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Current Vulnerabilities

Inadequate systems for detection and recognition of
an actual attack or the specific agent

Lack of rapid and accurate diagnostic tests

Lack of basic knowledge regarding pathogenesis of
most potential biowarfare agents

Lack of adequate forensic methods for the purposes
of attribution 

Lack of adequate vaccines, anti-microbial and anti-
viral drugs
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Bioterrorism:  Category A Agents*

Variola major Smallpox
Bacillus anthracis Anthrax
Yersinia pestis Plague
Clostridium botulinum Botulism
Francisella tularensis Tularemia
Filo- and Arenaviruses Viral hemorrhagic fevers

*Category A agents represent the highest risk for national security because 
they are (1) easily disseminated or transmitted person to person, (2) cause 
high mortality, (3) might cause public panic, and (4) require special public 
health preparedness.
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Bioterrorism:  Category B Agents*

Coxiella burnetii Q fever
Brucella species Brucellosis
Burkholderia mallei Glanders
Burkholderia pseudomallei Melioidosis
Ricin toxin
C. perfringens epsilon toxin
Staphylococcus enterotoxin

*Category B agents represent a lower risk for national security because they 
are (1) able to be disseminated, (2) cause moderate morbidity and 
mortality, and (3) require enhancements to CDC’s diagnostic capabilities 
and surveillance.
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Comparative Genomics Questions

Sequence divergence

Differences between isolates

Differences between species

Differences between genera
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Clostridium acetobutylicum

Enterococcus faecalis

Streptococcus pyogenes

Lactococcus lactis

Staphylococcus aureus

Listeria monocytogenes

Listeria innocua

Bacillus subtilis
Bacillus halodurans

Bacillus anthracis/ B. cereus / B.
thuringiensis
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Bacillus anthracis (Read et al., 2003)
• Sporulating, low G+C Gram+

• 5.37 Mb chromosome, 182 kb pXO1, 96 kb pXO2

• Toxins, capsule genes on pXO1, pXO2

• Causative agent of anthrax

Bacillus cereus (Ivanova et al., 2003)
•Sporulating, low G+C Gram+

•5.26 Mb chromosome, 15 kb linear plasmid

•No orthologs of toxin and capsule genes seen in B. anthracis

•Soil borne, opportunistic pathogen

Approximately 75% of CDSs have reciprocal best hits
Approximately 85% of shared CDSs are found in conserved clusters
Approximately 15% have no orthologs – many are prophage genes
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PlcR is a pleiotropic regulator of extracellular virulence factors in Bacillus species



THE INSTITUTE FOR GENOMIC RESEARCHTHE INSTITUTE FOR GENOMIC RESEARCH
TIGRTIGRTIGR

Gene organization in B. anthracis and B. cereus

B. cereus TATGAATACATACATA
B. anthracis TATAAATACATACATA

PlcR binding sequence:

B. cereus
ATCC 10987

5’ 3’ExoA AdaA AdaB AlkA PepT

B. anthracis
Ames

5’ 3’ExoA AdaA AdaB AlkA PepT

PlcR binding sequence
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Virulence genes on B. anthracis chromosome

? Iron acquisition genes (dihydroxybenzoic acid, aerobactin-like siderophore)
- Host iron scavenging

? Hemolysins
- Pathogenic factors of B. cereus and B. thuringiensis

? Listeria –like virulence genes (internalins, enterotoxins, etc)
- Reflecting similar pathways of intracellular escape?

? Superoxide dismutases, peroxidases etc
- Detoxification functions, mitigate damage by free-oxygen radicals
- Assist survival in the macrophage

Virtually all putative chromosomal virulence 
genes have homologs in B. cereus
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Comparative Genomics Questions

Sequence divergence

Differences between isolates

Differences between species

Differences between genera
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? 22 human cases of anthrax
? 5 deaths
? All transmitted by U.S. mail
? Billions of dollars in economic 

damage

The anthrax attacks of 2001
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Comparative genome sequencing:  leveraging genome data

• VNTR analysis showed bioterror
isolate to be the Ames strain

• TIGR received NSF funding to rapidly        
sequence an isolate related to the 
attack 
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Results of B. anthracis strain comparison

? Chromosome (FL Ames vs Index Ames) (~5.4 Mbp) 
2 SNPs
2 Indels

? Plasmids 
• pXO1 (182 kbp) (FL Ames vs Sterne)

32 SNPs
2 VNTRs
2 Indels
2 large inversions mediated by IS elements

• pXO2 (96 kbp) (FL Ames vs Pasteur)
22 SNPs
6 VNTRs
2 Indels (1bp)
1 large Indel (1.4 kbp)
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B
Florida isolate
C
D*

A

1981 Texas goat

1925 Iowa cow

2001 California cow
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Goals of comparative B. anthracis project

Automated polymorphism discovery/analysis

Development of new tools to analyze closely 
related genomes/clonal strains

B. anthracis a model system for comparative
genomics
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Western North America
GT5, A1a

Ames
GT62, A3b

French CNEVA 9066
GT79, B2
Kruger B
GT87, B1
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Name Genotype Status SN Ps
Tota l
asmbl

Am es GT62 , A3 b Clos ed

Kruger B GT87 , B1 8x 1351 320 (187)

We ste rn  North  Amer ica GT3 , A1 a 8x 428 320 (150)

Franc e CNEVA-9066 GT79 , B2 8x 1169 237 (150)

Ancest or, Ames 0581 GT62 , A3 b 8x 11 395 (198)

Florida, Ames GT62 , A3 b 8x 11 416 (236)

A01055 Group  C 8x 2090 206 (131)

TIGR B. anthracis Genome Sequencing Status

+ an additional 6 Ames strains

B. cereus 10987 closed genome and plasmid (205 kb)
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B. anthracis A01055: 
A new B. anthracis taxonomic group

• B. anthracis A01055 pXO1-, pXO2+: Louisiana (2 strains)

• Discovered by SNPs analysis/typing (Paul Keim) 

• Whole genome sequence analysis confirmed novel Group C

• Flexibility in comparative genome program
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Ames WNA CN EVA Kruger B Group C
Ames -
WNA 428 - 258b 228 b 254  b

CN EVA 1169 1081 a - 875 b 649  b

Kruger B 1351 1323 a 770 - 571  b

Group C 2090 2009  a 1960  a 229  9 a -

B. Anthracis SNP Analysis

Ames

WNA

Kruger B

CNEVA

Group C

B. cereus

?

a Total SNP genome 1 + Total SNP genome 2 – 2x (Shared SNPs).
b Shared SNPs 
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A comprehensive B. anthracis database…

? 14 additional genomes

? MLST

? Affymetrix chips
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How might we benefit from a better understanding of 
DNA variation among bacterial strains/isolates?

Epidemiological studies  

Microbial forensics

Prediction of clinical outcomes

Detection of genetically modified strains 

Implications for vaccine development

Implications for therapeutic strategies 
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The Future of Biodetection/Diagnosis
Genome-based, information-rich

Today Tomorrow

Anthrax
Ames strain

Anthrax
Type 73526

Source: Univ of XYZ Lab 1
Genotype: 138 SNPs, 3 insertions, 

2 rearrangements
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Newsday
November 16, 2001

The Worst Bioterrorist May
Be Nature Itself

By Frederick M. Cohan

While we are under siege by microbes spread by terrorists, we face what is 
probably a worse threat from pathogens that we encounter naturally as part 
of our human ecology.  This important fact is getting overlooked in the 
national panic over anthrax.
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Genomic Approaches to 
Understanding and Treatment 

of Infectious Disease
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Genomics-enabled Drug Discovery

Functional and Comparative Genomics
and Proteomics

Discover New Targets for Antimicrobials
Understand Good Drug Targets

Essential genes

Novel metabolic pathways

Species-specific genes Host-pathogen interactions

Antibiotic-resistance
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Bioterrorism Vaccine Research

•Protect all groups of civilians

•Develop improved vaccines against microbes
for which vaccines currently exist

•Develop novel vaccines against microbes for 
which none currently exist
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Stereotyped and specific gene
expression programs in human
innate immune responses to 
bacteria. 

Boldrick JC, Alizadek AA, Diehn M,
Dudoit S, Lui CL, Belcher CE,
Botstein D, Staudt LM, Brow PO, and
Relman DA.  

Proc. Natl. Acad. Sci USA 99: 972-977
(2002).
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