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Bacillus anthracis is the causative agent of anthrax, and it is classified as “category A” biological 
weapon. There were six available complete genomes (A0248, Ames, Ames Ancestor, CDC684, H0491 
and Sterne). Here, one Gambian and two Senegalese strains (Gmb1, Sen2Col2 and Sen3) were added. In 
this work, the pan-genome of B. anthracis was studied based on nine strains and using bioinformatics 
tools as Cluster of Orthologous Groups (COG) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG). Thereafter, B. anthracis pan-genome having 2893 core genes and 85 accessory genes was 
estimated. With Mauve method, the pan-genome of B. anthracis was verified and it was found to be very 
narrow and clonal. To have confidence in this study, different tools were used to compare and validate 
the results. All of the tools yielded the same results; the addition of the Senegalese and Gambian 
strains did not change the nature of the B. anthracis pan-genome (2893 core genes and 85 accessory 
genes), which had a core/pan-genome ratio of 99%. The closed nature of the pan-genome of B. 
anthracis (the core genome) represents 99% of the pan-genome size. The hypothesis that B. anthracis 
had a closed pan-genome was hereby validated. 
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INTRODUCTION 
 
Anthrax was the first disease to be attributed to a specific 
microbe, thanks to Davaine in 1863 (Scarlata et al., 2010) 
and the first animal infection for which we had a vaccine 
by Pasteur in 1881 (Scarlata et al., 2010). In 1876, Koch 
discovered for the first time a bacterium which has the 
capacity to transform into spores: Bacillus anthracis 
(Scarlata et al., 2010). B. anthracis, in the Firmicutes 
phylum and belonging to the Bacillus cereus group 

(Kuroda et al., 2010), is a Gram positive spore-forming 
bacterium (Wang et al., 2012), which is able to survive in 
extreme and unfriendly environmental conditions as high 
levels of radiation or extreme temperature (Wang et al., 
2012) and can stay viable in the soil for a long time 
(Sweeney et al., 2011). B. anthracis is the causative 
agent of anthrax (Kuroda et al., 2010), a zoonosis. Cattle 
and horses are mainly sensitive (Scarlata et al., 2010).  
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Humans can be infected by various routes: ingestion, 
inhalation of spores or through the skin (Kuroda et al., 
2010). There are four clinical syndromes for anthrax 
disease (Sweeney et al., 2011): cutaneous anthrax (95% 
of the reported cases), gastrointestinal anthrax (due to 
contaminated food), inhalational anthrax, and injectional 
anthrax. B. anthracis is classified as a “Category A” 
potential biothreat (Wang et al., 2012). Indeed, due to the 
stability of its spores, the high level pathogenicity and 
lethality and its capacity to be infected by the inhalational 
route (Rasko et al., 2011), this bacterium represents a 
bioterrorism weapon. In these days, one bioterrorist 
attack was done in 2001 in the United States (Scarlata et 
al., 2010) using a strain of B. anthracis, the potential 
source of which was identified based on genomic 
analysis. Earlier, they had an attack in USSR in 1979, 
with an anthrax epidemic through an atmospheric 
contamination from a military laboratory (Guillemin, 2002; 
Scarlata et al., 2010). The 2001 event led to an increase 
of the research about B. anthracis and anthrax (Imperiale 
and Casadevall, 2011) and allows the emergence of new 
detection system (Wang et al., 2012). 

The first genome sequencing study of multiple stains 
was published in 2005 on Streptococcus agalactiae 
(Tettelin et al., 2005) and, since then, such pangenomic 
studies have increased quickly. On working on pan-
genomes, allowed a comparison between different 
species or strains, and it is defined like the pool of all the 
genes present in all the studied genomes. This can be 
divided into different parts: the core genome (genes 
present in all the genomes), accessory genes which are 
present in some genomes and unique genes (genes 
present only in one of the studied genomes). A pan-
genome can be closed or open, depending of the 
capacity of the species to acquire new genes (Tettelin et 
al., 2005) and of the age of the initial clone. 

Senegalese and Gambian strains of B. anthracis have 
not been compared to the other strains (Read et al., 
2002). In this study, analysis of the B. anthracis pan-
genome was carried out based on three African strains 
(two from Senegal and one from Gambia) and on six 
reference genomes [Ames (Read et al., 2003), Ames 
Ancestor (Ravel et al., 2009), A0248, CDC684 (Okinaka 
et al., 2011), H9401 (Chun et al., 2012), and Sterne]. The 
present study shows that African strains were very 
closely related to the other strains and presented a 
closed pan-genome, as already shown in previous 
studies. 
 
 

MATERIALS AND METHODS 
 

Bacteriological studies 
 

Cells from various organs were cultured in a liquid medium 
consisting of ordinary broth. After seeding, the medium was 
incubated at 37°C for 24 h. The isolation ensues on sheep blood 
agar (blood culture) which was incubated as earlier stated. Gram 
stain is performed from isolates, as well as the study of biochemical 
characteristics. 
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Sequencing 
 
The sequencing strategies of the three strains B. anthracis 
Sen2col2, Sen3 and Gmb1 were carried out through the SOLiD 
4_Life technologies in New Generation Sequencing (NGS) 
technologies (Figure 2). Sequencing of the Sen2col2, Sen3 and 
Gmb1 strains of B. anthracis were performed using the SOLiD 
4_Life Technology’s New Generation Sequencing technology. The 
paired end library was constructed from 1 lg of purified genomic 
DNA from each strain. The sequencing was carried out to 50935 
base pairs (bp) using SOLiDTM V4 chemistry on one full slide 
associated with 96 other projects on an Applied Biosystems SOLiD 
4 machine (Applied Biosystems, Foster City, CA, USA). All 96 
genomic DNA samples were barcoded with the module 1 to 96 
barcodes provided by Life Technologies (Paisley, UK). The libraries 
were pooled in equimolar ratios, and emPCR (PCR by emulsion) 
was performed according to the manufacturer’s specifications, 
using templated bead preparation kits on the EZ bead automated 
Emulsifier, Amplifier and Enricher E80 system for full-scale 
coverage. A total of 708 million P2-positive beads were loaded onto 
the flow cell for the run and the output read length was 85 bp, as 
expected (50935 bp). The three B. anthracis genomes (Sen2col, 
Sen3 and Gmb1) were sequenced through 3.2E + 6, 3.1E + 6 and 
3.9E + 6 barcode reading which led to 273, 262, and 382 Mb of 
data, respectively. The global sequencing of these three genomes 
resulted in 917 Mb of data. 
 
 
Basic genomic data  
 
The complete genomic sequences of the six references strains are 
available on the NCBI: Ames (NC_003997.3), Ames Ancestor 
(NC_007530.2), A0248 (NC_012659.1), CDC684 (NC_012581.1), 
H9401 (NC_017729.1), and Sterne (NC_005945.1). Our strains of 
interest came from Senegal (Sen2Col2 and Sen3) and from 
Gambia (Gmb1). They were isolated in 2010. The first one 
(Sen2Col2) was isolated from lungs of a 6 years old ostrich. The 
second one (Sen3) came from lungs, liver, spleen and blood of a 
Touabire race sheep. The last one, Gmb1, was isolated on 
trypanotolerant zebu cattle’s blood (Table 1). The sequences of 
these three Senegalese and Gambian strains (Sen2Col2, Sen3 and 
Gmb1) were obtained in reference to SOLiD data.  
 
 
Genomic analysis 
 
Cluster of Orthologous Groups (COG) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) 
 
CAMERA (Sun et al., 2011) is a bioinformatics portal where several 
kind of analysis can be done. It was used to generate the COG 
data. COG (Tatusov et al., 2001) is a common tool, used to assign 
functional annotations to proteins. These proteins were classified 
into categories (the list is available at 
http://www.ncbi.nlm.nih.gov/COG/old/palox.cgi?fun=all). To get 
KEGG (Ogata et al., 1999) data and to investigate metabolic 
pathways, the KAAS (Moriya et al., 2007) (KEGG automatic 
annotation server) online tool was used. In KEGG, the proteins 
were classified into classes and subclasses.  
 
 
Alignments, pan-genome 
 
First of all, two kinds of alignments were performed: a global 
genome alignment with MAUVE (Darling et al., 2010). With MAUVE 
(Figure 1) and its backbone output file (Sheppard et al., 2013), the 
proportion of core genome depending on the pan-genome size was 
calculated to evaluate the close or open nature of the pan-genome.  
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Table 1. Characteristics of Bacillus anthracis strains (samples). 
 

Code Strains  Country Host Samples origin 

G192 Sen2Col2 Senegal Ostrich 6 Years old   Lungs 

G193 Sen3 Senegal Mouton de race Touabire   Lungs, blood  

G194 Gmb1 Gambia  Bovin de race Ndama Trypanotolérante  Blood 

Ref strains Ames USA Vache morte / 

Ref strains Ames Ancestor USA Beefmaster female  14 years old / 

/ A0248 USA Human / 

/ H9401 Korea Human / 

/ CDC684 USA Human / 

/ Sterne UK / / 

 
 
 

 
 

Figure 1. MAUVE global alignement. 

 
 
 
Then, OrthoMCL (Chen et al., 2006) was used to obtain a list of 
orthologs to determine the pan-genome composition (core, 
accessory and unique genes). MeV (Saeed et al., 2006, 2003) 
(Multi Experiment Viewer) was used to best visualize the accessory 
genes distribution and to perform a hierarchical clustering (Figure 
7). Clustering of the strains was based on the distribution of all the 
Cluster of Orthologous Groups categories: J, translation, ribosomal 

structure and biogenesis; K, transcription; L, replication, recombina-
tion and repair; B, chromatin structure and dynamics; D, cell cycle 
control, cell division, chromosome partitioning; O, post-translational 
modification, protein turnover, chaperones; M, cell wall/membrane/ 
envelope biogenesis; N, cell motility and secretion; P, inorganic ion 
transport and metabolism; T, signal transduction mechanisms. 
SNPs contained in the core genome were also worked on.  
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Figure 2. Phylogeny based on complete genome.  

 
 
 

Table 2. General characteristics for strains. 
 

Strain Plasmid Size (Mb) GC (%) Proteins 

Bacillus anthracis str. Ames / 5.23 35.4 5,328 

Bacillus anthracis str. CDC 684 pX01, pX02 5.23 35.4 5,579 

Bacillus anthracis str. Sterne / 5.23 35.4 5,289 

Bacillus anthracis str. 'Ames Ancestor' pX01, pX02 5.23 35.4 5,208 

Bacillus anthracis str. A0248 pX01, pX02 5.23 35.4 5,041 

Bacillus anthracis str. H9401 BAP1, BAP2 5.22 35.4 5,479 

Bacillus anthracis str.Sen2Col2 (G192) pX01,pX02 5.23 35,2 5,487 

Bacillus anthracis str.Sen3 (G193) pX01,pX02 5.23 35,2 5,493 

Bacillus anthracis str.Gmb1 (G194) pX01,pX02 5.23 35,3 5,502 

Bacillus anthracis str.Sen1 (G195) / / / / 

 
 
 
Therefore,  we get back the sequences of all the core genes (based 
on the OrthoMCL part), thanks to a Perl script and used SNPs 
finder (Song et al., 2005) for the core genome tree. 

 
 

RESULTS 
 
Culture of B. anthracis 
 

On ordinary broth after 24 h of incubation at 37°C, the 
appearance of flakes at the bottom of the tube was 
observed, leaving a supernatant clear enough. Mobile 
bacilli in long chains Gram-positive was not observed 
after examination. The pathogenicity test on Balb/C 
mouse was confirmed after 6 h strains inoculation; all of 
them were dead. Cultural, morphological and biochemical 
characteristics were studied in detail using conventional 
methods. 
 
 

Pan-genome analysis: The obtention of genomic 
sequences results and their bio informatic analysis 
has allowed knowing the structure for pan-genome 
 

The pan-genome is composed of 2893 core genes, 7 
unique genes, and 85 accessory genes (Figure 6). First, 
we looked at unique genes. Five in  Sterne  (2 not  found, 

one conserved hypothetical protein, EmrB/QacA family 
drug resistance transporter and zinc-binding 
dehydrogenase), 1 in CDC 684 (not found on the NCBI) 
and 1 in H9401 (yfeT DNA-binding transcriptional 
regulator) were found. Then, we looked in details on the 
85 accessory genes (Figure 6). The three African strains 
and CDC684 possessed almost all the accessory genes, 
whereas A0248 owned only 20 accessory genes out of 
85. The half of the accessory genes was annotated as 
hypothetical proteins (Figure 6). It was noticed that Ames 
Ancestor owned 42 accessory genes, whereas, its non-
virulent version, Ames, owned more (59). The 
hierarchical clustering (Figure 6) showed again the same 
two groups found, thanks to COG (Table 3, Figures 3 and 
5) and KEGG (Figure 4) (one with Ames, Ames ancestor 
and A0248, the second with all the other strains). 
Moreover, the core/pan-genome ratio was done and core 
genome represented 99% of the pan-genome (Table 2), 
was found showing again the high rate of conservation 
between the nine strains. Finally, the SNPs at core 
genome level were studied. We found 896 SNPs, that is, 
32% of the total number of SNPs (2786 SNPs found in 
comparing all the genomes); and a transition/transversion 
bias of 0.32. The very small rate of SNPs, the low 
transition/transversion bias and the very high proportion 
of the core genome function  as  the  pan-genome  (Table  

http://www.ncbi.nlm.nih.gov/genome/proteins/181?project_id=57909&gi=30260195
http://www.ncbi.nlm.nih.gov/genome/proteins/181?project_id=59303&gi=227812678
http://www.ncbi.nlm.nih.gov/genome/proteins/181?project_id=58091&gi=49183039
http://www.ncbi.nlm.nih.gov/genome/proteins/181?project_id=58083&gi=50196905
http://www.ncbi.nlm.nih.gov/genome/proteins/181?project_id=59385&gi=229599883
http://www.ncbi.nlm.nih.gov/genome/proteins/181?project_id=162021&gi=386733873
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Table 3. COG distribution between various B. anthracis strains. 
 

Categories Ames ancestor A0248 Ames Sterne CDC684 H9401 Sen2Col2 Sen3 Gmb1 Class description 

J 209 208 210 211 211 210 210 211 212 Translation ribosomal Structure 

K 381 376 383 393 391 387 391 391 391 Transcription  

L 155 156 156 159 160 160 159 162 162 Replication and transcription 

B 1 1 1 1 1 1 1 1 1 Chromatin structure and dynamics 

D 40 40 40 44 44 44 44 45 45 Cell cycle control, cell division 

O 101 100 101 103 102 103 102 102 102 Posttranslational modification, protection 

M 206 203 215 246 241 241 246 247 251 Cell wall/membrane/ envelope biogenesis 

N 48 47 50 60 59 59 224 61 61 Cell motility and secretion 

P 226 222 224 246 246 246 54 245 245 Defense mechanism 

T 203 202 204 225 224 223 106 224 224 Signal translation mechanism 

U 47 46 46 52 54 54 54 55 54 Intracellular trafickng 

V 93 93 94 107 106 105 106 106 107 Defense mechanisms 

W 0 0 0 0 1 1 0 0 0 Extracellular structure 

Z 1 1 1 1 1 1 1 1 1 Cytoskeleton 

C 198 198 198 206 205 207 205 205 207 Energy production and conversion 

G 248 247 249 268 268 267 270 270 270 Carbohydrate transport and metabolism 

E 377 373 375 407 405 403 409 410 409 Amino acide transport and metabolism 

F 121 120 122 130 130 131 131 131 131 Nucleotide transport and metabolism 

H 169 168 169 173 175 175 175 175 175 Coenzyme transport and metabolism 

I 123 121 123 128 129 126 129 126 130 Lipid transport and metabolism 

Q 72 72 73 78 82 81 82 81 83 Secondary metabolites biosynthesis 

R 543 541 552 587 582 580 582 580 588 General function prediction only 

S 427 420 431 442 444 439 444 439 468 Function unknown 
 
 
 

4) showed that B. anthracis is an ancient protein 
(probably very older than 150 years). It was 
believed that the lack of gene transfer and 
defense mechanisms (CRISPRs) observed in 
intracellular bacteria suggests that B. anthracis 
multiplies only as a pathogen and that its life in 
soil is exclusively dormant. 
 
 
DISCUSSION  
 
In comparing the three African strains to the 

others, it was noticed that all the Senegalese and 
Gambian strains are closer from CDC684. In this 
work, a validation of that was given as previously 
shown (Tettelin et al., 2005); the pan-genome of 
B. anthracis is narrow. To have confidence in our 
study, different tools were used in order to 
compare and validate the results. All go in the 
same sense: the addition of the Senegalese and 
Gambian strains did not change the closed nature 
of this pan-genome (2893 core genes and 85 
accessory genes), with a core/pan-genome ratio 
of 99%.  This core/pan-genome ratio is very close 

from the other human clonal pathogens (Table 1) 
as Rickettsia rickettsii. However, there is 
discordance between the presence of a 
mobilome; which is a structure localized in the 
pXO1 and pXO2 plasmids and contained five 
transposases, one phage and no CRISPRs and 
the fact to have a closed pan-genome. 
Nevertheless, B. anthracis derived from B. cereus 
group, a sympatric species that is not intracellular. 
Therefore, B. anthracis may become allopatric 
(Table 4). This can be explained by the fact that 
B. anthracis is an ancient bacterium (at least 150
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Figure 3. Cluster of Orthologous Groups (COG) classes distribution between B. anthracis strains. 

 
 
 

 
 

Figure 4. Distribution of KEEG B. anthracis classes. 

 
 
 
years) which evolve.  This hypothesis was tested in 
studying SNPs based on the core genome content. Only 
2786 SNPs in total with 896 in the core genome were 
found. Moreover, the transition/transversion process is 
very small (0.32). This lack of SNPs may validate our 
hypothesis of the evolution of this species. B. anthracis is 
an ancient clone which is stabilized with the time and 
which present a conserved pan-genome. 

Conclusion 
 

B. anthracis was discovered 150 years ago, but kept the 
same genomic content. We are in a case of a very closed 
pan-genome with species which do not live in the 
environment. Due to the lengthy spore phase of its life 
cycle, B. anthracis evolved very slowly and has a very 
narrow pan-genome, despite its apparent  soil  ecological  
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Figure 5. Distribution of metabolisms B. anthracis subclasses for various strains. 

 
 
 

 

 

Figure 6. B. anthracis pan-genome: Flower pot showing B. anthracis. Pan - genome: The number in the center 
circle is the basic genome. The numbers in the upper part of the petals is the number of accessory genes present 
in each strain (about 85 in total). The numbers in the lower part of the petals is the number of unique genes in each 
strain. 

 
 
 
niche. It was found out that the three African strains 
examined belong to lineage A (worldwide lineage), 
specifically lineage A4,  similar  to  CDC684  and  another 

previously characterized African strain. Pan-genome 
analysis allowed us to assess the lifestyle of this 
pathogen and confirmed its allopatric,  highly  specialized  
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Figure 7. Hierarchic clustering.  
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Table 4. Pan-genome for human pathogen strains with colum percentages corresponding to the ratio core/pan genome. 
 

Species Genome used Life style  Intracellular Niche Pan  genome size Core genome size % 

B .anthracis 9 Allopatric Non Animal 47041887 46513801 99 

Rickettsia rickettsi 8 Allopatric Non Ticks 10129221 100112432 99 

Chlamydia trachomatis 20 Allopatric Non Human 20960000 20689197 99 

Rickettsia prowazeki 8 Allopatric Non Human 8888959 8869530 100 

 
 
 

lifestyle. 
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