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The cell
PROKARYOTES

(1-5 μm)
EUKARYOTES

(10-50 μm)

Bacterium 
(Escherichia coli)

Green alga
(Chlamydomonas sp.)

lacks a membrane-bound 
nucleus (nucleoid)

Nucleoid and nucleus contain DNA
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The brick of life
DNA structure

Nucleotide = nitrogenous base+ 
       + sugar/phosphate group
Codon = base triplet that codes for an
 amino acid 
Amino acid = one of the 20 bricks of proteins

Hydrogen bonds

Watson and Crick

Rosalind Franklin
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One thing that the gene catalog cannot tell us, 
and will not be able to tell us even when it is 
complete, is what makes a human being […] 
On the basis of gene number we are only three 
times more complex than a fruit fly and only 
twice as complex as the microscopic worm 
Caenorhabditis elegans. More detailed studies 
of how the human genome functions may 
reveal key features that underlie some of the 
special attributes of human beings, but 
genomics will never explain why a human was 
able to compose Mozart's 40th symphony, or 
indeed why it was composed by Mozart and not 
by an ordinary human.

[Google for Genome 2]

Approximate length of human genome
in 12 point font

What do we mean by the human genome?
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DNA replication
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DNA and chromosomes
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Reproduction in asexual organisms

a) Fission
b) Budding

c) Vegetative reproduction
d) Fragmentation

b) Hydra viridisa) Protozoon

c) Iris versicolor

d) Microstomum lineare
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Amoeba proteus 

Haploid cell, 500-1000 small chromosomes
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Reproduction of sexual organisms

a) Ilex decidua

c) Brachionus rotundiformis      
with egg

a) Dioecious reproduction
(separate sexes)

b) Monoecious reproduction
(non separate sexes) or 
hermaphrodite

c) Parthenogenesis
b) Betula nigra

a) Homo sapiens

Lepidodactylus 
lugubris

Haploid gametes
Diploid zygotes
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Gene (Locus) 
= expression unit

In the same locus one can 
have variants of a gene: 
the alleles
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Cell cycle
and mitosis

http://www.cellsalive.com/mitosis.htm

Pay attention: 
red and blue are 
two nonpaired 
chromosomes
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Mitosis in a plant cell (Tradescantia)
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Sexual reproduction
produces 
genetic variability

Main reasons:

• Independent assortment
of chromosomes

• Crossing over
Number of possible combinations from n chromosomes is 2n

223 x 223  = 7 x 1013
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Meiosis

Pay attention:
red and blue are 

a pair of 
homologous chromosomes
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Mutations

Mutation in a male 
Drosophila 

Mutations are rare ∼ 10-6 
per base per generation
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One-locus formal genetics
(A,B,C,D: alleles of the same gene)

Genotype and phenotype

N.B. Sometimes alleles can be dominant or recessive
homozygote homozygoteheterozygote
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Genetic deterioration

The example of prairie 
chicken (Tympanuchus 
cupido)
Low genetic diversity 
implies low birth rate
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Hardy-Weinberg law (large populations)
• One locus with two alleles A and a
• Possible genotypes AA, aa (homozygotes) and Aa (heterozygotes)

• Genotypic frequencies D=NAA /N ; H=NAa /N and R=Naa /N
where N= NAA + NAa + Naa

• Allelic (or genic) frequencies

  
p =

2N AA + N Aa

2N
= D +

1
2

H q =
2Naa + N Aa

2N
= R +

1
2

H

Hardy-Weinberg law
Initial genotypic frequencies: D0 , H0 , R0  whatsoever
Allelic frequencies: p0 = D0 + H0/2    q0 = R0 + H0/2 
In one generation, genotypic frequencies in the
population stabilize to the following values

  
D = p0

2 H = 2 p0q0 R = q0
2
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Deriving Hardy-Weinberg law

Dt , Ht , Rt

pt = Dt + Ht/2    
qt = Rt + Ht/2

  

D
t+1

= p
t
2

H
t+1

= 2 p
t
q

t

R
t+1

= q
t
2

f  = fertility

Gametes A = f (Dt +Ht/2)Nt

Gametes a = f (Rt +Ht/2)Nt

pt = Dt + Ht/2    
qt = Rt + Ht/2 !!"# = !!				for	all	t 
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Assumptions underlying H-W law

1. Discrete generations;

2. Random encounters(random union of gametes);
Can be replaced by random mating

3. No selective pressure (same genotypic fertility and 
survival);

4. No immigration/emigration;

5. No mutation;

6. Genotypic frequencies equally distributed in the 
two sexes; not strictly necessary

7. Population size very large
(infinite in the limit!)
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Exercises

Exercise 2: Assume that 96% of the Algerian human population has dark eyes 
(dominant allele A). What would the heterozygote frequency be in the 
population? 

Exercise 1: In  an insect pest population with sexual reproduction the 
percentage of recessive homozygotes (genotype aa) is 36%. Calculate:

i. The frequency of recessive and dominant alleles in the population
ii. The frequency of dominant homozygotes and of heterozygotes

iii. The frequency of the two possible phenotypes under the assumption 
that A is completely dominant with respect to a.
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Loss of genetic variability

Program Populus 5.3: freely downloadable at
http://www.cbs.umn.edu/populus/installer

– Random genetic drift
– Inbreeding and outbreeding depression
– Bottleneck and founder effects
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Genetic drift 
(Wright 1931)

Sewall Wright

p0=0.5
Hardy-Weinberg
H0=2p0(1-p0)=0.5
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Generation t

pt = allele A 
frequency at time 
t in gametes

Random 
formation 
of zygotes

Nt

Aa
aA=Aa

aa

.

.

.

.

Aa

A

a

A

A

A

A

A

A

a

a

A

a

a

a

a

A

A

Adults 
(small)

Generation t+1
Gamete pool

Release 
of big 
number 
of 
gametes

pt = allele A frequency 
at time t in zygotes

Ht = heterozygote 
frequency in zygotes= 
2 pt(1- pt)

j/2Nt = allelic 
frequency at time t 
in adults= random 
variable

Gamete pool 
(large)

A

A

A

A

A

A

A

A

A

a

a

a

a

a

a

a

a

Aa

AA

AA

AA

Aa

aa

aA

aA

aA

aa

Zygote pool 
(large)

Small 
number 
survives

A
A

AA

AA

AA

Aa

aa

aA

aA

aA

aa

Random 
formation 
of zygotes

Zygote pool

j/2Nt = allelic 
frequency at time t 
in gametes = 
random variable

j/2Nt = allele A 
frequency at time t in 
zygotes

Ht+1 = heterozygote 
frequency in zygotes= 
2 (j/2Nt )(1- j/2Nt) = 
random variable

Genetic drift (Wright 1931)

  
E Ht+1⎡⎣ ⎤⎦ = Ht 1−

1
2Nt

⎛

⎝⎜
⎞

⎠⎟

Hardy-Weinberg

Binomial

"𝐻!"# = "𝐻! 1 −
1
2𝑁!
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Genetic drift (Wright 1931)

  
Ht = H0 1−

1
2Ne

⎛

⎝⎜
⎞

⎠⎟

t

Ne = effective 
population size= No. 
of individuals 
actually reproducing

t = number of 
generations

Mutations and gene flow (immigration) can nullify the effect of 
the drift

Mutations for Ne > 100, Immigration > 5 per generation

with Ne constant
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Effective population size

•Unequal sex ratio

  
Ne =

4NmN f

Nm + N f

• Fluctuations in time

Nm = # of males   Nf = # of females    N = Nm + Nf = total potentially reproducing      

  
Ne = 2min(Nm , N f ) Monogamous species

Random mating

  

Ht = H0 1− 1
2Ne,0

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

1− 1
2Ne,1

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟
... 1− 1

2Ne,t−1

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

Founder effect and bottlenecks

Ne is max if sex ratio is 1:1, i.e. Nm = Nf 

fe = Ne/N   fm = Nm/N   ff = Nf/N = 1 - fm 

fm 

fe
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Ngorongoro crater lions 

Beginning of 1960’s: about 70 individuals

1962: killed by stinging flies and reduced to 9 females + 1 male + 7 new 
males
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Founder effect
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Inbreeding and outbreeding depression

Ipomopsis 
aggregata

Heschel M.S, Paige K.N.  1995 Conservation Biology, 9:126:133 small populations
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The deer at Mesola

Cervus elaphus

60 residual deer
Ne = 10-20
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Effects of genetic drift on population 
dynamics

Figure 22: Moran diagram of a Beverton-Holt model (� = 3, ↵ = 0.06, curve in grey), modified via
the Wright factor (eq. 5). The ratio � of e↵ective population size to total size is equal to 20%. The
non-trivial unstable equilibrium is denoted by I, while the non-trivial stable equilibrium is labelled S.

A very simple way to introduce genetic deterioration into a population demographics is to assume
that the finite rate of growth is an increasing function of Wright’s factor, or in other words the rate
of population growth from one generation to the next is lower than optimal if there is a reduction of
heterozygosity between generations. For the sake of simplicity we can assume that the finite growth
rate is proportional to the Wright factor and equal to the optimal value ⇤(Nt) when there is no loss of
heterozygosity (i.e., when Wright’s factor is equal to 1). If we denote by � the ratio of e↵ective population
size to total population size (Ne = �N), we can then write the following simple model of population
dynamics

Nt+1 =

✓
1� 1

2�Nt

◆
⇤(Nt)Nt. (5)

Of course for �N < 1/2 Wright’s factor would be negative and must therefore be set equal to zero. In
other words genetic deterioration in small populations has such a large e↵ect that the rate of population
growth vanishes. It is easy to understand that population dynamics as described by eq. 5 is characterized
by critical depensation. For example, Fig. 22 displays a Moran diagram for a Beverton-Holt model in
which the Wright factor has been introduced.

It is worth remarking that in this case extinction is a stable equilibrium for the population. There also
exist two non-trivial equilibria: one with lower abundance is unstable and acts as an extinction threshold,
while the one with higher abundance is stable. It is therefore apparent that genetic deterioration is
a phenomenon that leads to consequences very similar to those we have identified and discussed in
section 0.3 of this chapter devoted to the Allee e↵ect.

22

Figure 22: Moran diagram of a Beverton-Holt model (� = 3, ↵ = 0.06, curve in grey), modified via
the Wright factor (eq. 5). The ratio � of e↵ective population size to total size is equal to 20%. The
non-trivial unstable equilibrium is denoted by I, while the non-trivial stable equilibrium is labelled S.

A very simple way to introduce genetic deterioration into a population demographics is to assume
that the finite rate of growth is an increasing function of Wright’s factor, or in other words the rate
of population growth from one generation to the next is lower than optimal if there is a reduction of
heterozygosity between generations. For the sake of simplicity we can assume that the finite growth
rate is proportional to the Wright factor and equal to the optimal value ⇤(Nt) when there is no loss of
heterozygosity (i.e., when Wright’s factor is equal to 1). If we denote by � the ratio of e↵ective population
size to total population size (Ne = �N), we can then write the following simple model of population
dynamics

Nt+1 =

✓
1� 1

2�Nt

◆
⇤(Nt)Nt. (5)

Of course for �N < 1/2 Wright’s factor would be negative and must therefore be set equal to zero. In
other words genetic deterioration in small populations has such a large e↵ect that the rate of population
growth vanishes. It is easy to understand that population dynamics as described by eq. 5 is characterized
by critical depensation. For example, Fig. 22 displays a Moran diagram for a Beverton-Holt model in
which the Wright factor has been introduced.

It is worth remarking that in this case extinction is a stable equilibrium for the population. There also
exist two non-trivial equilibria: one with lower abundance is unstable and acts as an extinction threshold,
while the one with higher abundance is stable. It is therefore apparent that genetic deterioration is
a phenomenon that leads to consequences very similar to those we have identified and discussed in
section 0.3 of this chapter devoted to the Allee e↵ect.

22

Nt = total population size
𝛬(Nt ) = finite rate of increase 
with no genetic deterioration
Net = effective population size 
= 𝛾Nt
0< 𝛾≤1 fraction of 
reproducing individuals
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Wright’s factor (=0 if 𝛾Nt ≤ 0.5)

Critical depensation!


