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ABSTRACTABSTRACT   
 
  Whole genome sequencing (WGS) methods are increasingly used to trace the Whole genome sequencing (WGS) methods are increasingly used to trace the 
microevolution of prokaryotic strains in microbial forensics, to trace strain lineages microevolution of prokaryotic strains in microbial forensics, to trace strain lineages 
and to detect signatures of natural or deliberate adaptation.  However, postand to detect signatures of natural or deliberate adaptation.  However, post--
sequencing complications often arise in the production of the consensus sequence sequencing complications often arise in the production of the consensus sequence 
due to contig misassembles, improper contig orientation, repetitive sequences, and due to contig misassembles, improper contig orientation, repetitive sequences, and 
gaps.  gaps.   
  
Optical mapping is a relatively new and complementary technique for the identifica-Optical mapping is a relatively new and complementary technique for the identifica-
tion of biological agents and validation of WGS assembly.  Optical mapping can aid tion of biological agents and validation of WGS assembly.  Optical mapping can aid 
with sequence finishing challenges by offering scaffolding for the orientation and with sequence finishing challenges by offering scaffolding for the orientation and 
alignment of sequenced contigs. alignment of sequenced contigs.   
  
Drawing on the same fundamental principle that supports identification via whole Drawing on the same fundamental principle that supports identification via whole 
genomic sequencing, (i.e. every species and subspecies can be identified by genomic sequencing, (i.e. every species and subspecies can be identified by 
unique genomic signatures), optical mapping uses restriction enzymes to map the  unique genomic signatures), optical mapping uses restriction enzymes to map the  
sequence specific restriction sites in an entire genome, providing a pattern of frag-sequence specific restriction sites in an entire genome, providing a pattern of frag-
ments unique to that species.  This nonments unique to that species.  This non--biased biased de novode novo  restriction map (scaffold) is restriction map (scaffold) is 
used for establishing proper genomic order and orientation of assembled WGS used for establishing proper genomic order and orientation of assembled WGS 
contigs, advancing the sequence finishing process and generating additional foren-contigs, advancing the sequence finishing process and generating additional foren-
sic signatures related to genome structure.sic signatures related to genome structure.  
  
Here, we combine optical mapping with wholeHere, we combine optical mapping with whole--genome sequence analysis to pro-genome sequence analysis to pro-
vide a full analysis of several representative members of the vide a full analysis of several representative members of the Bacillus atrophaeus Bacillus atrophaeus 
clade, which includes the subspecies clade, which includes the subspecies globigii globigii (the simulant “BG”) and (the simulant “BG”) and atrophaeus atrophaeus 
[1].  Overall gene content of the [1].  Overall gene content of the B. atrophaeus B. atrophaeus clade is similar to clade is similar to B. subtilis, B. subtilis, but we but we 
identify largeidentify large--scale structural variations between the strains, which include several scale structural variations between the strains, which include several 
subspeciessubspecies--  and strainand strain--specific genomic islands, mostly consisting of restrictionspecific genomic islands, mostly consisting of restriction--
modification systems, phagemodification systems, phage--like sequences and hypothetical proteins.  Notable like sequences and hypothetical proteins.  Notable 
features specific to the subsp. features specific to the subsp. atrophaeus atrophaeus strains included an ESATstrains included an ESAT--66--like protein like protein 
secretion system and strainsecretion system and strain--specific islands coding for genes potentially involved in specific islands coding for genes potentially involved in 
nutrient acquisition and secondary metabolite biosynthesis.  In addition, optical nutrient acquisition and secondary metabolite biosynthesis.  In addition, optical 
mapping and sequence coverage analysis of the isolates was able to determine mapping and sequence coverage analysis of the isolates was able to determine 
whether these islands corresponded to extrachromosomal elements or to highly re-whether these islands corresponded to extrachromosomal elements or to highly re-
petitive chromosomal regions. petitive chromosomal regions.   
 
 

BACKGROUND AND SIGNIBACKGROUND AND SIGNI FICANCEFICANCE  
 

Historically, identification of genomic insertions and deletions, duplications, and re-Historically, identification of genomic insertions and deletions, duplications, and re-
arrangements was reliant upon laborious and time consuming techniques such as arrangements was reliant upon laborious and time consuming techniques such as 
restriction fragment length polymorphism analysis, denaturing gradient gel electro-restriction fragment length polymorphism analysis, denaturing gradient gel electro-
phoresis and PCR (which can introduce bias).  Creation of an optical restriction phoresis and PCR (which can introduce bias).  Creation of an optical restriction 
map eliminates the need for such laborious tasks and simply requires the prepara-map eliminates the need for such laborious tasks and simply requires the prepara-
tion of high molecular weight DNA, saving time and cost.tion of high molecular weight DNA, saving time and cost.  
  
In addition, genome finishing was hampered by the painstaking task of determining In addition, genome finishing was hampered by the painstaking task of determining 
the proper order and orientation of draft contigs as they are generated by the se-the proper order and orientation of draft contigs as they are generated by the se-
quencer.  By creating the optical map, which represents the entire ordered genome, quencer.  By creating the optical map, which represents the entire ordered genome, 
quick and easy contig placement against the reference map is possible with no de-quick and easy contig placement against the reference map is possible with no de-
pendence on sequencing data once the contigs are generated by the sequencer. pendence on sequencing data once the contigs are generated by the sequencer.   
  
To demonstrate the utility of optical mapping in genome finishing and in the detec-To demonstrate the utility of optical mapping in genome finishing and in the detec-
tion of largetion of large--scale variations, we generated maps of several scale variations, we generated maps of several Bacillus atrophaeus Bacillus atrophaeus 
species, a nonspecies, a non--pathogenic, sporepathogenic, spore––forming bacterium of significant importance to forming bacterium of significant importance to 
the biodefense community due to its role as an anthrax spore simulant [2].the biodefense community due to its role as an anthrax spore simulant [2].  
  
The optical maps displayed here have been prepared from one colony or a prede-The optical maps displayed here have been prepared from one colony or a prede-
termined number of cells in broth and generated by digestion with termined number of cells in broth and generated by digestion with NcoNcoI of DNA ar-I of DNA ar-
rayed linearly on glass slides.  The resulting maps were aligned and compared with rayed linearly on glass slides.  The resulting maps were aligned and compared with 
the MapSolver software package (OpGen, Inc., Gaithersburg MD).  When compar-the MapSolver software package (OpGen, Inc., Gaithersburg MD).  When compar-
ing multiple genomes, identical fragments between genomes is given a blue color.  ing multiple genomes, identical fragments between genomes is given a blue color.  
Any nonAny non--matching fragments are white.  Multiple matching fragments are red. matching fragments are white.  Multiple matching fragments are red.   
  
This study revealed significant genome deletions, insertions and inversions.  This study revealed significant genome deletions, insertions and inversions.  The The 
sequence within one of the deleted regions contain genes encoding for nitrite re-sequence within one of the deleted regions contain genes encoding for nitrite re-
duction, germination (duction, germination (gerKABCgerKABC), and biosynthesis of the lipopeptide surfactin ), and biosynthesis of the lipopeptide surfactin 
((srfCABsrfCAB) [3) [3--4].  A defect in surfactin production is a particularly intriguing candidate 4].  A defect in surfactin production is a particularly intriguing candidate 
for the morphology and pigmentation variations in 1013for the morphology and pigmentation variations in 1013--2 and ATCC 93722 and ATCC 9372--1, since 1, since 
disruption of disruption of srfAsrfA  has been shown to have dramatic effects on spreading motility on has been shown to have dramatic effects on spreading motility on 
semisolid media, on biofilm formation [3,5], and lowsemisolid media, on biofilm formation [3,5], and low--grade hemolytic activity.    grade hemolytic activity.      

Work on this project was funded by DTRA TMT Program CB_2847 to H.S.G. and 
C.N.R.  Conclusions and opinions presented here are those of the authors and are 
not the official policy of the US Army, DTRA, or the US Government.  Information 
presented in this abstract is UNCLASSIFIED and cleared for public release.  

Figure 5 : Three of the strains possess a common 
8.2kb deletion when mapped against the 1942 strain 
optical map (1013-2, 9372-1, 6537).  The 49337 strain 
contains a mutation at one of its NcoI restriction sites 
that gives the 8.2kb fragment in the 1942 genome, 
leaving the optical map to suggest there is a deletion 
when the sequence data verified that the genetic ma-
terial is present.  The shorter map of 49337 relative to 
the 1942 map, combined with the larger number of 
bases in the de novo assembly (Table 2) point to the 
likely presence of an extrachromosomal element or 
plasmid represented by RDs P through R (Table 3). 

Figure 1 : Bacillus atrophaeus Archival isolate map (1942-Vogel) is compared to its 1013 
Clone 1 lineage.  This 1013 lineage, originally founded from the 1942 strain, was extensively 
passaged by serial transfer every 12-18 months on agar slants for 30 years.  The 1013-1 
isolate does not reveal substantial differences in overall genome architecture when com-
pared to the 1942 isolate; however, it does reveal an optical palindrome, denoted by the red 
coloring. 

Figure 2 : Bacillus atrophaeus Archival isolate map (1942-Vogel) is compared to its 1013 
Clone 2 lineage and ATCC 9372 Clone 1.  Both clones contain substantial deletions.  Inter-
estingly, the 1013-2 (72.7 kb) deletion (shaded pink and white in the 1942 map for illustration 
purposes) houses the 9372-1 (23.7 kb) deletion (white in the 1942 map). 

Strain
# Large 
Contigs

Total # 
contigs

N50 
Contig 
Size

Total 
Assembled 

Bases

Total Large 
Contig Bases

 !(vs.!1942) a # HCDiffs (vs. 

1942)b Sub-species

1942 32 36 250629 4128858 4129656 0 1

49822 33 45 193256 4129288 4131871 2215 51

ATCC 9372-1 28 30 255796 4106324 4107328 -22328 15

ATCC 9372-2 32 36 250623 4127435 4129471 -185 11

ATCC 49337 33 50 266972 4158292 4154284 24628 22118

ATCC 6537 48 63 319770 4181423 4193684 64028 22349

globigii

atrophaeus

Table 2: B. atrophaeus Assembly Statistics 

454 shotgun reads were assembled de novo using Newbler.  aDiffer-
ence between total contig bases in indicated genome and 1942 de 
novo assembly; bResults of referenced assembly using 1942 draft ge-
nome as template, 100% read difference cutoff. 

Overhead 
Illumination

Coaxial 
Illumination

1942 
Vogel

Archival isolate
U. 

Wisconsin
N/A

1013-1
1942 Vogel in vitro 
passaged variant

U. 
Wisconsin

N/A

1013-2
1942 Vogel in vitro 
passaged variant

U. 
Wisconsin

72 kb deletion

ATCC 
9372-1

B. atrophaeus 
subsp. globigii 
strain, minor 
morphotype

ATCC 22 kb deletion

ATCC 
6537

B. atrophaeus 
subsp. atrophaeus 

strain
ATCC

See Figure 3 
and Table 3

ATCC 
49337

B. atrophaeus 
subsp. atrophaeus 

strain
ATCC

See Figure 3 
and Table 3

Results When 
Mapped to 

Archival isolate
Strain Description Source

Colony Images (LB agar)

Table 1: Bacillus atrophaeus strains utilized in this study 
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Figure 6: B. atrophaeus subp. globigii was annotated using the RAST 
server (rast.nmpdr.org). Overall similarity of the predicted B. atrophaeus 
1942 proteome to B. subtilis 168 was determined by pair-wise BLAST 
analysis in RAST.  B. atrophaeus proteins were on average 83% identical 
to the corresponding B. subtilis gene (red dashed line). 

Pair-wise Protein BLAST of B. subtilis 168 vs 1942-Vogel  

RESULTS 
 
· Sequence based delineation of subsp globigii and atrophaeus. 

· Identification of strain-specific genetic material and genomic islands. 

· No differences in overall genome architecture between the archival 1942 isolate or 1013-1 were ob-
served suggesting that the global architecture of these isolates is relatively stable, even over 30 
years of serial in vitro passage (Figure 1).   

· Optical maps of 1013-2 and 9372-1 revealed substantial deletions of approximately 72.7 kb and 
23.7 kb, respectively, of genomic material spanning from positions 3,992,613 to 4,065,341 (1013-2) 
or 4,022,138-4,045,817 (ATCC 9372-1) (Figure 2). 

Þ  These positions notably contain genes encoding for nitrite reduction, germination (gerKABC), 
and biosynthesis of the lipopeptide surfactin (srfCAB) (3-5) 

Þ  A defect in surfactin production is a particularly intriguing candidate for the morphology and 
pigmentation variations in 1013-2 and ATCC 9372-1  

· Twenty-two draft 454 contigs were large enough to be matched to the reference map, accounting for 
96.7% of the entire genome.  Gaps are identified for subsequent gap closure procedures and se-
quence polishing (Figure 4). 

CONCLUSIONS 
 
Using high molecular weight DNA from BG isolates, we h ave demonstrated the ability to use 
optical mapping to: 
 
· Focus research efforts on areas of divergence between closely related strains. 

· Clearly differentiate insertions, deletions, inversions leading to identification of genomic modifica-
tions responsible for germination, metabolism, sporulation, and antibiotic resistance, among others. 

· Provide scaffolding against which draft 454 contigs can be aligned and oriented. 

· Characterize strain variations.  

· Aid in sequence finishing procedures (i.e., gap and primer site identification). 

· Correlation of genotype with phenotype 

· Ability to combine whole genome sequencing with optical mapping 
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Figure 4 : Draft 454 de novo contigs are placed against the Bacillus atrophaeus Archival iso-
late reference map (1942-Vogel) using the Sequence Placement tool in the MapSolver soft-
ware package (OpGen, Inc., Gaithersburg MD).  The expanded image identified gaps that 
need finishing.  The arrows identify the primer sites and primer sequences that can be de-
rived from the 454 contigs. 

Total size of placed contigs (bp): 3,991,740 
Total size of unplaced contigs (bp): 136,704 

Table 3: Regions of Difference 

ATCC Strains 6537 and 49337 were compared to the 
1942-Vogel reference map revealing numerous Re-
gions of Difference (RD). *White boxes indicate miss-
ing genetic material; black boxes indicate present ge-
netic material.  RDs P, Q, and R refer to probable plas-
mids (not shown) based on 3 to 4 fold higher average 
sequence coverage.   

1942 6537 49337

A 15.8 Tn, spoVC/D/E, gerKA/C, Mn2+ dependent catalase

B 23.6
S-layer, 2-component system, glutaredoxin, putative 
prolipoprotein diacylglyceryl transferase

C 96.4 Phage

D 13.1 Xylose utilization operon, transposase

E 55.3 Phage

F 48.2 Phage

G 3.1 Hypothetical proteins

H 9.5 Type I Restriction Modification System

I 42.6 Phage

J 6.3 ESAT-6 Secretion System

K 13.0 FosB fosfomycin resistance protein

L 16.7 Phage, ccr, BglI endonuclease

M 5.6 TetR tetracycline resistance protein

N 18.5 Hypothetical proteins

O 8.6 Bacteriocin

P 30.8
Phage, TraG precursor, VirB/T4SS secretion 
system homologs

Q 8.0 Hypothetical proteins, putative helicase

R 24.1
Type IV secretion system homolog, VanZ, 
hypotheticals

Strain
Notable Genes Present*Size (Kb)RD Map 

Reference

Figure 3 : Bacillus atrophaeus subsp globigii Archival isolate map (1942-Vogel) is compared to 
two Bacillus atrophaeus subsp atrophaeus maps.  Substantial differences are noted and refer-
enced in Table 3. 


