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Physical maps of chromosomes are a way of visualizing the entire chromosome in a

single figure. Physical maps can come in a variety of formats, including actual

photographs of chromosomes, genetic maps where the relative locations of genes are

mapped, restrictionmaps showing the locationof restriction enzymecutting sites along

the deoxyribonucleic acid (DNA), and finally maps based on the knownDNA sequence

along the entire chromosome.

Chromosomes contain the genetic information for an
organism, and a ‘physical map’ of a chromosome is usually
thought of as an illustration or drawing showing the rel-
ative locations of genes along the single continuous se-
quence of deoxyribonucleic acid (DNA). This is in a same
sense as a road map or an atlas. Both are scaled represen-
tations of something that cannot be easily visualized. The
maps are a way of showing an overview of something on a
single piece of paper that is either too large, in the case of
lengthymotorways connecting cities, or too small, as in the
locations of genes along a chromosome, to easily grasp.
The earliest physical maps of chromosomes were quite
crude, consisting of a thick line with a few marks on it,
designating the relative locations of genes; these are often
called ‘genetic maps’, and originally mapped the relative
locations of genes based on genetic experiments, looking
for crossovers between neighbouring genes. After the in-
troduction of restriction enzymes to cut DNA sequences at
specific sites, it became possible tomake a ‘restrictionmap’
of a chromosome, and in some cases to more accurately
estimate the size, in base pairs (bp) ofDNA.More recently,
it has become possible to sequence the entire DNA of a
chromosome, and hence draw physical maps based now on
the DNA sequence.

An organism’s genome consists of the total amount of
DNA from all its chromosomes. Many organisms contain
multiple chromosomes. Individual chromosomes range in
size from about a thousand bp (Kbp) ofDNA tomore than
a trillion bp (i.e. a Tbp, or 1012 bp), with the general trend
that virus chromosomes are smaller (at the time of writing,
the smallest virus genome is the Coconut foliar decay virus,
1291 nt long (GenBank accessionM29963), and the largest
viral genome is the Acanthamoeba polyphaga mimivirus,

1 181 404 nt long [AY653733]), bacteria a bit larger (in the
range of 150Kbp to about 15Mbp), whereas eukaryotic
chromosomes range from about 200Kbp to around
250Mbp for humans and many animals, with some or-
ganisms having a thousand times more DNA (e.g. some
amoebas are thought to have chromosomes in the range of
a few Tbp). In the case of a small bacterial virus, the text
containing the bases for the entireDNA sequence can fit on
a single page. However, for many human chromosomes
which are more than 100 000 000 bp long, it hardly makes
sense to write this out as a string of As, Gs, Cs and Ts.

Significance of Physical Maps

Photographs of chromosomes date back nearly 100 years,
and the idea of some sort of relationship between regions
along chromosomes and an organism’s appearance shortly
followed. One of the first traits to be linked to chromo-
somes was the sex of an individual. In the case of fruit flies,
the sex is determined by the X chromosome, and it was
found that this chromosome could sometimes be present in
additional copies (e.g. XXY), as shown in Figure 1 (Bridges,
1916). Based on physical maps, the idea that chromosomes
somehow contain the genetic material could be seen and
tested; at first, the level was simply observing missing or
rearranged chromosomes, and relating these changes in the
chromosomes to observed differences in organisms (fruit
flies in many of the early experiments). Based on this ev-
idence, it was possible to postulate that changes resulting
from ‘crossing-over’ of chromosomes, which eventually led
to the construction of genetic maps, or the relative location
of genes along a chromosome.
From an historical perspective, it is hard to overstate the

importance of physicalmaps of chromosomes.Here for the
first time, after thousands of years of speculation about
the nature of hereditary, was a tangible representation for
the genetic material, which could be followed with a mi-
croscope. Of course, at the time, it was not known exactly
what it was that was inside of these dark-staining threads
that was responsible for carrying the genetic information,
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but nonetheless, at least its physical location was known,
and genes could be mapped to relative positions on a line
going from one end of the chromosome to the other. Now
we know that chromosomes consist of a mixture of about
half proteins and halfDNA (equal volumes byweight), and
that the genetic information is stored onone very longpiece
ofDNA. For example, human chromosome 1 contains one
continuous DNA molecule, about 250 000 000 bp long.
Completely sequencing such a long chromosome is a real
challenge, and at the time of writing none of the human
chromosomes have been sequenced to one contiguous
piece, although pretty detailed physical maps are available,

showing the locations of about 25 000 predicted genes on
the 23 chromosomes.

Genetic Maps

Within a few years of the first photographs of chromo-
somes, as shown in Figure 1, very crude physical maps of
Drosophila chromosomes predicted the relative physical
location of a small number of genes along the chromosome.
Sometimes, chromosomes can ‘crossover’, as shown in
the bottom of Figure 1, which can result in hybrid

(a) (b)

(c) BA C D E

Figure 1 Picture of the four chromosomes from a wild type Drosophila female (top left), and XXY female (top right). Shown below is a mechanism for

‘crossing-over’, which explains the origins of the extra chromosome found in the XXY female. The drawings are based on Bridges (1916).
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chromosomes. By doing experiments with flies having cer-
tain genetic traits, some genes were found to be linked to
each other – that is, often they would crossover together.
Genes which are further apart on the chromosome would
crossover together less frequently, and from this ‘linkage
maps’ could be constructed. The distance between genes is
measured in map units, and one map unit is called a cent-
imorgan, namedafterThomasHuntMorgan,who is one of
the authors of the crossover illustration in Figure 1.

By the 1970s, extensively detailed physical maps ofDro-
sophila chromosomes were available. However, apart from
fruit flies, very few organisms had detailed genetic maps,
which require extensive experiments, sometimes over sev-
eral generations. Thus, doing experiments with an organ-
ism which lives for many years, progress was quite slow.
When the first geneticmapsweremade in the early 1900s, at
that time it was not realized that the ‘genes’ mapped were
short regions of DNA along one very long piece of chro-
mosomal DNA. The discovery of the structure of DNA by
Watson and Crick in 1953 immediately pointed to a pos-
sible mechanism of how the genetic material might carry
information, and soon the ‘General Idea’ or ‘sequence hy-
pothesis’ was proposed – that this information was some-
how contained in the sequence of the four DNA
nucleotides along the chromosome. An extension of this
was the ‘Central Dogma’, in which this information flows
unidirectionally, from DNA sequence to ribonucleic acid
(RNA) sequence to protein sequence. Thus the DNA se-
quence contains genetic information, in terms of coding for
proteins. The 1970s also saw the introduction of wide-
spread use of restriction enzymes, which would cut DNA
sequences at specific sites, allowing for the construction of
restriction maps of chromosomes.

Restriction Maps

With the discovery of restriction enzymes, it became pos-
sible to begin to examine the very long chromosomal se-
quences found in animals. Digestion of a piece of
chromosomal DNA with different enzymes can produce a
set of smaller fragments, which can easily be analysed by
running themout on agarose gels. Using thismethodology,
it is possible to distinguish between chromosomes of or-
ganisms from different individuals, and to get a unique
‘DNA fingerprint’. This can be used in forensics, for ex-
ample, to determine whether a person’s DNAmatches that
recovered at a crime scene, for example.

Restriction mapping also now allowed one to piece to-
gether a chromosome, based on a collection of DNA se-
quences, and not depending on genetic linkage
experiments. This allowed resolution of fragments inde-
pendent of the presence of genes. All that was needed was a
piece of DNA. Restriction enzymes also paved the way for
sequencing chromosomes, because instead of sequencing
the entire chromosome from one end to the other, it was
now possible to chop the DNA up into smaller pieces of
known size, anddetermine their sequence, and thenfit these

together, like pieces in a puzzle, to come up with the com-
plete sequence.
Optical mapping is an extension of restriction mapping.

In this case, the chromosome is digested with a restriction
enzyme and then instead of running the products on a gel,
the fragments are prepared on a flat surface and photo-
graphed. Because the distance is known between the DNA
bases stacked along the helix (0.34 nm per step), then the
total number of bp can be estimated from the length of a
stretchedout piece ofDNA.Thismethod is becomingmore
popular, and for example, recently a set of genomes from
11 different Escherichia coli O157 isolates were anlaysed
using optical mapping, after cutting with the BamHI re-
striction enzyme. The size varied between 5.3 and 5.6Mbp,
and there were several inversions found within the chro-
mosomes (Kotewicz et al., 2007). Currently this method
is considerably less expensive than sequencing the
11 genomes.

Complete Genome Sequence Maps

Soon after the discovery of restriction enzymes, people be-
gin to realize that it would be possible to chop of the DNA
sequence of a chromosome into smaller pieces, and se-
quence these. In 1978, the complete sequence of the bac-
teriophage phiX174 was published (Sanger et al., 1978).
This was a landmark in that it was the first chromosome to
be completely sequenced. A ‘DNA structural atlas’ for this
sequence is shown in Figure 2; the atlas is based on the
chromosomal DNA sequence, and graphically displays
DNA structural properties of the sequence along the chro-
mosome (Pedersen et al., 2000). Comparison of this atlas
with the restriction maps shown in Figure 3 reveals some of
the additional information which can be obtained from
having the whole DNA sequence of the chromosome. Not
only is it clear where genes start and stop, but also there are
variations in AT content (the fraction of As and Ts of the
total content of Gs, As, Cs and Ts for the entire DNA
sequence, shown as the red inner circle, where darker red
means regions of higher amounts ofAs andTs) throughout
the genome. Furthermore, there is a structural signature
for promoters – a region that is curved, followed by a re-
gion that is rigid and will melt easily; also, the presence of
certain short palindromic repeats are associated with the
end of the transcripts (Ussery et al., 2008).
The Sanger dideoxy method for sequencing eventually

led to the development of new technologies, including the
automation of DNA sequencing. Starting in the 1980s,
there was a very large investment in increasing the speed of
sequencing, such as the U.S. Human Genome Project,
which invested $200 000 000 per year towards this goal. At
the beginning of the project (in the mid-1980s), sequencing
the 3Gbp human genome at the same rate of the current
technology would take more than a million years to finish!
In largepart because of this heavy investment in sequencing
technology, the human genome was declared ‘finished’ to
the level of a draft sequence, back in 2000. However,
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because of the large numbers of repeats, the human genome
is not likely to be completely sequenced, in terms of having
one contiguous piece for each chromosome, for many
years. In the case ofDrosophila, an attempt is underway to
systematically sequence all the heterochromatin regions
containingmany repeats (Hoskins et al., 2007), although at
present such an effort tomapmore than 60%of the human
genome containing repeats is not being done. That is, less
than half the human genome has been literally sequenced,
in terms of knowing the four bases (GATC) for every
position along the chromosome. Having said that, the
ENCODEproject has attempted to thoroughly go through
about 1% of the human genome, and look for genes and
other experimental information in a careful and systematic
way. The results have found that there is much more there
than has been thought by many, and a lot more compli-
cated in terms of what really defines a gene (Gerstein et al.,
2007). Plans are underway to scale this project for thewhole
human genome, over the next several years. Currently, the
draft of the human sequence has allowed for the mapping
of about 25 000 genes along the 23 human chromosomes. If
all the chromosomes were of the same size, this would be a
bitmore than a thousand genes per chromosome; however,
the largest human chromosome is quite large, almost 10%
of the total size of the genome, and is thus estimated to
contain roughly 2500 genes.

Technology continues to progress, and the cost of se-
quencing is dropping dramatically. The first draft of the
human genome cost more than US$3 billion, and took 15
years to finish. The second human genome (and the first
individual, J. Craig Venter) to be sequenced cost $100

million, and took 9 months to finish. The third human
genome (Jim Watson) to be sequenced took less than
2months, and cost less than $1million. Currently there is a
prize of US$10 000 000 to sequence 100 human genomes in
10 days or less, for about US$10 000 per genome. This
means that it would cost only US$1 to sequence a
bacterial genome! At the time of writing, there are more
than 750 sequenced bacterial genomes which have been
published, with an additional 1200 sequences ‘in progress’.
The largest bacterial genomes that have been completely
sequenced are around 10Mbp, and code for more than
9000 genes, or more than a third as many genes as in the
human genome.

Figure 4 is a genome atlas for Bradyrhizobium japonicum,
strain USDA 110 (Kaneko et al., 2002), which is the
fifth largest of the bacterial genomes sequenced at the time
of writing. Its genome sequence has 8317 genes annotated,
or more than three times the total number of genes on
the largest of human chromosome 1, even though the bac-
terial chromosome is 25 times smaller. Notice that, al-
though the chromosome shown in Figure 4 has about a
thousand times asmanygenes as in the chromosome shown
in Figure 2, the atlases look generally the same, although of
course there is a lot more data behind the latter figure. But
still this allows one to get a general idea of regions of var-
iation of the DNA sequence along the chromosome. One
obvious area of interest in Figure 4 is the ‘symbiosis island’,
identified by Kaneko et al. in their original genome paper.
Based on oligomer skew analysis of the whole chromo-
some, we estimate the replication origin to be around
682Kbp, in agreement with the location of the parA and
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Figure 2 Genome atlas for phiX174. The outer three lanes correspond to DNA structural properties (curvature, stacking energy and nucleosomal ‘position

preference’). All the genes go in the same direction (clockwise), and hence are annotated as blue. Two different types of inverted repeats are indicated in the next

two lanes, followed by GC skew and the inner-most circle is the relative AT content (red being more AT rich, and blue represents GC rich). Hansen Permissions.
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parB genes, and the replication terminus to be around
5002Mbp. Note that the dark green regions in the nu-
cleosomal ‘position preference’ lane (third from the out-
side) are possible regions of more flexible chromatin
structure, which might contain highly expressed genes
(Pedersen et al., 2000). Thus a great deal can be learned
about a genome, just froma simple overviewof its sequence
plotted in a structural atlas.

Summary

There are several different types of physical maps, ranging
from photographs of chromosomes to genetic maps to re-
striction maps to actual complete chromosome sequences,
which can then be used to generate ‘chromosome atlases’.
Obviously, having the full sequence is the most optimal in
terms of generating high-density information maps of the
chromosome. Fortunately, with sequencing technology
becoming less expensive, it is now realistic to start thinking
about comparison of multiple genomes within a

population. For example, soon it will be possible to se-
quence all the organisms in a culture collection, and com-
pare the many different isolates. As a first step towards
beginning to analyse this data, we have developed ‘BLAST
atlases’, which allow the comparison of multiple genomes
of the same taxonomic group. Links to some examples of
these can be found in the supplemental information.

Supplemental Information

NCBIs list of sequenced microbial genomes: http://
www.ncbi.nlm.nih.gov/genomes/lproks.cgi
Genome atlases for sequenced microbial genomes:

http://www.cbs.dtu.dk/services/GenomeAtlas/
‘BLAST atlases’, comparing closely related sequenced

bacterial genomes: http://www.cbs.dtu.dk/services/
GenomeAtlas/suppl/zoomatlas/
Information on xprize: http://www.xprize.org/xprizes/

genomics_x_prize.html
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