
Prokaryotes
- 200 nm - 500 µm in size,

- soil, water, air, symbionts,
- have adapted to aquatic and terrestrial 

extremes,
100 grams/person, 1014 bacteria.

Up to 50% of the carbon on Earth







(per second)







…All in all,
it appears that only a small 
fraction of prokaryote 
genes
are actually consistent with 
a universal phylogenetic 
tree a
life [13], thereby suggesting 
that most prokaryote genes
are eventually exchanged 
over long evolutionary time
scales [1]….



The pangenome: The set of all genes

Gene shuffling without sex





Genome size in free-living
prokaryotes is tightly
constrained



There must be strong selection pressure for minimal 
genome size: carrying only what you need to survive 
in the current environment. Carrying extra DNA 
requires energy that could be used for growth

The ability to take up and incorporate DNA from the 
environment gives prokaryotes a way to evolve. DNA 
from those around you is, by definition, coming from 
survivors––others who have found a way to thrive in 
the current environment.  

But…..those who thrive can also be your antagonists, 
which requires counter measures. Stay tuned….

Why???



Genetics without Sex:
Gene transfer in Prokaryotes

• Transformation - cells take up DNA 
directly from the environment

• Conjugation - cell-to-cell transfer of 
genetic material

• Transduction - Transfer of genetic material 
by phage or phage-like particles



Prokaryotic Features
Unicellularity

-Most are single-celled
-Some can form complex biofilms 

Cell size 
 -Most are less than 1 µm in diameter 
Chromosome
 -Single circular double-stranded DNA 
 -Found in the nucleoid



Prokaryotic Features
Internal compartmentalization

-No membrane-bounded organelles
Flagella

-Simple in structure; spin like propellers 
Cell division

-Most divide by binary fission 
Genetic recombination 
 -Occurs through horizontal gene transfer 



Bacterial Chromosome

...a circular molecule of double helical DNA,

–  4 - 5 Mb long in most species studied,

– 1.6 mm long if broken and stretched out.

• Inside the cell, the circular chromosome is 
condensed by supercoiling and looping into 
a densely packed body termed the nucleoid.



DNA Replication





Extra Chromosomal DNA

• Plasmids: circular double 
stranded DNA molecule that 
replicates independently,

– containing one or more (non-
essential) genes, smaller than 
the bacterial chromosome,

– may carries genes for 
pathogenicity, 

– may carry genes for adaptation 
to the environment, including 
drug resistance genes.



Plasmid Replication

• Each plasmid carries an origin of replication
• Origins determine host specificity
• Each cell can only replicate a single plasmid with 

each origin type (called an incompatibility 
group). Two different plasmids of the same IG 
cannot be maintained in the cell together

• A cell can host multiple plasmids with different 
origins of replication - Borrelia burgdorferi 
(lyme disease) carries 21 different plasmids



TA cassettes “encourage” their own transmission and kick plasmids of
the same incompatibility group that lack them out of the population
The cell is “addicted” to the plasmid.







Broad host range plasmids can deliver DNA to many types
of organisms. How can we guarantee that only certain 
species retain the plasmid? Make retention sequence 
specific, and essential for survival



Bacteria Phenotypes

• colony morphology,
– large, small, shiny, dull, round or irregular,

• resistance to bactericidal agents,

• auxotrophs,
– unable to synthesize raw materials from minimal media,

• cells unable to break down complex molecules, or use

certain molecules as energy sources

• essential genes, usually studied as conditional mutants.



Auxotrophs

…a cell that requires a substance for growth 
that can be synthesized by a wild-type cell,

his-    ...can’t synthesize histidine (his+ = wt) 
leu-    ...can’t synthesize leucine (leu+ = wt)

arg-    ...can’t synthesize arginine (arg+ = wt)
bio-    ...can’t synthesize biotin (bio+ = wt)

   



Prototroph

…a cell that is can grow on a defined, 
minimal media,

– can synthesize all essential organic compounds,

– usually considered the ‘wild-type’ strain.



Luria-Delbruck
fluctuation test

Do mutations arise in response
tot stress, or do they pre-exist



complete media

(replica plate)

test media or condition
(phage resistance)

colonies that grow on phage are mutant

replica plate again onto test
media identifies the same colonies

replica plate from
master plate again

Replica plating (Ledergerg and Lederberg) provides a very straightforward
demonstration that mutations preexist in a population

Lift cells from master plate



Isolation of Auxotrophs

• Isolating rare, less-fit auxotrophs

Grow on minimal media
+

Penicillin (kills dividing cells)

Replica PlateWild-type cells

- Leucine

+ LeucineLeucine auxotrophs

complete media



Bacterial Nomenclature I

• genes not specifically referred to are 
considered wild-type,

Strain A:  met- bio-

      x
Strain B:  thr- leu- thi-

thr+ leu+ thi+

met+ bio+



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

No sex and 
recombination

Sex and 
Recombination



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

mutations cannot lose them through recombination
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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



Vertical and horizontal gene transfer





Genetics without Sex:
Gene transfer in Prokaryotes

• Transformation - cells take up DNA 
directly from the environment

• Conjugation - cell-to-cell transfer of 
genetic material

• Transduction - Transfer of genetic material 
by phage or phage-like particles



Transformation

The ability to take up extracellular DNA is 
referred to as competence

A few bacterial species allow this under 
natural conditions (naturally competent) - 
Bacillus, Acinetobacter, Streptococcus

Treatments that briefly interrupt 
membrane integrity can be used to make 
other types of cells competent (E. coli)



Transformation and Mapping



If the transfer of genes are independent events the probability of transfer of both genes = (P1) (P2).

An increased probability of joint transformation reflects linkage.

Cotranformation index = R a+ b+
 a+ b+, a+ b-, a- b+

Recombination frequency = Q = 1- R =
a+ b-, a- b+

 a+ b+, a+ b-, a- b+

a+

b+
c+

a+ b+a+ c+b+ c+

DNA undergoes shearing that leads to different average size DNA molecules

7,500 bp fragments

4 X 106 bp/genome
= 1/500 genome

transform a- b- c- bacterium

a+ b- c- a+ b+ c- a- b+ c- a- b+ c+ a- b- c+

b+

No a+ b+ c+ or a+ b- c+ tranformants

transformation and mapping

Transformation mapping only gives meaningful results over short distances. For long distances genes are never
transformed together on the same molecule, but as we will see below, linkage maps can still be derived using
conjugation or viral transduction.



Genotyping
try+ his + tyr+ X try- his - tyr-

try+ his + tyr+

make DNA

transform try- his - tyr-

plate onto supplemented media

replica plate onto

+ tyr
- his

+ try
+ his
+ try

- tyr - try

+ his
+ tyr



Making use of transformation to study gene function in the modern age
1. Preparing specific knock-outs in bacteria

An ampicilin resistance gene (Ampr) is inserted into the gene of interest, located on a plasmid. The linear plasmid is transformed into a 
recD- E. coli strain where it recombines with the E. coli chromosome to leave a disrupted gene.  

Reverse genetics: making
mutants in a known gene and
looking for phenotypes
(what does the gene do?)



Transposable Elements
mobile DNA

Transposon: carries one or more genes.
Excision and re-integration requires transposase

 

Transposon mutagenesis: An example of forward genetics



Use of transposons to identify novel genes in diverse species:
forward genetics

3.  Plate on antibiotic media, 
screen for phenotypes

2.  Transformation and insertion into 
genome 2 (plasmid lost because origin

does not work in these species)

Transposase E. coli
origin

KanR gene

1. Transposon with antibiotic resistance gene

Species 2 promotor

Transposon, with antibiotic resistance gene, located in species 1



3.  Plate on antibiotic media, 
screen for phenotypes

2.  Transform into species 2, insertion 
into genome

Use of transposons to identify novel genes

KanR gene

E. coli
origin

4.  Extract genomic DNA from 
mutants, circularize

5.  Transform into E. coli - The genomic 
DNA with your gene will have origin, 
replicate (with KanR)

Random 
DNA

Interrupted 
gene

Interrupted gene



Genetics without Sex:
Gene transfer in Prokaryotes

• Transformation - cells take up DNA 
directly from the environment

• Conjugation - cell-to-cell transfer of 
genetic material

• Transduction - Transfer of genetic material 
by phage or phage-like particles



A- B+ A+ B- A+ B+
(10-6)

1. Recombination
2. Reversion

X

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

= 10-12

X
by reversion

(10-6) (10-6)

Conjugation: Lederberg and Tatum, 1946

The presence of a high frequency (relatively speaking) of prototrophs argues
that these are not due to reversion, but instead the transfer and recombination of
multiple donor traits. 



F Pilus

…a filament-like projection from 
the surface of a bacterium.

F+

F-



F Factor
…a plasmid whose presence confers F+, or 

donor ability.



Infectious transfer of the F plasmidRecombination of some donor
markers with the recipient.

The F factor and conjugation



Hfr Cells

F factor

Bacterial Chromosome

Inserted F plasmid

...F factor 
integration site,

...host (bacteria 
chromosome) 
integration site.



High Frequency of Recombination
(Hfr)

...bacteria exhibiting a high frequency of recombination,

– an alteration DNA sequence such that the genotype of subsequent 
individuals differs from the parent,

…HFR cell specifically; strains with a chromosome 
integrated F factor that is able to mobilize and transfer part 
of the chromosome to the F- cell.



Hfr to F- Cells

• Hfr transfer begins in the middle of the F 
factor,

• Only 1/10,000 cells transfer the complete 
chromosome, including the remainder of the 
F factor,

• Thus, most recipient cells remain F-.





Double Crossover





...the bacterial chromosome 
contains many integration sites, 

...thus, the F factor inserts in different 
regions of the bacterial chromosome.

The order of gene transfer using Hfr’s with different points of
insertion shows that the E.coli chromosome is circular.



The F’. Infectious transfer of an F element that has picked up a small number 
of cellular genes during excision from the bacterial chromosome.



1. Conjugation allows rapid transfer of plasmid genes 
between cells

2. Integration (Hfr) followed by transfer of genomic DNA to
recipient allows transfer of chromosomal information.

3. F’-like elements allow infectious transfer of neighboring
genomic DNA.



Pili-receptor interactions determine which species a bacteria
can conjugate with 





Broad host range conjugative plasmids can enter and replicate 
in many different bacterial species



A broad host range plasmid picks up genomic DNA from many former bacterial 
hosts; these are common in our microbiome, in soil, in hospitals



Turning a tumor forming bacteria into a powerful  tool
for plant genetic engineering

Agrobacterium



Virulence region provides
genes required for transfer
to plant

Agrobacterium



T-DNA can be mobilized from 
the first plasmid. It carries your
gene of interest.

The second plasmid carries virulence
genes that mediate transfer of T-DNA
from the first plasmid.

When both plasmids are present in
agrobacterium the T-DNA is transfered
to the plant 

virulence genes

Cargo plasmid





Papaya ringspot virus
transgenic Non-transgenic



Genetics without Sex:
Gene transfer in Prokaryotes

• Transformation - cells take up DNA 
directly from the environment

• Conjugation - cell-to-cell transfer of 
genetic material

• Transduction - Transfer of genetic material 
by phage or phage-like particles





1. Phage have a single chromosome.
2. Thus they are haploid and genotype =
    phenotype.
3. Multiple phage can infect the same cell.
4. Recombination can occur between these
    genomes.

RF =
(h+r+) + (h-r-)
Total plaques



Generalized transduction
m+ h+ phe- trp- tyr- m- his- phe + trp + tyr+

minimal = 10-5 prototrophic

1. can pass through a filter
2. unidirectional
3. not inactivated by DNAse
4. Strain on left lysogenic for phage p22



Lytic vs Lysogenic

viral DNA is 
incorporated into 
the host genome.



Prophage
…non-virulent units that are inserted in the host 

chromosome, and multiply via binary fission 
along with the host DNA,

…prophage can re-enter the lytic cycle to complete 
the virus life cycle. 

Lysogeny
…the integration of viral DNA into the bacterial 

genome,
– a virus that can integrate into the genome is 

termed temperate,

– an integrated phage is termed a prophage.



Phage Induction
…prophage express a repressor protein that inhibits 

further infection, 

– also inhibits prophage DNA excision genes, and 
genes used during the lytic cycle,

…environmental cues (especially events that damage 
DNA) block the expression of the repressor protein, 

– prophage excises and enters a lytic cycle.



Lysis, lysogeny, zygotic induction and immunity

Cells that carry a lysogenic phage 
express a repressor protein that makes
these cells immune to lytic infection
by a phage of the same type.



Phage can also transfer antibiotic resistance between
bacteria



Phage therapy for antibiotic resistant infections



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

How do species keep winning? Specialized mechanisms for
creating genetic diversity at specific loci (genes)

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


Site-specific recombination between two sequences 
to change DNA orientation





When recombinase target sites are inverted with respect to
each other the intervening DNA is inverted



Switching which tail
fiber protein you make
to remain invisible to the
immune system



Swapping between a number of possible protein sequences
using homologous recombination



Handa S, Shaw KL, Ghosh P (2019) Crystal structure of a Thermus aquaticus diversity-generating retroelement variable protein. PLOS ONE 
14(1): e0205618. https://doi.org/10.1371/journal.pone.0205618
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0205618

Diversity generating retroelement
Reverse transcriptase copies the TR-RNA into DNA. I takes every A residue and 
randomizes it. This generates the TR c (copy) DNA. The TR cDNA inserts itself in place of
the VR region, creating a gene that carries a novel protein sequence that can bind to 
other receptors. 100 positions randomized over 20 amino acids. More diversity than stars 
in the universe. Infinite diversity (targeted mutagenesis) in a very small package

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0205618


Diversity generating retroelement
Reverse transcriptase copies the TR-RNA into DNA. I takes every A residue and 
randomizes it. This generates the TR c (copy) DNA. The TR cDNA inserts itself in place of
the VR region, creating a gene that carries a novel protein sequence that can bind to 
other receptors. 100 positions randomized over 20 amino acids. More diversity than stars 
in the universe. Infinite diversity (targeted mutagenesis) in a very small package





Engineered microbes
for environmental release

(EMER)







Bacteria in oceans 1.3 x1029

Virus infections in ocean each day 1x1023/second

Evolutionary arms race





Cell defense and memory of
the other





Programmable DNA cleavage using Cas9 and one or more guide RNAs



Some phage encode anti-CRISPR proteins that prevent
CRISPR-based destruction of incoming phage

(the arms race continues)


