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1.

Genomics is the study of the molecular
organization of genomes, their information
content, and the gene products they encode. It
may be divided into structural genomics,
functional genomics, and comparative genomics.

. Individual pieces of DNA can be sequenced using

the Sanger method. The easiest way to analyze
microbial genomes is by whole-genome shotgun
sequencing in which randomly produced fragments
are sequenced individually and then aligned by
computers to give the complete genome.

. Because of the mass of data to be analyzed, the

use of sophisticated programs on high-speed
computers is essential to genomics.

. Many bacterial genomes have already been

sequenced and compared. The results are telling us
much about such subjects as genome structure,
microbial physiology, microbial phylogeny, and
how pathogens cause disease. They will
undoubtedly help in preparing new vaccines and
drugs for the treatment of infectious disease.

. Genome function can be analyzed by annotation,

the use of DNA chips to study mRNA synthesis,
and the study of the organism’s protein content
(proteome) and its changes.



A prerequisite to understanding the complete biology of an organism
is the determination of its entire genome sequence.

—J. Craig Venter, et al.

hapter 13 provided a brief introduction to microbial re-

combination and plasmids, including the use of conjuga-

tion and other techniques in mapping the chromosome.
Chapter 14 described the development and impact of recombinant
DNA technology. This chapter will carry these themes further with
the discussion of the current revolution in genome sequencing. We
will begin with a general overview of the topic, followed by an in-
troduction to the DNA sequencing technique. Next, the whole-
genome shotgun sequencing method will be briefly described. This
is followed by a comparison of selected microbial genomes and a dis-
cussion of what has been learned from them. After we have consid-
ered genome structure, we will turn to genome function and the ar-
ray of transcripts and proteins produced by genomes. The focus will
be on annotation, DNA chips, and the use of two-dimensional elec-
trophoresis to study the proteome. The chapter concludes with a brief
consideration of future challenges and opportunities in genomics.

Genomics is the study of the molecular organization of genomes,
their information content, and the gene products they encode. It
is a broad discipline, which may be divided into at least three gen-
eral areas. Structural genomics is the study of the physical na-
ture of genomes. Its primary goal is to determine and analyze the
DNA sequence of the genome. Functional genomics is con-
cerned with the way in which the genome functions. That is, it ex-
amines the transcripts produced by the genome and the array of
proteins they encode. The third area of study is comparative ge-
nomics, in which genomes from different organisms are com-
pared to look for significant differences and similarities. This
helps identify important, conserved portions of the genome and
discern patterns in function and regulation. The data also provide
much information about microbial evolution, particularly with re-
spect to phenomena such as horizontal gene transfer.

It should be emphasized at the beginning that whole-genome
sequence information provides an entirely new starting point for
biological research. In the future, microbiologists will not have to
spend as much time cloning genes because they will be able to
generate new questions and hypotheses from computer analyses of
genome data. Then they can test their hypotheses in the laboratory.

The most widely used sequencing technique is that developed by
Frederick Sanger in 1975. This approach uses dideoxynucleoside
triphosphates (ddNTPs) in DNA synthesis. These molecules resem-
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Figure 15.1 Dideoxyadenosine triphosphate (ddATP). Note the
lack of a hydroxyl group on the 3” carbon, which prevents further chain
elongation by DNA polymerase.

ble normal nucleotides except that they lack a 3’-hydroxyl group (fig-
ure 15.1). They are added to the growing end of the chain, but ter-
minate the synthesis catalyzed by DNA polymerase because more
nucleotides cannot be attached to further extend the chain. In the
manual sequencing method, a single strand of the DNA to be se-
quenced is mixed with a primer, DNA polymerase I, four deoxynu-
cleoside triphosphate substrates (one of which is radiolabeled), and
a small amount of one of the dideoxynucleotides. DNA synthesis be-
gins with the primer and terminates when a ddNTP is incorporated
in place of a regular deoxynucleoside triphosphate. The result is a se-
ries of fragments of varying lengths. Four reactions are run, each with
a different ddN'TP. The mix with ddATP produces fragments with an
A terminus; the mix with ddCTP produces fragments with C termi-
nals, and so forth (figure 15.2). The radioactive fragments are re-
moved from the DNA template and electrophoresed on a polyacry-
lamide gel to separate them from one another based on size. Four
lanes are electrophoresed, one for each reaction mix, and the gel is
autoradiographed (see p. 322). A DNA sequence is read directly
from the gel, beginning with the smallest fragment or fastest-moving
band and moving to the largest fragment or slowest band (figure
15.2a). Up to 800 residues can be read from a single gel.

In automated systems dideoxynucleotides that have been la-
beled with fluorescent dyes are used (each ddNTP is labeled with
a dye of a different color). The products from the four reactions
are mixed and electrophoresed together. Because each ddNTP
fluoresces with a different color, a detector can scan the gel and
rapidly determine the sequence from the order of colors in the
bands (figure 15.2b,c).

Recently, fully automated capillary electrophoresis se-
quencers have been developed. These are much faster and allow up
to 96 samples to be sequenced simultaneously; it is possible to gen-
erate over 350 kilobases of sequences a day. Current systems can
sequence strands of DNA around 700 bases long in about 4 hours.

Although several virus genomes have been sequenced, in the past
it has not been possible to sequence the genomes of bacteria.
Prior to 1995, whole-genome approaches to sequencing were not
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possible because available computational power was insufficient
for assembling a genome from thousands of DNA fragments.
J. Craig Venter, Hamilton Smith, and their collaborators initially
sequenced the genomes of two free-living bacteria, Haemophilus
influenzae and Mycoplasma genitalium. The genome of H. in-
fluenzae, the first to be sequenced, contains about 1,743 genes in
1,830,137 base pairs and is much larger than a virus genome.
Venter and Smith developed an approach called whole-
genome shotgun sequencing. The process is fairly complex
when considered in detail, and there are many procedures to en-
sure the accuracy of the results, but the following summary gives
a general idea of the approach originally employed by The Insti-
tute of Genomic Research (TIGR). For simplicity, this approach
may be broken into four stages: library construction, random se-
quencing, fragment alignment and gap closure, and editing.

1. Library construction. The large bacterial chromosomes were
randomly broken into fairly small fragments, about the size
of a gene or less, using ultrasonic waves; the fragments were

then purified (figure 15.3). These fragments were attached
to plasmid vectors (see pp. 334-35), and plasmids with a
single insert were isolated. Special E. coli strains lacking
restriction enzymes were transformed with the plasmids to
produce a library of the plasmid clones.

2. Random sequencing. After the clones were prepared and
the DNA purified, thousands of bacterial DNA fragments
were sequenced with automated sequencers, employing
special dye-labeled primers. Thousands of templates were
used, normally with universal primers that recognized the
plasmid DNA sequences just next to the bacterial DNA
insert. The nature of the process is such that almost all
stretches of genome are sequenced several times, and this
increases the accuracy of the final results.

3. Fragment alignment and gap closure. Using special computer
programs, the sequenced DNA fragments were clustered and
assembled into longer stretches of sequence by comparing
nucleotide sequence overlaps between fragments. Two
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Figure 15.3 Whole-Genome Shotgun Sequencing. This general
overview shows how the Haemophilus influenzae genome was
sequenced. See text for details.

fragments were joined together to form a larger stretch of
DNA if the sequences at their ends overlapped and matched
(i.e., were the same). This overlap comparison process resulted
in a set of larger contiguous nucleotide sequences or contigs.

Finally, the contigs were aligned in the proper order to
form the completed genome sequence. If gaps existed
between two contigs, sometimes fragment samples with their
ends in the two adjacent contigs were available. These
fragments could be analyzed and the gaps filled in with their
sequences. When this approach was not possible, a variety of
other techniques were used to align contigs and fill in gaps.
For example, N phage libraries containing large bacterial
DNA fragments were constructed (see pp. 330-332, 335).
The large fragments in these libraries overlapped the
previously sequenced contigs. These fragments were then
combined with oligonucleotide probes that matched the ends
of the contigs to be aligned. If the probes bound to a A library
fragment, it could be used to prepare a stretch of DNA that
represented the gap region. Overlaps in the sequence of this
new fragment with two contigs would allow them to be
placed side-by-side and fill in the gap between them.

4. Editing. The sequence was then carefully proofread in order
to resolve any ambiguities in the sequence. Also the
sequence was checked for unwanted frameshift mutations
and corrected if necessary.

The approach worked so well that it took less than 4 months
to sequence the M. genitalium genome (about 500,000 base pairs
in size). The shotgun technique also has been used successfully
by Celera Genomics in the Human Genome Project and to se-
quence the Drosophila genome.

Once the genome sequence has been established, the process
of annotation begins. The goal of annotation is to determine the lo-
cation of specific genes in the genome map. Every open reading
frame (ORF)—a reading frame sequence (see p. 241) not inter-
rupted by a stop codon—Ilarger than 100 codons is considered to be
a potential protein coding sequence. Computer programs are used
to compare the sequence of the predicted ORF against large data-
bases containing nucleotide and amino acid sequences of known
enzymes and other proteins. If a bacterial sequence matches one in
the database, it is assumed to code for the same protein. Although
this comparison process is not without errors, it can provide tenta-
tive function assignments for about 40 to 50% of the presumed cod-
ing regions. It also gives some information about transposable ele-
ments, operons, repeat sequences, the presence of various
metabolic pathways, and other genome features. The results of
genome sequencing and annotation for Mycoplasma genitalium
and Haemophilus influenzae are shown in figures 15.5 and 15.6.
Often the results of annotation are expressed in a diagram that sum-
marizes the known metabolism and physiology of the organism. An
example of this is given in figure 15.7.
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1. Define genomics. What are the three general areas into which it
can be divided.

2. Describe the Sanger method for DNA sequencing.

3. Outline the whole-genome shotgun sequencing method. What is
annotation and how is it carried out?

DNA sequencing techniques have developed so rapidly that an
enormous amount of data has already accumulated and genomes
are being sequenced at an ever-increasing pace. The only way to
organize and analyze all these data is through the use of comput-
ers, and this has led to the development of a new interdisciplinary
field that combines biology, mathematics, and computer science.
Bioinformatics is the field concerned with the management and
analysis of biological data using computers. In the context of ge-
nomics, it focuses on DNA and protein sequences. The annota-
tion process just described is one aspect of bioinformatics. DNA
sequence data is stored in large databases. One of the largest
genome databases is the International Nucleic Acid Sequence
Data Library, often referred to as GenBank. Databases can be
searched with special computer programs to find homologous se-
quences, DNA sequences that are similar to the one being stud-
ied. Protein coding regions also can be translated into amino acid
sequences and then compared. These sequence comparisons can
suggest functions of the newly discovered genes and proteins.
The gene under study often will have a function similar to that of
genes with homologous DNA or amino acid sequences.

The development of shotgun sequencing and other genome se-
quencing techniques has led to the characterization of many pro-
caryotic genomes in a very short time. Many genome sequences
of procaryotes have been completed and published, and some of
these are given in table 15.1. These procaryotes represent great
phylogenetic diversity (figure 15.4). At least 100 more procary-
otes, many of them major human pathogens, are being sequenced
at present. Comparison of the genomes from different procary-
otes will contribute significantly to the understanding of procary-
otic evolution and help deduce which genes are responsible for
various cellular processes. Genome sequences will aid in our un-
derstanding of genetic regulation and genome organization. In
some cases, such information will also aid in the search for hu-
man genes by the Human Genome Project because of the simi-
larities between procaryotic and human biochemistry.

Currently published genome sequences already have provided
new and important insights into genome organization and function.
Mycoplasma genitalium grows in human genital and respiratory
tracts and has a genome of only 580 kilobases in size, one of the
smallest genomes of any free-living organism (figure 15.5). Thus
the sequence data are of great interest because they help establish
the minimal set of genes needed for a free-living existence. There

Table 15.1 Examples of Complete Published
Microbial Genomes

Genome Domain® Size(Mb) % G + C
Aquifex aeolicus B 1.50 43
Archaeoglobus fulgidus A 2.18 48
Bacillus subtilis B 4.20 43
Borrelia burgdorferi B 1.44 28
Campylobacter jejuni B 1.64 31
Chlamydia pneumoniae B 1.23 40
Chlamydia trachomatis B 1.05 41
Deinococcus radiodurans B 3.28 67
Escherichia coli B 4.60 50
Haemophilus influenzae Rd B 1.83 39
Helicobacter pylori B 1.66 39
Methanobacterium

thermoautotrophicum A 1.75 49
Methanococcus jannaschii A 1.66 31
Mpycobacterium tuberculosis B 4.40 65
Mycoplasma genitalium B 0.58 31
Mycoplasma pneumoniae B 0.81 40
Neisseria meningitidis B 2.27 51
Pseudomonas aeruginosa B 6.3 67
Pyrococcus horiksohii A 1.80 42
Rickettsia prowazekii B 1.10 29
Saccharomyces cerevisiae E 13 38
Synechocystis sp. B 3.57 47
Thermotoga maritima B 1.80 46
Treponema pallidum B 1.14 52
Vibrio cholerae B 4.0 48

“The following abbreviations are used: A, Archaea; B, Bacteria; E, Eucarya.

Methanococcus jannaschii

Aquifex aeolicus

Deinococcus radiodurans
Mycobacterium tuberculosis
Mycoplasma genitalium
Chlamydia trachomatis
Treponema pallidum

Rickettsia prowazekii
Haemophilus influenzae
Escherichia coli

Figure 15.4 Phylogenetic Relationships of Some Procaryotes with
Sequenced Genomes. These procaryotes are discussed in the text.
Methanococcus jannaschii is in the domain Archaea, the rest are
members of the domain Bacteria. Genomes from a broad diversity of
procaryotes have been sequenced and compared. Source: The
Ribosomal Database Project.

appear to be approximately 517 genes (480 protein-encoding genes
and 37 genes for RNA species). About 90 proteins are involved in
translation, and only around 29 proteins for DNA replication. Inter-
estingly, 140 genes, or 29% of those in the genome, code for mem-
brane proteins, and up to 4.5% of the genes seem to be involved in
evasion of host immune responses. Only 5 genes have regulatory
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Figure 15.5 Map of the Mycoplasma genitalium genome. The predicted coding regions are shown with the
direction of transcription indicated by arrows. The genes are color coded by their functional role. The rRNA

operon, tRNA genes, and adhesin protein operons (MgPa) are indicated. Reprinted with permission from Fraser,
C. M., et al. Copyright 1995. The minimal gene complement of Mycoplasma genitalium. Science 270:397—403.

Figure 1, page 398 and The Institute for Genomic Research.

functions. Even in this smallest genome, 22% of the genes do not
match any known protein sequence. Comparison with the M. pneu-
moniae genome and studies of gene inactivation by transposon in-
sertion suggests that about 108 to 121 M. genitalium genes may not
be essential for survival. Thus the minimum gene set required for
laboratory growth conditions seems to be approximately 265 to 350
genes; about 100 of these have unknown functions. Haemophilus
influenzae has a much larger genome, 1.8 megabases and 1,743
genes (figure 15.6). More than 40% of the genes have unknown
functions. It has already been found that the bacterium lacks three
Krebs cycle genes and thus a functional cycle. It does devote many
more genes (64 genes) to regulatory functions than does M. genital-
ium. Haemophilus influenzae is a species capable of transformation
(see pp. 305-7). The process must be very important to this bac-
terium because it contains 1,465 copies of the recognition sequence
used in DNA uptake during transformation. Methanococcus jan-
naschii, a member of the Archaea, also has been sequenced. Only
44% of its 1,738 genes match those of other organisms, an indica-

tion of how different this archaeon is from bacteria and eucaryotes.
Despite this profound difference, many of its genes for DNA repli-
cation, transcription, and translation are similar to eucaryotic genes
and quite different from bacterial genes. However, the metabolism
of M. jannaschii is more similar to that of bacteria than to eucary-
otic metabolism. More recently the sequence of the 4.6 megabase
Escherichia coli K12 genome has been published. About 5 to 6% of
the genes code for proteins involved in cell and membrane structure;
12 to 14% for transport proteins; 10% for the enzymes of energy and
central intermediary metabolic pathways; 4% for regulatory genes;
and 8% for replication, transcription, and translation proteins. The
genome contains about 4,288 predicted genes, almost 2,500 of
which do not resemble known genes. The large number of unknown
genes in Escherichia coli, Haemophilus influenzae, and other pro-
caryotes has great significance. It shows how little we know about
microbial biology. Clearly there is much more to learn about the ge-
netics, physiology, and metabolism of procaryotes, even of those
that have been intensively studied.
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Figure 15.6

Map of the Haemophilus influenzae genome. The predicted coding regions in the outer

concentric circle are indicated with colors representing their functional roles. The outer perimeter shows the
Notl, Rsril, and Smal restriction sites. The inner concentric circle shows regions of high G + C content (red and
blue) and high A + T content (black and green). The third circle shows the coverage by X\ clones (blue). The
fourth circle shows the locations of rRNA operons (green), tRNAs (black), and the mu-like prophage (blue). The
fifth circle shows simple tandem repeats and the probable origin of replication (outward pointing green arrows).
The red lines are potential termination sequences. Reprinted with permission from Fleischman, R. D., et al. 1995.
Whole-genome random sequencing and assembly of Haemophilus influenzae Rd. Science 269:496-512. Figure

1, page 507 and The Institute of Genomic Research.

Comparison of these and other genome sequences shows large
differences. Not surprisingly, E. coli is most similar to H. influen-
zae, which is also a member of the y-proteobacteria (1,130 similar
genes). It differs more from the cyanobacterium Synechocystis sp.
PCC6803 (675 similarities) and Mycoplasma genitalium (468 sim-
ilarities). These four bacteria have only 111 proteins in common.
Escherichia coli is even more unlike the archaeon M. jannaschii
(231 similar genes) and the eucaryotic yeast Saccharomyces cere-
visiae (254 similar genes). Only 16 proteins, mostly translation
proteins such as ribosomal proteins and aminoacyl synthetases, are

essentially the same in all six organisms. There have been many
gene losses and changes during the course of evolution.

Many of the genomes already sequenced belong to procaryotes
that are either major human pathogens or of particular biological in-
terest. Some recent sequences have yielded interesting discoveries
and will be briefly discussed as examples of the kind of important in-
formation that can be obtained from genomics. Because of their prac-
tical importance, our focus will be primarily on human pathogens. As
we will see, the results often pose more new questions than they an-
swer old ones and open up many new areas of research.



The deinococci are soil bacteria of great interest because of
their ability to survive a dose of radiation thousands of times greater
than the amount needed to kill humans. They survive by stitching
together their splintered chromosomes after radiation exposure. The
genome consists of two circular chromosomes of different size (2.6
Mb and 0.4 Mb), a megaplasmid (177,466 bp), and a regular plas-
mid (45,704 bp). One would think that this genome should have
some quite different DNA repair genes. However, despite its re-
markable resistance to radiation, Deinococcus radiodurans has the
same array of DNA repair mechanisms as other bacteria. It differs
in simply having more of them. For example, most organisms have
one MutT gene, which is involved in disposing of oxidized nu-
cleotides; Deinococcus has 20 MutT-like genes. The genome also
possesses many repeat sequences, which may be important in the re-
pair process. It should be emphasized that many of the bacterium’s
genes have unknown functions, and some of these genes may aid in
its unusually great resistance to radiation. The deinococci (p. 468)

Rickettsia prowazekii is a member of the a-proteobacteria
that is an obligate intracellular parasite of lice and humans. It is
the causative agent of typhus fever and killed millions during and
following the First and Second World Wars. Many microbiolo-
gists think that mitochondria may have arisen when a member of
the a-proteobacteria established an endosymbiotic relationship
with the ancestral eucaryotic cell (see pp. 424-25). The se-
quenced genome of R. prowazekii is consistent with this hypoth-
esis. Its protein-encoding genes show similarities to mitochon-
drial genes. Glycolysis is absent, but genes for the TCA cycle
and electron transport are present, and ATP synthesis is similar
to that in mitochondria. Both Rickettsia and the mitochondrion
lack many genes for the biosynthesis of amino acids and nucle-
osides, in contrast with the situation in free-living o-proteobac-
teria. Thus aerobic respiration in eucaryotes may have arisen
from an ancestor of Rickettsia.
(pp. 488-90, 909-10)

Chlamydiae are nonmotile, coccoid, gram-negative bacteria
that reproduce only within cytoplasmic vesicles of eucaryotic cells
by a unique life cycle. Chlamydia trachomatis infects humans and
causes the sexually transmitted disease, nongonococcal urethritis,
probably the most commonly transmitted sexual disease in the
United States. It also is the leading cause of preventable blindness
in the world. The sequencing of its genome has revealed several
surprises. The bacteria’s life cycle is so unusual (see pp. 477-78)
that one would expect its genome to be somewhat atypical. This has
turned out not to be the case; the genome is similar to that of many
other bacteria. Microbiologists have called Chlamydia an “energy
parasite” and believed that it obtained all its ATP from the host cell.
The genome results show that Chlamydia has the genes to make at
least some ATP on its own, although it also has genes for ATP trans-
porters. Another surprise is the presence of enzymes for the syn-
thesis of peptidoglycan. Chlamydial cell walls lack peptidoglycan
and microbiologists have been unable to explain why the antibiotic
penicillin, which disrupts peptidoglycan synthesis, is able to inhibit
chlamydial growth. The presence of peptidoglycan biosynthetic
enzymes helps account for the penicillin effect, but no one knows
the purpose of peptidoglycan synthesis in this bacterium. Another
major surprise is the absence of the FtsZ gene, which is thought to
be required by all bacteria and archaea for septum formation dur-

Rickettsia biology and clinical aspects
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ing cell division (see p. 286). The absence of this supposedly es-
sential gene makes one wonder how Chlamydia divides. It may be
that some of the genes with unknown functions play a major role in
cell division. Perhaps Chlamydia employs a mechanism of cell di-
vision different from that of other procaryotes. Finally, the genome
contains at least 20 genes that have been obtained from eucaryotic
host cells (most bacteria have no more than 3 or 4 such genes).
Some of these genes are plantlike; originally Chlamydia may have
infected a plantlike host and then moved to animals. Chlamydia
(pp. 477-78; section 39.3)

One of the most difficult human pathogens to study has been
the causative agent of syphilis, Treponema pallidum. This is be-
cause it has not been possible to grow Treponema outside the hu-
man body. We know little about its metabolism or the way it avoids
host defenses, and no vaccine for Treponema has yet been devel-
oped. Naturally the sequencing of the Treponema pallidum genome
has generated considerable excitement and hope. It turns out that
Treponema is metabolically crippled. It can use carbohydrates as an
energy source, but lacks the TCA cycle and oxidative phosphory-
lation (figure 15.7). Treponema also lacks many biosynthetic path-
ways (e.g., for enzyme cofactors, fatty acids, nucleotides, and some
electron transport proteins) and must rely on molecules supplied by
its host. In fact, about 5% of its genes code for transport proteins.
Given the lack of several critical pathways, it is not surprising that
the pathogen has not been cultured successfully. The genes for sur-
face proteins are of particular interest. Treponema has a family of
surface protein genes characterized by many repetitive sequences.
Some have speculated that these genes might undergo recombina-
tion in order to generate new surface proteins and allow the organ-
ism to avoid attack by the immune system, but this is not certain.
However, it may be possible to develop a vaccine for syphilis using
some of the newly discovered surface proteins. We also may be
able to identify strains of Treponema using these surface proteins,
which would be of great importance in syphilis epidemiology. The
genome results have not provided much of a clue about how Tre-
ponema causes syphilis. About 40% of the genes have unknown
functions. Possibly some of them are responsible for avoiding host
defenses and for the production of toxins and other virulence fac-
tors.  Treponema and syphilis (pp. 479-81, 923-24)

For centuries, tuberculosis has been one of the major scourges
of humankind and still kills about 3 million people annually. Fur-
thermore, because of the spread of AIDS and noncompliance in
drug treatment, Mycobacterium tuberculosis is increasing in fre-
quency once again and is becoming ever more drug resistant. Any-
thing that can be learned from genome studies could be of great
importance in the fight to control the renewed spread of tubercu-
losis. The Mycobacterium tuberculosis genome is one of the
largest yet found (4.40 Mb), exceeded only by E. coli (4.60 Mb
genome) and Pseudomonas aeruginosa (6.26 Mb), and contains
around 4,000 genes. Only about 40% of the genes have been given
precise functions and 16% of its genes resemble no known pro-
teins; presumably they are responsible for specific mycobacterial
functions. More than 250 genes are devoted to lipid metabolism
(E. coli has only about 50 such genes), and M. tuberculosis may
obtain much of its energy by degrading host lipids. There are a sur-
prisingly large number of regulatory elements in the genome. This
may mean that the infection process is much more complex and
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metabolism as deduced from genome annotation. Note
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of transporters. Although glycolysis is present, the TCA cycle and respiratory electron transport are lacking.
Question marks indicate where uncertainties exist or expected activities have not been found.

sophisticated than previously thought. Two families of novel
glycine-rich proteins with unknown functions are present and rep-
resent about 10% of the genome. They may be a source of anti-
genic variation and involved in defense against the host immune
system. One major medical problem has been the lack of a good
vaccine. A large number of proteins that are either secreted by the
bacterium or on the bacterial surface have been identified from the
genome sequence. It is hoped that some of these proteins can be
used to develop new, effective vaccines. This is particularly im-
portant in view of the spread of multiply drug resistant M. fuber-
culosis.  Mycobacterium tuberculosis (pp. 54344, 906-8)

It is tempting to think that closely related and superficially
similar bacteria must have similar genomes. Although the genome
of the leprosy bacillus, Mycobacterium leprae, has only been about
90% sequenced, it is already clear that this assumption can be mis-
taken. The whole M. leprae genome is a third smaller than that of
M. tuberculosis. About half the genome seems to be devoid of func-
tional genes; it consists of junk DNA that represents over 1,000 de-
graded, nonfunctional genes. In total, M. leprae seems to have lost
as many as 2,000 genes during its career as an intracellular parasite.
It even lacks some of the enzymes required for energy production
and DNA replication. This might explain why the bacterium has

such a long doubling time, about two weeks in mice. One hope
from the genomics study is that critical surface proteins can be dis-
covered and used to develop a sensitive test for early detection of
leprosy. This would allow immediate treatment of the disease be-
fore nerve damage occurs.

Analysis and comparison of the genomes already sequenced
have disclosed some general patterns in genome organization. Al-
though protein sequences are usually conserved (i.e., about 70%
of proteins contain ancient conserved regions), genome organiza-
tion is quite variable in the Bacteria and Archaea. Sometimes two
genes can fuse to form a new gene that has a combination of the
functions possessed by the two separate genes. Less often, a gene
can split or undergo fission; this seems to be more prevalent in
thermophilic procaryotes. There also appears to be considerable
horizontal gene transfer, particularly of housekeeping or opera-
tional genes. Informational genes, primarily those essential to
transcription and translation, are not transferred as often. Perhaps,
as James Lake has proposed, genes whose protein products are
parts of large, complex systems and interact with many other mol-
ecules are not often transferred successfully. About 18% of the
genes in E. coli seem to have been acquired by horizontal transfer
after its divergence from Salmonella. There also is gene transfer

Leprosy (pp. 916-17)
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Table 15.2 Estimated Number of Genes Involved in Various Cell Functions®

2 .
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-3 s g 3 & < S S 3
= = > S 8 = = S &
8 @ S S 2 = S S 3
= S = = L 2 S 1S S
S = S 3 S g S S S
S g S 5 3 3 2 3 S
Gene Function 5 2 S S & ) S = o
Approximate total number of genesb 2,933 2,232 477 757 523 847 2,095 1,271 1,345
Cellular processes® 179 123 6 77 27 43 65 26 44
Cell envelope components 146 86 29 53 36 42 50 25 25
Transport and binding proteins 304 223 33 59 18 57 87 56 67
DNA metabolism 97 80 29 51 39 53 57 53 33
Transcription 38 45 13 25 23 23 26 21 19
Protein synthesis 121 105 90 97 87 100 90 117 99
Regulatory functions 159 163 5 22 6 15 77 18 19
Energy metabolism* 351 230 33 54 48 61 211 158 116
Central intermediary metabolism® 64 61 7 6 6 12 57 18 25
Amino acid biosynthesis 89 97 0 7 9 13 72 64 51
Fatty acid and phospholipid metabolism 67 53 8 11 11 25 78 9 8
Purines, pyrimidines, nucleosides, and nucleotides 75 68 19 21 12 15 48 37 40
Biosynthesis of cofactors and prosthetic groups 97 79 4 15 17 31 84 49 31

“Data adapted from TIGR (The Institute for Genomic Research) databases.

The number of genes with known or hypothetical functions.

“Genes involved in cell division, chemotaxis and motility, detoxification, transformation, toxin production and resistance, pathogenesis, adaptations to atypical conditions, etc.

9Genes involved in amino acid and sugar catabolism, polysaccharide degradation and biosynthesis, electron transport and oxidative phosphorylation, fermentation, glycolysis/gluconeogenesis, pentose phosphate

pathway, Entner-Doudoroff, pyruvate dehydrogenase, TCA cycle, photosynthesis, chemoautotrophy, etc.

©Amino sugars, phosphorus compounds, polyamine biosynthesis, sulfur metabolism, nitrogen fixation, nitrogen metabolism, etc.

between domains. The bacterium Aquifex aeolicus probably re-
ceived about 16% of its genes from the Archaea, and 24% of the
genes in Thermotoga maritima are similar to archaeal sequences.
Some microbiologists have proposed that new species are created
by the acquisition of genes that allow exploitation of a new eco-
logical niche. For example, E. coli may have acquired the lactose
operon and thus become able to metabolize the milk sugar lactose.
This capacity would aid in colonization of the mammalian colon.
Existence of extensive gene transfer between species and domains
may require reevaluation of the bacterial taxonomic schemes that
are based only on rRNA sequences (see sections 19.6 and 19.7).
The comparison of many more genome sequences may clarify

these phylogenetic relationships. Horizontal gene transfer (section 13.1)

1. What sorts of general insights have been provided by the analysis
of the genomes of M. genitalium, H. influenzae, M. jannaschii,
and E. coli?

2. The genomes of D. radiodurans, R. prowazekii, C. trachomatis, T.
pallidum, M. tuberculosis, and M. leprae have been briefly
discussed. Give one or two surprises or interesting insights that
have arisen from each genome sequence.

3. Discuss what has been learned about horizontal gene transfer from
genome comparisons.

Clearly, determination of genome sequences is only the start of
genome research. It will take years to learn how the genome actu-
ally functions in a cell or organism (if that is completely possible)
and to apply this knowledge in practical ways such as the conquest
of disease and increased crop production. Sometimes the study of
genome function and the practical application of this knowledge
is referred to as postgenomics because it builds upon genome se-
quencing data. Functional genomics is a major postgenomics dis-
cipline. As mentioned earlier, functional genomics is concerned
with learning how the genome operates. We will consider a few of
the many approaches used to study genome function. First we will
discuss annotation, which has already been introduced in the con-
text of genome sequencing. Then techniques for the study of
RNA- and protein-level expression will be described.

Genome Annotation

After sequencing, annotation can be used to tentatively identify
many genes and this allows analysis of the kinds of genes and
functions present in the microorganism (figure 15.7). Table 15.2
summarizes some of the data for several important procaryotic
genomes, seven bacterial and two archaeal (Methanococcus and
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Pyrococcus). Even with these few examples, patterns can be
seen. Genes responsible for essential informational functions
(DNA metabolism, transcription, and protein synthesis) do not
vary in number as much as other genes. There seems to be a min-
imum number of these essential genes necessary for life. Second,
complex free-living bacteria such as E. coli and B. subtilis have
many more operational or housekeeping genes than do most of
the parasitic forms, which depend on the host for a variety of nu-
trients. Generally, larger genomes show more metabolic diver-
sity. Parasitic bacteria derive many nutrients from their hosts and
can shed genes for unnecessary pathways; thus they have smaller
genomes.

Evaluation of RNA-Level Gene Expression

One of the best ways to evaluate gene expression is through the
use of DNA microarrays (DNA chips). These are solid sup-
ports, typically of glass or silicon and about the size of a micro-
scope slide, that have DNA attached in highly organized arrays.
The chips can be constructed in several ways. In one approach,
a programmable robotic machine delivers hundreds to thou-
sands of microscopic droplets of DNA samples to specific posi-
tions on a chip using tiny pins to apply the solution (see figure
42.26, p. 1020.) The spots are then dried and treated in order to
bind the DNA tightly to the surface. Any DNA fragment can be
attached in this way; often cDNA (see p. 321) about 500 to
5,000 bases long is used. A second procedure involves the syn-
thesis of oligonucleotides directly on the chip in the following
way (figure 15.8):

1. Coat the glass support with light-sensitive protecting
groups that prevent random nucleoside attachment.

2. Cover the surface with a mask that has holes corresponding
to the sites for attachment of the desired nucleosides.

3. Shine laser light through the mask holes to remove the
exposed protecting groups.

4. Bathe the chip in a solution containing the first nucleoside
to be attached. The nucleoside will chemically couple to the
light-activated sites. Each nucleoside has a light-removable
protecting group to prevent addition of another nucleoside
until the appropriate time.

5. Repeat steps 2 through 4 with a new mask each time to add
nucleosides until all sequences on the chip have been
completed.

This procedure can be used to construct any sequence. The com-
mercial chip contains oligonucleotide probes that are 25 bases
long. It is about 1.3 cm on a side and can have over 200,000 ad-
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Figure 15.8 Construction of a DNA Chip with Attached
Oligonucleotide Sequences. Only two cycles of synthesis are shown.
See text for description of the steps.

dressable positions (figure 15.9). The probes are often expressed
sequence tags. An expressed sequence fag (EST) is a partial gene
sequence unique to the gene in question that can be used to iden-
tify and position the gene during genomic analysis. It is derived
from cDNA molecules. There are now chips that have probes for
every expressed gene or open reading frame in the genome of
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Figure 15.9 The GeneChip Expression Probe Array. The DNA chip manufactured by Affymetrix, Inc.
contains probes designed to represent thousands or tens of thousands of genes.

E. coli (about 4,200 open reading frames) and the yeast Saccha-
romyces cerevisiae (approximately 6,100 open reading frames).
The nucleic acids to be analyzed, often called the targets,
are isolated and labeled with fluorescent reporter groups. Nu-
cleic acid targets may be mRNA or cDNA produced from
mRNA by reverse transcription (see figure 14.3). The chip is in-
cubated with the target mixture long enough to ensure proper
binding to probes with complementary sequences. The unbound
target is washed off and the chip is then scanned with laser
beams. Fluorescence at an address indicates that the probe is
bound to that particular sequence. Analysis of the hybridization

pattern shows which genes are being expressed. Target samples
from two experiments can be labeled with different fluorescent
groups and compared using the same chip. Figure 15.9 and the
chapter opening figure provide examples of fluorescently la-
beled DNA microarrays.

DNA chip results allow one to observe the characteristic ex-
pression of whole sets of genes during differentiation or in re-
sponse to environmental changes. In some cases, many genes
change expression in response to a single change in conditions.
Patterns of gene expression can be detected and functions can be
tentatively assigned based on expression. If an unknown gene is
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expressed under the same conditions as genes of known function,
itis coregulated and quite likely shares the same general function.
DNA chips also can be used to study regulatory genes directly by
perturbing a regulatory gene and observing the effect on genome
activity. Of course, only mRNAs that are currently expressed can
be detected. If a gene is transiently expressed, its activity may be
missed by a DNA chip analysis.

Evaluation of Protein-Level Gene Expression

Genome function can be studied at the translation level as well as
the transcription level. The entire collection of proteins that an or-
ganism produces is called its proteome. Thus proteomics is the
study of the proteome or the array of proteins an organism can pro-
duce. It is an essential discipline because proteomics provides in-
formation about genome function that mRNA studies cannot.
There is not always a direct correlation between mRNA and pro-
tein levels because of the posttranslational modification of proteins
and protein turnover. Measurement of mRNA levels can show the
dynamics of gene expression and tell what might occur in the cell,
whereas proteomics discovers what is actually happening.

Although new techniques in proteomics are currently being
developed, we will focus briefly only on the traditional approach.
A mixture of proteins is separated using two-dimensional elec-
trophoresis. The first dimension makes use of isoelectric focus-
ing, in which proteins move electrophoretically through a pH gra-
dient (e.g., pH 3 to 10 or 4 to 7). The protein mixture is applied
to a strip with an immobilized pH gradient and electrophoresed.
Each protein moves along the strip until the pH on the strip equals
its isoelectric point. At this point, the protein’s net charge is zero
and the protein stops moving. Thus the technique separates the
proteins based on their content of ionizable amino acids. The sec-
ond dimension is SDS polyacrylamide gel electrophoresis (SDS-
PAGE). SDS (sodium dodecyl sulfate) is an anionic detergent that
denatures proteins and coats the polypeptides with a negative
charge. After the first electrophoretic run has been completed, the
pH gradient strip is soaked in SDS buffer and then placed at the
edge of an SDS-PAGE gel sheet. Then a voltage is applied at right
angles to the strip at the edge of the sheet. Under these circum-
stances, polypeptides migrate through the polyacrylamide gel at
a rate inversely proportional to their masses. That is, the smallest
polypeptide will move the farthest in a particular length of time.
This two-dimensional technique is very effective at separating
proteins and can resolve thousands of proteins in a mixture (fig-
ure 15.10). If radiolabeled substrates are used, newly synthesized
proteins can be distinguished and their rates of synthesis deter-
mined. Gel electrophoresis (pp. 327-28)

Two-dimensional electrophoresis is even more powerful
when coupled with mass spectrometry. The unknown protein spot
is cut from the gel and cleaved into fragments by trypsin diges-
tion. Then fragments are analyzed by a mass spectrometer and the
mass of the fragments is plotted. This mass fingerprint can be
used to estimate the probable amino acid composition of each
fragment and tentatively identify the protein. When the two tech-
niques are employed together, the proteome and its changes can
be studied very effectively.

Proteomics has been used to study the physiology of E. coli.
Some areas of research have been the effect of phosphate limita-
tion, proteome changes under anaerobic conditions, heat-shock
protein production, and the response to the toxicant 2,4-dinitro-
phenol. One particularly useful approach in studying genome
function is to inactivate a specific gene and then look for changes
in protein expression. Because changes in the whole proteome are
followed, gene inactivation can tell much about gene function and
the large-scale effects of gene activity. A gene-protein database
for E. coli has been established and provides information about
the conditions under which each protein is expressed and where
it is located in the cell.

The preceding discussion of functional genomics has em-
phasized areas of investigation with a record of success and a
bright future. However it should be noted that many problems re-
main to be solved, and there may be limits to how much genomics
can tell us about the living cell for a variety of reasons. For ex-
ample, sequence information does not specify the nature and tim-
ing of gene regulation. Regulation of protein activity in living
cells is extraordinarily complex and involves regulatory net-
works, which we do not yet understand completely. Functional
assignments from annotation and other approaches sometimes
may be inadequate because the function of a gene product often
depends on its cellular context. Cells are extremely complex
structural entities permeated by various physical compartments in
which many processes are restricted to surfaces of membranes
and macromolecular complexes (see p. 165). Thus localization of
proteins also affects function, and genomics cannot account for
this. These and other problems should be kept in mind when
thinking about future progress in genomics.

1. What general lessons about genome function have been learned
from the annotation results?

2. How are DNA microarrays or chips constructed and used to
analyze gene expression? What sorts of things can be learned by
this approach?

3. Describe two-dimensional electrophoresis and how it is used in
the study of proteomics. What kinds of studies can be carried out
with this technique?

Although much has been accomplished in the past few years, the
field of genomics is just beginning to mature. There are chal-
lenges ahead and many ways in which genomics can advance our
knowledge of microorganisms and their practical uses. A few of
these challenges and opportunities are outlined here.

1. We need to develop new methods for the large-scale
analysis of genes and proteins so that more organisms can
be studied.

2. All the new information about DNA and protein sequences,
variations in mRNA and protein levels, and protein
interactions must be integrated in order to understand
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15.7 The Future of Genomics
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Figure 15.10 Two-Dimensional Electrophoresis of Proteins. The SWISS-2D PAGE map of E. coli K12
proteins. The first dimension pH gradient ran from pH 3 to 10. The second dimension comprised an 8 to 18%
acrylamide gel for separation based on molecular weight. Identified proteins are indicated by red crosses.

genome organization and the workings of a living cell. One
goal would be to have sufficient knowledge to model a cell
on a computer and make predictions about how it would
respond to environmental changes.

. Genomics can be used to provide insights into
pathogenicity and suggest treatments for infectious disease.
Possible virulence genes can be identified, and the
expression of genes during infection can be studied. Host
responses to pathogens can be examined. More sensitive
diagnostic tests, new antibiotics, and different vaccines may
come from genomic studies of pathogens.

. The field of pharmacogenomics should produce many new
drugs to treat disease. Databases of human gene sequences
can be searched both for proteins that might have
therapeutic value and for new drug targets. Genomics also
can be used to study variations in drug-metabolizing
enzymes and individual responses to medication.

5. The nature of horizontal gene transfer and the process of

microbial evolution can be studied by comparing a wide
variety of genomes. Comparative genomics will aid in the
study of microbial biodiversity.

. The industrial applications are numerous. For example,

genomics can be used to identify novel enzymes with
industrial potential, enhance the bioremediation of
hazardous wastes, and improve techniques for the microbial
production of methane and other fuels.

. Genomics will profoundly impact agriculture. It can be

used to find new biopesticides and to improve sustainable
agricultural practices through enhancements in processes
such as nitrogen fixation.

It is clear that the possibilities are great and genomics will

profoundly impact many areas of microbiology. Advances in our
understanding of microorganisms also will aid in the genomic
study of more complex eucaryotic organisms.
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. Genomics is the study of the molecular
organization of genomes, their information
content, and the gene products they encode. It
may be divided into three broad areas:
structural genomics, functional genomics, and
comparative genomics.

. DNA fragments are normally sequenced using

dideoxynucleotides and the Sanger technique
(figure 15.2).

. Most often microbial genomes are sequenced
using the whole-genome shotgun technique of
Venter, Smith, and collaborators. Four stages
are involved: library construction, sequencing
of randomly produced fragments, fragment
alignment and gap closure, and editing the
final sequence (figure 15.3).

. After the sequence has been determined, it is
annotated. That is, computer analysis is used
to identify genes and their functions by
comparing them with gene sequences in
databases.

. Analysis of vast amounts of genome data
requires sophisticated computers and
programs; these analytical procedures are a
part of the discipline of bioinformatics.

. Many microbial genomes have already been
sequenced (table 15.1) and about 100 more
procaryotic genomes currently are being
sequenced.

. The genome of Mycoplasma genitalium is one
of the smallest of any free-living organism.
Analysis of this genome and others indicates
that only about 265 to 350 genes are required
for growth in the laboratory.

annotation 347

bioinformatics 348

comparative genomics 345

DNA microarrays (DNA chips) 354

. What impact might genome comparisons have
on the current phylogenetic schemes for
Bacteria and Archaea that are discussed in
chapter 19?

. How would you use genomics data to develop
new vaccines and antimicrobial drugs?

. Why are proteomic studies necessary when one
can use DNA chips to follow mRNA synthesis?

. Discuss the importance of bioinformatics for
genomics and the information it can supply.

8. Haemophilus influenzae lacks a complete set
of Krebs cycle genes and has 1,465 copies of
the recognition sequence used in DNA uptake
during transformation.

9. The archaeon Methanococcus jannaschii is
quite different genetically from bacteria and
eucaryotes; only around 44% of its genes
match those of the bacteria and eucaryotes it
was compared against. Its informational genes
(replication, transcription, and translation) are
more similar to eucaryotic genes, whereas its
metabolic genes resemble those of bacteria
more closely.

10. Even in the case of E. coli, perhaps the best-

studied bacterium, about 58% of the predicted
genes do not resemble known genes.

11. The genome sequence of Rickettsia

prowazekii is very similar to that of
mitochondria. Aerobic respiration in
eucaryotes may have arisen from an ancestor
of Rickettsia.

12. The genome of Chlamydia trachomatis has

provided many surprises. For example, it
appears able to make at least some ATP and
peptidoglycan, despite the fact that it seems to
obtain most ATP from the host and does not
have a cell wall with peptidoglycan. The
presence of plantlike genes indicates that it
might have infected plantlike hosts before
moving to animals.

13. Treponema pallidum, the causative agent of

syphilis, has lost many of its metabolic genes,
which may explain why it hasn’t been
cultivated outside a host.

expressed sequence tag (EST) 354
functional genomics 345
genomics 345

open reading frame (ORF) 347

5. Contrast informational and housekeeping or
operational genes with respect to function and
variation in quantity between genomes. How
do free-living and parasitic microorganisms
differ with respect to these genes?

6. Discuss some of the more important
problems for postgenomic studies of
microorganisms. What areas of
microbiology do you think will be most
positively impacted by genomics?

14.

15.

16.

17.

18.

19.

20.

Mycobacterium tuberculosis contains more
than 250 genes for lipid metabolism and may
obtain much of its energy from host lipids.
Surface and secretory proteins have been
identified and may help vaccine
development.

There has been a great deal of horizontal gene
transfer between genomes in both Bacteria
and Archaea. This is particularly the case for
housekeeping or operational genes.

Annotation of genomes can be used to identify
many genes and their functions. There seem to
be patterns in gene distribution. For example,
parasitic forms tend to lose genes and obtain
nutrients from their hosts.

DNA microarrays (DNA chips) can be used to
follow gene expression and mRNA production
(figures 15.9 and 15.10).

The entire collection of proteins that an
organism can produce is the proteome, and
its study is called proteomics. The proteome
often is analyzed by two-dimensional
electrophoresis followed in some cases

by mass spectrometry. Proteomic
experiments sometimes provide more
evidence about gene expression than the use
of DNA chips.

Despite great success in sequencing genomes,
many problems still need to be resolved
before the data can be interpreted adequately
and applied to the understanding of
organisms.

In the future genomics will positively impact
many areas of microbiology.

proteome 356

proteomics 356

structural genomics 345
whole-genome shotgun sequencing 346

. Propose an experiment that can be done

easily with a microchip that would have
required years before this new technology.

. What are the pitfalls of searches for

homologous genes and proteins?
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