
Big Idea 3: Living 
systems store, retrieve, 
transmit and respond 
to information essential 
to life processes. 
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Enduring understanding 3.C:   The 
processing of genetic information is 
imperfect and is a source of genetic 
variation. 
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Essential knowledge 3.C.2: Biological systems have multiple 
processes that increase genetic variation. 

a. The imperfect nature of DNA replication and repair 
increases variation.
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• DNA replication is extremely accurate, but because of 
the base pairing rules alone.

• The rate of base pairing errors is ~ 1 in 10,000

• Additional DNA polymerases and other proofreading 
enzymes search out and repair most of these 
mismatches resulting in a final error rate of ~ 1 in 10 
billion! 

• As you might expect errors in the genes that produce these 
proofreading enzymes might have serious consequences.

• For example lack of the necessary proofreading enzymes in colon 
cells have been implicated in a particular type of colon cancer .

Proofreading & Repairing DNA
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• Alterations and errors in DNA can also after 
replication.

• Mutagens, chemical or physical agents such as 
cigarette smoke or x-rays increase the rate of DNA 
alterations

• Over 130 repair enzymes that correct these mutations 
have been identified in humans. 

• Unfortunately these enzymes are not infallible, as result some of 
these mutations may develop into cancer. Mutagens that increase 
the rate of cancer are called carcinogens.

Proofreading & Repairing DNA
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Proofreading & Repairing DNA
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Essential knowledge 3.C.2: Biological systems have multiple 
processes that increase genetic variation. 

b. The horizontal acquisitions of genetic information 
primarily in prokaryotes via transformation (uptake of naked 
DNA), transduction (viral transmission of genetic 
information), conjugation (cell-to-cell transfer), and 
transposition (movement of DNA segments within and 
between DNA molecules) increase variation.

✘✘ Details and specifics about the various processes are 
beyond the scope of the course and the AP Exam.
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• Bacteria rely on mutations to generate their genetic 
variation.

• Ultimately all living organisms rely on mutations, they are the ultimate 
source of any and all genetic variation.

• The rate of asexual bacterial reproduction is so fast that 
they can rely on mutations to generate variation from one 
generation to the next.

What mechanisms generate genetic 
variation in bacteria?

Is it likely that bacteria, as ancient as 
they are, rely solely on mutations? 

See next slides 
for answer
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Genetic Recombination in Bacteria?

EXPERIMENT

                          Only the samples from the mixed culture, contained cells that 
gave rise to colonies on minimal medium, which lacks amino acids.

RESULT

                            Researchers had two mutant strains, one that could make 
arginine but not tryptophan (arg+ trp–) and one that could make tryptophan but 
not arginine (arg− trp+). Each mutant strain and a mixture of both strains were 
grown in a liquid medium containing all the required amino acids. Samples from 
each liquid culture were spread on plates containing a solution of glucose and 
inorganic salts (minimal medium), solidified with agar.

Mutant
strain

arg+ trp–

Mixture
Mutant
strain

arg− trp+
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Genetic Recombination in Bacteria?

Colonies
grew

Mutant
strain
arg+ 
trp–

Mutant
strain
arg– 
trp+

No 
colonies
(control)

No 
colonies
(control)

Mixture

                                   Because only cells that can make both arginine and 
tryptophan (arg+ trp+ cells) can grow into colonies on minimal medium, the lack of 
colonies on the two control plates showed that no further mutations had occurred 
restoring this ability to cells of the mutant strains. Thus, each cell from the 
mixture that formed a colony on the minimal medium must have acquired one or 
more genes from a cell of the other strain by genetic recombination.

CONCLUSION

Apparently they do not rely solely on mutations!
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• Because of experiments like this one, today we know that 
bacteria generate variation in number of different ways.

• This is no way diminishes the importance or significance of mutations.

• Bacteria can bring together DNA from one bacteria to 
another in the following ways:

• Transformation

• Transduction

• Conjugation

Gene Transfer & Genetic Recombination
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• Bacteria can uptake naked DNA from their 
surroundings and incorporate these genes into their 
own genome.

• Bacteria will not take up any DNA they are able recognize 
closely related species/DNA.

• Transformation will can alter a bacteria’s genetic make 
up thus its phenotype

• Recall Griffith’s Experiment:

Transformation
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1928 Frederick Griffith
Bacteria of the “S” (smooth) strain of Streptococcus pneumoniae are pathogenic because they 
have a capsule that protects them from an animal’s defense system. Bacteria of the “R” (rough) strain 
lack a capsule and are nonpathogenic. Frederick Griffith injected mice with the two strains as shown 
below:

Griffith concluded that the living R bacteria had been transformed into pathogenic S bacteria by an
unknown, heritable substance from the dead S cells.

EXPERIMENT

RESULTS

CONCLUSION

Living S
(control) 

Living R
(control) cells

Heat-killed
(control) S cells

Mixture of heat-killed S cells
and living R cells

Mouse dies Mouse healthy Mouse healthy Mouse dies

Living S cells
are found in
blood sample.
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Transduction
• Sometimes bacteriophages (viruses) can accidentally transfer bacterial 

genes between two different bacteria.

Donor
cell

Recipient
cell

A+ B+

A+

A+ B–

A– B–

A+

Recombinant cell

Crossing
over

Phage infects bacterial cell that has alleles A+ and B+ 

Host DNA (brown) is fragmented, and phage DNA 
and proteins are made. This is the donor cell.

A bacterial DNA fragment (in this case a fragment 
with the A+ allele) may be packaged in a phage 
capsid.

Phage with the A+ allele from the donor cell infects 
a recipient A–B– cell, and crossing over (recombination) 
between donor DNA (brown) and recipient DNA(green) 
occurs at two places (dotted lines).

The genotype of the resulting recombinant cell (A+B–) 
differs from the genotypes of both the donor (A+B+) and 
the recipient (A–B–).

Phage 

A+ B+1.

2.

3.

4.

5.
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Conjugation
• DNA is transferred between two bacterial cells of the same species 

while they remain temporarily joined.

Sex pilus 1 µm

Is this Sex? NO, but there are some striking similarities
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Conjugation

• Bacterial cells that posses a certain plasmid, called an      
F plasmid can transfer DNA to another cell.

• We call these “donor” type bacteria F+ bacteria.

• Bacterial cells that do not posses a certain plasmid, called 
an F plasmid can not transfer DNA to another cell.

• We call these “recipient” type bacteria F- bacteria.
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Conjugation
• Below you will see a F+ bacteria transferring a copy of its 

F+ plasmid to a F- bacteria thereby changing it to a F+ 
bacteria .

 A cell carrying an F 
plasmid (an F+ cell) can 
form a mating bridge 
with an F– cell and 
transfer its F plasmid.

A single strand of the 
F plasmid breaks at a 
specific point (tip of blue 
arrowhead) and begins to
move into the recipient cell. 
As transfer continues, the 
donor plasmid rotates
(red arrow).

DNA replication occurs 
in both donor and 
recipient cells, using the 
single parental strands 
of the F plasmid as 
templates to synthesize 
complementary strands.

The plasmid in the 
recipient cell circularizes. 
Transfer and replication 
result in a compete F 
plasmid in each cell. Thus, 
both cells are now F+.

F Plasmid Bacterial chromosome

Bacterial 
chromosome

F+ cell

F+ cell

F+ cell

Mating 
bridge

F–  cell

3.2.1. 4.

No recombination here just plasmid transfer
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Conjugation
• Bacteria can move a plasmid into its main chromosome, 

if it moves the F plasmid then we call this bacteria a Hfr 
cell.

• These Hfr cells can still donate DNA and may lead to 
bacterial recombination.
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Conjugation
F+ cell Hfr cell

F factor
The circular F plasmid in an F+ cell can be 
integrated into the circular chromosome by a 
single crossover event (dotted line).

The resulting cell is called an Hfr cell 
(for High frequency of recombination). 

Since an Hfr cell has all 
the F-factor genes, it 
can form a mating 
bridge with an F– cell 
and transfer DNA. 

A single strand of the F factor 
breaks and begins to move 
through  the bridge. DNA 
replication occurs in both donor 
and recipient cells, resulting in 
double-stranded DNA

The location and orientation 
of the F factor in the donor 
chromosome determine the 
sequence of gene transfer 
during conjugation. In this 
example, the transfer sequence 
for four genes is A-B-C-D.

The mating bridge
usually breaks well 
before the entire 
chromosome and
the rest of the F 
factor are transferred.

Two crossovers can result in the exchange of 
similar (homologous) genes between the 
transferred chromosome fragment (brown)  and 
the recipient cell’s chromosome (green).

The piece of DNA ending up outside the
bacterial chromosome will eventually be 
degraded by the cell’s enzymes. The recipient 
cell now contains a new combination of genes 
but no F factor; it is a recombinant F– cell.

Temporary
partial
diploid

Recombinant F–

bacterium

A+ B+ C+ D+

F–  cell A–B– C
–
D–

A–B– C
–
D– D–C–B–

A+B+C+D+A+B+
D+C+

A+

A+
B+

A–B– C
–
D– A–B+ C

–
D–A+

B+ B–
A+

Hfr cell

D–A–
C–B–

A+B+C+D+

A+
B+

A–
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Conjugation
• Bacteria posses numerous plasmids.

• We have seen that F plasmids, carry genes that allow gene 
transfer.

• Some bacteria have r plasmids, these carry genes for 
antibiotic resistance

PlasmidsChromosome
F

r
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Transposable Elements

• Bacteria posses genes that can move themselves and 
other genes from one place to another.

• Transposable elements can move around in the genome.

• They are sometimes called “jumping genes”

• They allow bacteria to shuffle existing genes
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Insertion Sequences
• Insertion sequences contain the gene that is responsible 

for this trait of that gives bacteria to shuffle genes.

• The insertion contains a single gene that codes for 
transposase

• An enzyme that catalyzes movement of the insertion sequence from 
one site to another within the genome.

Insertion sequences, the simplest transposable elements in bacteria, contain a single gene that 
encodes transposase, which catalyzes movement within the genome. The inverted repeats are 
backward, upside-down versions of each other; only a portion is shown. The inverted repeat 
sequence varies from one type of insertion sequence to another.

Insertion sequence

Transposase geneInverted
repeat

3ʹ′
5ʹ′

3ʹ′
5ʹ′

A T C C G G T…

T A G G C C A …

A C C G G A T…

T G G C C T A …

Inverted
repeat
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Transposons
• Transposons are insertion sequences that carry additional 

genes.

• They carry the gene for transposase and others such as 
antibiotic resistant genes. 

Transposons contain one or more genes in addition to the transposase gene. In the 
transposon shown here, a gene for resistance to an antibiotic is located between 
twin insertion sequences. The gene for antibiotic resistance is carried along as part 
of the transposon when the transposon is inserted at a new site in the genome.

Inverted repeats Transposase gene

Insertion 
sequence

Insertion 
sequence

Antibiotic
resistance gene

Transposon

5ʹ′

3ʹ′

5ʹ′

3ʹ′
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Essential knowledge 3.C.2: Biological systems have multiple 
processes that increase genetic variation. 

c. Sexual reproduction in eukaryotes involving gamete formation, 
including crossing-over during meiosis and the random 
assortment of chromosomes during meiosis, and fertilization 
serve to increase variation. Reproduction processes that increase 
genetic variation are evolutionarily conserved and are shared by 
various organisms. [See also 1.B.1, 3.A.2, 4.C.2, 4. C3]

✘✘ The details of sexual reproduction cycles in various plants 
and animals are beyond the scope of the course and the AP Exam. 
However, the similarities of the processes that provide for genetic 
variation are relevant and should be the focus of instruction.
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• Sexual Reproduction shuffles existing genes 
(alleles) deals them at random to produce 
unique individuals.

• The “shuffling mechanisms” include...

• Crossing Over

• Independent Assortment

• Random Fertilization

Sex Sex Sex

Ultimately all the different genes that sex reshuffles 
originated in a population by way of a mutation.
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Evolution & Genetics
• Mutations created every allele, and will create every new allele in 

the future.

• recall alleles are different genes 

• Sexual Reproduction/Meiosis shuffles those alleles to produce 
unique individuals and variation in gene pools

• Meiosis plays therefor a direct role in evolution by providing the 
necessary variation for natural selection to work on.

• Also, understanding meiosis provides an 
understanding of the mechanics behind inheritance 
of traits (genetics)
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Evolution & Genetics
• The following slides will explore 3 mechanisms that generate 

variation in sexual reproduction.

• independent assortment, 

• crossing over and 

• random fertilization

• This exploration is important for two reasons: 

• First, it illuminates the sources of variation that evolution 
requires.

• Secondly, understanding meiosis and these same 
mechanisms and that generate variation will 
provide the foundation for our understanding of 
inheritance (genetics).
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• In metaphase 1, the homologous pairs (tetrads) align randomly 
at the cellular equator. 

• The paternal and maternal chromosomes are randomly oriented 
towards one of the poles.

• Notice above 3 homologous pairs (tetrads) can arrange themselves 
in 4 different ways.
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• Thus every gamete has a 50% chance of getting a paternal or 
maternal chromosome for each and number of chromosome pairs. 

How many different gametes are produced if 
this example of meiosis goes to completion?
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8
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• Each daughter cell represents one outcome of all possible 
combinations of paternal and maternal chromosome combinations.

• Mathematically we can calculate the number of possible 
combinations by using the following equation: 

• 2n where n is the haploid number of the organism.

Humans: 
...haploid number is 23, so 223 = ~8.4 million

Bottom Line-
...humans can create ~8.4 million different gametes 

from independent assortment alone
Tuesday, December 27, 16



• Each daughter cell represents one outcome of all possible 
combinations of paternal and maternal chromosome combinations.

• Mathematically we can calculate the number of possible 
combinations by using the following equation: 

• 2n where n is the haploid number of the organism.

Humans: 
...haploid number is 23, so 223 = ~8.4 million

Bottom Line-
...humans can create ~8.4 million different gametes 

from independent assortment alone
Tuesday, December 27, 16



Random Fertilization
• Although the process of ovulation is not random the actual 

oocyte that is ovulated is completely random.

• Although some sperm are more fit than others, the actual sperm 
that fertilizes the oocyte is completely random.

• This brings us back to the math... (8.4million)(8.4million)= 

• ...if any of the 8.4 million different oocytes could be fertilized by 
any of the 8.4 million different sperm than we could in produce ~ 
70 trillion different zygotes!

• You can see that validity in the age old expression                        
“you are one of a kind”

• But even this number does not tell the whole story of our truly 
unique nature, the fact is the actual number is far greater than 70 
trillion.
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Crossing Over
• Our examination of independent assortment leads us to believe 

that we inherit strictly paternal or maternal chromosomes but 
this is not the case.

• As a consequence of independent assortment paternal and 
maternal chromosomes exchange segments creating unique 
chromosomes different than the one we inherited from our 
parents.
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Crossing 
Over

Recombinant Chromosomes

Chiasma
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Crossing Over

Humans have on average 1-3 cross overs per 
chromosome pair, depending on the size of 

chromosome and the position of their centromere.
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When we consider that crossing over takes place 1-3 times on 
23 different pairs, multiply that by the variation that independent 

assortment and random fertilization create and you have an 
astronomically large number of possible individual offspring.

In this simple 
example crossing 
over has doubled 

the genetic 
variation possible.
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Learning Objectives:

LO 3.27 The student is able to compare and contrast processes by 
which genetic variation is produced and maintained in organisms 
from multiple domains. [See SP 7.2]

LO 3.28 The student is able to construct an explanation of the 
multiple processes that increase variation within a population. 
[See SP 6.2]
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