
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)



Mechanisms of recombination
 

and

gene targeting
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The fungus Neurospora
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Recombination occurring far away from the c gene in Neurospora
Leads to a 2: 2: 2: 2 ratio of spores
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When the site of recombination is close to a gene (c) it can lead to heteroduplex formation.

Recombination occuring near the c gene in Neurospora can lead to the formation of heteroduplex
DNA near the site of crossing over. This can lead to aberrant ratios of spores.

In the example shown recombination of markers distal to c has not occurred (see
discussion of gene conversion several slides below).



I got these diagrams from http://www.blc.arizona.edu/marty/411/Modules/HomolRecom.html









Holliday structure





Because the Holliday 
junction is symmetric, 
predicts equivalent numbers 
of recombinant and 
nonrecombinant tetrads 
associated with 
heteroduplex DNA and gene 
conversion.

Also notice that the 
heteroduplex DNA is 
symmetric or is present on 
both chromatids.



What is the fate of the heteroduplex DNA?



Gene conversion in a heteroduplex
1. Gene conversion results from the repair of heteroduplex DNA by the mismatch repair system. Repair 
can occur in either direction.

2. Gene conversion can result in the loss of allelic information near the site of crossover.

3. Gene conversion only occurs in the direction of branch migration. That is the direction in which hetero-
Duplex DNA is formed.

4. 50% of gene conversions are associated with crossing over.

5. But crossing over is only rarely associated with gene conversion since the amount of heteroduplex DNA
Is typically small.

No repair. The duplexes
segregate following DNA
replication reproducing
the two original alleles



What is going on?
Magnify DNA and consider both DNA strands

G

C

ADE2(+)

A

T

ade2 mutation
G

T

heteroduplex

A

T

G

C

Mitosis w/o 
repair

Heteroduplex DNA leads 
to sectored colonies



Sectored colonies
e.g., yeast ADE2 gene involved in adenine biosynthesis

red intermediate accumulates in ade2 mutants

+       X   ade2

+/ade2

2:2           3:1           1:3            5:3           3:5

Dissect four 
ascospores and let 
them grow into 
colonies.

5:3 and 3:5 segregation patterns also exhibit parity.



If we now consider each strand of DNA
2:2 is 4:4 segregation

3:1 is 6:2
1:3 is 2:6

One way of explaining 3:1 and 1:3 segregation 
patterns is to propose that they were derived 

from 5:3 and 3:5 by mismatch repair.

5:3 could be repaired to 3:1 or 4:4
3:5 could be repaired to 1:3 or 4:4



4: 4 2: 2 Ab 4: 4 5: 3 3: 5 6: 2 2: 6
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Homologous recombination
Meiotic recombination occurs when chromosomes pair during meiosis. The basis for this pairing
Is not understood. It does not involve Watson-Crick base pairing since the chromatids are already
replicated. Nonetheless, it is clear that during meiosis the cell makes a powerful effort to line up
regions of homology.

Homologous pairing and recombination of local or distant regions of homologous duplexes occurs
In  number of other situations as well, and is a major force for both genomic stability as well as for
various forms of instability.

1. DNA repair, both of single strand lesions, and of double strand breaks. (Stability)

2. The genome is full of repeated sequences. These repeats are able to recombine with each other 
based on shared homology. This can lead to many different kinds of chromosome abnormalities,
including inversions, duplications and deletions. (Instability)

3. Exogenous DNA, designed by the experimenter, can be introduced into cells where it may undergo
homologous recombination with chromosomal sequences. This technique can be used to “knock
out” or modify chromosomal genes in cells of the germline.



Homologous recombination: repair of a double strand 
DNA break





                                                         3. Gene targeting

This is the golden age of genetics.
1. As discussed in the first lecture, we have the ability to move entire genomes from one cell to another. This provides a tool
by which we can easily create genetically identical organisms down through the generations.

2. The genomes of many organisms have been sequenced. The pace of this work will only accelerate in the next 5 years.
Thus the genetic blueprint for many, many, many organisms will be available for study. This information will provide an
incredible resource for trying to understand how life does the many amazing things it does.

3. However, sequence information by itself is of very limited value. It allows us to form hypotheses as to what a gene or
group of genes does, but testing these predictions requires that we go in and manipulate the genome in question to test our
predictions. Specifically, we need a tool that allows us to cut out and replace pieces of genomic DNA with DNA of our choice.
In this way we can truly engineer the genomes of organisms. This tool serves both a basic research goal, and it provides the
foundation for much of the current revolution in biotechnology.

4. Homologous recombination provides the basis for such a tool. Below we go through the basic steps required to cut out
and replace a piece of the mouse genome with a particular piece of DNA we are interested in.  This technology is known
generally as gene targeting.

Outline of several important considerations for gene targeting
1. Most DNA introduced into the zygote integrates randomly.

2. In order to carry out gene targeting, the selective alteration of homologous sequences, many integration events must be
screened for those that have integrated homologously. This is most conveniently done in embryonic stem cells. These cells
are derived from early mouse embryos and are pluripotent (they can differentiate into many different cell types when
reintroduced into a mouse embryo).

3. Gene targeting requires a set of selection procedures to identify those clones that have integrated homologously.

4. Once such cells have been identified they can be introduced into embryos of a different genotype. Chimeric adults are
then tested through mating for germ line transmission of the integrated gene. Progeny of these adults that carry the
recombinant chromosome (usually identified through PCR or Southern blotting) are  heterozygous for the altered gene.

















Germ cells



What drives the choice of homologous integration
versus random integration?

Homologous recombination/integration is
stimulated by the presence of a DNA break

in one partner







Targeted generation of double-stranded DNA breaks can be
used to introduce any desired mutation into a cell or organism



A breakthrough in genome engineering (called genome 
editing) uses engineered site-specific DNA binding proteins 
that have nuclease activity. The key steps are:
1. introduction of a site-specific nuclease;

2. generation of a double-strand break;

3. repair of the break can introduce a mutation by

a. non-homologous end joining, which is error-prone (for 
example, DNA is chewed back by endonucleases.

b. Homology directed repair converts the allele that has 
been cut.



TALENs or Zinc Finger DNA
binding domains



Programmable DNA cleavage using Cas9 and one or more guide RNAs



Targeted generation of double-stranded DNA breaks can be
used to introduce any desired mutation into a cell or organism









Prime editing: Reverse transcription of  pegRNA followed by incorporation new 
DNA into target DNA



Chromosome rearrangements

and

Changes in chromosome number



                        Rearrangements and ploidy
Up until now we have assumed that the arrangement or order of genes on chromosomes in any species is
fixed--and that the number and type of chromosomes is unchanging. This is usually true, but sometimes
in nature, and more frequently in the laboratory (due to the use of mutagens such as X-rays) changes in
the arrangements of genes and chromosomes does occur.

Examples of some types of chromosomal arrangements are :
1. Inversions

2. Deficiencies or deletions

3. Duplications

4. Translocations

5. Changes in number chromosome number, or ploidy.

These changes are important for a number of reasons.
1. They result in alterations in apparent map distances between genetic units.

2. They may lead to altered segregation ratios that manifest themselves as semisterility or a high
incidence of miscarriage.

3. They may lead to phenotypic changes resulting from changes in the spatial and temporal patterns of
gene expression, as well as alterations in gene balance.





~2% of all babies born since
1981



More than 66% of fertilized human eggs (embryos)
have chromosome abnormalities







Chromosome rearrangements: how do they happen?



Deletions



The Drosophila larval salivary gland has been a great help for the analysis of chromosomal abnormalities, even though
these are somatic, not meiotic cells.

 1. Each salivary gland chromosome is polytene, composed of 500-2000 side by side chromatids aligned in register
 and held parallel to each other. These result from 8-10 (210 = 1024) replications of the salivary gland chromosomes
 without intervening cell division events.

 2. The two chromosome homologs are also held in  pairing configuration. All of the chromosomes are joined at their
 centromeres by a structure known as the chromocenter.

 3. Positions on the chromosomes can be identified by a chromosome-specific series of bands. These can be shown
 to correspond to positions on the genetic map.



Deficiencies/deletions
Deficiencies (alternatively called deletions) remove a segment of a chromosome. Thus they result in the loss of many
genes. In polytene chromosome spreads the wildtype chromosome appears as a loop when present in a deletion
heterozygote.

Deficiency size can vary greatly, though large ones are heterozygous lethal because they alter the genetic balance.

Deficiencies show pseudodominance. This simply means that the presence of a deficiency that removes a wildtype copy
of a gene will display the mutant phenotype when present in conjunction with a homolog which is specifically mutant in
that gene.

Deficiencies are most useful for gene mapping. By recording which bands are missing, and which genes are removed by
making Df/mutant heterozygotes one can generate a map of the relative order, and rough position of genes on a
chromosome.

Other features of deficiencies:

1. There is no crossing over in the deficiency region.
2. There is no mutational reversion.
3. Deficiency homozygotes are usually dead.



Duplications
1. Duplications can be anywhere in the genome.
2. Cytologically duplications look like deficiencies. But an analysis of the banding pattern can distinguish the two.
3. Short duplications usually do not have much of a phenotype.
4. When a duplication is heterozygous with a deficiency for the same region the animals are phenotypically  wildtype
5. In contrast to deficiencies, duplications do show reversion.

Bar is a tandem duplication of a region of the X chromosome. + = no duplication
Bar = duplication

+
+ large, normal eye

small eye

very small eye

52 F1 + eyes
3 F1 ultra small eyes (ultrabar)

In 1921 Zelany scored 85,008 progeny of the cross B
B X +

Y

Ultrabar females crossed to wildtype males reverted to Bar at a low frequency

+
B

B
B

B
Yor

Among the Bar/+ and Bar/Y progeny he observed

In 1923 Sturtevant and Morgan observed that Bar reverts only in females. Crossing over does not occur in Drosophila
males. This provided a strong clue that this phenomenon involved crossing over.



Asymmetric pairing and crossing over can generate 
multiple copies of DNA segments.

B
B X +

Y

as well as a few
BD

Y and +
Y

B
+ and B

Y



Red-green colorblindness
5% in males

R G

1. The rhodopsin pigment is most like the intact green-sensitive rhodopsin. Recombinant individuals cannot see red.

2. The rhodopsin pigment is most like the intact red-sensitive rhodopsin. Recombinant individuals cannot see green.

Red-green colorblindness offers an example of the role recombination between duplicated segments of DNA plays in shaping the human
genome. Light is received in the retina by rhodopsins, light sensitive proteins. One class of rhodopsin is red sensitive, while a second is green
sensitive. These genes are arranged as a tandem duplication on the X chromosome. The genes are very highly related to each other. Thus,
mispairing can sometimes occur during meiosis. When this occurs some progeny males will end up with only one rhodopsin gene. Which light
wavelengths they are most sensitive to depends on where the recombination happens. If the recombinant protein is mostly green in character
they will be most sensitive to green light but be unable to see red, and visa versa.

Males that end up with the reciprocal product of recombination will have three rhodopsin genes, two of which will have either more red or
green character, depending on where the recombination occurred. These individuals have no phenotype ( they have normal vision). However,
it is interesting to note that the third copy of the rhodopsin gene is now free to mutate without any adverse effect on the human's vision.
Duplications of this sort are thought to provide a substrate for evolution. For example, if it was advantageous to be sensitive to ultraviolet
light, one might expect that the twin forces of mutation and selection could lead to the appearance of individuals in which the third rhodopsin
was sensitive to UV light.

Red-green color blindness is rare in females since they have two X chromosomes. However, they may act as carriers of the trait, which is
passed on to their sons.

R G

R G

1

R G

R G

2

R G



Random DNA duplications 
create families of related 
genes.
Ex. Different forms of actin expressed in 
different types of muscle cells and in other 
cell types.

There are 5 beta-globin genes, each 
produced at a different time during 
embryonic, fetal, and adult development.  
Each with a different oxygen-binding and 
-releasing characteristic appropriate for 
the time it is expressed. And each under 
independent regulation.

Comparing the sequences of genes like the 
beta-globin gene leads to models like this 
which may reflect the evolution of the 
gene through millions of years.



Duplication in Evolution
…essential genes do not tolerate mutation,
…duplications of essential genes, then subsequent mutations, confers adaptive potential 

to the organism,
…new gene family members are ‘recruited’ to perform new functions.
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Inversions: Paracentric



During meiosis 1 the centromeres pull to opposite sides of the cell. During meiosis 1 the homologs normally move to
opposite sides of the cell. The sister chromatids are still attached at this point. In the case of a inversion heterozygote
this leads to the formation of two products:

A. One fragment with two centromeres that contains the chromatids not involved in the inversion as well as a
chromatid that has two centromeres, and is thus dicentric.

B. A second product that has no centromere. It just sits in the nucleus and goes nowhere because it cannot
attach to the spindle microtubules.

During meiosis 2 the centromeres associated with the paired sister chromatids pull apart.
A. The two intact chromatids that did not participate in the inversion move to opposite poles. They can form
functional gametes.

B. The dicentric chromosome is pulled apart somewhere in the middle. it does not contributer sufficient genetic
information to produce a functional gamete.

C. The acentric fragment, which contains some duplicated material, stays in the middle.

Only the chromatids that did not participate in the crossover in the inversion contribute functional
gametes. Of course, crossovers occurring outside the inversion would proceed normally.
What happens to the gametes from an inversion heterozygote?

In plants they die. The haploid nuclei of the gametes are required in the male for pollen tube growth, and in the
female for growth of the embryo sac. Thus a piece of corn from an inversion heterozygote parent would look ugly,
because many of the kernals would be dead.

In the fly the situation is a little different.
1. In the male there is no meiotic recombination. So essentially all the gametes are nonrecombinant.

2. In the female the development of the egg causes them not to contribute. The plane of the cell divisions
during meiosis 1 and meiosis 2 is such that only the chromatids that migrate to one pole of the egg are able
to contribute to the zygote. The others end up as polar bodies. Because the acentric and dicentric fragments
are unable to do this they do not participate in gamete formation.



Proof that single crossovers do occur within an inversion

1. Chromosome bridges can be seen in meiotic spreads
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                                                           Pericentric inversions

Pericentric inversions involve the centromere. Recombination within the inversion leads to the formation of gametes that
are either inversion parental or wildtype, or that contain deletions and duplications for specific chromosomal regions. The
fate of the deletion/duplication chromosomes depends on their size. They are usually not recovered. Thus, as with
paracentric inversions, gametes recombinant within the inversion are usually not observed.



Inversion summary
Forming inversions:
1. Breakage and rejoining of internal chromosome fragment.
2. Recombination between inverted repeats of homologous DNA 
Properties of inversions:
1. Inversion homozygotes are normal. They just have a different gene order.
2. The products of meiotic recombination within an inversion do not contribute.
3. Thus genes within an inversion appear to be tightly linked.

Detecting inversions:
1. Cytologically.
Band order and the presence of loops in polytene chromosomes.
Chromatin bridge fragments at anaphase of meoisis.
2. Genetics. Gene map order will be altered. There will be a difference between maps.
Generated from inversion homozygotes and heterozygotes.
3. Physically. If you take a piece of DNA that spans an inversion breakpoint (the point at
Which the inversion initiates), and hybridize it to an inversion chromosome, you will see
Two spatially distinct signals. If this DNA probe was hybridized to a wildtype chromosome 
there would be only one signal.

a b c d e f

a (e d c b) f

hybridization to one site

hybridization to two sites



Inversions and evolution
If loci inside an inversion affect a single trait (or 

suite of related traits), this means they'll be 
inherited together and allele combinations won’t 
be broken up by recombination.

A suite of tightly linked loci that affect a single trait 
is collectively known as a SUPERGENE.

• mimicry coloration in some species of butterflies
• snail shell color pattern (some species)



Inversions, a genetic tool for 
preserving embryonic lethal 

mutations
• kni is embryonic lethal
• What will happen to this cross:

– kni-/+ X kni-/+
• 1 kni-/kni- (all die)
• 2 kni-/+ (viable)
• 1 +/+ (viable)

– kni-/+ X +/+
• 1 kni-/+ (viable)
• 1 +/+



Inversions, a genetic tool for 
preserving embryonic lethal 

mutations

• Balancer chromosomes allow the maintenance 
of alleles that are lethal when homozygous
– Carries multiple, overlapping inversions to prevent 

recombination
– Carries recessive lethal mutation to prevent survival 

of homozygotes
– Carries dominant marker (e.g. Curly) to allow 

research to follow balancer chromosome in crosses



SM1 balancer chromosome

recessive
lethal



In a balanced lethal stock, the only 
adult survivors are identical to their 

parents

recessive
lethal



Are two independently isolated 
lethal mutations (l1 and l2) 

viable?



One important function of balancers is in carrying out mutagenesis screens. Because you can identify a balancer
chromosome due to the presence of a dominant mutation, and recombination cannot occur between it and its homolog,
you can use the balancer  to follow the fate of the non-balancer homolog.

As an example, imagine that you are interested in creating new lethal mutations on a sn chromosome in Drosophila.

1. Mutagenize male flies. At this point each sperm has received a unique mutagenic event. The goal of a screen is to isolate
each of these mutagenized chromosomes and determine if a lethal mutation is now present.

2. Cross these males to sn/FM7 females. FM7 is an X chromosome balancer that carries the dominant mutation Bar, but is
not homozygous (or hemizygous) lethal.A number of progeny types are possible. You isolate a number of unmated
sn*/FM7 females.

3. Each sn*/FM7 female is mated to a male that is FM7/Y. Notice that at this point the only unknown X chromosome is the
mutagenized sn chromosome. All the other X chromosomes are FM7.

4. If no new lethal has been generated on the sn chromosome then there will be sn/Y male progeny.

5. If a new lethal mutation has been induced on the sn chromosome then only sn*/FM7 and FM7/Y  and FM7/FM7 progeny
will be produced. This is now a balanced stock which can be stably passaged from generation to generation. FM7/FM7
females are essentially sterile and do not genetically contribute.

Balancers and mutagenesis

Bal
sn

Y
*sn

Bal; ;*sn
Bal

Y
BalX *sn

Bal
Y
Bal

Bal;

Y
BalY

sn* X sn
sn*; *sn

Bal ; ; sn
Y

hemizygous male

*Are there hemizygous males? If not then the sn chr. is lethal.

very sickly
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A cross between translocation heterozygotes,
in  animals, = 6/16.

Plants 1: 2: 1 wildtype: het: transl. homozygote

In plants the pattern simplifies because unbalanced
translocation gametes are inviable in the gametophyte
stage. Thus certainzygote genotypes are not produced.

Adjacent-1  segregation
Dupication + deficiency

Alternate  segregation
Viable

Adjacent-2  segregation
Homologous centromeres
go to the same pole. These
are rare and inviable.

wildtype translocation

N1

N2T1

T2

T1-N2 T2-N1

N1-N2 T1-T2

T1-N1 T2-N2

In a cross between translocation heterozygotes, only a small fraction of the zygotes are viable. In plants most
translocation heterozygotes are viable, while in Drosophila they are lethal. There is a simple explanation for this. In
plants translocations must be transmitted through a haploid multicellular gametophyte to be transmitted at all.
Those that would be lethal in a diploid homozygote are also lethal to the haploid gametophyte. In flies, which have a
very short haploid stage that is unicellular, the gametes are fertile and viable even when the chromosome
constitution is grossly abnormal. Thus they can be transmitted even if they would be lethal in the homozygous state.



Deletions
Inversions
Translocations

move genes to new locations This may alter the protein product or the
pattern of gene expression.

An example from human biology is the Philadelphia chromosome
9: 22 translocation Leukemia Inappropriate activation of a gene, c-abl

Burkitt's lymphoma 8: 14 translocation Inappropriate activation of c-myc

One common way in which chromosome rearrangements contribute to human disease occurs when genes that promote cancer come under the
control of powerful promoters that drive their expression in specific cells of the immune system. This leads to leukemia and lymphoma, forms
of cancer.

One common way in which chromosome rearrangements contribute to 
human disease occurs when genes that promote cancer come under the
control of powerful promoters that drive their expression in specific 
cells of the immune system. This can lead to leukemia and lymphoma, 
forms of cancer



                                                                          Changes in chromosome number

Ploidy: the number of chromosome sets

Monoploid: Organism with one chromosome set (described for organisms from essentially diploid
taxa).

Euploid: An organism that contains some multiple of the basic chromosome set.

Polyploid: An organism that contains more than 2 chromosome sets.

The basic chromosome number, X. This is the number of distinct chromosomes that an organism
contains. In a normal diploid x = n, the haploid chromosome number. However, some organisms such
as wheat are hexaploid. Wheat has 42 chromosomes, but the basic set is 42/6 = 7 = X. In contrast, n =
42/2 = 21.

Haploid number, n. n is the number of chromosomes in gametes.

Autopolyploids: Polyploid organisms created by chromosome duplication within a species.

Allopolyploids: polyploids created by hybridization between different (but usually related) species.
In this situation the related chromosomes are usually described as being homeologous, rather than
homologous.



Polyploidy Generalities
de novo

• rare in most animal species,
• known in lizards, fish and amphibians,
• fairly common in plants,
• odd numbers of ploidy are not usually maintained,

3n, 5n, etc
rarely found in organisms that rely on sexual propagation.

…a haploid of a diploid is monoploid,
…has one chromosome set

Monoploidy

• male wasps, bees and ants have only 1 haploid genome,

– males develop from unfertilized eggs, 
• gametes are formed by mitosis.



                                                                                      Monoploids.
In some organisms, such as bees and wasps, the males are monoploid. They develop from an unfertilized egg. Being monoploid should present
a problem during meiosis since the individual chromosomes have no pairing partners.  Males in these species get around this problem by using
mitosis rather than meiosis during gamete production.

If a monoploid cell (or as we will get to in a moment, any cell with an odd number of  homologs that must be dealt with at meiosis) does undergo
meiosis there is a problem. The movement towards one pole or the other is essentially random and independent for each group of homologs. In
a monoploid some cells get none of each chromosome while others get one. Similarly, in a triploid some cells would get one homolog while
other cells would get two. In either situation this creates a genetic imbalance in the gamete, and thus almost certainly a genetic imbalance in the
fertilized zygote. 1
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X = the number of chromosomes (in monoploids), or X, the basic chromosome set number, in polyploids such as triploids.
                                          Triploids have problems during meiosis that lead to sterility
Triploids arise from a cross between a  tetraploid and a diploid. Diploid and haploid gametes fuse to produce a triploid embryo. The triploid
offspring can develop. However, during meiosis a similar problem occurs to that present in a monoploid (figure below). It is very unlikely [p =  (1/2)
x-1] that a similar number of the different chromosomes will all go to the same gamete during meiosis. This leads to genome imbalance.

Take as an example the banana. It has 11 chromosomes and is a triploid (3x = 33 chromosomes). This means that at meiosis there is a 1/1024
chance of producing a gamete with a full haploid or diploid complement of chromosomes.  The frequency of two such gametes getting together to
produce a viable seed is extremely low. Triploidy is used to create seedless versions of fruits such as bananas and watermelon. So, you might ask,
if they are seedless, how do they propagate. This is done artificially, using cuttings, grafts or bulbs. Essentially, a piece of the original triploid is
used to start a new plant.

In meiosis 1 in a monoploid the
duplicated chromatids go one 
way or the other. They have no
pairing partner. In the example, X = 2
There is a 50% chance pairs of chromatids
from two different chromosomes will
go to the same side.
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Triploids are sterile.

Bananas, seedless watermelons are seedless because 
they are triploid



add

Triploids are generated by combining gametes from a 
tetraploid (2 copies of each chromosome) with those of a diploid
(one copy of each chromosome).

+





                                                   Monoploid plants in approaches to plant breeding

Diploidy is a pain in the ass if one is trying to create organisms that have particular genetic characteristics through mutagenesis. This is because in
order to generate organisms that are homozygous recessive for some trait it is necessary to go through multiple generations in order to mutagenize,
generate F1s, and then self these F1s and test them in the next generation for the desired characteristic. See for example the mutagenesis screen
described at the end of lecture 2 in which we were trying to carry out a screen for plants with white flowers.

1. Cells from a plant can be dissociated, placed in culture, and used to generate an entirely new plant. Thus essentially all cells in a plant are
pluripotent (able to contribute to all cell types).

2. The ploidy state of a plant can be easily manipulated in tissue culture.
A. Monoploid plants can be created from gametes grown in culture.
B. Plants with increased ploidy can be generated by preventing the segregation of sister chromatids during mitosis using the microtubule disrupting
drug colchicine.



Normal

mitosis in a monoplod, n = 3 Two monoploid cells

One diploid cellTreated with
colchicine for
one cell division Growth into a diploid plant in culture



Can artificially use colchicine to increase ploidy.

Autopolyploidy
...polyploidy resulting from the replication of one or more 

sets of chromosomes,
…the additional set of chromosomes is identical to the normal 

haploid complement of that species.



Autopolyploidy Applications
• Treating a plant with colchicine often produces autopolyploidy, 

resulting in plants with larger flowers and/or fruit,  

8n 2n4n 2n

…And of course generating adults that can be crossed with 
diploids to generate sterile triploid progeny



Diploid & Tetraploid Hyla

These are essentially the 
same frog - it is the balance 
between the number of gene 
copies that is important for 
proper development, not 
necessarily the total number 
of gene copies



Up until now we have been dealing with 
autopolyploids, which contain multiple sets of 

chromosomes from the same species.
 Allopolyploids are produced from sets of 
chromosomes of closely related species.

Closely related chromosomes from different species 
are not homolgous, but are referred to as 
homeologous.

Homeologous chromosomes do not pair during 
meiosis and this can lead to problems.



This tetraploid is sterile because 
each chromosome lacks a pairing
partner at meiosis. 

n = 2

n = 4

Solution: Duplicate each chromosome by using colchicine to double
the number of chromosomes, thereby giving each chromosome a 
pairing partner.



If cross two related species, ok until meiosis.
Homeologous 
chromosomes don’t pair, 
which leads to sterility.

But by doubling the 
chromosomes, generate 
an allopolyploid 
(amphidiploid) that is 
fertile



The Sad Tail of Raphanobrassica

Cast

Dr. G. Karpechenko, Russian Plant breeder,

Brassica oleracea (2n = 18), 
- cabbage, large above ground food stock, worthless root,

Raphanus sativus (2n  = 18), 
- the common radish, large root food stock, worthless leaves.



Georgi Karpechenko

wanted to generate a plant that had the leaves of a 
cabbage and the roots of a radish.

cabbage  +  radish    =     cabrad?





and produced a …radcab!

While it is possible to produce allopolyploids, the 
outcomes are unpredictable.

leaves of a radish, roots of a 
cabbage. No good for people
food. But.....

Revived by the Scottish Plant Breeding Station in Dundee, Scotland, 
Raphanobrassica’s high dry matter content makes it an excellent 
fodder for sheep and cattle.

Cannot breed with either parent = a new species!!!



Triticum (wheat)

6n =42

Gametes: 3n = 21

Secale (Rye)

2n =14

gametes: n = 7

Sterile hybrid

4n = 28

One successful allopolyploid is Triticale

Triticale combines the high protein 
content of wheat with the high lysine 

levels  and ability to adapt to marginal 
environments of rye.

Fertile ‘Triticale’

8n =56
Chromosome 
doubling with 

colchicine. 



Polyploidy Summary 
• More than 2 whole sets of chromosomes,

• Autopolyploidy,
– from the same genome,
– naturally occurring, or induced,
– often results in larger varieties, 

• Allopolyploidy,
– from different genomes,
– naturally occurring, or induced,
– often results in larger varieties,

• Autotriploids,
– most often sterile
– can produce beneficial traits. 



Nondisjunction in meiosis I or II results in 
gametes with an extra or missing chromosome.

When these gametes fuse, the fusion results in 
zygotes with an extra or missing chromosome, 

a situation termed aneuploidy!

What are the consequences of aneuploidy?

Aneuploidy







Plants just don’t care that much: 
the tomato



All monosomic (43 autosomes; missing an autosome) 
spontaneously abort.

Almost all trisomic (45 autosomes; an extra autosome) 
fetuses spontaneously abort!
There are three exceptions.

Human Autosomes first!



Autosomal Monosomy
• nearly always deleterious, usually lethal,

– recessive lethal alleles are expressed,

c

d

B
A

E

monosomic

c and d are recessive lethal
alleles. Therefore, a monosomic
individual that carries this chro-
mosome is dead.

+



Down Syndrome (47, +21)

Trisomy in Humans



Down Syndrome 
(47, +21)

• occurs at a frequency of about 0.15%,

• mental retardation (I.Q. 20 - 50),

• mean life expectancy is about 17 years, 

• 47, +21 females are fertile,

• trisomy 21 risk factors, maternal age.



Maternal Age and trisomy



-In female humans, oocytes arrest in Prophase I before birth. 
Meiosis continues upon menstruation.

-Thus, tetrad formation and cellular function must be maintained 
for decades.

- The proteins mediating



-In female humans, oocytes arrest in Prophase I before birth. 
Meiosis continues upon menstruation.

-Thus, tetrad formation and cellular function must be maintained 
for decades

-The cohesion molecules that maintain alignment
of the homologs when you are born are literally
the same protein molecules that maintain
alignment when you are 40. Errors arise.



Other Human Autosomal Trisomics

• Edwards Syndrome (47, +18)
– 0.0125% live births,
– mental abnormalities,
– “faunlike ears”, “rockerbottom feet”, small jaw,
– nearly all die within several weeks of birth, 

• Patau Syndrome (47, +13), 
–  0.005% live births,
– mental abnormalities,
– cleft lip, small mal-formed head, “rockerbottom 

feet”,
– mean life expectancy is about 130 days.



Somatic polyploidy

Drosophila salivary glands. 1024-2048 copies





Aplysia R2 neuron



Region-specific amplification/underreplication


