate a particular phenotype such
as flower color ?

1. Carry out a genetic screen for mutations that lack flower color.  
2. Carry out complementation testing to determine which mutations
effect the same gene.  

Complementation testing 1

+A B+

B-+A A- B+

+A B+ +A B+ +A B+ +A B+

B-+A +A B+ +A B+

X +A B+

B-+A
+A B+ +A B+

A- B+
+A B+
+A B+

Mutagenized gametes

mutagenized 
gametes

Diploid
plants

Parental generation wildtype



B-+A
+A B+

- +
+A B+

A B
+A B+
+A B+Diploid

plants

Complementation testing 2

F1

1:       2:       1
F2
White X white =
True breeding stock

Self cross
genotypes

B-+A
+A B--A B+

A B- + X

-A B+
B-+A

= all blue progeny = complementation
(mutations are in different genes = 
complementation groups)

The complementation
test

+A B

+A B+ B-+A
+A B--A B+

A B- +
+A B+
+A B+

+A B+
+A B+

+A B+
A B

1:       2:       1
+A B+
+A B+- +

-
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B

Complementation testing 3



Phenotype 

Genotype 

Molecular mechanism

Matings between different 
white-flowered lines 
produce purple progeny

Mutations at different 
genes

Affected genes encode 
different proteins that are 
required for the same 
biochemical pathway

How many different genes are required for a particular trait? 
Genetic screens and complementation testing.



Complementation can occur during cell fusion.


