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Figure 1.
Comparing an ideogram of the human chromosome 2 to the
equivalent chromosomes in chimpanzees, we notice that the
human chromosome 2 likely came from a fusion event that
occurred since their common ancestor. This is supported by
evidence finding telomeric and centromeric sequences in the
middle of human chromosome 2 similar to that of the ends and
middle of the chimpanzee chromosomes.
(Flickr- T. Michael Keesey- CC BY 2.0)

INTRODUCTION
Previous chapters described chromosomes as
simple linear DNA molecules on which genes are
located. For example, your largest chromosome,
chromosome 1, has about 3536 genes. To ensure
that each of your cells possesses these genes, the
typical linear eukaryotic chromosome has three
critical features that allow it to be passed on during
cell division. (1) Origins of replication found along
its length provide places for DNA replication to start,
(2) telomeres protect each end of the chromosome,
and (3) a single centromere near the middle
provides a place for microtubules to attach and
move the chromosome during mitosis and meiosis.
However, at various locations both strands of the
double stranded DNA in a chromosome can break
and the subsequent daughter cell(s) may not retain
all the DNA and thus all the genes. For example, if a
segment of the chromosome has been lost (a
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deletion), the cell may be missing many genes. The
causes of chromosome structural abnormalities and
the consequences they have for the cell and the
organism are described below. They involve double
stranded breaks in the DNA, meiotic crossover
events, and rejoining of the broken ends. Human
examples will be used to show the phenotypic
consequences and methods for detection.

1. DNA DOUBLE STRAND BREAKS AND INCORRECT
MEIOTIC CROSSOVERS CAUSE CHROMOSOMAL
REARRANGEMENTS
1.1. DOUBLE STRAND BREAKS AND THEIR REPAIR
A chromosome is a very long but very thin molecule.
In the phosphodiester backbone there are only two
covalent bonds holding each base pair to the next. If
one of these covalent bonds is
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Figure 2.
Repair of single strand nicks and double strand breaks in
DNA. (Original-Harrington-CC BY-NC 3.0)

broken the chromosome will still remain intact,
although a DNA Ligase will be needed to repair the
nick (Figure 2a). Problems arise when both strands
are broken at or near the same location. This double
strand break will cleave the chromosome into two
independent pieces (Figure 2b). Because these
events do occur in cells there is a repair system
called the non-homologous end joining (NHEJ)
system to fix them. Proteins bind to each broken
end of the DNA and reattach them with new
covalent bonds. This system is not perfect and
sometimes leads to chromosome rearrangements
(see next section).
The NHEJ system proteins only function if required.
If the chromosomes within an interphase nucleus
are all intact the system is not active. The telomeres
at the natural ends of chromosomes prevent the
NHEJ system from attempting to join the normal
ends of chromosomes together. If there is one
double strand break the two broken ends can be
recognized and joined. But if there are two double
strand breaks at the same time there will be four
broken ends in total. The NHEJ system proteins may
join the ends together correctly, but if they fail, the
result is a chromosome rearrangement (Figure 3).
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Figure 3.
Errors during DNA repair can cause a chromosome
deletion. In this diagram A, B, and C are genes on the same
chromosome. As in Figure 2 there has been breaks in the
DNA, recruitment of NHEJ proteins, and repair. After the
repairs are completed the small piece of DNA with gene B
is lost and the chromosome now only has genes A and C.
(Original-Harrington-CC BY-NC 3.0)

1.2. INCORRECT MEIOTIC CROSSOVERS
Meiotic crossovers occur at the beginning of
meiosis for two reasons. They help hold the
homologous
chromosomes
together
until
separation occurs during anaphase I (see Chapter 7).
They also allow recombination to occur between
linked genes (see Chapter 9). The event itself takes
place during prophase I when a double strand break
on one piece of DNA is joined with a double strand
break on another piece of DNA and the ends are put
together (Figure 4a). Most of the time the breaks are
on non-sister chromatids and most of the time the
breaks are at the same relative locations.
Problems occur when the wrong pieces of DNA are
matched up along the chromosomes during
crossover events. This can happen if the same or
similar DNA sequence is found at multiple sites on
the chromosomes (Figure 4b). For example, if there
are two Alu transposable elements on a
chromosome. When the homologous chromosomes
pair during prophase I the wrong Alu sequences
might line up. A crossover may occur in this region.
If so, when the chromosomes separate during
anaphase I one of the chromatids will have a
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second part shows how meiosis can cause the
rearrangements.

2. DELETIONS

Figure 4 .
Errors during meiotic crossovers can cause duplications
and deletions. This diagram shows homologous
chromosomes pairing in prophase I and then separating in
anaphase I. The shaded boxes are Alu transposable
elements. a) The homologous chromosomes pair properly,
a crossover occurs, and all four chromatids in anaphase I
are normal. b) The pairing is incorrect, a crossover occurs
in the mispaired region, and in anaphase I one chromatid
has a duplication and another has a deletion.
(Original-Harrington/L. Canham-CC BY-NC 3.0)

duplication and one will have a deletion. Ultimately,
of the four cells produced by this meiosis, two will
be normal, one will have a chromosome with extra
genes, and one will have a chromosome missing
some genes. Errors of this type can also cause
inversions and translocations.
Errors during the repair of multiple double strand
breaks or incorrect meiotic crossovers can cause
four types of chromosome rearrangements:
deletion, inversion, duplication or translocation. The
type of chromosome rearrangement is either
dependent upon where the two breaks were
originally and how they are rejoined, or on the
location of the homology during meiosis. Figure 3
shows some possibilities but more are shown in the
following sections. The first part of each section
shows a double strand DNA break between the B
and C genes (shown here as a red X). A second DNA
break occurs and the NHEJ proteins mend the
damage incorrectly by joining the ends (shown with
the blue arrows). The chromosomes are drawn as
unreplicated as they are in G1 phase but these
events can happen anytime during interphase. The
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There are two forms of deletions: Terminal and
Interstitial. Terminal deletions are deletions off of
the end of a chromosome. Interstitial deletions are
deletions of a region in the middle of the
chromosome, while the arms on each side remain
normal. For example, with a chromosome that has
the genes ABCDEF, an example of a terminal
deletion will be CDEF. An example of an interstitial
deletion will be ABCF.
2.1. DELETIONS FROM DOUBLE STRAND BREAK REPAIR
Deletions arise from double strand breaks when
both breaks are on one chromosome. If the ends are
joined in this way the piece of DNA with the B gene
on it does not have a centromere and will be lost
during the next cell division.

Figure 5.
Deletion can result from double strand break repair.
(Original-Harrington- CC BY-NC 3.0)

2.2. DELETIONS FROM INCORRECT MEIOSIS
If meiotic rearrangement is the cause, Deletion
chromosomes will pair up with a normal homolog
along the shared regions and at the missing
segment, the normal homolog will loop out (nothing
to pair with) to form a deletion loop. This can be
used to locate the deletion cytologically. The
deleted region is also pseudo-dominant, in that it
permits the mutant expression of recessive alleles
on the normal homolog. Deletion mutations don’t
revert - nothing to replace the missing DNA.

3. INVERSIONS
3.1. INVERSIONS FROM DOUBLE STRAND BREAKS
Inversions also occur when both double strand
breaks are on one chromosome. If the ends are
joined in this way, part of the chromosome is
inverted. This example shows a paracentric
inversion, named because the inverted section does
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not include the centromere (para = beside). If the
breaks occur on different chromosome arms the
inverted section includes the centromere and the
result is a pericentric inversion (peri = around).

Figure 6.
Inversion can result from double strand break repair.
(Original-Harrington- CC BY-NC 3.0)

3.2. INVERSIONS FROM INCORRECT MEIOSIS
In meiosis, when an inversion chromosome is paired
up there is an inversion loop formed. If there is a
crossover within the loop then abnormal products
will result and abnormal, unbalanced gametes will
be produced. For example, a crossover event within
the loop of a paracentric inversion will lead to a dicentric product that will break into deletion
products and produce unbalanced gametes (Figure
7). Similarly, with a pericentric inversion, a
crossover event leads to duplicate/deletion
products that are unbalanced (Figure 8).

If joined with a normal gamete, they will result in an
unbalanced zygote, which are usually lethal. The
consequence for this is that crossover products
(recombinants) are lost and thus inversions appear
to suppress crossovers within the inverted region.
Note: with both types of inversions, crossovers
outside the loop are possible and fully viable, as they
don’t alter the gene balance.

4. DUPLICATIONS
There are two major forms of duplications: tandem
and inverse duplications. Tandem duplications are
when the duplicated genes are in the same order,
and inverse duplications are where the duplicated
genes are in the reverse order. For example if you
have a chromosome that has the genes ABCDEFGH,
and a duplication occurs in the BCD genes, then a
tandem duplication would look like: ABCDBCDEFGH.
An inverse duplication would look like:
ABCDDCBEFGH.
Insertional duplications are also seen, where the
duplicated region is inserted to a more distant
location. e.g. ABCDEFBCDGH

Figure 7.
A paracentric inversion
pairing at meiosis. A
crossover within the loop
causes the production of an
acentric and a dicentric
chromatids, which leads to
deletion product..
(Original-Locke-CC
BY-NC
3.0)
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Figure 8.
A
pericentric
inversion
pairing at meiosis. A
crossover within the loop
causes the production of
duplicate
and
deletion
products.
(Original-Locke-CC
BY-NC
3.0)

4.1. DUPLICATIONS FROM DOUBLE STRAND BREAKS
Duplications can occur from two DNA breaks at
different places in sister chromatids (in a replicated
chromosome). The ends are joined together
incorrectly to create a chromosome with a
duplication (two “B” regions as shown). Note: the
reciprocal product has a deletion.

Figure 9.
Duplication can result from double strand break repair.
(Original-Harrington- CC BY-NC 3.0)

4.2. DUPLICATIONS FROM INCORRECT MEIOSIS
Duplications also produce a cytologically visible
loop at meiotic pairing. Duplications can revert at a
relatively high frequency by unequal crossing over.
Duplicated genes offer new possibilities for
mutational divergence followed by natural selection
in the course of evolution.
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5. TRANSLOCATIONS
5.1. TRANSLOCATIONS FROM DOUBLE STRAND BREAKS
Translocations result from two breaks on different
chromosomes (not homologs) and incorrect
rejoining. This example shows a reciprocal
translocation - two chromosomes have 'swapped'
arms, the E gene is now part of the white
chromosome and the C gene is now part of the
shaded chromosome. Robertsonian translocations
are those rare situations in which all of the genes
end up together on one chromosome and the other
chromosome is so small that it is typically lost.

Figure 10.
Translocation can result from double strand break repair.
(Original-Harrington- CC BY-NC 3.0)
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Figure 11.
A reciprocal translocation
pairing at meiosis. There
are two main avenues for
segregation: Adjacent-1
and Alternate. Adjacent1 results in duplication
and deletion for part of
the
chromosome
segments.
Alternate
doesn’t.
(Original-Locke-CC BY-NC
3.0)

5.2. TRANSLOCATIONS FROM INCORRECT MEIOSIS
For translocations during meiosis, a consequence
for the two chromosomes involved is that when
they pair both replicated chromosome pairs will be
together, which can be seen cytologically as a
tetrad. This tetrad can segregate in three ways.
This set of paired, replicated chromosomes can
segregate as Alternate (balanced) where both
normal (N1 and N2) and both translocated
chromosomes (T1 and T2) go to the same polls,
respectively. The chromosomes can segregate as
Adjacent-1 (unbalanced) where the normal and
translocation chromosomes segregate, with N2 and
T1 segregate from N1 and T2. Alternate and
Adjacent 1 both occur in approximate equal
frequency and thus only about half the time do the
gametes end up unbalanced (Figure 11.). Note how
each daughter cell in Alternate has equal amounts
of blue and black chromosomes, while in Adjacent1 one daughter has extra black chromosomes, and
the other has extra blue.
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The third segregation possibility is known as
Adjacent-2, where N1 and T1 go to one pole, while
N2 and T2 go to the other. This way of segregating is
extremely rare, and so will not be described in any
further detail.

6. CONSEQUENCES OF CHROMOSOMAL
REARRANGEMENTS
6.1. DECREASED VIABILITY
All of the chromosome rearrangements shown
above produce functional chromosomes. Each has
one centromere, two telomeres, and thousands of
origins of replication. Because inversions and
translocations do not change the number of genes
in a cell or organism they are said to be balanced
rearrangements. Unless one of the breakpoints
occurred in the middle of a gene the cells will not be
affected. On the other hand, deletions and
duplications are unbalanced rearrangements. The
larger they are (more genes involved) the more
disruption they cause to the proper functioning of
the cell or organism. Having too much or too little
gene action for a large number of genes can disrupt
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the cellular metabolism to generate a phenotype or
reduce viability.
6.2. DECREASED FERTILITY
Recall that during meiosis I homologous
chromosomes pair up. If a cell has a chromosome
with a rearrangement this chromosome will have to
pair with its normal homolog.
Cells heterozygous for balanced rearrangements
actually have more difficulties in prophase I.
Consider the chromosomes shown in Figure 12.
There are different ways they might pair during
prophase I - one is shown in Figure 13. But if a
crossover occurs in the inverted region the result
will be unbalanced gametes. Embryos made with
unbalanced gametes rarely survive. The
consequence is that the heterozygous organism will
have reduced fertility.
Note that an organism homozygous for this
inversion chromosome will not be affected in this
way because no loops are formed. The
chromosomes can pair along their entire length and
crossovers will not produce any unbalanced
gametes. This is a general property of inversions and
translocations.

Figure 12.
A normally arranged chromosome (left)
and a homolog with a pericentric
inversion (right).
(Original-Harrington/Canham-CC BYNC 3.0
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In heterozygotes there are problems during meiosis
resulting in a lot of the gametes being unbalanced
and an overall reduction in fertility. In homozygotes
the rearranged chromosomes pair with one another
just fine and there is no effect on fertility.
6.3. CANCER
Some
chromosome
rearrangements
have
breakpoints within genes leading to the creation of
hybrid genes – the first part of one gene with the last
part of another. If the hybrid gene inappropriately
promotes cell replication, the cell can become
cancerous.
6.4. EVOLUTION
Those chromosome changes that duplicate genes
are important for evolution. If an organism has an
extra copy of important genes, one gene can be
retained for their original function while others can
mutate and potentially acquire new functions
(Figure 14.). An example of this is the multiple
copies of the globin genes found in mammals.

Figure 13.
Meiosis in a cell heterozygous for the chromosomes shown in Figure 12. Note that of the
four gametes one has a deletion of the A gene and a duplication of the D gene while
another gamete has a duplication of A and a deletion of D.
(Original-Harrington/Canham-CC BY-NC 3.0)
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understand the consequences let us consider those
that affect people. The convention when describing
a person's karyotype (chromosome composition) is
to list the total number of chromosomes, then the
sex chromosomes, and then anything out of the
ordinary. Most of us are 46,XX or 46,XY. What
follows are some examples of chromosome number
and chromosome structure abnormalities.

Figure 14.
Duplicated genes can mutate without compromising the
viability of the organism. Occasionally the result is a new
gene. (Original-Harrington-CC BY-NC 3.0)

Chromosome rearrangements that decrease fertility
are also important for the origin of new species. If a
rearrangement, such as the inversion shown in
Figure 12, becomes common in a small isolated
population, that population has 100% fertility if they
mate within their group, but a reduced fertility if
they mate with members of the larger population.
As rearrangements accumulate the small population
will become more and more reproductively isolated.
When members are incapable of forming viable,
fertile offspring with the original population the
group will have become a new species.
Another example is shown in Figure 1, where the
human chromosome 2 is a fusion of two
chromosomes present in the common ancestor of
humans and other great apes (chimpanzee, gorilla,
orangutan). We do not know exactly when in human
history (evolution) this fusion event occurred,
except that, because it is absent in all other apes and
present in all current humans, it must have occurred
after the split between chimpanzee and humans.

7. CHROMOSOMAL REARRANGEMENTS IN
HUMANS
The problems described above can affect all
eukaryotes, unicellular and multicellular. To better
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7.1. CRI-DU-CHAT SYNDROME
Cri-du-chat syndrome occurs when a child inherits a
defective chromosome 5 from one parent (Figure
15). This condition is rare - it is present in only 1 in
20 000 to 1 in 50 000 births but it does account for
1% of cases of profound intellectual disability. The
specific defect is a deletion that removes 2 Mb or
more from the tip of the short arm of the
chromosome. In most cases the deletion is the result
of a chromosomal rearrangement in one of the
parent's germ line cells. People with cri-du-chat
have a karyotype of 46,sex,deletion(5).

Figure 15.
A boy with cri-du-chat syndrome. The pictures were taken
at 8 months (A), 2 years (B), 4 years (C), and 9 years (D).
(Wikipedia-Paola Cerruti Mainardi/ changes: horizontally
aligned the photos- CC BY 2.0)

As with Down syndrome this condition is associated
with intellectual disability and other health
problems. These problems include an improperly
formed larynx which leads to infants making high
pitched cat-like crying sounds (hence the name "cry
of the cat"). It is suspected that at least some of the
intellectual disability phenotype is due to having
only a single copy of the CTNND2 gene. This gene is
active during embryogenesis and makes a protein
essential for neuron migration. Down syndrome and
cri-du-chat syndrome are two examples of the need
for genomes to contain the proper number of genes.
Having too many copies of key genes (Down
syndrome) or too few (cri-du-chat syndrome) can
lead to substantial developmental problems.
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7.2. INVERSION
The most common chromosome rearrangements in
humans are inversions of chromosome 9. About 2%
of the world's population is heterozygous or
homozygous for inversion. This rearrangement does
not affect a person's health because the genes on
the chromosome are all present - all that has
changed is their relative locations. Inversion is
different from deletion in two main respects. As
mentioned above because it is a balanced
rearrangement it does not cause harm. And because
of this nearly everyone with an inversion
chromosome has inherited it from a parent who had
inherited it from one of his or her parents and so on.
In contrast, most cases of deletion are due to new
mutations occurring in a parent.
7.3. DIAGNOSING HUMAN CHROMOSOME
ABNORMALITIES

How can we confirm that a person has a specific
chromosomal abnormality? The first method was
simply to obtain a sample of their cells, stain the
chromosomes with Giemsa dye, and examine the
results with a light microscope (Figure 16). Each
chromosome can be recognized by its length, the
location of its centromere, and the characteristic
pattern of purple bands produced by the Giemsa.
Bright field microscopy has its limitations though - it
only works with mitotic chromosomes and many
chromosome rearrangements are either too subtle
or too complex for even a skilled cytogeneticist to
discern.
The solution to these problems was fluorescence in
situ hybridization (FISH). A single stranded
fluorescent DNA probe is allowed to hybridize to
denatured target DNA. Because there are several
fluorescent colours available it is common to use
more than one probe at the same time.
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Figure 16.
Human chromosomes. One way to obtain chromosomes is
to take a blood sample, culture the cells for three days in
the presence of a T-cell growth factor, arrest the cells in
metaphase with a microtubule inhibitor, and then drop the
cells onto a slide. The cells burst and the chromosomes
stick to the slide. The chromosomes can then be stained or
probed. Because the cells are in metaphase it is possible to
see 46 replicated chromosomes here. There will be dozens
of collections of chromosomes like this over the entire
slide.
(Wikipedia-Steffen Dietzel- CC BY-SA 3.0)

A physician may suspect that a patient has a specific
genetic condition based upon the patient's physical
appearance, mental abilities, health problems, and
other factors. FISH can be used to confirm the
diagnosis. For example, Figure 17 shows a positive
result for cri-du-chat syndrome. The probes are
binding to two long arms of chromosome 5 but only
one short arm. One of the chromosome 5s must
therefore be missing part of its short arm.
FISH is an elegant technique that produces dramatic
images of our chromosomes. Unfortunately, FISH is
also expensive, time consuming, and requires a high
degree of skill. For these reasons, FISH is slowly
being replaced with PCR and DNA chip based
methods. Versions of these techniques have been
developed that can accurately quantify a person's
DNA. For example DNA from a person with cri-duchat syndrome will contain 50% less DNA from the
end of chromosome 5. These techniques are very
useful if the suspected abnormality is a deletion, a
duplication, or a change in chromosome number.
They are less useful for diagnosing chromosome
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inversions and translocations because these
rearrangements often involve no net loss or gain of
genes.
In the future all of these techniques will likely be
replaced with DNA sequencing. Each new
generation of genome sequencing machines can
sequence more DNA in less time. Eventually it will
be cheaper just to sequence a patient's entire
genome than to use FISH or PCR to test for specific
chromosome defects.

Figure 17.
A positive result for cri-du-chat syndrome. This diagram is
based upon actual results. Cells from a patient's blood
were prepared to show an interphase nucleus (a) and
mitotic chromosomes (b). The DNA has been coloured blue
with DAPI. The green fluorescent probe is binding to the
tip of the short arm of chromosome 5 (shown here as open
circles). This is the region absent in cri-du-chat. The red
fluorescent probe is binding to the middle of the long arm
of the same chromosome (filled circles). This probe is used
as a control.
(Original-Harrington- CC BY-NC 3.0)

PAGE 10

OPEN GENETICS LECTURES – FALL 2015

CHROMOSOME REARRANGEMENTS – CHAPTER 17
___________________________________________________________________________

SUMMARY:
•

A deletion in chromosome 5 causes a serious condition (cri-du-chat syndrome).

•

Deletions are unbalanced chromosome rearrangements.

•

Inversions tend to cause fewer health consequences than deletions because inversions are balanced
chromosome rearrangements.

•

Bright field microscopy can be used to detect chromosome number abnormalities and some
chromosome rearrangements.

•

Fluorescence in situ hybridization (FISH) can be used to detect all types of chromosome abnormalities.

•

PCR and DNA chip based techniques can be used to detect chromosome number abnormalities,
deletions, and duplications.

KEY TERMS:
origin of replication
telomere
centromere
double strand break
non-homologous end joining
chromosome rearrangement
meiotic crossover
Alu transposable elements
terminal deletion
interstitial deletion
deletion
deletion loop
pseudo-dominant
inversion
paracentric inversion
pericentric inversion

inversion loop
tandem duplication
inverse duplication
insertional duplication
duplication
translocation
reciprocal translocation
Robertsonian translocation
tetrad
reduced fertility
karyotype
bright field microscopy
Giemsa stain
fluorescence in situ hybridization (FISH)
fluorescent DNA probe

STUDY QUESTIONS:
1) Make diagrams showing how an improper
crossover event during meiosis can lead to:
a) an inversion
b) a translocation.
2) If Drosophila geneticists want to generate
mutant strains with deletions they expose flies
to gamma rays. What does this imply about
gamma rays?
3) Design a FISH based experiment to find out if
your lab partner is a 47,XXX female or a 47,XYY
male.
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CHAPTER 17 – ANSWERS
1)

a) As in Figure 4 homologous chromosomes pair during prophase I. The shaded boxes are regions of
sequence similarity, for example Alu transposable elements. A crossover occurs between two of the Alu
elements on the same chromatid leading to a chromosomal inversion.

b) A crossover occurs between Alu elements on different chromosomes leading to a chromosomal
translocation. Note that the homologous chromosomes are not shown in this figure for simplicity.

2) Gamma rays are efficient at causing double strand DNA breaks, which are then more likely to rejoin and
produce a deletion.
3) Obtain permission from the person (and ethical approval from the university), isolate some white blood
cells, place the cells on a slide, denature the DNA, hybridize with fluorescent nucleic acid probes specific for
the centromeres of the X chromosome and the Y chromosome, observe the results with a fluorescence
microscope. If they are XXX there should be three X signals, if XXY, there should be two X signals and one Y
in each cell nucleus.
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