Chapter 8

Human Chromosomes
Figure 8-1
Human metaphase chromosome
spread. To make these figures white
blood cells in metaphase are dropped
onto a slide. The cells burst open and
the chromosomes can then be stained
a purple colour. This image shows chromosomes from three cells that hit the
slide close to one another.
(Original-Alexander Smith - CC BYNC 3.0)

H

umans, like all other species, store their genetic information in cells as large DNA molecules called
chromosomes. Within each nucleus are 23 pairs of chromosomes, half from mother and half from father. In
addition, our mitochondria have their own smaller chromosome that encodes some of the proteins found in this
organelle.

A

Metaphase Chromosome Spreads

Figure 8-2 shows a more magnified view of a pair of
chromosomes. On average a condensed human metaFigure 8-1 shows chromosomes from three cells. phase chromosome is 5 µm long and each chromatid
Each of the cells was in metaphase stage of mitosis, is 700 nm wide. In contrast, a decondensed interphase
which is why the chromosomes appear replicated and chromosome is 2 mm long and only 30 nm wide, yet
condensed. We refer to chromosomes as being replistill fits into a single nucleus.
cated when they consist of two sister chromatids held
together at the centromeres. DNA replication occurs
during S phase. These chromosomes are also condensed.
Figure 8-2
Chromosomes are compacted at the start of mitosis in
A pair of unreplicated metacentric
prophase. Cytogeneticists can observe chromosomes
human chromosome #1.
at any stage of the cell cycle but those from metaphase
(Wikipedia- National Human Genome
cells provide the most detail and clarity.
A.1 The shape of the chromosomes

Research Institute-PD)

A.2 The amount of DNA in a cell (C-value)

Note that in the regular cell they are 2N before and
2N
after chromosome replication. The N-value doesn’t
To calculate how much DNA is seen in the nuclei in
Figure 8-1, consider that a human gamete has about change although the C-value does.
Human Karyotypes
3000 million base pairs. We can shorten this statement B
to 1c = 3000 Mb where c is the C‑value, the DNA con- B.1 Karyotypes
tent in a gamete. When an egg and sperm join the reHuman cytogenetists use metaphase chromosome
sulting zygote is 2C = 6000 Mb. Before the zygote can
spreads
as a standard representation of the chromodivide and become two cells it must undergo DNA
replication. This doubles the DNA content to 4C = 12 somes in a cell, organism, or species. Comparisons
000 Mb. When the zygote does divide, each daughter permit them to identify chromosome abnormalities.
cell inherits half the DNA and is therefore back to 2C Because it can be hard to distinguish individual chro= 6000 Mb. Then each cell will become 4C again (repli- mosomes, cytogeneticists sort the photo to put the
cation) before dividing themselves to become 2C each. chromosomes into a standard pattern. The result is a
From this point forwards, every cell in the embryo will karyotype (“nucleus picture”; Figure 8-3). In the past it
be 2C = 6000 Mb before its S phase and 4C = 12 000 was necessary to print a photograph of the metaphase
Mb afterwards. The same is true for the cells of fetuses, spread, cut out each chromosome with scissors, and
children, and adults. Because the cells used to prepare then glue each to a piece of cardboard to show the patthis chromosome spread were adult cells in metaphase tern. Now, computer software does much of this for us,
each is 4C = 12 000 Mb. Note, there are some rare ex- but a qualified cytogeneticist usually reviews the karyoceptions, such as some stages of meiocytes that make type assembly. But either way, the random collection of
germ cells and other rare situations like the polyploidy chromosomes seen in Figure 8-1 is converted to the orof terminally differentiated liver cells. This is summa- ganized pattern in Figure 8-3.
rized in Table 8-1.
Table 8-1

DNA content in human cells at various phases.

A.3 The number of chromosomes (N-value)

Figure 8-3

Human gametes contain 23 chromosomes. We can A normal human karyotype.
summarize this statement as N = 23 where N is the
(Wikipedia- National Human Genome Research Institute-PD)
N‑value, the number of chromosomes in a gamete.
When an N = 23 sperm fertilizes a N = 23 egg, the Table 8-2
zygote will be 2N = 46. But, unlike DNA content (C) Ploidy levels of a normal human cell. Note that if you use
the number of chromosomes (N) does not change with the rule “count the centromeres”, replicated and unrepliDNA replication. One replicated chromosome is still cated chromosomes each count as a single chromosome.
just one chromosome. Thus the zygote stays 2N = 46
after S phase. When the zygote divides into two cells
both contain 46 chromosomes and are still 2N = 46.
Every cell in the embryo, fetus, child, and adult is also
2N = 46 (with the exceptions noted above).
Table 8-2 at right summarizes this.
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B.2 Human chromosomes –
autosomes

Table 8-3

Table of terms describing different types and parts of chromosomes.

The chromosomes are numbered
to distinguish them. Chromosomes 1
through 22 are autosomes, which are
present in two copies in both males and
females. Because human chromosomes
vary in size this was the easiest way to
label them. Our largest chromosome
is number 1, our next longest is 2, and so on. The
karyotype above shows two copies of each of the
autosomes. A karyotype from a normal female would
also show these 22 pairs. There are also the sexchromosomes, X and Y (see below). Normal females
have two X-chromosomes, while normal males have
an X and a Y each. They act as a homologous pair,
similar to the autosomes. During meiosis only one of
each autosome pair and one of the sex-chromosomes
makes it into the gamete. This is how 2N = 46 adults
can produce N = 23 eggs or sperm.

B.3 Relationships between chromosomes and
chromatids
Figure 8-4 summarizes the terms we’ve covered so
far, karyotypes depict replicated chromosomes and two
copies of each chromosome because we usually model diploid cells. So how do we refer to all the pieces of
DNA present?
B.4 Human sex chromosomes

Figure 8-3 shows that most of our chromosomes are
present in two copies. Each copy has the same length,
centromere location, and banding pattern. As menIn addition to their length, Cytogenetists can tioned before, these are called autosomes. However
distinguish chromosomes using their centromere note that two of the chromosomes, the X and the Y, do
position and banding pattern. Note that at the not look alike. These are sex chromosomes. In mamresolution in Figure 3 both chromosome 1s look mals, males have one of each while females have two X
identical even though at the base pair level there are chromosomes.
small and often significant differences in the sequence
Autosomes are those chromosomes present in
that correspond to allelic differences between these
the same number in males and females while sex
homologous chromosomes.
chromosomes are those that are not. When sex
Remember that in each karyotype there are chromosomes were first discovered their function was
maternal chromosomes, those inherited from their unknown and the name X was used to indicate this
mother, and their paternal chromosomes, those from mystery. The next one was named Y.
their father. For example, everyone has one maternal
It is a popular misconception that the X and Y
chromosome 1 and one paternal chromosome 1. In a
typical karyotype it usually isn’t possible to tell which chromosomes were named based upon their shapes;
is which is which. In some cases, however, there are physically each looks like any other chromosome. A
visible differences between homologous chromosomes Y-chromosome doesn’t look like a Y any more than a
chromosome 4 looks like a 4.
that do permit the distinction to be made.
The combination of sex chromosomes for a species
is associated with either male or female individuals.
In mammals, fruit flies, and some flowering plants, XX
individuals are females while XY individuals are males.
Figure 8-4
How do the sex chromosome behave during meiosis?
Well, in those individuals with two of the same chromosome (i.e. XX females) the chromosomes pair and
(Original Deyholossegregate during meiosis I the same as autosomes do.
CC BY-NC 3.0)
During meiosis in XY males the sex chromosomes pair
with each other (Figure 8-5 on the next page). In mammals the consequence of this is that all egg cells will carry an X chromosome while the sperm cells will carry eiHuman Chromosomes
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The relationships between chromosomes
and chromatids.

about 4778 in total. Many of these genes are transcribed
into mRNAs, which encode proteins. Other genes are
transcribed into tRNAs, rRNA, and other non-coding
RNA molecules.
C.2 One centromere
A centromere (“middle part”) is a place where proteins attach to the chromosome as required during the
cell cycle. Cohesin proteins hold the sister chromatids
together beginning in S phase. Kinetochore proteins
Figure 8-5
form attachment points for microtubules during mitoMeiosis in an XY mammal. The stages shown are
anaphase I, anaphase II, and mature sperm. Note how half sis. The metaphase chromosomes shown in the karyotype in Figure 8-3 have both Cohesin and Kinetochore
of the sperm contain Y chromosomes and half contain X
chromosomes.
proteins at their centromeres. There are no genes within
the centromere region DNA; all that is present is a sim(Original - Harrington - CC BY-NC 3.0)
ther an X or a Y chromosome. Half of the offspring will ple repeated DNA sequence.
While all human chromosomes have a centromere it
receive two X chromosomes and become female while
isn’t necessarily in the middle of the chromosome. If it is
half will receive an X and a Y and become male.
in the centre the chromosome it is called a metacentric
B.5 Human karyotypes
chromosome. If it is offset a bit it is submetacentric,
We can summarize the information shown in a and if it is towards one end the chromosome is acrokaryotype such as Figure 8-3 with a written statement centric. In humans an example of each is chromosome
known as a karyotype (“nucleus features”). By conven- 1, 5, and 21, respectively. Humans do not have any telotion we list (i) the total number of chromosomes, (ii) centric chromosomes, those with the centromere at one
the sex chromosomes, and (iii) any abnormalities. The end, but mice and some other mammals do.
karyotype in Figure 8-3 would be 46,XY, which is typC.3 Two telomeres
ical for human males. Most human females are 46,XX.
The ends of a chromosome are called telomeres
If a cytogeneticist sees an abnormality, it may not be
harmful or detrimental. For example many people in (“end parts”). Part of the DNA replication is unusual
the world have a chromosome 9 with an inversion in here, it is done with a dedicated DNA polymerase
the middle. They are therefore 46,XY,inv(9) or 46,XX- known as a Telomerase. Chapter 2 on DNA replication
,inv(9). Other chromosomal abnormalities do have an goes into more detail. As with the centromere region
effect on a person’s health and well being. An example there are no genes in the telomeres, just simple,
is 47,X/Y,+21 or 47,X/X,+21. These people have an ex- repeated DNA sequences.
tra copy of chromosome 21, a condition also known as
trisomy-21 and Down Syndrome. These and other examples are described in the chapters on chromosome
structure changes and chromosome number changes.

C

Parts of a Typical Nuclear
Chromosome

A functional chromosome requires four features.
These are shown in Figure 8-6.
C.1 Thousands of genes

Figure 8-6

In the previous sections we mentioned human chro- Parts of a typical human nuclear chromosome (not to
scale). The ORIs and genes are distributed everywhere
mosome 1, but what exactly is it? Well, each chromo- along the chromosome, except for the telomeres and
some is long molecule of double stranded DNA with one centromere.
purpose. They contain genes in the cell. Chromosome (Original-Harrington- CC BY-NC 3.0)
1, being our largest chromosome has the most genes,
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C.4 Thousands of origins of replication

Recall that each of our cells has a maternal and a paternal chromosome 1.

At the beginning of S phase DNA polymerases begin
Figure 8-8 shows what these chromosomes look like
the process of chromosome replication. The sites where
this begins are called origins of replication (ori’s). during the cell cycle.
They are found distributed along the chromosome,
E
DNA is Packaged into Chromatin
about 40 kb apart. S phase begins at each ori as two
replication forks leave travelling in opposite directions.
E.1 DNA can be highly compacted
Replication continues and replication forks travelling
If stretched to its full length, the DNA molecule of
from one ori will collide with forks travelling towards
it from the neighboring ori. When all the forks meet,
DNA replication will be complete.

D

Appearance of a Typical Nuclear
Chromosome During the Cell Cycle

If we follow a typical chromosome in a typical human cell it alternates between unreplicated and replicated and between relatively uncondensed and condensed.
The replication is easy to explain, if a cell has made the
commitment to divide it first needs to replicate its DNA.
This occurs during S phase. Before S phase chromosomes consist of a single piece of double stranded DNA
and after they consist of two identical double stranded
DNAs.
The condensation is a more complex story because
eukaryote DNA is always wrapped around some proteins.
Figure 8-7 shows the different levels possible. During
interphase a chromosome is mostly 30 nm fibre. This
allows it to fit inside the nucleus and still have the DNA
be accessible for enzymes performing RNA synthesis, DNA replication, and DNA repair. At the start of
mitosis these processes halt and the chromosome becomes even more condensed. This is necessary so that
the chromosomes are compact enough to move to the
opposite ends within the cell. When mitosis is complete
the chromosome returns to its 30 nm fibre structure.

Figure 8-8

What maternal and paternal chromosomes 1 look like
during the cell cycle. The other 44 chromosomes are
not shown. Note that they are independent during both
interphase (top) and mitosis (bottom). After anaphase
there will be two cells in G1.
(Original-Harrington- CC BY-NC 3.0)

Figure 8-7

Successive stages of chromosome condensation depend on the introduction of additional proteins.
(Wikipedia-R. Wheeler- CC BY-SA 3.0)
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the largest human chromosome would be 85mm. Yet
during mitosis and meiosis, this DNA molecule is compacted into a chromosome approximately 5µm long.
Although this compaction makes it easier to transport
DNA within a dividing cell, it also makes DNA less accessible for other cellular functions such as DNA synthesis and transcription. Thus, chromosomes vary in
how tightly DNA is packaged, depending on the stage
of the cell cycle and also depending on the level of gene
activity required in any particular region of the chromosome.
E.2 Levels of compaction

ing ultracentrifugation.

F

Parts and Appearance of a
Mitochondrial Chromosome

While most of our chromosomes are within the
nucleus there is also DNA within the mitochondria.
The human mtDNA is small, only 16.6 kb, and circular,
although it is double stranded like most DNA molecules.
It has only 37 genes, 13 of these make mitochondrial
proteins and the rest encode tRNAs and rRNAs.
Each mtDNA has a single origin of replication.
During DNA replication two replication forks leave the
ori and halt when they bump into each other on the
opposite side of the circle. DNA replication inside the
mitochondria happens throughout interphase, not once
during S phase as with the nuclear chromosomes. The
consequence is that each mitochondrion has between
2 to 10 identical copies of each mitochondrial chromosome (Figure 8-9).

There are several different levels of structural organization in eukaryotic chromosomes, with each successive
level contributing to the further compaction of DNA
(Figure 8-7). For more loosely compacted DNA, only
the first few levels of organization may apply. Each level involves a specific set of proteins that associate with
the DNA to compact it. First, proteins called the core
histones act as spool around which DNA is coiled twice
There are other differences compared with nuclear
to form a structure called the nucleosome. Nucleosomes are formed at regular intervals along the DNA chromosomes. Organelles such as mitochrondria or
strand, giving the molecule the appearance of “beads on
a string”. At the next level of organization, histone H1
helps to compact the DNA strand and its nucleosomes
into a 30nm fibre. Subsequent levels of organization
involve the addition of scaffold proteins that wind the
30nm fibre into coils, which are in turn wound around
other scaffold proteins.
E.3 Chromatin packaging varies inside
the nucleus: euchromatin and
heterochromatin

Figure 8-9

The relationship between cells, mitochondria, and mitochondrial DNA.

Chromosomes stain with some types of dyes, which
(Original-Harrington- CC BY-NC 3.0)
is how they got their name (chromosome means “colored body”). Certain dyes stain some regions along a
chromosome more intensely than others, giving some chloroplasts are likely the remnants of prokaryotic enchromosomes a banded appearance. The material that dosymbionts that entered the cytoplasm of ancient promakes up chromosomes, which we now know to be genitors of today’s eukaryotes (endosymbiont theory).
proteins and DNA, is called chromatin. Classically, These endosymbionts had their own, circular chromothere are two major types of chromatin, but these are somes (Figure 8-10), like most bacteria that exist today.
more the ends of a continous and varied spectrum. Eu- Mitochondria typically have circular chromosomes that
chromatin is more loosely packed, and tends to contain behave more like bacterial chromosomes than eukarygenes that are being transcribed, when compared to the otic chromosomes, (i.e. mitochondrial genomes do not
more densely compacted heterochromatin, which is undergo mitosis or meiosis). Also, it lacks Histones or
rich in repetitive sequences and tends not to be tran- other proteins that compact it. It also lacks a centromere
scribed. Heterochromatin sequences include short, because mitochondrial replication is simpler than nuhighly-repetitive sequences called satellite DNA, which clear chromosome replication. The mitochondria just
acquired their name because their bouyant density is grow larger and splits in two, like the cells of its prodistictly different from the main band of DNA followMRU Open Genetics Chapter 8
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karyote origin. Because there are multiple mtDNAs and G
Example Genes
they are randomly distributed in the matrix both new
G.1 LCT - an autosomal gene
mitochondria will end up inheriting some mtDNAs.
And lastly because the mtDNA is circular there are no
The LCT gene encodes the enzyme Lactase (see
ends and thus no telomere regions.
Chapter 9). This enzyme allows people to digest the
Table 8-4 compares nuclear and mitochondrial chro- milk sugar lactose. The LCT gene is on chromosome 2.
Because this is an autosome everyone has a maternal
mosomes.
and a paternal LCT gene. Genes come in different
versions called alleles. The allele of the LCT gene you
Table 8-4
inherited from your mother will probably be slightly
Comparison of nuclear and mitochondrial
chromosomes.
different from the allele you received from your father.
So most people have two different alleles of this gene.
If we consider a cell in G1 there will be two pieces of
DNA inside the nucleus with this gene. When this cell
completes DNA replication there will be four of these
genes. But because the chromatids on your maternal
chromosome 2 are identical as are the chromatids on
your paternal chromosome 2 this cell will still have just
two different alleles. Because of this we simplify things
by saying that humans have two copies of LCT. Because
most genes are on autosomes you have two copies of
most of your genes.
G.2 HEMA - an x chromosome gene
The HEMA gene makes a blood-clotting protein called
Coagulation Factor VIII (F8) (see Chapter 22). Without
F8 a person is unable to stop bleeding if injured. The
HEMA gene is on the X chromosome. Females, with
two X chromosomes, have two copies of the HEMA
gene. Males only have one X chromosome and thus a
single HEMA gene. This has an impact on male health,
a topic discussed in Chapter 23 on pedigree analysis.
G.3 SRY - a y chromosome gene

Figure 8-10

A map of the complete mitochondrial chromosome of the
woolly mammoth (Mammuthus primigenius). The mtDNA
that was used to produce this map was obtained from tissue of a mammoth that lived approximately 32,000 years
ago. Circular organellar chromosomes such one as this
are typical of almost all eukaryotes. (From Rogaev et al,
2006). Recent (Rohland et al, 2010) mtDNA work indicates that mammoths are more closely related to Indian
elephants than to either of the African species.

The SRY gene is only on the Y chromosome (see
Chapter 22). This means that males have this gene
and females do not. In fact it is the presence or
absence of this gene that leads to humans being
male or female. It all begins during embryogenesis.
A pair of organs called the gonads can develop into
either ovaries or testes. In XY embryos the SRY gene
makes a protein that causes the gonads to mature into
testes. Conversely, XX embryos do not have this gene
and their gonads mature into ovaries instead. Once
formed the testes produce sex hormones that direct
the rest of the developing embryo to become male,
while the ovaries make different sex hormones that
promote female development. The testes and ovaries
are also the organs where gametes (sperm or eggs)
are produced. Whether a person is male or female is
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decided at the moment of conception, if the sperm their mitochondria from their mother everyone has
carries a Y chromosome the result is a male and if the only one MT-CO1 gene. It is the same one their mother
sperm carries an X the result is a female.
(and her mother) possessed. (Technically speaking we
have only one MT-CO1 allele, it will be identical on all
G.4 MT-CO1 - a mitochondrial gene
of the mtDNA molecules in all of the mitochondria in
The MT-CO1 gene makes a protein in Complex IV all of the cells.)
of the mitochondrial electron transport chain. For
Gene copy number is summarized in Table 8-5.
reasons that aren’t clear this
Table 8-5
protein must be made within Gene copy number for various human chromosomes.
the mitochondria. It can’t be
synthesized in the cytosol of
the cell and then imported
into
the
mitochondria
afterwards like with most
mitochondrial proteins. The
MT-CO1 gene is found on
the mtDNA chromosome.
Because humans get all of

Summary:
·· The C-value is the amount of DNA in a gamete. Humans are 1c = 3000 Mb.
·· The N-value is the number of chromosomes in a gamete. Humans are N = 23.
·· A typical cell in your body is 2C = 6000 Mb and 2N = 46 before DNA replication and 4C = 12 000 Mb and
2N = 46 after.
·· A picture of metaphase chromosomes can be organized into a karyotype figure and described with a
karyotype statement.
·· Humans have two copies of each autosome chromosome. Females have two X chromosomes while males
have one X and one Y chromosome.
·· A typical nuclear chromosome has thousands of genes, one centromere, two telomeres, and thousands of
origins of replication.
·· A typical nuclear chromosome is replicated during S phase and consists of two chromatids up until the start
of anaphase. It is condensed during prophase and remains condensed until the start of telophase. During
metaphase a chromosome is both replicated and condensed for these reasons.
·· The human mitochondrial chromosome has 37 genes, a single origin of replication, and no centromeres or
telomeres.
·· Humans have ~29 436 genes, most of which are on autosomal chromosomes.
·· A typical human cell has two copies of each autosomal gene and one of each mitochondrial gene. Genes on
sex chromosomes are different: females have two of each X chromosome gene while males have one; males
have Y chromosome genes while females do not.
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Key terms:
30 nm fibre
acrocentric
autosome
C-value
centromere
chromatin
condensed chromosome
cytogeneticist
endosymbiont theory
euchromatin
fibre
gene
heterochromatin

origin of replication
paternal chromosome
replicated chromosome
satellite DNA
scaffold proteins
sex chromosome
sister chromatids
submetacentric
telocentric
telomere

histone H1
histones
homologous chromosome
karyotype
karyotype
maternal chromosome
metacentric
mtDNA
n-value
non-homologous chomosome
non-sister chromatids
nucleosome

Questions:
1.

Cytogeneticists use white blood cells in metaphase 7.
to make chromosome spread figures
a)

Why don’t they use red blood cells?

a)

b) Why don’t they use white blood cells in
anaphase?
2.

3.

Have a look at Figure 8-8 on page 73. Which of
these chromosomes would be associated with:
Histone proteins (see Figure 8-7 on page 73)

b) Condensin proteins (important scaffold proteins)

The human Y chromosome is smaller than the X
chromosome. Does this mean that males have less
DNA than females?

c)

Are these statements true or false? For the false
statements explain why.
8.
a) Everyone has a paternal chromosome 1.

Cohesin proteins (proteins which hold sister
chromatids together)

d) Kinetochore proteins (proteins which connect
centromere DNA to Microtubules)
Where would you find these enzymes in a typical
human cell?

b) Everyone has a maternal chromosome 1.

a)

c)

b) RNA polymerases

Everyone has a paternal X chromosome.

d) Everyone has a maternal X chromosome.
e)

Everyone has a paternal Y chromosome.

f)

Everyone has a maternal Y chromosome.

g)

Everyone has
chromosome.

a

paternal

mitochondrial

h) Everyone has a maternal mitochondrial
chromosome.
4.

Explain why centromeres do not have to be in the
centre of a chromosome to function.

5.

Why do nuclear chromosomes have to have multiple origins of replication?

6.

Define chromatin. What is the difference between
DNA, chromatin and chromosomes?

c)
9.

DNA polymerases
Ribosomes

Could the following genes continue to perform
their function if they were moved next to the LCT
gene on Chromosome 2?
a)

HEMA

b) SRY
c)

MT-CO1

Human Chromosomes
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