
the genomics of disease-causing organisms:
MAPPING A STRATEGY FOR DISCOVERY AND DEFENSE

A report from the American Academy of Microbiology

 



Copyright © 2004
American Academy of Microbiology
1752 N Street, NW
Washington, DC  20052
http://www.asmusa.org

This report is based on a colloquium sponsored by the
American Academy of Microbiology held November 7-8,
2003, in Key Largo, Florida.

The American Academy of Microbiology is the honorific
leadership group of the American Society for Micro-
biology. The mission of the American Academy 
of Microbiology is to recognize scientific excellence
and foster knowledge and understanding in the micro-
biological sciences.

The American Academy of Microbiology is grateful for
the generous support of the following:

National Science Foundation
Central Intelligence Agency
U.S. Department of Agriculture
National Institues of Health/National Institute of
Allergy/Infectious Diseases

The opinions expressed in this report are those solely of
the colloquium participants and may not necessarily
reflect the official positions of our sponsors or the
American Society for Microbiology.

 



the genomics of disease-causing organisms:
MAPPING A STRATEGY FOR DISCOVERY AND DEFENSE

merry buckley



ii

Board of Governors, 
American Academy of Microbiology

Eugene W. Nester, Ph.D. (Chair) 
University of Washington

Kenneth I. Berns, M.D., Ph.D. 
University of Florida Genetics Institute

James E. Dahlberg, Ph.D. 
University of Wisconsin, Madison

Arnold L. Demain, Ph.D. 
Drew University

E. Peter Greenberg, Ph.D. 
University of Iowa

J. Michael Miller, Ph.D. 
Centers for Disease Control and Prevention

Stephen A. Morse, Ph.D. 
Centers for Disease Control and Prevention

Harriet L. Robinson, Ph.D. 
Emory University

Abraham L. Sonenshein, Ph.D. 
Tufts University Medical Center

David A. Stahl, Ph.D. 
University of Washington

Judy A. Wall, Ph.D. 
University of Missouri

Colloquium Steering Committee

Richard J. Roberts, Ph.D. (Chair)
New England Biolabs

Martin Blaser, M.D.
New York University School of Medicine

Stanley Falkow, Ph.D.
Stanford University

Claire M. Fraser, Ph.D.
The Institute for Genomic Research

Charles M. Rice, Ph.D.
The Rockefeller University

Carol A. Colgan, Director 
American Academy of Microbiology



Colloquium Participants

Mark Achtman, Ph.D.
Max-Planck Institut fur Infektionsbiologie, 
Berlin, Germany

David Alland, M.D.
Center for BioDefense at the New Jersey Medical
School

Martin Blaser, M.D.
New York University School of Medicine

Bruce Budowle, Ph.D.
Federal Bureau of Investigation

Arturo Casadevall, Ph.D.
Albert Einstein College of Medicine

Sherwood R. Casjens, Ph.D.
University of Utah Medical Center

Thomas A. Cebula, Ph.D.
Food and Drug Administration

Eugene Chan
U.S. Genomics

Mary E. Clutter, Ph.D.
National Science Foundation

Stewart T. Cole, Ph.D.
Institut Pasteur, Paris, France

Ralph A. Dean, Ph.D.
North Carolina State University

Michael S. Donnenberg, M.D.
University of Maryland School of Medicine

Bryce Falk, Ph.D.
University of California, Davis

Stanley Falkow, Ph.D.
Stanford University

Brad W. Fenwick, Ph.D.
Kansas State University, U.S. Dept. of Agriculture

Claire M. Fraser, Ph.D.
The Institute for Genomic Research

Michael Y. Galperin, Ph.D.
National Center for Biotechnology Information,
National Institutes of Health

Emilio Garcia, Ph.D.
Lawrence Livermore Laboratory

Maria Y. Giovanni, Ph.D.
National Institute of Allergy and Infectious Diseases, 
National Institutes of Health

William E. Goldman, Ph.D.
Washington University School of Medicine, St. Louis

Carlos F. Gonzalez, Ph.D.
Texas A&M University

Guido Grandi, Ph.D.
Chiron, Siena, Italy

Jorg H. Hacker, M.D.
Institute for Molekulare Infektionsbiologie, 
Wurzburg, Germany

Carol A. Ishimaru, Ph.D.
Colorado State University

Peter B. Jahrling, Ph.D.
USAMRIID, Fort Detrick, Maryland

Michael L. Kahn, Ph.D.
Washington State University

Sophein Kamoun, Ph.D.
Ohio State University

Dennis L. Kasper, M.D.
Harvard University

Paul Keim, Ph.D.
Northern Arizona University

Carla L. Kuiken, Ph.D.
Los Alamos National Laboratory

Richard F. Lee, Ph.D.
University of Florida

Martin C.J. Maiden, Ph.D.
University of Oxford, United Kingdom

Grant McFadden, Ph.D.
Roberts Research Institute, London, Ontario, Canada

James M. Musser, Ph.D.
Baylor College of Medicine

James Ostell, Ph.D.
National Center for Biotechnology Information, 
National Institutes of Health

iii



Mark Pallen, Ph.D.
University of Birmingham, United Kingdom

Julian Parkhill, Ph.D.
The Sanger Centre, Hinxton, 
Cambridge, United Kingdom

Jacques Ravel, Ph.D.
The Institute for Genomic Research

David Relman, M.D.
Stanford University School of Medicine

Caird Rexroad, Ph.D.
Agricultural Research Service, 
U.S. Department of Agriculture

Charles M. Rice, Ph.D.
The Rockefeller University

Betty H. Robertson, Ph.D.
Centers for Disease Control and Prevention

Allen Rodrigo, Ph.D.
University of Aukland, New Zealand

Marilyn J. Roossinck, Ph.D.
The Samuel Roberts Noble Foundation, 
Ardmore, Oklahoma

James M. Tiedje, Ph.D.
Michigan State University

James L. Van Etten, Ph.D.
University of Nebraska

Ronald A. Walters, Ph.D.
Pacific Northwest Labs

iv



Executive Summary

The American Academy of Microbiology convened a
colloquium November 6-7, 2003, in Key Largo, Florida,
to discuss the application of genomic methods to the
study of pathogenesis. Professionals in the fields of
genomics, bacteriology, virology, eukaryotic microbiol-
ogy, medicine, clinical diagnostics, bioinformatics, and
forensics contributed their expertise to discussions on
the recent advancements in the field and the outlook for
future research. A number of recommendations were
made for ensuring that progress in the field continues.

The availability of genome sequences from pathogenic
bacteria, viruses, and fungi and other eukaryotes has
opened new horizons for the field of pathogenesis. 
The genomes of over 100 bacterial pathogens have
been fully sequenced, and scientists are busy investi-
gating the mechanisms that regulate the diversity of
bacterial pathogens and their myriad abilities to evade
host defenses. Close to 1,200 viral genomes have 
been sequenced, and virologists are now beginning to
examine the genomes of those viruses that cause unde-
tected, cryptic infections. These virus-host interactions
can serve as a reservoir of viral genes that later emerge
in novel pathogens with the potential to infect humans,
economically important animals, or crops. A number of
eukaryotic microbes, including several pathogenic
fungi, have also been sequenced, revealing unimagined
diversity among these important pathogens. 

Certain themes have emerged from analyses of
pathogen genome sequences, and the possibility exists
that a sequence-based “common thread” may be found
linking pathogens from different taxa. The results of
genome sequencing efforts have also informed the
study of pathogenesis, helping to identify the ways in
which pathogens bring about disease. 

The advances of the past several years have been great,
and we are closer than ever to a comprehensive under-
standing of pathogenesis, but much work lies ahead. 
If the science is to move forward, the genome
sequences of many more organisms are needed. 
The sequences of many hosts, pathogens, their non-
pathogenic relatives, commensals, as well as a diverse
array of microorganisms, are all needed to complete the
picture of pathogenesis and provide a phylogenetic
framework for understanding the phenomenon. 
Moreover, improvements are needed in the two most
important tools of genomics:  annotation metho-
dologies and sequence databases. 
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Introduction

Epidemic
A global epidemic began on November 16, 2002. On
that date in Guangdong province, China, a businessman
died from an atypical pneumonia that brought on chills,
muscle soreness, headaches, and eventually dry cough-
ing and low blood oxygen levels. 

The highly contagious disease spread throughout the
local hospital, across Guangdong province, and by early
2003 it had reached the city of Hong Kong, where
health officials reported an outbreak of the unidentified
illness on March 11. Outbreaks subsequently surfaced
in Vietnam, Singapore, and Toronto, Canada. By March
27, reports indicated that 1,408 people had been
infected worldwide, and 53 had died from what had
become known as severe acute respiratory syndrome,
or SARS. The effects of SARS-related fears and the
impacts of travel recommendations made by the World
Health Organization (WHO) could be felt in the Hong
Kong economy and across Southeast Asia. 

Doctors and scientists across the globe worked to iden-
tify the cause of the disease, which would eventually
infect people in 29 nations, including China, Vietnam,
Singapore, Canada, the United States, Spain, Italy, and
Thailand. On March 24, scientists collaborating under
the WHO announced the isolation of a virus from SARS
patients; it was the causative agent of SARS. 

On April 12, a group of Canadian scientists announced
the first successful sequencing of the full genome
sequence of the SARS virus; it was found to be distinct
from all known human pathogens. Studies based on the
SARS genome sequence may hold the key to overcom-
ing this disease. Since the sequence was first made
available, scientists in several countries have been
using it in a dogged effort to develop vaccines and
antiviral drugs to combat SARS. 

In a process called reverse vaccine development, scien-
tists are studying the primary sequence of the SARS
viral genome, searching for genes that create the pro-
teins on the surface of the virus. Viral surface proteins
make good targets for vaccines, as they form the outer,
exposed shell of the virus and could easily be attacked
by an immune system that had been trained to identify
them. Once the gene for a surface protein has been
identified in the genome, a harmless strain of bac-
terium, or other organism, can be used as a biological
factory to produce the protein. The protein can then be
harvested and injected into a lab animal, to test whether
it could serve as a suitable vaccine. 

In an effort to develop antiviral drugs to target the
SARS virus, scientists are mining the SARS genome
for the genes that make proteases, powerful proteins
that are necessary for the virus to replicate itself. After
identifying the SARS sequences that are similar to
known protease genes in other viruses, scientists can
produce the protein and determine its three dimen-
sional structure. At that point, a computer is used to
determine which chemicals would “fit” the protease
and deactivate it, essentially stopping a SARS virus
from replicating. 

The results from reverse vaccine efforts and antiviral
drug development are promising. Genome-enabled
therapies and vaccines for SARS are on the horizon.
This progress is unprecedented in the history of emerg-
ing diseases. In the past, vaccine development took as
long as 15 years and the efforts of many scientists, and
drugs were developed using a time-consuming “hit or
miss” screening approach in which a virus was tested
against a battery of potential drugs. 

Genome sequencing technologies and genome-enabled
methods have only been around for a few short years,
but their impacts have been profound. Genomics will
continue to improve the quality of human life well into
the future as scientists sequence new pathogens and
seek to develop new methods for understanding and
controlling disease. 

Genomics and Pathogenesis
The SARS epidemic illustrates how genomics has fun-
damentally revolutionized the study of pathogenesis. In
the management of emerging diseases, drug develop-
ment, biological forensics, epidemiology, the
development of disease-resistant plant cultivars, vac-
cine development, and almost every other field having
to do with pathogenic microorganisms, nothing is as it
was. The game has changed. 

The concept of the “genome” itself is relatively new on
the scene. It is the sum total of all the genetic informa-
tion belonging to an organism, and science has not
been able to access or interpret the information held in
the genome until very recently. The terms “genomics”
and “genomic methods” describe the molecular and
bioinformatics techniques that employ all or part of the
genome to answer a question about an organism or a
group of organisms. Scientists in a number of different
fields have employed the tools of genomics to study
their own particular systems, but no field has been so
ready to embrace these technologies and apply them in
addressing previously intractable problems as microbi-
ology. Professionals involved in the study of pathogenic
microorganisms, in particular, are poised to take advan-
tage of these new capabilities in their attempts to
understand and manage disease. 
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Pathogen genome sequences and genomic tools have
already enabled groundbreaking work and new discov-
eries, but much remains to be done. More genome
sequences, more rapid and cost-effective sequencing
technologies, and new annotation techniques are
needed, and the archives that house genomic data
must be improved. 

What is a pathogen? The precise definition of the term
“pathogen” is debatable, and a number of conflicting
meanings exist. A simple definition identifies a
pathogen as “any organism that causes damage to a
host.”  However, in order to reflect the underlying biol-
ogy of these microbes, it is instructive to divide them
among three categories:

• An obligate pathogen is an organism that requires
the disease state to transmit from host to host.
Hence, obligate pathogens evolve strictly according
to their ability to cause disease.

• An opportunistic pathogen spreads by two or more
means: (1) by causing disease in a host and (2)
other routes. Opportunistic pathogens are subject
to evolutionary pressure from their pathology, but
they do not rely on the disease state to survive.

• Accidental pathogens cause disease in a given host
but they are not spread by means of the pathology
and therefore do not gain an evolutionary advan-
tage as a result of the infection. 

The Current Work 
in the Genomics of Pathogens

Bacteria1

WHERE ARE WE?
As of November 2003, scientists had sequenced the
entire genomes of 125 bacteria, including animal
pathogens, plant pathogens, environmental isolates,
animal commensals, plant symbionts, and animal and
insect symbionts. Human pathogens, however, are by
far the best represented among the complete bacterial
genome sequences, making them the likely focus of the
future collective efforts of genomicists. As a result,
human pathogen genome sequences and annotation
data will likely be the key to unlocking the secrets of
bacterial genomes (see Figure A).

WHAT HAVE WE LEARNED?
The most important lesson learned from genome
sequences of human pathogens and other bacteria is
this: the world of bacteria is fantastically diverse. The
variety of genes and expression patterns bacteria use
for metabolism, respiration, motility, pathogenicity, and
other functions is so great that even those pathogens
we have identified as belonging to the same species
can be hugely divergent. 

The human enteric pathogen Salmonella enterica
serves as a powerful illustration of this diversity. Two S.
enterica strains, Typhi and Typhimurium, share almost

3
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4,000 genes, but Typhi has 601 genes that are absent
in Typhimurium, and Typhimurium has 479 genes that
are absent in Typhi. Hence, the gene content of these
strains differs by 10-13% — a remarkable difference
for two bacteria that are supposedly the same species.
The genomes of S. enterica strains have shown that
not only is bacterial diversity greater than previously
thought, but we may be glossing over substantial dif-
ferences when we use the broad brush of “species” to
describe related pathogens. 

What contributes to the variation observed within and
between species of bacterial pathogens? Insertion and
deletion events play a role, particularly those events that
transport pathogenicity islands from one bacterium to
the next. Pathogenicity islands are large blocks of self-
mobile DNA that carry genes that enable an organism to
act as a pathogen. They also carry sequences that allow
islands to excise from one genome and integrate into a
new host genome. 

Judging from studies of the insertion and deletion
events that have occurred during the divergence of
S.typhi and Escherichia coli and the divergence of
S.typhi and S.typhimurium, the movement of patho-
genicity islands is important, but their impact is far
outstripped by the movement of genes in smaller pack-
ets, those elements referred to as small pathogenicity
islands or pathogenicity islets. Insertions and deletions
of only one to four genes are responsible for most of
the variation between these species, but these small
packets can carry major virulence determinants.

Some determinants of pathogenicity can also be carried
by viral DNA that integrates into (and out of) the
genome of a bacterium. Called prophages, these
viruses infect bacteria, integrate their DNA into the host
chromosome, and turn off nearly all of their viral genes.
Research has shown that many bacterial virulence fac-
tors are actually encoded by prophage DNA, including
diphtheria toxin and E. coli’s Shiga-like toxins. Whole
genome sequences have revealed that bacterial
genomes can be made up of up to 20% prophage DNA.
Prophage DNA can often be induced to produce virus
progeny, allowing the efficient spread of virulence fac-
tors to other bacteria. 

In genomes, the details matter. Hence, the effects of
seemingly subtle single nucleotide changes can be 
disproportionately large, inactivating genes and poten-
tially obliterating pathogenicity, thereby increasing the
diversity of the bacterial world. One example of this
kind of radical change was found in S. typhi and 
S. typhimurium. The genome sequence of S. typhi
revealed that three base pair changes in the sopA gene
could abolish the translation of that gene. The equiva-
lent, intact gene in S. typhimurium is known to be an

important pathogenicity determinant. Changes such as
these may well have a profound effect on the host
ranges of these lineages. Single nucleotide changes in
critical genes show us that genomics must move
beyond simple questions of DNA/DNA similarity and
gene presence or absence, and into the finer details
that will capture the true reasons behind observed dif-
ferences between strains. 

Finally, genomics has allowed microbiologists to fully
explore several mechanisms of programmed variation
of gene expression in bacterial pathogens, which
includes those mechanisms in which the genes an
organism encodes dictate the manner in which it will
vary. Specific mechanisms include slip strand mispair-
ing, in which the strands of a given gene can slip during
replication, affecting the sequence of the resulting DNA
copy, and by extension, the protein produced by that
copy. Neisseria meningitidis uses this mechanism to
vary certain of the proteins destined for the cell surface,
thereby changing its antigenic profile and potentially
evading host defenses. Although this mechanism of
variation was known prior to the advent of genomic
methods, genomics has enabled scientists to explore
the process and its implications more fully. 

The effects of invertible promoters on programmed
variation in the human commensal and opportunistic
pathogen Bacteroides were not discovered until full
genome sequences were available for study. By using
an invertase to randomly switch a promoter from the
“on” position to the “off” position or vice versa, Bac-
teroides can randomly activate and deactivate its surface
polysaccharides and other surface structures to evade
host responses or adapt to a changing environment.

Finally, genomic variation in bacteria can be achieved
through gene conversions, in which snippets of repeti-
tive noncoding DNA are shuffled around the genome to
create unique gene sequences. In Tropheryma whipplei,
for example, gene conversion is thought to be used to
alter the cell surface. This variability is achieved by
inserting short sequences from specific noncoding
parts of the genome into the genes for surface proteins. 

WHERE ARE WE GOING?
Without question, advances in bacterial pathogen
genomics have brought us far, but what’s next? What
steps need to be taken to facilitate future discoveries?
Existing technologies for sequencing and annotation
must continually be improved, the current modes for
curating genomes need to be overhauled, and genome
sequencing must remain a high priority. 

Sequencing technology has, over time, undergone a
smooth and gradual increase in speed and cost-effec-
tiveness. These improvements have been considerable,
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and today we enjoy unprecedented sequence accuracy
at increasingly affordable prices. However, the speed of
genome sequencing remains a limiting factor in carrying
out genomic analyses. Hundreds of organisms, and ide-
ally, several representatives of each of those, remain to
be sequenced. Vast leaps in throughput must be
achieved to realize the full potential of genomics for
understanding bacterial pathogenesis. 

It may be tempting to compromise on quality and use
draft sequences in order to maximize the number of
bacterial genome sequences available. However, subtle
single nucleotide changes in bacterial genomes can
lead to big changes in phenotype, so care must be
taken not to misrepresent an organism by using a draft
version of the sequence. (The downstream cost of con-
firming a single nucleotide polymorphism from a low
coverage analysis is high, and the burden tends to fall
on the small laboratory or the individual scientist, not
the large sequencing center.)

The process of gap closure, in which the gaps in a shot-
gun genome sequence are identified and sequenced,
must also be accelerated. A shotgun sequence alone is
somewhat valuable, but the greatest utility lies in a
sequence that is reliably accurate at the base pair level.

Like a book in a foreign language, the nucleotide
sequence of a pathogen is of little use if it is not care-
fully interpreted. Unfortunately, the process of
interpretation, or genome annotation, is an imperfect
procedure. Better standard procedures are needed for
bacterial genome annotation to ensure that the process
is consistent and accurate. A specific area in which
improvement is needed is in specifying the derivation of
gene function assignments. Some indication is needed
of whether the assigned functions of genes are derived
from experimental data or from sequence comparisons.
It should be emphasized that automation is not the
answer; human input remains at the center of any
meaningful annotation of a bacterial genome.

The archiving and curation of genome data is of great
importance, but the upkeep of data archives is too often
overlooked. This situation must be changed. For
starters, the originators of genome data should view
these resources as works in progress. Since new dis-
coveries are made every day that could potentially
effect genome annotation, archived genomes need to

tie in with current laboratory research. Although many
databases devoted to single organisms are scrupulously
maintained and contain up-to-the-minute data, many
larger archival databases lag behind and need to reflect
the content of, or be linked directly to, their smaller
cousins. Databases need to be standardized to achieve
optimal communication. 

The rate of sequencing, annotation, and data archiving
are important issues in modern genomics, but our focus
must remain firmly grounded on the pathogens them-
selves and the lessons their genomes will provide.
Given that resources are limited for genomic investiga-
tions of bacterial pathogens, what are the most
productive areas on which to focus our efforts? Which
analyses are likely to return the most information per
dollar invested? Comparative genomics is crucial to
pathogen genomics, but not many of these types of
investigations have been undertaken. To improve our
understanding of pathogenesis, efforts should be
focused on comparative analyses of (1) closely related

bacterial pathogens that have differing host ranges, (2)
closely related bacterial pathogens that cause different
diseases, and (3) closely related bacterial pathogens
and non-pathogens.

Commensals may play an enormous role in pathogene-
sis, but few studies have investigated their role or
attempted to sequence their genomes. Future work
should focus on such bacterial commensals as those
found in the mouth and gut of the human body. The
microbial communities associated with healthy and
infected hosts should also be targeted. In some cases
the state of health or disease is affected by the behavior
of whole communities, not only the actions of those
few organisms identified as pathogens. An improved
understanding of commensal bacterial communities will
greatly contribute to our understanding of the interac-
tions between hosts and pathogens that result in the
development of disease. 

Viruses2

WHERE ARE WE? 
Viruses have the smallest genomes of all known organ-
isms, and compared with the sequences of larger
pathogens, including bacteria and fungi and other
eukaryotes, viral genome sequences abound. Ranging
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2 Based on a presentation to colloquium participants by Grant McFadden, Ph.D., Robarts Research Institute, London, Ontario, Canada.
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from less than one kilobase to 800 kilobases long, there
are currently 1,259 complete viral genomes represented
in publicly available databases (as of March 2004). These
sequences have proven hugely valuable, but they proba-
bly represent the tip of the iceberg of viral diversity.

Viral infections range in severity from chronic subclinical
infections that are asymptomatic, to acute clinical infec-
tions that result in host death (see Figure B). Viruses that
cause acute diseases are greatly overrepresented among
the viral genomes available today, since science and
medicine have been focused on a reactive strategy to
understanding disease. The number of subclinical infec-
tions, however, likely surpasses the number of clinical
infections in any given host. New approaches are needed
to understand the significance of these asymptomatic
viral infections. Asymptomatic infections may serve as a
reservoir of viral diversity that could, at any moment,
reach out to a new host with disastrous consequences.
Like the SARS virus in civet cats or HIV from monkeys, a
previously unknown virus in a seemingly unharmed host
may be at the root of the next deadly pandemic. 

The prospect of emerging diseases like SARS, West
Nile, and HIV-AIDS, is a highly motivating factor in the
effort to sequence new viral genomes, but the specter
of viral bioweapons will probably stir an even greater
interest in these tiny but potent genomes. 

WHERE ARE WE GOING?
The work of sequencing and understanding viral
genomes is ongoing, leading scientists into exciting
new areas of research. The future work of viral
genomics can be divided into several categories, includ-
ing disease and pathogenesis, bioinformatics, vaccines,
pharmaceuticals, and diagnosis. Each area of research
has significant potential for bringing to light new discov-
eries that can benefit the battle against viral disease. 

Disease and Pathogenesis. Future efforts to understand
viral diseases and pathogenesis will be focused on a
number of areas including the use of genome-enabled
tools to study virus-host interactions, genome sequenc-
ing and analysis of emerging viruses, and the
identification of those viruses that could potentially be
used as biological weapons. Research will also focus on
genomic approaches for studying the host immune
responses that drive the pathology of certain viruses.
The adverse effects of hepatitis, for example, are
brought about by the immune reaction of the human
body and are not directly caused by the hepatitis virus
itself, so genomics research into the chain of events that
bring about these effects could be highly rewarding. 

A basic understanding of disease and pathogenesis can
also be achieved through analysis of the virome—the
complete genomic information of every virus a given
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organism carries. The genomic information held by both
the disease causing and the apparently benign viruses
of the human body, or of peripheral organisms like the
civet, could enable an understanding of the ecological
and evolutionary processes that bring an emerging dis-
ease into a new population or a new host. 

Bioinformatics. A great deal of the work that lies ahead in
genomics can be categorized as “bioinformatics”– the
analysis of genetic sequence data. Annotation is a particu-
larly hot area. Since new information is being discovered
on a daily basis that can guide and inform annotation, viral
genome annotation should be seen as an ongoing, 
evolving process and not a static, one-time event. Bioin-
formatics will also provide new approaches for examining
virus gene evolution and assigning viral genes to related-
ness groups, also known as orthologue families. 

The study of transcriptomics, proteomics, and other
disciplines that rely on genome data and bioinformat-
ics will continue in the future and will undoubtedly
provide interesting results for the study of viruses and
viral disease. 

The poxvirus serves as an elegant example of how
bioinformatics can be used to mine information from
viral genome sequences. By comparing a number of
poxviruses, it was discovered that the interiors of the
linear pox chromosomes are highly conserved, although
the ends are variable. This variability in the genes at the
ends of the chromosome drives a great diversity among
the poxviruses, and is undoubtedly the reason why
some poxviruses are harmless while others are deadly.
Future work will likely be directed at teasing apart the
specific reasons for the observed differences in the pox
family of viruses. 

Vaccines. The development of vaccines will also help to
drive the progress of viral genomics. Reverse vaccinol-
ogy, in which a viral genome sequence is studied to find
the antigens that can trigger the immune system, is the
wave of the future for vaccines. Once a suitable antigen
sequence is found in a viral genome, that gene is
inserted into E. coli or a Baculovirus vector, and the sub-
units of the offending virus are produced in bulk without
having to grow the (sometimes recalcitrant) virus. Alter-
natively, pathogen genes can be inserted into vaccine
vectors using plasmids or live attenuated viruses.
Efforts to develop a SARS vaccine by reverse vaccinol-
ogy are currently underway. 

Pharmaceuticals. The development of new pharmaceuti-
cals has been revolutionized by viral genomics. Today, a
number of antiviral drugs are being discovered using
genomics. By predicting the three-dimensional confor-

mation of viral proteins and screening that space against
a database of known molecules, scientists can find the
perfect fit—an effective antiviral agent. This technique is
currently being used by a group of collaborators to
develop drugs against the small poxvirus. The super-
computer assigned to the task has accessed over
100,000 years of computer time on networked machines
and compiled a short list of candidate molecules that
will be tested for effectiveness against the virus. 

Another emerging field is the application of viral
immunomodularity proteins as reagents to treat
immune diseases based on excessive inflammation or
hyperactive immune reactions. 

Diagnostics. In the future, viral genomics will be applied
to the dilemma of diagnosis in more and more cases.
The emerging technology of gene-imbedded microarray
chips, known as “viro-chips,” will be used to identify
which virus is at the root of a particular infection,
streamlining the process of identification considerably.
PCR-based diagnostic assays, which rely on up-to-date
genome sequence information, will also be basic tools
in the diagnosis of viral infections. Moreover, protein
microarrays will likely be employed in cataloguing host
(or patient) responses to an infection, offering an alter-
native method for pinpointing the cause of disease. 

Fungi3

WHERE ARE WE?
It is difficult to overstate the impact of fungi on the world
economy; they cause over 80% of plant diseases and
cost the world over $200 billion in lost products annually.
As the cause of numerous animal and human diseases
and a source of many of the allergens that debilitate sen-
sitive individuals, the negative impacts of fungi can be
felt in almost every corner of the globe. There are as
many as 5 million fungal species in existence. 

Despite the impacts of filamentous fungi on health and
the global economy, the scientific community did not
sequence an entire filamentous fungal genome until the
year 2000. Complete genome sequences are scarce
even today. While virology and bacteriology have dwelt
in the post-genomic era for some years now, and the
sequences of many pathogenic viruses and bacteria are
known and studied all over the world, fungal genomics
is just getting started. Why has the study of fungal
genomes apparently fallen behind? 

The short story is this:  fungal genomes are incredibly
large. Fungal genomes range in size from 10 to 240 Mb,
with the average genome weighing in at approximately
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40 Mb, a whopping 50 times the size of the largest
known viral genome (0.8 Mb) and over three times
larger than the largest bacterial genomes (approxi-
mately 12 Mb). The enormous size of fungal genomes
makes them difficult, and, therefore, costly to sequence
and assemble. 

One solution to the problem of the large fungal genome
has been to use an inexpensive shotgun strategy for
sequencing. This approach, while not the perfect solu-
tion, has been effective in bringing several high-quality
fungal genome sequences to the public arena, and the
cost is dropping. The shotgun sequence of an average
fungal genome has dropped from $5 million in 2001 to
less than $1 million in 2003. Industry was first to recog-
nize the significance of fungal genomes with research
dollars, and has funded a number of sequencing efforts,
initially outpacing public sector efforts. Today, at least 12
fungal genome sequences have been sequenced with
sufficient coverage to allow the analysis of most genes. 

WHAT HAVE WE LEARNED?
Now that the complete genome sequences of several
fungi are available, what has been discovered about
fungi and pathogenesis? Genomics efforts to date have
only scratched the surface of the evolution and patho-
genicity of this complex group of organisms. 

Fungal Diversity. As with bacteria and viruses, fungal
genome sequences have served to highlight the
immense diversity of the fungal domain. Fungi have
apparently evolved over the course of 800 million years,
and today over 100,000 pathogens of serious health or
economic importance exist. 

Fungal genomes have also shed light on some of the
basic genetics of these organisms. The fungal genome
is densely packed with genes. There is approximately
one gene for every 4,000 nucleotide bases in fungi, for
a total of as many as 11,000 genes, as in the filamen-
tous species Fusarium graminearum. Bacteria, whose
smaller genomes are also densely packed, carry only
about one tenth (1/10) the number of genes as fungi. 

Of the many genes recognized in the genomes of fungi,
only about 50% have a known function. Hence, we have
little idea of what half of the fungal genome is doing, let
alone how or when or why it’s doing it. (The lack of
understanding of microbial genomes is not limited to
fungi. Approximately 50% of the genes revealed in bac-
terial genomes are also of unknown function.)  This is

great news for researchers who are interested in mak-
ing new discoveries about fungal pathogenesis, and it
highlights the need to sequence many more closely
related fungal species. Closely related genome
sequences would aid in identifying those regions that
aren’t translated into genes, called noncoding elements,
eliminating those regions falsely identified as genes and
enabling a more comprehensive annotation of other
genomes. 

Sequencing. The results of fungal genome sequencing
have served to instruct future sequencing efforts and
identify which sequencing methods can be employed
most efficiently. Since fungal genomes are large, identi-
fying a sequencing methodology that allows for the
greatest return on the money and time invested is espe-
cially critical. Shotgun approaches have produced only a
limited number of assembly mistakes when compared
with more authoritative data from sequencing bacterial
or yeast artificial chromosomes with fungal genome

inserts (BACs or YACs). Shotgun strategies are highly
useful and are working well in sequencing fungal
genomes, but when shotgun sequencing is employed a
framework is still needed to aid in gap closure for the
final assembly. The best solution found to date has
been a combination of shotgun sequencing and
sequencing BACs or YACs. 

Although shotgun sequencing is promising, it is by no
means the final answer to the problem of sequencing
fungal genomes. For example, shotgun approaches do
not allow the sequencing of critical chromosome ele-
ments such as centromeres (which are found at the crux
of the arms in a chromosome) or telomeres (which are
like caps on the vulnerable ends of a chromosome) and
other sequences that have to do with genome stability. 

Annotation. Although sequencing a fungal genome is
no mean feat, it has been found that genome interpreta-
tion is the most arduous step in the process of
producing meaningful genomic data. For starters, the
seemingly straightforward process of finding the genes
among the millions of nucleotide bases in a fungal
genome is extremely challenging, and only one (flawed)
gene prediction program has been trained for use on fil-
amentous fungal sequences. 

A lot of work also remains to be carried out in the anno-
tation of fungal genomes, and research dollars need to
be directed towards developing effective annotation
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tools. Current protocols assign a function to only about
50% of fungal genes, and few resources are available
for annotating the genes associated with secondary
metabolism, in particular. The validation of gene annota-
tion by using expressed sequence tags (ESTs) is a
useful step of the process of annotation, but very few
studies have validated data in this way. ESTs are fluores-
cently labeled RNA sequences that identify transcribed
regions of the genome, as well as the level of transcrip-
tion of a gene of interest. ESTs are necessary for fungal
genome annotation—they allow measurements of gene
expression and activity under experimental conditions,
providing information about the gene and supporting or
refuting whether it is, in fact, a gene at all. EST data
have the added benefit of being applicable to the “train-
ing” of gene prediction software, enabling the data from
one annotation and EST study to be applied in future
work as well. 

WHERE ARE WE GOING?
Now that the genomes of several fungal pathogens
have been fully sequenced and the early work of fungal
genomics is underway, what is the next step for the
field? Certainly, more genome sequences are needed in
order to make progress, but which sequencing projects
should be given priority? 

Since 2001, funding agencies in the United States and
abroad have been under constant pressure to launch
major genome sequencing initiatives. Organizations like
the Fungal Genome Initiative and the American Phy-
topathological Society have attempted to play a role in
the process of candidate selection, soliciting the opin-
ions of their memberships and publishing white papers
on the topic. However, funding agencies necessarily
have their own particular agendas and priorities and will
guide their programs accordingly. Efforts must be made
to ensure that species of critical scientific interest are
not neglected due to gaps in coverage between rele-
vant funding agencies. Scientists and scientific
organizations must continue to demonstrate the value
to funding agencies to go beyond the strict limits of
agency charters to pursue broader scientific priorities. 

A joint initiative by the U. S. Department of Agriculture
and the National Science Foundation, as well as funding
programs by the Fungal Genome Initiative and the
National Human Genome Research Initiative have
funded several fungal genome sequencing projects
since 2002. The Whitehead Institute is involved in the
ongoing shotgun sequencing of a number of human
and plant pathogenic fungi, including Candida species
and Lodderomyces elongisporus. Projects to sequence
Unicinocarpus reesei, Histoplasma capsulatum (Nam I),
Cryptococcus neoformans (serotype B), Podospora anse-
rina, and Chaetomium globosum are also likely to be
undertaken by the Whitehead Institute. The Institute for

Genomic Research has focused its upcoming fungal
genome efforts on relatives of Aspergillus, a serotype of
Cryptococcus, and a strain of Coccidioides immitis, the
fungus responsible for valley fever. In total, approxi-
mately eight to ten fungal genomes will be completed
in the coming year.

Although unrelated phylogenetically, a number of organ-
isms that share superficial similarities to the fungi are
customarily lumped with that kingdom. The oomycetes,
for example, have a filamentous growth habit, and so
are often referred to as fungi. However, the oomycetes
are actually a separate, deeply branching group of
eukaryotic microorganisms that includes saprophytes
(which live on dead or decaying materials) and
pathogens of plants, insects, crustaceans, fish, verte-
brate animals, and microbes. Modern molecular and
biochemical analyses suggest that oomycetes are most
closely related to brown algae in the Heterokont King-
dom. The most notorious of the oomycetes are
Phytophthora species, which are responsible for mas-
sive annual economic losses in such important crops as
potatoes, tomatoes, peppers, soybeans, and alfalfa. The
U.S. Department of Energy has dedicated funds to
sequencing two important pathogenic strains of Phy-
tophthora, and the National Science Foundation and the
U.S. Department of Agriculture have initiated genome
sequencing of Phytophthora infestans, the pathogen
responsible for the potato blight that triggered unprece-
dented starvation and emigration in Ireland in the
middle of the nineteenth century. 

Progress Made: 
How Genomics has Informed the
Study of Pathogens and Disease

Genomics has brought a set of powerful tools to bear on
the study of pathogenesis, and the early results are quite
promising. We cannot yet recognize or predict patho-
genicity based upon sequence inspection alone, but a
number of sequence patterns have been observed. In
addition, there are a number of physiological systems
that could be explored to investigate sequence signa-
tures common to pathogenic organisms. 

Genomics has brought to light facts about pathogens
and pathogenesis that have changed the face of the sci-
ence forever, but the greatest discoveries that
genomics has to offer still lie in the future. Scientists
will undoubtedly continue to push the limits of genomic
science, opening new windows on the world of
pathogens and empowering the battle against debilitat-
ing human, plant, and animal diseases. 
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Emerging sequence patterns in pathogens
Pathogenicity is a complex phenomenon, and simple
answers to questions about pathogens and disease are
unlikely to be found conspicuously awaiting discovery in
the sequence of a genome. The ability to colonize and
infect a host has arisen independently many times over
the course of microbial evolution. It is a polyphyletic
trait, not a monophyletic trait, meaning it can be found
in many unrelated groups, and organisms have
undoubtedly found diverse ways of overcoming host
defenses and surviving to the host’s detriment. Since
the mechanisms of disease are polyphyletic and
extremely variable, our current ability to recognize viru-
lence or host specificity in a genome sequence is
limited. One example of these divergent pathogenic
properties is the basic mechanism of action that a
pathogen takes against a host. Pathogens may be bro-
ken into two general categories: those that employ
toxins and those that have host-specific properties that
enable their pathogenesis. It is unlikely that these two
different categories of pathogens will be found to share
consistent sequence patterns. 

Furthermore, pathogenicity is a property that a microbe
expresses only in susceptible hosts. Hence, even if a
“pathogenicity signature” could be identified and subse-
quently found in the genome of a given microorganism,
it still may not allow the researcher or clinician to deter-
mine the pathogen’s host or the conditions that
determine the susceptibility of the host to infection by
that pathogen. 

Although much remains to be resolved, some general
principles and sequence features have emerged from
comparative genomic studies of pathogens. The
genomes of obligate pathogens have been found to be
characterized by:

• Extensive rearrangements, 
• Large numbers of pseudogenes (genes that have

been altered over time, disabling the expression of
the gene),

• Reduction in genome size,
• Evidence of lateral gene transfer, and
• The presence of pathogenicity islands, including

numerous prophages.

These features are intriguing and will likely inspire
future efforts to explore the possibility of sequence sig-
natures among unrelated groups of pathogens, but
none of them is diagnostic or absolute. Moreover, given
the polyphyletic nature of pathogens and the fact that
pathogenicity relies on many host-determined factors, it
is not clear that attempts to arrive at a unified set of
rules for pathogen genomes will be successful. 

The Outlook For Future Genomic Efforts to Identify
Sequence Patterns Among Pathogens. Despite the dif-
ficulties, scientists will continue to pursue the
possibility that genomics can reveal sequence common-
alities in pathogens. Pathogens employ a number of
consistent strategies for survival and reproduction, and
nearly all pathogens must have the following systems
that could be exploited to find sequence patterns:

• Systems for attachment to a host,
• Systems for intoxication of host cells,
• Systems for subverting host defenses,
• Systems for the synchronized regulation of viru-

lence-associated gene expression, 
• Systems that control the preferential secretion of

virulence-associated products, and
• Systems for persistence and transmission to other

susceptible hosts.

Although these strategies may be written into the
genome sequences of most or all pathogens, sequence
patterns and general features are currently only recog-
nized in closely related groups of pathogens. 

It is possible that genomes may reveal commonalities
among pathogens at a higher level than the primary
sequence. For example, genomics may reveal that a
certain clustering of genes in the genome is diagnostic
of pathogenicity. Virulence-associated genes have been
found to collect in this way in pathogenicity islands or in
plasmids. 

Viral genomes may prove to be relatively simple sys-
tems in which to look for pathogenic sequence
patterns. At the very least, it may be possible to identify
those sequences that are required for a virus to be a
pathogen. 

In contrast to obligate pathogens, the primary evolution-
ary function of an accidental pathogen—an organism
that can reproduce without causing damage to the
host—is to survive in the environment. As a result, the
genomes of non-obligate pathogens will probably reveal
different strategies and genomic sequence patterns
than obligate pathogens. 

Commensals, organisms that live in close contact with a
host, also present a special problem. It is likely that many
of the genes identified as “virulence genes” in known
pathogens will also be found in the genomes of com-
mensals, limiting the value of these genes as markers. 

The search for sequence commonalities in fungi will
probably be difficult, too, as genome studies to date
have shown that it is very difficult to distinguish
between pathogenic and non-pathogenic strains. The
enormous size of fungal genomes also contributes to
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the difficulties in comparative genomics. It is prohibi-
tively expensive for a single laboratory to sequence the
genomes of the organisms in which they are interested.
Researchers must currently rely on the sequences avail-
able from large funding initiatives, which may or may
not be suitable for comparative investigations in pursuit
of sequence patterns. 

Genomic Insights into Pathogenicity
Genomics has had a profound and lasting impact on the
study of pathogens and disease, to the extent that it is

difficult to imagine what the science would be like
today in the absence of genomics. Today, a genome
sequence is the first priority when investigating an
emerging infectious disease, and vaccines and thera-
pies are often designed straight from the genome (See
Box 1: Putting Genomes to Work: Vaccines). Though a
genome sequence is extremely valuable in terms of the
information it can disclose about a pathogen or a dis-
ease, its most useful function is as a springboard for
experimental science. 
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Putting Genomes to Work: Vaccines4

Genomics has brought about a sea change in vaccine develop-
ment. The vast majority of the vaccines available on the market
today were created using decades-old techniques in which whole
pathogens or pathogen-derived components were extracted, puri-
fied, and subject to laborious screening. A number of potential dif-
ficulties can delay the creation of vaccines by this method, includ-
ing technical problems like the inability to cultivate the pathogen
in a scaleable setting or obstacles in identifying or purifying pro-
tective antigens. 

Today, genomics has enabled a more efficient approach to vacci-
nology called reverse vaccine development, which uses the
pathogen genome as a starting point for development. Once the
genome sequence of a pathogen is determined, algorithms are
used to select the genes that code for surface proteins. These
genes are then cloned and expressed in heterologous systems
and the corresponding proteins are purified. The proteins are
screened using in vivo or in vitro assays to determine which 
proteins could serve as potential vaccine candidates. The first
successful application of reverse vaccinology has identified vac-
cine candidates for Meningococcus B that are currently being
tested in humans. The process of identifying candidates for a
Meningococcus B vaccine took only three years, a remarkable
improvement over old technologies, which often took ten to fif-
teen years to arrive at the same point. Reverse vaccinology is cur-
rently being applied to the development of vaccines for Group B
Streptococcus, Group A Streptococcus, Chlamydia pneumoniae,
and Chlamydia trichomatis. 

Overcoming the obstacles
Despite the obvious potential of reverse vaccinology a few limita-
tions exist, including limits in the gene-finding algorithms, the fail-
ure of 50% of targeted genes to be expressed, and the required
investment of large amounts of time and resources. In the end,
only a minute fraction of targeted genes are identified as suitable
vaccine candidates. 

Scientists are now coupling microarray and proteomics approach-
es with reverse vaccinology in an attempt to optimize the antigen
selection process. Microarray technology is used to identify those

genes that are used during the interaction of the pathogen with
the host. For example, the pathogen can be exposed to host cells
under different conditions to mimic the host environment, and the
results can be compared with controls to determine which genes
are specifically regulated upon introduction to the host.
Microarrays not only provide qualitative information, by identifying
which genes are turned on, but also quantitative information
about the level of transcription of these genes. Retrospective
studies have shown that the genes that are expressed the most
during these interactions usually serve as the best targets for vac-
cines development. 
Proteomics is used to identify the surface proteins that are
expressed in multiple strains of the same organism. Naturally, the
most protective vaccines employ antigens that are expressed in
all the strains to which a patient could be exposed, so some effort
is needed to assay pathogen diversity and identify genes that are
expressed by each of the common isolates. In the proteomics
approach, membrane-bound proteins from several strains of
Meningococcus B, for example, are extracted and purified, then
separated on a two-dimensional gel. The images of these gels are
overlaid on one another, and image analysis software is used to
identify the highly conserved proteins that are found in each of the
isolates. Image analysis also allows for a determination of the rel-
ative abundance of the proteins in the cell membrane so that only
those proteins that are plentiful are targeted for further testing.
Using a combined approach of sequence analysis, microarrays,
and proteomics approaches, genes for vaccine targeting can be
selected on the basis those characteristics that are critical for
vaccines:  coding for membrane or secreted proteins, up-regula-
tion on introduction to a host, and relatively high levels of expres-
sion. After a number of candidates have been identified, these
genes enter the high-throughput expression and purification
phase. In the end, purified proteins are screened using the appro-
priate combination of in vitro or in vivo assays to evaluate their
ability to protect the immunized patient. 

Although a few vaccines have been developed using genomic
techniques, vaccines are still needed for a number of common
infections. It is hoped that innovative genomics approaches will
enable the rapid and cost-effective development of many of the
vaccines that are still needed in medicine today. 

4 Based on a presentation to colloquium participants by Ralph A. Dean, Ph.D., North Carolina State University.
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Some of the lessons genomics has taught us about
pathogenesis include the identification of the “effector”
proteins used by plant pathogens. Effectors are used by
microorganisms to stifle plant defense mechanisms and
exploit the host’s own cells to the benefit of the
pathogen. Many of these proteins have been uncovered
in the genome of Ralstonia species, allowing insights
into the mechanisms by which this economically impor-
tant genus of plant pathogens establishes itself in the
tissues of the host. Similarly, the extensive array of
effectors present in the Pseudomonas syringae DC3000
genome has provided targets for evaluating the contri-
bution of effectors to pathogenicity and host specificity. 

The genome of the plant pathogen Xylella fastidiosa has
revealed that different phenotypes possess different
combinations of insertions and deletions in carbon-uti-
lization genes, probably conferring host-specific
functions. Also, the genome sequence of X. fastidiosa
has confirmed what scientists had suspected all along:
the pathogen lacks a type III secretor system, which
would allow it to inject proteins into host cells. X. fas-
tidiosa establishes itself inside the xylem of plant hosts
(which is a component of the vascular system of
plants), so it does not need a mechanism for penetrat-
ing host cells. 
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Using the HIV Genome to Track AIDS2

The United Nations estimates that 40 million people worldwide
are infected with the human immunodeficiency virus, or HIV
(UNAIDS. AIDS epidemic update: 2003). As a result of the public
health concern over this virus, a great deal of funding and effort
have been directed toward sequencing the HIV genome, to the
extent that HIV sequences now outnumber those of any other
organism in GenBank. Scientists are putting the HIV genome to
work in understanding this virus and the disease it causes,
acquired immune deficiency syndrome, or AIDS. The HIV genome
has enabled an understanding of the variation in HIV, identification
of the assorted variants of the virus, identification of recombinant
forms of the virus, and evaluations of the potential efficacy of pro-
posed HIV vaccines. 

HIV is famously variable, and genome sequences have revealed
that the variability in that virus dwarfs that of most other known
pathogens. The flu virus, for example, varies extensively and vac-
cines must be reformulated every year to account for the
changes, but HIV is many times more variable. This significantly
complicates attempts to develop vaccines for HIV.

HIV: many subtypes, many epidemics
Classification of HIV variants has revealed that the HIV epidemic
actually consists of many sub-epidemics, and a geographic struc-
ture can be detected in the distribution of the variants: subtype B
is the prevailing subtype in infections in North America and
Europe, subtype C is prevalent in India and Southern Africa, and
so forth. The subtypes of HIV can be divided among three major
relatedness groups: M, N, and O (see Figure C). Genomic analy-
sis of simian immunodeficiency viruses (SIV) isolated from chim-
panzees have shown them to be interspersed in the tree of human
viruses, indicating that strains of HIV crossed over from animal
hosts to humans multiple times. 

Genomics has also revealed that different subtypes of HIV have
combined to form fifteen circulating recombinant variants that 

have initiated “mini-epidemics” themselves. One recombinant,
called CRF01, is at the heart of a major epidemic in Southeast
Asia. HIV strains of the same subtype also probably recombine,
but these events are difficult to detect. 

Despite our best efforts to sample HIV across the globe, it is
thought that a great deal of HIV diversity has gone undetected. A
recent study of HIV strains in the Democratic Republic of Congo,
for example, revealed a number of previously unknown subtypes
and groups. 

By tracking the genome sequences of HIV in newly infected
patients in a given location, scientists have found that the varia-
tion in HIV increases over time, rapidly increasing the diversity of
HIV not only within the population, but within individuals as well. 

Putting the HIV genome to work
Despite rampant variation in HIV genomes, recombination
between subtypes, and uncharacterized diversity, it is still possi-
ble to utilize HIV sequences in verifying relationships between HIV
infections. For example, forensic scientists have employed HIV
sequences in identifying the perpetrator of a rape that resulted in
an HIV infection, and studies have tracked drug trafficking routes
in Southeast Asia by identifying the prevailing HIV subtypes in epi-
demics along those routes. 

Genome sequences have also allowed for the screening of vac-
cine candidates. In developing a vaccine for HIV, it is possible to
use consensus strains, ancestral sequences, or the laboratory
vaccine strains as a template. To determine which vaccine strat-
egy would offer the most comprehensive coverage for populations
in different parts of the world, scientists compared how well each
of these sequences represented the strains prevalent in a number
of different nations. It was shown that consensus and ancestral
sequences would be more protective than the lab strains current-
ly being used as the basis of vaccine research. 

BOX 2 

2 Based on a case study presented to colloquium participants by Carla Kuiken, Ph.D., Los Alamos National Laboratory.

 



Genome sequences have revealed, too, that many
pathogens are remarkably similar to their non-patho-
genic relatives, suggesting that intimate genomic
knowledge of these organisms is necessary in order to
distinguish them from non-pathogenic strains. Whole
genome comparison between pathogenic and nonpath-
ogenic microbes is a powerful approach for revealing
the evolution of pathogenicity. Comparisons between
the plant pathogen Agrobacterium tumefaciens and the
plant symbiont Sinorhizobium meliloti indicate that they
share a common ancestry. If there is any hope of deter-
mining the factors that contribute to the evolution and
maintenance of pathogenicity, complete, reliable
sequence information is needed.

In addition to the direct impact they have had on our
understanding of pathogens and disease, pathogen
genome sequences and genomic methods have
enabled the exploration of new scientific avenues. For

example, the availability of whole genome sequences
and the tools of genomics have been extremely impor-
tant in molecular epidemiology. Sequence data can help
to track the progress of disease strains geographically
and direct the flow of effort and funding to those areas
where the tide of disease can be stemmed (See Box 2:
Using the HIV Genome to Track AIDS). On a similar
note, genome sequences have identified the genetic
signatures used in bioforensics, which, in turn, has
allowed authorities to investigate cases of suspected
bioterrorism or biological weapons development (See
Box 3: Genomes and Forensics). The battle against
AIDS has also been bolstered by genomics; some of
the protease inhibitors used in AIDS therapies have
been designed from the primary genomic sequence of
the human immunodeficiency virus. 

The science of genomics is beginning to mature. The
genomes of pathogenic organisms are no longer an end
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in and of themselves; they amplify the opportunities for
further discoveries. Sequences are a substrate from
which to design experimental approaches to study the
mechanisms of disease and they may suggest avenues
for disease treatment or prevention. For example, scien-
tists can now move past simple investigations of which
genes are involved in pathogenesis and on to questions
about the organization of the genome and how virulence
gene expression is regulated or how it can be disrupted. 

Although the field of genomics has come a long way,
we are still very far from being able to piece together
the virulence characteristics of a given organism from
its genome sequence alone. For example, the genome

sequence of a uropathogenic E. coli strain was recently
determined, but these data have yet to provide insight
into the ability of this strain to infect the urinary tract.
The science must continue to move forward, pursuing
new opportunities and blazing new trails in pursuit of a
more thorough understanding of disease. 

Future Needs

Genomes may well be the Rosetta stone of pathogene-
sis, revealing the common language of all pathogens
and providing insights into their evolution and ecology,
the mechanisms of pathogenesis, and ultimately provid-
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Genomes and Forensics3

Anxiety at the prospect of biological warfare has put the field of
microbial forensics on the map. Simply put, microbial forensics is
the analysis of evidence from a bioterrorist act, a biological crime,
or an inadvertent release of microorganisms or microbial toxins for
the purposes of attribution. The essential elements of any foren-
sic discipline, namely the presence of a crime scene, collection of
evidence, documenting a chain of custody of evidence, evidence
analysis, interpretation, and going to court to try the case, are
also common to microbial forensics. 

In confronting a suspected biological crime, a number of ques-
tions may arise:

∑ • What is the agent? Clearly, the species or strain of the organ-
ism involved in the act will be necessary to know. 

∑ • Was the event intentional? 
∑ • Was the pathogen engineered? For example, one might need

to know whether the organism originated from a biowarfare
program or whether the organism was developed in a more
home-grown approach.

∑ • Where did it come from? Investigators may want to know
how similar the agent is to known strains or to environmen-
tally-available populations.

∑ • Who did it? 

New crimes, new techniques, new challenges
The techniques of microbial forensics are relatively new to the legal
system. As more and more cases that hinge on microbial evidence
are brought to the courts, the acceptance of microbial techniques will
probably imitate the progress of human biological forensic methods
in the early days of human forensics. Similarities between the human
and microbial forensics approaches include the need for rigid quality
assurance and quality control systems, the use of databases, quali-
tative and quantitative conclusions, and the need to overcome hur-
dles related to the general acceptance of the techniques and their 

admissibility in the courts. Differences exist, however, in the size and
composition of the databases used for the two fields, the statistical
interpretation methods employed, and the level of uncertainty, which
is much higher in microbial applications. 

Interpreting the results
In examining microbial forensic evidence, three conclusions are
available to the analyst. A match, or a “failure to exclude,” indi-
cates that the known sample and the evidence are of the same
type, or they may vary slightly. In microbial applications, the
extent of variation allowed in identifying a match is critical. For
example, HIV strains, which are highly variable, would be unlikely
to have identical genome sequences even if they are known to
have the same origin. The boundaries of the variability allowed in
naming samples a match must be defined separately for each
organism, and the window of admissibility may become larger
with uncertainties in the true mutation rate or other factors. An
“exclusion” indicates that the samples are sufficiently different to
have come from different sources. A decision of “inconclusive” is
made in any of a number of scenarios, but usually for want of suf-
ficient information. 

In interpreting microbial forensic evidence to arrive at a conclu-
sion of “match” or “excluded” or “inconclusive,” a number of dif-
ficulties arise with respect to the population genetics of microor-
ganisms. The origin and maintenance of microbial diversity is
dependent on a number of factors, any of which can confound
efforts to arrive at the correct conclusion. These include the mode
of reproduction of the microbe, the intergenic or site-specific
mutation rate, the experimental stress conditions under which an
organism has been placed, and the presence of horizontal gene
transfer. The effects of natural selection on microbial evidence is
critical to the proper interpretation of forensic data and must be
taken into account. 

BOX 3 

3 Based on presentation of a case study to colloquium participants by Bruce Budowle, Ph.D., Federal Bureau of Investigation.



ing strategies for the control and prevention of disease.
There are a number of needs that must be met for the
field of genomics to fulfill its potential in addressing
problems with pathogens and disease, including the
acquisition of additional genome sequences, improved
tools for genome annotation, and improvements in the
databases used for genome sequences. A number of
pressing needs also exist with respect to the special-
ized fields of forensics, diagnostics, and vaccine
development. 

Pathogen Genome Sequences
Scientists and medical professionals agree:  we are still
ignorant of the vast majority of microbial life, and many
thousands of pathogen genomes remain to be
sequenced. However, the monetary resources to
sequence all the pathogens of interest do not exist, and
even if the money were available for this type of mas-
sive genome sequencing effort, the amount of
sequence data produced would be almost impossible
to manage and utilize. Hence, the sequencing of
pathogen genomes must be focused on those organ-
isms that will produce the most instructive results. 

An early goal, which is already some way towards being
realized, should be to sequence the genome of at least
one representative of every important pathogen. The
importance of a pathogen could be based on its med-
ical significance, its economic impact, its environmental
and biological impacts, or its political ramifications, but
it is advisable to sequence at least one representative
of the important disease-causing organisms in order to
begin to come to a basic understanding of the genetic
and phenotypic breadth of organisms we face. 

Plant pathogens represent another priority for genome
sequencing. Plant pathogens have massive economic
impacts, the potential for use as powerful biological
weapons, and the potential to compromise the world’s
food resources, yet they are underrepresented in
genome sequencing efforts. Genome sequencing of
insect pathogens, insect-vectored plant pathogens,
unculturable microbes, as well as fungal and oomycete
pathogens should also be a priority. 

One pressing issue that could have significant ramifica-
tions for disease control efforts is the extent of
genomic variation in a given pathogen population within
a single host. Sequencing efforts should acknowledge
this source of diversity and its potential impact on the
progression of disease and its treatment.

Genome sequence information is needed to address
the metagenomic diversity within pathogen populations
for genome segments that are both (1) under selective
pressure and (2) involved in the progress of disease. For
example, outer membrane proteins are acted upon by

host defenses and, therefore, subject to almost relent-
less selective pressure, yet we have little
population-level sequence information about these pro-
teins. Since outer membrane proteins are often
virulence factors, the evolutionary dynamics of these
sequences are likely to contribute to the emergence
and persistence of pathogenicity.

Bacteriophage Sequences
Bacteriophages, viruses that infect bacteria, play an
important role in the ecology of bacterial pathogens,
and deserve focused attention in sequencing efforts to
understand pathogenesis. Phages are usually species-
or, more often, strain-specific in their selection of hosts,
and studies indicate that at least 10 to 20 different
types of phages can infect each bacterial strain. This
indicates that we have yet to describe a significant
amount of diversity among the bacteriophages, which
could substantially limit the ability to recognize
prophage DNA integrated into bacterial genomes, for
example. Since prophages often contribute to bacterial
virulence, it is important that we determine the
sequence of a set of diverse phage genomes for each
species of bacteria that we sequence. 

Genome Sequences of Organisms 
Related to Pathogens
Sequencing the genomes of the closest non-pathogenic
relatives of important pathogens is the second priority
in genome sequencing for pathogenesis. The
sequences of these close relatives will enable the next
generation of comparative genomics approaches, allow-
ing the identification of those genome components that
are necessary for causing disease and shedding light on
disease emergence. The genome sequence of at least
one close relative of each sequenced pathogen should
be made available. 

Genome Sequences of Host Organisms
Host genomes have received relatively little attention in
genomic efforts to understand disease. The genome
sequences of host organisms will be critical to the next
generation of pathogenesis research, in which science
can begin to forge the links between host variation and
the actions of pathogens. Host sequences will also be
helpful in understanding the host range of pathogens
and the factors that determine host susceptibility to dis-
ease. The host genome sequences that would serve as
the most effective model organisms include rabbits,
hamsters, armadillos, potatoes, and tomatoes. 

Genome Sequences of Commensals
The genome sequences of commensal and symbiotic
organisms may prove to be critical to the study of
pathogenesis. It has been argued that some diseases
are not due to the actions of a single pathogenic organ-
ism, but rather, are indicative of microbial communities
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out of balance with their host. From this point of view, it
is necessary to have knowledge of the microorganisms
that reside in healthy hosts in order to understand how
disease and pathogens gain a foothold. Approaches to
community genomics could be used to scrutinize the
commensal communities in diversity “hot spots,” loca-
tions on the host that are rife with novel organisms. For
example, a genomic effort could be directed toward the
2,000 microbial species present in the human colon. 

Once they have a handle on the commensal community,
scientists could then examine relative gene abundance
and gene expression in samples taken over the progres-
sion of a disease, from the healthy state to the diseased
state, to establish associations and formulate new
hypotheses. 

Another advisable approach would be to target phage
populations from a host. Phages are commonly vectors
for virulence-associated genes and sequencing them
could serve to identify the burden of pathogenic genes
in healthy or diseased hosts. A great deal of sequencing
is needed to characterize the benign and pathogenic
viruses associated with the human body. 

Genome Sequences of Diverse Organisms
The genome sequences of phylogenetically diverse
microorganisms will indirectly inform the study of
pathogens. Certain organisms, due to their unique phy-
logenetic positions, would enable the development of a
more accurate tree of life, which in turn would shed
light on the evolution and emergence of pathogenicity.
Also, sequencing efforts need to achieve at least mini-
mal phylogenetic coverage in genomic sequences in
order to conduct the most informative comparative
investigations. 

How Many Genomes Are Enough?
The definition of “species” lies at the heart of questions
about how many viral, fungal, or bacterial genomic
sequences are adequate for the study of a given
pathogen. Current definitions vary with the organism. A
species may be defined by pragmatic microbiological
traits, molecular characteristics, such as DNA melting
point, DNA homology, 16S rRNA sequences, or a com-
bination of these and other measures. Commonly used
species definitions have been adequate up until now,
but they are not always consistent with genomic infor-
mation or the tenets of microbial evolution. A definition
of viral, fungal, or bacterial species that would suit all
applications in microbiology does not currently exist. 

In the absence of a consistent definition of “species,” it
is difficult to know how many strains must be
sequenced to characterize the diversity of a given bac-
terial taxa. One approach, in which the diversity of a
marker gene (or a set of marker genes) is characterized,

could be used to determine how many bacterial, viral,
or fungal genome sequences are needed to compre-
hensively characterize the genome population of a
pathogen. The process entails:

• Identifying the informative genomic features or
markers of the organism,

• Building accumulation curves for these markers as
the number of known markers increases with each
additional sequenced genome, and

• Performing richness estimations.

The information provided by employing this framework
would allow the researcher to determine the number of
markers that exist in the taxa of interest and the number
of sequences needed to achieve a given level of cover-
age (for example, 80%) for that marker. Different taxa
will require different levels of investment to achieve a
given level of marker coverage. In order to obtain a
quick assessment of diversity in other genes, at least
two complete genome sequences should be obtained
for each known pathogen, and low-level coverage
sequences should be obtained for a number of strains. 

Improved Tools and Methods 
in Genome Annotation
One of the most important goals of genome sequenc-
ing is to provide sequence data for the subsequent
process of genome annotation, in which the function of
each gene product in the genome is determined. The
primary sequence is crucial, but it only provides half the
story. The annotation tells the other half of the tale; it
tells us what the genes are doing and may help in iden-
tifying pathogenesis determinants. However, the tools
and resources currently available for annotation are not
as powerful or as user-friendly as they could be, and
they require dramatic improvement if genomics is to
move forward. New high-throughput strategies are
sorely needed. 

Currently, annotation is the bottleneck of genomics, and
today’s tools are only capable of identifying between
50% and 75% of the genes found in pathogenic
microbes. In order to get the upper hand in gene identi-
fication it is necessary to build stronger links between
sequences and gene functions in model systems.
Whole-genome knockout libraries are one effective tool
for linking sequence with function. A whole-genome
knockout library is a stockpile of hundreds of different
strains of the same model organism. Each different
strain is missing one non-essential gene, making it
unique in only one way from the original model organ-
ism; it lacks the capabilities imbued by that single gene.
By characterizing the phenotype of the knockout strain,
scientists can determine the function of the missing
gene and the information can then be used to train
gene annotation software. Until now, individual gene
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knockout strains have been created piecemeal by many
labs from any of a number of different model organ-
isms—an approach that has been costly, inefficient, and
has retarded the progress of genomics. 

Just as whole-genome sequencing has revolutionized
the field, so will whole-genome knockout projects revo-
lutionize pathogenesis research. Establishment of
centers for the development and support of whole-
genome knockout libraries of pathogenic model
organisms is strongly advised. These knockout strains
could be made available to the scientific community
and individual labs could identify the functions of the
knocked-out genes, providing not only function informa-
tion about the model organism, but also a wealth of
data for improving the tools of genome annotation. The
selection of model pathogens for these centers will be
crucial. A whole-genome knockout library of the soil
bacterium Sinorhizobium meliloti is already underway
and has proved to be highly cost-effective in determin-
ing gene function in that organism. 

In order to develop accurate eukaryotic gene-finding
algorithms for genome annotation, it may be advisable
to carry out full-length complementary DNA (cDNA)
sequencing in certain organisms. cDNA is created in the
lab using messenger RNA (mRNA) as a template. A cell
produces mRNA when it expresses a gene, so cDNA is
basically an index of the sequences of all the genes an
organism is expressing under a certain set of condi-
tions. The sequence of the cDNA can inform the
researcher about which genes are expressed at what
time, and in the cells of plants, fungi, and other eukary-
otes it can tell the researcher where the genes are
located in the genome and where the untranscribed
introns are located in the gene. Information about the
locations of introns can be highly valuable in training
gene-finding software for eukaryotes. Several strategies
are available for cDNA sequencing. Full-length cDNA
sequencing allows comprehensive analysis of gene
structure. Some methods, such as Serial Analysis of
Gene Expression (SAGE) and Massively Parallel Serial
Sequencing (MPSS) allow deep transcriptional profiling
and large-scale cDNA sequencing.

Improved Databases
Databases are the common denominator for almost all
work in genomics; a scientist in this field either works to
provide data for these resources or uses these archived
data as a substrate for research. The databases on
which researchers rely for their work in pathogen
genomics require some basic improvements, including
changes in the their administration, changes in the
accompanying information deposited with sequence
data, improving the ability to periodically update data-
based information, and improving user interfaces. 

Genome sequence databases should be considered
international resources and should be supported by
national and international scientific funding agencies.
Dedicated sequence repositories that already exist
should be supported by these international agencies,
and planning should continue for handling the massive
amounts of genomic data anticipated in the future. 

Steps should be taken at the larger repositories to
ensure that quality control and quality assurance infor-
mation is linked to new sequence data. In addition,
uniform standards should be established for document-
ing sequence features. The ability to query sequence
data needs to be improved, and information about
sequence quality is very important to data mining
efforts. It may be advisable to archive the traces of
sequencing projects and link them to the sequences,
making them easily accessible. New standards will need
to be established to regulate sequence quality and the
administrators of these databases should work closely
with the scientific community to achieve this end. 

The process of genome annotation is never complete,
so databases of genomic information should enable
easy re-annotation and update of their materials. It is
also of key importance that databases indicate which
genes were annotated using only sequence information
and which genes were identified on the basis of experi-
mental work, as the difference in the reliability of the
two types of annotations can be considerable. Links to
any available functional studies should also be provided
for each gene. 

A clumsy or confusing user interface can diminish the
usefulness of data locked away in genomic databases.
Database interfaces should be intuitive, comprehensible
for the average user, and menu-driven. Ideally, the inter-
faces for different databases would be standardized for
ease of use. 

While large databases are critically important to the
genomics community, the value of specialized data-
bases should not be overlooked. The support and
funding for these endeavors should continue. 

Special Needs in Diagnostics and Forensics 
The ultimate goal of diagnostics and pathogen forensics
is the sequenced-based identification of all microorgan-
isms of importance to health or the economy.
Diagnostics, the use of testing to identify disease, will
be revolutionized by the tools of genomics. Current
diagnostic methods focus on the symptoms of disease
in order to identify the responsible pathogen. In the
future, pathogen sequence information from a patient
sample, combined with comprehensive sequence data-
bases will allow clinicians to pinpoint the cause of a
patient’s illness. 
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In forensics, the focus is on identifying pathogens in
patients and in environmental samples. The genome
sequence of an organism employed in a suspected
bioterrorism event, for example, could provide details
about the natural history (or laboratory history) of that
strain, its relatedness to known isolates, and any engi-
neered components of the genome. This information
could then be used to help track the source of the organ-
ism to the perpetrators or to other, natural reservoirs. 

Databases and Archives. Forensics and diagnostics
require publicly available databases. Sufficient informa-
tion to assign probable relationships between a strain
under scrutiny and the organisms in the database must
be made available in the public domain and that infor-
mation must be reliable. The number of representatives
of each species that should be sequenced and made
available in such a database will vary with the organism,
relying largely on measures of sequence variability
among isolates and on organism-specific traits.
Archives of pathogenic strains, their nucleic acids, and
environmental and clinical isolates should also be pro-
vided for the diagnostic and forensic communities. 

Techniques. Diagnostics and forensics require rapid,
sensitive, and definitive techniques that have a low inci-
dence of error. PCR-based assays and multi-species
microarrays may be sufficient for the sequence-based
identification of culturable microorganisms, but the task
of identifying unculturable microbes will probably
require more sequence information before they can be
identified reliably. New techniques are particularly
required for the identification of many plant pathogens. 

Rapid technologies are needed to identify “needle in a
haystack” polymorphisms—those minute but critical
polymorphisms that can attribute a strain used in bioter-
rorism to a source. For example, investigators may seek
a single nucleotide polymorphism amongst a genome
of five million bases, but rapid, inexpensive techniques
are simply not available for this kind of endeavor. It is
not yet cost effective to sequence the genomes of sev-
eral representatives of a pathogenic species to find
those forensically important markers. Methods are also
needed for identifying the sites in a pathogen genome
that have been engineered. 

Sequencing. The specific problems of diagnostics and
forensics call for sequencing a number of different
organisms. It is crucial to have a depth of sequence
coverage both within and between the important
pathogen species. 

The U.S. Department of Health and Human Services has
identified a number of “select agents,” and the Depart-
ment of Agriculture has named “high consequence
livestrock pathogens and toxins” and “listed plant

pathogens.”  Combined, these agents include approxi-
mately 80 viruses, bacteria, fungi, and toxins that pose
significant risk of harm to human health or agriculture.
In the interest of establishing a state of readiness and in
anticipation of forensic need, it is strongly advised that
the genomes of the organisms on the select agents list
and the “high consequence” list be fully sequenced.
With sufficient sampling of genomic diversity, investiga-
tors could identify organisms that may have been
engineered for use as weapons. 

In the interest of achieving sequence-based identifica-
tion of pathogens for clinical diagnostic purposes,
extensive sequencing of targeted genes in all patho-
genic species and subspecies is recommended. These
genes would be targeted based on their use in identify-
ing the organism, identifying any antibiotic resistances
the organism may carry, and perhaps in identifying viru-
lence determinants. 

Other sequencing priorities for clinical diagnostics and
forensics purposes include:

• Sequencing pairs of virulent and vaccine strains,
such as smallpox and vaccinia, could aid in the dis-
covery of protective antigens.

• Sequencing closely related pathogen species could
identify variable regions for molecular epidemiology
and forensic purposes. 

• Sequencing pairs of pathogenic and non-pathogenic
strains of the same species will not only help 
our understanding of pathogenesis, it may also allow
for the development of the genomic signatures 
of pathogenesis.

• Sequencing comprehensively within the viruses and
the bacterial domain, including isolates from multi-
ple plant and animal environments, will enable easier
recognition of new organisms or recombinants.

The sequence information to be used in diagnostics can
be broadened by carrying out low-coverage sequencing
surveys of many strains or by targeted partial genomic
sequencing. These approaches would be cost-effective
and efficient, especially for strains that have already
been sampled adequately at the complete genome level.

Efforts should be made to identify and employ faster
evolutionary clocks than ribosomal RNA for defining
the relatedness of microbial strains important to diag-
nostics and forensics. The slow-evolving metabolic
genes used in MLST (multi-locus sequence testing)
have some significant limitations, so they should com-
prise only one component of a comprehensive study of
diversity or pathogenicity. 

Surveillance. We are woefully ignorant of the distribu-
tion of pathogenic microorganisms in the environment.

18



To be prepared in the event of a suspected bioterrorism
event, research must address the question of which
organisms reside in the nation’s food, in the environ-
ment, and in water supplies. 

Special Needs in Vaccine Development
Genomics is revolutionizing vaccine development. The
goal of vaccinology is to develop vaccines that encom-
pass the diversity of the target pathogen and are
effective across a wide range of patients or hosts.
Genomics could help achieve this goal, but work
remains to be done to determine the genetic variability
of target pathogens and to characterize and overcome
variability in host susceptibility. 

Genomic variability in strains of the target organism can
be a huge stumbling block in the process of developing
a new vaccine. To enable whole-genome comparisons
between isolates of the same species, sequencing the
full genome sequences of a representative number of
strains is highly recommended. Vaccine development
would benefit most from carrying out sequencing and
diversity evaluations early in the process, before poten-
tial antigens are selected. The number of strains to
sequence will depend on the known antigenic diversity
within the target species and on the results from each
new genome sequence, which will indicate if new,
uncharacterized diversity may yet be found. It may also
be advisable to sequence the genomes of non-patho-
genic relatives of the target species in order to identify
the genes that are critical to virulence and could serve
as appropriate targets for a vaccine. 

Sequencing the genomes of host and reservoir organ-
isms is also recommended. More human genome
sequences, for example, could lead to insights about
important susceptibility attributes that could be helpful
not only in developing vaccines, but also in the search
for new therapeutics. 

Special Needs in Therapeutics Development
In developing therapeutic drugs, it will be critical to
obtain complete genome sequences of pathogens and
the close relatives of pathogens as outlined in the sec-
tion Diagnostics and Forensics. These sequences may
enable researchers to reconstruct the virulence path-
ways pathogens use in evading host defenses. 

Recommendations

• In the interest of addressing questions about patho-
genesis and disease, genome sequencing efforts
should give top priority to those pathogens of sig-
nificant health and economic importance. 

• The genome sequences of a number of other types
of organisms are also needed. Organisms closely
related to pathogens are particularly important, as
they would enable comparative studies to investi-
gate the genetic basis of pathogenesis. 

• The tools and resources available for annotating
pathogen genomes are inadequate. To enable more
accurate identification of genes within genome
sequences, it may be necessary to establish centers
for managing whole-genome knockout libraries.

• Genome databases also require considerable
improvement. The inclusion of quality control data
with genome sequences, the enabling of updates
and re-annotation, and improved user interfaces
should be implemented. 
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