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Research Focus 
 Understand the biology of biodefense 

pathogens and near neigbors using genomic / 
metagenomic approaches such as rapid DNA 
sequencing
and gene/phenotypic expression profiling
 Use this knowledge for rapid, definitive 

identification of these biothreat agents, and 
identification of targets for detection, 
diagnostics and therapeutics for these agents



The Digital Strain Collection Concept

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

strains microarray screen

454 sequencer

phenotypic arrays

Predictive bioinformatics



Population Genomics: the gateway to 
multiple research avenues

Vaccine 
development

New drug 
targets

Detection/ 
diagnosis

Genetically 
modified threats

Virulence 
mechanisms



DNA sequencing of bacterial genomes

 What we have done: all sequencing to draft std
 Bacillus cereus- 92 
 Yersiniae spp- 60
 Francisellae - 6
 Burkholderia - 15
 Yersinia pestis KIM deletion mutants -6
 Sterne variants-12
 Rickettsiae strains - 6
 Acenitobacter - 3



To ‘Finish’ or not to ‘Finish’ Genomes

The answer is: it depends on what you want to 
get out of genome sequences? 

From a biodefense standpoint, you need to 
know whether a biothreat agent or an outbreak 

pathogen is

A Known or Unknown organism

Has Known or unknown phenotypes

A Natural variant or genetically engineered or 
synthetic

An Unculturable organism

Need to know quickly to institute counter 
measures to prevent fatalities !!



Identifying a known threat organism rapidly is 
relatively easy given the various 

diagnostics/ detection methods available

Nature of the agent: bacteria, Virus, toxins, and 
other infectious agents

Methods

Microbiological:

Nucleic acid based: PCR, qPCR, microarray 
etc.,

Immuno based

Time and cost varies with technologies

Not all field deployable



Why and when we need sequencing based ID?

Known organism with a new phenotype

A BD agent with a new phenotype such as a new toxin or 
Cipro resistant B. anthracis

A new organism with a new phenotype

Naturally occuring B. cereus causing anthrax like disease (B. 
cereus G9241, Côte d'Ivoire (termed B. anthracis CI) and 
Cameroon (termed B. anthracis CA)

Genetically engineered ???



Anthrax

• Inhalational anthrax generally occurs after an incubation period         
of 1 to 6 days 

• Estimated ID50 of 8,000-10,000 spores
• Death is universal in untreated cases and may occur in as many 

as 95% of treated cases if therapy is begun more than 48 hours
after the onset of symptoms.

• Post exposure therapies and vaccinations
• Many experts consider ciprofloxacin (400 mg intravenously (i.v.) 

q 12 h) the drug of choice for treating victims of terrorism or 
warfare.

• Doxycycline (100 mg i.v. q 12 h) is an acceptable alternative
• Vaccines are available



Anthrax infection and disease progression time line

Jernigan et al Nov-Dec 2001. Bioterrorism-Related Inhalational Anthrax: The First 10 Cases Reported in the United States Emerging 
Infectious Diseases. Vol. 7, No (6): 933-944.



Timelines of Genome Sequencing and Finishing in relation to 
anthrax disease progression

Incubation period for inhalational anthrax cases, 2001 attack (range)

Illness (range)

Isolation of 
organism

gDNA extraction
454 sequencing
Optical mapping

Assembly, scaffolding, automated annotation
Traditional finishing

• Colored circles indicate when individual cases of inhalational anthrax from 2001 attack were 
started on antibiotic therapy (Jernigan et al 2001.  Emerging Infectious Diseases 7: 933-944)

• Colored triangles indicate when 1996 Bacillus cereus fatal pneumonia cases resembling 
anthrax were started on antibiotic therapy (Miller et al 1997. J Clin Micro 35:504-507)

• Colored crosses (†) indicate when anthrax or B. cereus patients succumbed to infection

-5 0 5 10 15 20 25

Days

†
†

†
† †

†



What level of genome finishing you need to do in order 
to understand the nature of a biothreat agent?

Level of Genome finishing: until we can attribute the genotype to a 
phenotype

In a bioterror attack do we have the time to finish a genome?

Is draft sequence good enough to identify a genetically modified 
organism?

Case studies to test this idea using B. anthracis as a model
Insertion of a drug marker?

How about a SNP?
How about a phenotype of unkown genotype?



Known Knowns
(known pathogen-known change)

 Can we identify a known change in a known 
pathogen? Examples of engineered threats
– Bacillus anthracis Sterne X mutant
 How long will it take to identify an ‘insertion’ 

in the genome?
 In 24 hrs? 



Sequencing B. anthracis in 24 hours

7 am 11 am 3 pm 7 pm 11 pm 3 am 7 am 11 am

library prep

emulsion set-up

emulsion breaking

bead enrichment
sequencer set-up

sequencer run

purified genomic 
DNA



Post assembly processing
 2 runs -709242 reads, 

188,502,961 nt.

 newbler assembly: 30 mins

 72 contigs, largest 889,166 nt

 5,353,630 total length of 
contigs



DIYA Pipeline
 In-house bioperl based 

pipeline
 modular structure - can add 

new annotation programs
 gene ID based on blast 

comparisons to reference 
genome and NCBI protein 
cluster database
 run time used to be 5 - 6 

hours per genome depending 
on modules used (with a 
computer cluster 45’)
 With a computer cluster takes 

about 45’



Sequenced B. anthracis has genetic 
modification

deletion at the terminus of gerH

insertion of erythromycin gene

Ba Sterne

Ba Strain X

‘Artemis Comparison Tool (ACT) screen shot’



The culprit
 gerH null mutant - spore doesn’t germinate

 used for vaccine, macrophage challenges, 
making antispore antiserum

model for sequencing studies



Surprises in gerH mutant !



Confirmation of very high confidence 
454 diffs by SOLiD

BAS2094-heat shock protein, hsp20 family



Understanding the Mechanism of 
phage resistance using whole 

genome sequencing approach-
Bacillus anthracis phage AP50 

paradigm
Known Unknown



Morphology of Phage AP50

Spike proteinSchematic diagram 
of PRD-1, a Gram-
negative Tectiviridae
phage



Plaque Morphology of AP50

Appl. Environ. Microbiol. (2008) 74: 6792-6796



Appl. Environ. Microbiol. (2008) 74: 6792-6796



AP50 resistance mechanisms

1. Lysogeny - the first line of defense
2. Spontaneous resistance-masking 

the receptor
3. Mutations affecting adsorption, entry 

and replication of phage genome

S. Sozhamannan



Survivors of AP50t/AP50c 
infection

a - uninfected; b - AP50t infection                                                       
c - uninfected; d - AP50c infection

S. Sozhamannan





454 sequencing of Bacillus anthracis Sterne 34F2 and its AP50R der ivatives
read # large # all est.average mean median range of 454 HC 

NS id description #runs run type bp total Q39 score  length contigs contigscoverage (X) coverage (X) coverage (X) coverage (X) vars (x-some)
2438 34F2 4 GS-20 121,977,190 0.20% 103.1 31 43 23 22 21 99 55
3918 34F2-AP50R1 1 FLX 62,081,067 0.45% 244.7 142 168 12 12 11 136 61
5597 34F2-AP50R 2 2 FLX 247,734,395 0.03% 270.7 60 151 46 27 25 293 59
5598 34F2 -AP50R 3 1 FLX 150,986,592 0.06% 282.8 83 150 28 28 27 377 59
5599 34F2 -AP50R 4 1 FLX 112,791,407 0.07% 282.2 89 127 21 21 20 259 61
5600 34F2 -AP50R 6 1 FLX 142,088,452 0.08% 276.9 90 146 27 26 25 287 62

Genome Sequencing of phage 
AP50R mutants by 454



loc               Ref   NS2438 NS3918   NS5597 NS5598    NS5599  NS5600 Codon wt (aa)>new codon (aa) / locus ID/ annotation 
 Sterne 34F2 R-1 R-2 R-3 R-4 R-6  
210679 T T T G T T T N\A->N\A BAS0211 5' flanking gene: hypothetical protein BAS0211  
226566 G C C C C C C N\A->N\A BAS0225 5' flanking gene: hypothetical protein BAS0225  
629739 T C C C C C C GTA (V)->GTG (V) BAS0581 iron compound ABC transporter, iron compound-binding protein  
876972 T G G G G G G TTT (F)->TTG (L) BAS0827 hydrolase, haloacid dehalogenase-like family  
894906 - - G - - - - GGG (G)->GGG (G) BAS0840 CsaB protein  
895064 A A A A A - A ATA (I)->AT- (null) BAS0840 CsaB protein  
895082 - - - - - - AGCTT TTA (L)->TTA (L) BAS0840 CsaB protein  
895092 - - - G G - - GGG (G)->GGG (G) BAS0840 CsaB protein  

1373973 - T - T T T T TTT (F)->TTT (F) BAS1340 proton/glutamate symporter protein, N-terminus  
1423605 TGAG TGAG TGAG TGAG GTGGA TGAG TGAG N\A->N\A BAS1391 5' flanking gene: hypothetical protein BAS1391  
1423608 G G G - G G G N\A->N\A BAS1391 5' flanking gene: hypothetical protein BAS1391  
1727727 G G A A A A A N\A->N\A BAS1707 5' flanking gene: dehydrogenase, putative  
1747138 G A A A A A A GAG (E)->GAA (E) BAS1726 acetyl-CoA hydrolase/transferase family protein  
1962551 G - - - - - - N\A->N\A BAS1953 5' flanking gene: hypothetical protein BAS1953  
2076699 T C C C C C C TTT (F)->TTC (F) BAS2066 alcohol dehydrogenase, iron-containing  
2324125 T T - T T T T AAA (K)->AA- (null) BAS2325 penicillin-binding protein  
3014210 A G A A A A G N\A->N\A BAS3040 5' flanking gene: hypothetical protein BAS3040  
3014222 T C T T T T T N\A->N\A BAS3040 5' flanking gene: hypothetical protein BAS3040  
3014231 A G G A A A A N\A->N\A BAS3040 5' flanking gene: hypothetical protein BAS3040  
3014239 T A A T T T T N\A->N\A BAS3040 5' flanking gene: hypothetical protein BAS3040  
3014266 - - T - - - - N\A->N\A BAS3040 5' flanking gene: hypothetical protein BAS3040  
3014308 TTAAA TTAAA CTAAG TTAAA TTAAA TTAAA TTAAA N\A->N\A BAS3040 5' flanking gene: hypothetical protein BAS3040  
3014323 TA TA - TA TA TA TA N\A->N\A BAS3040 5' flanking gene: hypothetical protein BAS3040  
3014328 TT TT GTTC TT TT TT TT N\A->N\A BAS3040 5' flanking gene: hypothetical protein BAS3040  
3014345 A A G A A A A N\A->N\A BAS3040 5' flanking gene: hypothetical protein BAS3040  
3509997 T C C C C C C TTA (L)->TTG (L) BAS3551 hypothetical protein BAS3551  
3657937 G A A A A A A AGC (S)->AGT (S) BAS3692 tRNA (guanine-N(1)-)-methyltransferase  
3658084 A G G G G G G ATG (M)->ACG (T) BAS3693 16S rRNA-processing protein  
3894626 G G A A A A A GGC (G)->AGC (S) BAS3946 ribulose bisphosphate carboxylase, putative  
4303653 - - - - - - CA GTT (V)->GGT (G) BAS4390 bacterial extracellular solute-binding protein, family 5  
4371853 G A A A A A A GGT (G)->GAT (D) BAS4458 small acid-soluble spore protein SspI  
Unique to strain 0 7 2 2 1 2  
Color codes        
  Unique to AP50cR strains Blue letters: Phenotype confirmed by deletion of the gene (A. Fouet data) 
  Different from Ref sequence-most likely errors in ref seq- 8 SNPs  
  Like yellow  but missing in one strain     
  Unique to 34F2 lineage      
  Strain specific       
  Unique to two strains and in one region; Red letters: all  potantial variations in one region  

 





Masnage et al 2000 EMBO J 19: 4473-4484

Agnes Fouet Lab



Masnage et al 2000 
EMBO J 19: 4473-
4484

Agnes Fouet Lab

csaB deletions 
have curly 
morphology, and 
accumulate cell 
wall material as do 
the spontaneous 
phage resistant 
mutants



9131 WT                   SM91 (∆eae)

RBA 91-∆sap        SM11 (∆sap, ∆eae)    SM95 
(∆csaB)

A. Fouet

Deletion mutants of sap and csaB are phage AP50 
resistant



CONCLUSIONS

Genome sequence finishing may be necessary for understanding 
the absolute genome structure and content and ultimate forensic 
purposes

Draft sequence may be sufficient to decipher genome 
modifications such as indels and subtle variations (SNPs and 
small indels)-both natural and genetically modified

Genome sequencing may be a rapid means of mapping mutations 
circumventing time-consuming and laborious conventional genetic 
techniques such as transduction and transposon mapping



While we are trying to close the gap between finished and 
unfinished genomes using various strategies, we also should ask 
ourselves 

What type of questions we can answer with draft sequences and 
what type of information we can extract

What type of questions we can answer only when we finish the 
genome or what interesting information we will miss by not 
finishing..
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Cipro Resistance (low and medium 
level) in B. anthracis

 Study Design: - dANR (pX01-, pX02-) B. anthracis strain 
used as reference sequence 

 low, medium, high-level cipro-resistant mutants

Phenotype 

Gene 
containing 
candidate 

casual variant 

Physical 
position 

Reference 
allele 

dANR 
allele 

Low-
level 
allele 

Med-
level 
allele 

High-
level 
allele 

Low-level 
resistance Gyrase A 6848 C - T T T 

Med-level 
resistance 

ParC DNA 
Topoisomerase 3364760 G - - A A 

High-level 
resistance None found       

 



Cipro Resistance (low and medium 
level) in B. anthracis
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