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Abstract: Background: Thermophilic bacilli in both aerobic or facultative anaerobic forms have been
isolated for over a hundred years from different mesophilic or thermophilic environments as they are
potential source of bioactive secondary metabolites. But the taxonomic resolution in the Bacillus ge-
nus at species or at strain level is very challenging for the insufficient divergence of the 16S rRNA
genes. One such recurring problem is among Bacillus anthracis, B. cereus and B. thuringiensis. The
disease-causing B. anthracis strains have their characteristic virulence factors coded in two well-
known plasmids, namely pXO1 (toxin genes) and pXO2 (capsule genes).

Objective: The present study aimed at the molecular and genomic characterization of a recently re-
ported thermophilic and environmental isolate of B. anthracis, strain PFAB2.

Methods: We performed comparative genomics between the PFAB2 genome and different strains of
B. anthracis, along with closely related B. cereus strains.

Results: The pangenomic analysis suggests that the PFAB2 genome harbors no complete prophage
genes. Cluster analysis of Bray-Kurtis similarity resemblance matrix revealed that gene content of
PFAB?2 is more closely related to other environmental strains of B. anthracis. The secretome analysis
and the in vitro and in vivo pathogenesis experiments corroborate the avirulent phenotype of this
strain. The most probable explanation for this phenotype is the apparent absence of plasmids harbor-
ing genes for capsule biosynthesis and toxins secretion in the draft genome. Additional features of
PFAB?2 are good spore-forming and germinating capabilities and rapid replication ability.

Conclusion: The high replication rate in a wide range of temperatures and culture media, the non-
pathogenicity, the good spore forming capability and its genomic similarity to the Ames strain togeth-

er make PFAB2 an interesting model strain for the study of the pathogenic evolution of B. anthracis.

Keywords: Bacillus anthracis, avirulence, comparative genomics, pangenomics, pathogenesis, secretome analysis.

1. INTRODUCTION

Thermophilic bacilli in both aerobic or facultative anaer-
obic forms have been isolated for over a hundred years from
different mesophilic or thermophilic environments. Im-
portance of thermophilic bacilli is increasing as they are a
potential source of thermostable enzymes, pigments or poly-
saccharides [1]. Established by Cohn in 1872, the genus Ba-
cillus has gone through several taxonomic changes. As se-
quence analysis continues to lead to the separation of groups
of species from the core genus Bacillus to form new genera,
the definition of novel genera also changes to allocate new
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isolates [2]. The insufficient divergence of the 16S rRNA
genes in the Bacillus genus makes the taxonomic resolution
at species or at strain level very challenging. One such recur-
ring problem is Bacillus anthracis, B. cereus, and B. thurin-
giensis are basically one species on the basis of genetic evi-
dences [3]. The Gram-positive bacterium Bacillus anthracis
is a major concern for human and animal health due to its
high lethality and to the difficulty in developing safe and
effective preventive and therapeutic strategies against it.
Even though a number of physical and chemical agents were
shown to inactivate B. anthracis spores [4, 5], there is still
much concern about the possible acquisition of pathogenicity
by non-virulent spore-forming B. anthracis variants through
plasmid DNA transfer. The disease-causing B. anthracis
strains have their virulence factors coded on two well-known
plasmids, namely pXO1 (toxin genes) and pXO2 (capsule
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genes). A strain lacking one of these plasmids is regarded as
a low-virulence or attenuated strain, and the Sterne strain,
which lacks plasmid pXO2, is one such example.

However, phylogenomic analyses suggest that B. anthra-
cis evolved from a free-soil bacterium to an obligate patho-
gen [6]. Particularly, the gain of genes from extrachromoso-
mal DNA has made B. anthracis distinct from its two close
relatives, viz. B. cereus and B. thuringiensis [6]. Though
there have been several reports on pathogenic B. anthracis
that discuss the characteristic genetic features of this anthrax
bacterium [7-9]; environmental isolates with close genomic
identity with B. anthracis Ames strain had been proven to be
avirulent B. anthracis to date [7]. Although few environmen-
tal strains that closely resemble B. anthracis were non-
pathogenic but later they were found to be a member of the
B. cereus group during the investigation [10, 11].

In NCBI GenBank database, genome assembly of 1041
B. cereus, 513 B. thuringiensis and 233 B. anthracis are
available (Accessed on: 17.06. 2019). Considering the com-
plexity of this group, the description of a new isolate re-
quires a broad comparative study to the known strains. Here,
we describe the analysis of a new thermophilic Bacillus iso-
late, namely strain PFAB2, using a pangenomic approach.
The term “pangenome” reflects the total number of non-
redundant genes in a dataset and is mainly divided into two
parts; viz. the core genome and the accessory genome. While
the core genome is composed of genes shared among all ge-
nomes and are mostly involved in essential cellular process-
es, the accessory genome is formed by dispensable and
unique genes, which are specific to a few or to a single
strain, respectively, and are mainly involved in niche adapta-
tion [12]. Furthermore, we performed in vitro and in vivo
assays to get a broader idea on the gene composition and
phenotypic behavior of the PFAB2 strain. For a better under-
standing on both pathogenesis/virulence and evolutionary
lineages of B. anthracis from respectively harmless B. cereus
to virulent B. anthracis, it is important to identify the unique
environmental origin B. anthracis strains from extreme habi-
tats, a potential missing link. Thus, our pangenomic ap-
proach may bring new insights on evolution of B. anthracis
genetic diversity and niche adaptation.

Hence, the present study aimed at characterizing a recent-
ly reported thermophilic and environmental variant of B.
anthracis, strain PFAB2 [13, 14]. We performed a compara-
tive genomic study between strain PFAB2 with other envi-
ronmental and pathogenic strains of B. anthracis along with
the closely related B. cereus strains. Unique features of this
environmental strain were also unwrapped with the help of
several in vitro as well as in vivo experiments to determine
the unknown and unique attributes of the concerned strain.

2. METHODS
2.1. Sampling and Collection

Strain PFAB2 is an avirulent variant of Bacillus anthra-
cis isolated from hot spring water of Panifala, West Bengal
(India) in a previous study by our group [13]. This strain
grows well in Nutrient Broth (NB) medium at 45°C. Meth-
ods of the entire study are elucidated in a flowchart as Sup-
plementary Fig. (1).
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2.2. Bacteriological Analysis

Preliminary morphological analysis of PFAB2 was per-
formed using a Leica DM1000 fluorescence microscope at
100> magnification by incubating the isolate in 1 mM zinc
acetate solution followed by binding with a Zn ligand [15].
Morphological and physiological characterization was per-
formed according to the standard protocols. Different bio-
chemical characteristics of the bacterial isolate PFAB2, such
as enzyme activity (catalase, amylase, protease, lipase) sub-
strate hydrolysis, ability to produce gas, utilization of differ-
ent carbon sources, salt tolerance, temperature, pH, motility,
hemolysis and thermal death point were tested by following
standard methods [16]. The susceptibility of PFAB2 to anti-
biotics was tested using agar diffusion assay with commer-
cial antibiotic discs (Himedia) [17].

2.3. Genomic DNA Isolation and Library Construction

Isolation of genomic DNA, library construction and se-
quencing had been earlier reported by Banerjee et al. [13].
Plasmid DNA isolation was performed according to a
Miksell et al. [18]. Average nucleotide identity (ANI) of
PFAB?2 was calculated based on the BLAST algorithm ANIb
[19, 20] with recommended 95% species cut-off and higher
than 0.99 for the TETRA signature [21].

2.4. Dataset Preparation for Comparative Genomics
Analysis

NCBI GenBank database was used to prepare the dataset
for comparative in silico study. We selected all the environ-
mental B. anthracis strains, pathogenic B. anthracis type
strains and closely related B. cereus strains over a total 233
B. anthracis and 1,009 B. cereus genome sequences deposit-
ed in the GenBank database as on August 30™ 2018. This
subdataset comprised a total 15 Bacillus complete genomes
of which 8 are from B. anthracis and 7 are from B. cereus
strains. Further comparative in silico analysis and pange-
nomic study investigated the genetic basis of the putative
avirulent phenotype exhibited by B. anthracis PFAB2.

2.5. Determination of OrthoANI and Heat Map Study

To establish the relatedness among the different strains,
Average Nucleotide Identity (ANI) analysis was performed
using OAT tool (Orthologous Average Nucleotide Identity
Tool). OAT uses OrthoANI to evaluate the overall similarity
between two genome sequences. Unlike the original ANI
algorithm, OrthoANI results into identical reciprocal similar-
ities. For both OrthoANI and original ANI, the proposed cut-
off is 95-96% for species delineation [22]. An ANI heat map
was prepared using OAT to understand whether B. anthracis
PFAB2 is more closely related to B. anthracis or to B. cereus.

2.6. Subsystem Gene Categorization, Identification of
Unique Genes and Cluster Analysis

An open source prokaryotic genome annotation system
Rapid Annotation using Subsystem Technology (RAST) [23]
was used for subsystem assignment to B. anthracis and B.
cereus genomic sequences of the dataset. Functionally anno-
tated genomes were visualized using SEED Viewer and the
subsystem features were compared in the entire dataset.
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We integrated and analyzed the presence of subsystem
genes using Primer-6 (Primer-E) software. The similarity in
the gene content among the dataset was analyzed by con-
structing a Bray-Curtis similarity matrix. Non-metric multi-
dimensional scaling (nMDS) was used to build a constrained
ordination of the samples based on gene content.

2.7. Pan, Core and Accessory Genome Characteristics
Determination

Pangenomes were formed to understand and estimate the
number of shared genes (core genome) and unique/variable
genes (accessory genome) using Spine and AGEnt tool [24].
Spine, a Perl-based program was used to determine the core
genome from the selected genomic sequences. Only align-
ments with > 85% sequence identity were considered ho-
mologous [20]. Prediction of accessory genome in bacterial
genomic sequences was performed using AGEnt algorithm
that depends on a combination of the NUCmer function of
the MUMmer software package v3.23 and perl script. An
individual gene was considered to belong to accessory ge-
nome if >50% of its sequence was located within the coor-
dinates of an accessory region (i.e. unique strain-specific
region) [24]. Additionally, the entire genome set (Pan
genes), each core genome and unique accessory genomes
had been functionally characterized using RAST tool.

The interrelationship amongst pangenome, PFAB2 core
genome and accessory genome was analysed using genevenn
[25] and also classified to Clusters of Orthologous Groups
(COG) family by probing against the COG database using
online WebMGA tool [26]. Final subelement gene set
(Common longest nucleotide stretch in all the strains) was
subjected for WebMGA analysis for COG percent categori-
zation. PHASTER (PHAge Search Tool Enhanced Release),
an upgraded version of PHAST web server was used [27] for
the rapid identification and annotation of prophage sequenc-
es within the B. anthracis and B. cereus core and accessory
genomes of the dataset.

2.8. Study of Growth Curve and Thermotolerance

Growth of B. anthracis PFAB2 was measured at 37°C,
45°C, 50°C and 55°C and compared to that of B. anthracis
strain Sterne. For this study, both strains were incubated in
Brain Heart Infusion (BHI) media at 120 rpm and under con-
stant 5% CO; supply. At every hour, the optical density was
measured at appropriate dilution up to the stationary phase of
bacterial growth (Supplementary information). The thermo-
tolerance of PFAB2 was determined by growing the strain at
higher temperatures from 37-55°C.

2.9. Biofilm and Pellicle Formation Study

Biofilm was developed by growing bacterial cells under
static condition as previously reported [28]. Pellicle was al-
lowed to form in culture tubes under static conditions. B.
anthracis cells in logarithmic phase cultured in BHI medium
were used as inoculums for both biofilm and pellicle for-
mation study. Pellicle cells were visualized by direct obser-
vation after its maturity and biofilms formed under different
temperatures were quantitatively calculated by crystal violet
staining as reported previously [28-30] and qualitatively by
cell morphology analysis using DAPI staining followed by
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2.10. Protein and Toxin Estimation in the Secretome

B. anthracis produces its principal virulence factors Pro-
tective Antigen (PA), Lethal Factor (LF) and Edema Factor
(EF) in the medium [30, 31]. It also acquires B. anthracis-
specific characteristic novel raft marker FlotP protein having
no virulent effects which is secreted in the medium [32]. To
understand cytotoxicity associated with the toxins released in
culture media supernatant, RAW 264.7 macrophage cells
were incubated with BHI media supernatants. For this, B.
anthracis PFAB2 and control strain Sterne were allowed to
grow overnight at 37°C in BHI media. Culture was centri-
fuged at 10,000 x g for 15 min at 4°C and supernatant was
collected and filtered using 0.22 pm filter (MDI). The filtrate
was then concentrated about 5 times using rotary evaporator
and was used for cytotoxicity assay and protein estimation.

Amount of toxins secreted under different stress condi-
tions was quantified using ELISA. Briefly, the media super-
natants from BHI grown cultures were concentrated ~8 times
in rotary evaporator. Concentrated retentate containing pro-
teins were collected and were used for quantification study.
A 96-well microtitre plate was coated with the retentate and
incubated for 16 h at 4°C. Purified rPA, rLF, rEF toxins were
used as a positive control to prepare the standard curve [30,
33-35]. Plates were then blocked using 2% BSA for 1 h at
room temperature (RT). Three successive washings were
done by using 1x PBST containing 0.05% Tween-20. Plates
were then incubated for 1 h at RT with monoclonal goat anti-
PA, anti-LF and anti EF antibodies respectively (771B,
772B, 773B; List Biologicals respectively). After three
washes with PBST, the plates were incubated for 1 h at RT
with antigoat-IgG-HRP (1: 10,000) dilution. The plates were
then washed and allowed to react with TMB substrate (BD
Pharmingen). Finally, the OD was measured at 630 nm.

Cytotoxicity assay was performed by 5-fold concentra-
tion of the media supernatant from all the strains. For this,
grown RAW 264.7 cells (2.5 x 10*) had been seeded in 96-
well microtitre dish for 16 h. The cells were then incubated
with different dilutions of concentrated and filtered culture
supernatants at 37°C in humidified 5% CO, for 6 h. 1 pg/ml
purified lethal toxin was taken as positive control [30]. Cells
were incubated with MTT dye (dissolved in serum-free
DMEM at a concentration of 5 ug/ml) for 1 h at 37 °C to
allow the dye uptake and oxidation of the dye by viable cells
to analyze the percent viability. The medium was then re-
placed using DMSO and again incubated for 15 min with
shaking to dissolve the insoluble formazan crystals. Finally,
cell survival was calculated by measuring the absorbance at
540 nm.

2.11. In vitro and In vivo Pathogenesis Study

For in vitro study, mouse macrophage cell line, RAW
264.7 was maintained in DMEM (Sigma) with 10% heat
inactivated fetal bovine serum (Gibco) containing appropri-
ate concentrations of penicillin, streptomycin and amphoteri-
cin B (HiMedia). For experiment, cells were seeded in serum
and antibiotic free DMEM, at a density of 2 x 10° cells per
well in 6 well dishes and incubated overnight in a humidified
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5% CO; condition. Infection with vegetative bacilli of both
strain PFAB2 and control strain Sterne had been done ac-
cording to Russell et al. [36]. Briefly, midlog phase bacilli
from BHI media was washed with serum and antibiotic free
DMEM, and allowed to infect macrophage cells for 1 h. The
media containing unbound bacilli had been removed and
washed twice with 1x PBS. To study bacterial association
(extracellular and intracellular), the cells were lysed with
chilled PBS and the dilutions were plated on BHI agar. To
assess bacterial internalization, washed macrophages were
further incubated with incomplete DMEM with gentamicin
(20 pg/ml) for 1 h at 37°C/5% CO,. Cells were washed again
followed by lysis with chilled 1x PBS. Appropriate dilutions
of lysate were plated on BHI agar for CFU count.

For in vivo pathogenesis, six to eight weeks young male
Swiss-Albino mice were challenged intraperitoneally (i.p.)
with 2 x 10* B. anthracis grown under BHI media, suspend-
ed in PBS. 8 mice for each set of PFAB2 and Sterne are ob-
served for mortality study along with control mice for 10
days. The death curve of the mortality study was plotted ac-
cording to the Kepler-Miller method [30].

2.12. Spore Formation and Germination Study

B. anthracis spores were prepared by inoculating 10% of
overnight grown B. anthracis PFAB2 culture in sporulation
broth (HiMedia). Spore formation capacity was compared to
control strain Sterne. The culture was kept at 37°C, 120 rpm
shaking for 5 days which was then subjected to heating at 60°C
for 60 min to kill all the vegetative cells. Spores were centri-
fuged and the pellet was washed with autoclaved MQ water.

Bacillus anthracis
Mill air filter, USA

Bacillus anthracis Ames ancestor
Dead cattle, USA

*Bacillus anthracis Sterne Avirulent vaccine strain

;‘-
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Spore concentration was calculated by serial dilution meth-
od. 5 x 10* spores were inoculated into fresh BHI broth and
were grown at 37°C. Each aliquot was taken after every 5
min till 30 min and heat treatment was given at 65°C for 30
min to kill germinated spores or vegetative bacilli. Germina-
tion efficiency was determined by calculating the CFU/ml
obtained after plating the samples in different dilutions. For
imaging the spores of B. anthracis PFAB2, transmission
electron microscopic analysis was done where freshly over-
night grown samples were fixed on carbon coated grids and
stained with 0.2% uranyl acetate to observe under JEM-1011
100KV transmission electron microscope.

3. RESULTS AND DISCUSSION
3.1. Bacteriological Analysis

Several cells of isolate PFAB2 were observed in usual
dividing conditions like other firmicutes with fluorescence
microscopic analysis. The average minimum size of each
bacilli was found to be ~4.2 um in length as depicted in Fig.
(1). Further analysis confirmed that PFAB2 is a Gram-
positive, catalase and oxidase enzyme positive bacterium and
it is halotolerant up to 6%. Optimum growth of the bacteria
was found to be 45°C. Its biochemical parameters are similar
to those of B. anthracis including negative hemolysis and
penicillin resistant nature (Supplementary Table 1). Even the
antibiotic sensitivity, motility and fermentation abilities also
favor its similarity to B. anthracis among the three close
Bacillus species; viz. B. anthracis, B. cereus and B. thurin-
giensis.

Bacillus anthracis F34  Bacillus anthracis PFAB2
Algerian salt lake, Africa

Hot spring, India

i Bacillus anthracis 1.19
i Bacillus anthracis N1ZF-2
i South China sea sediment
Bacillus anthracis PAK-1
Sheep wool, Pakistan

" Bacillus cereus JEM-2, S1-R1J2-FB, S2-R3J1-FB-BA1, ISSFR-3F, ISSFR-9F, ISSFR-23F,

S1-R4H1-FB Surface of international space station

Fig. (1). Geographical distributions of the 15 Bacillus strains including environmental B. anthracis (on the inset image: fluorescence micros-
copy of B. anthracis PFAB2), pathogenic B. anthracis and related B. cereus strains. (4 higher resolution / colour version of this figure is availa-

ble in the electronic copy of the article).
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3.2. Whole Genome Sequencing and Dataset Preparation
for Comparative Genomics Analysis

The draft genome sequence was already deposited in
GenBank as Bacillus anthracis PFAB2 under the accession
no. MEAQO00000000 [13]. Based on Average Nucleotide
Identity  (ANI) analysis  (http://www.ezbiocloud.net/
ezgenome/ani; Last accessed: 02.02.18), B. anthracis PFAB2
is 97.93% similar to reference strain B. anthracis Ames and
91.56% to B. cereus ATCC14579, confirming its species
level identity to B. anthracis. It also showed closest tetranu-
cleotide usage pattern value of 0.99957 with B. anthracis
Ames Ancestor (http://jspecies.ribohost.com/jspeciesws/
#analyse; Last accessed: 02.02.18). The recommended spe-
cies cut-off is 95% for ANI indices and >0.99 for the TET-
RA signature [21]. The extracted 16S rRNA gene has shown
100% identity with B. anthracis ATCC 14578(T) followed
by 99.84% similarity with B. cereus ATCC 14579(T). Inter-
estingly and unlike B. anthracis Ames strain, both virulence
plasmid (pXO1 and pXO2) were absent in PFAB2. B. cere-
us, B. anthracis and B. thuringiensis are highly inter-related
species. For comparative genomics study, B. thuringiensis
was excluded because of less than 90% ANI value and the
total dataset comprises of different strains B. anthracis and
B. cereus. As can be seen from Fig. (1), a total of 14 strains
were selected based on maximum ANI similarity with B.
anthracis PFAB2 which consists of reference B. anthracis
strains like Ames Ancestor, Sterne, environmentally reported
B. anthracis variants from sea sediments, air filter or salty
lake, few close pathogenic variants and closely related B.
cereus strains reported from international space station. In-
formation regarding the source of the strains and the se-
quences was retrieved from NCBI GenBank database and
had been tabulated in Supplementary Table 2.

3.3. Determination of OrthoANI and Heat Map Study

Species demarcation in prokaryotes is principally based
on overall genome relatedness. Recent research trend on the
observation of genome relatedness between two strains is
shifting from experimentally determined similarity obtained
by DNA-DNA hybridization (DDH) to genome-sequence-
based similarity. Another approach to understand species
relatedness is sharing the orthologous genes. Identification
of orthologs is important for steadfast prediction of gene
function in newly sequenced genomes. In our study, OAT
had been used for OrthoANI determination and heat map
formation, for which genome sequences of the dataset were
fragmented and only orthologous fragment pairs were taken
into consideration for measuring nucleotide identities
[22]. Considering both Fig. (2A) and Fig. (2B), it was ob-
served that PFAB2 shared 98.2% orthologous common an-
cestral genes with three members of B. cereus family; viz.,
S2-R3J1-FB-BA1, S1-R4HI1-FB and ISSFR-23F reported
from international space station. Interestingly, PFAB2 also
shared 98.1% orthologous genes with B. anthracis clade that
consisted potentially virulent Ames Ancestor and PAK-1
strains. Another important finding was PFAB2 had relatively
low orthoANI value with the environmental variants of B.
anthracis reported from sea sediment or salt lake that recip-
rocated more species closeness of PFAB2 with environmen-
tal B. anthracis. Thus from the OrthoANI heat map, it may
be perceived that PFAB2 is a unique B. anthracis variant
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which shares common ancestral genes with both pathogenic
B. anthracis and avirulent B. cereus strains. Presence of rela-
tively more common ancestral genes with B. cereus com-
pared to B. anthracis hinted its evolution from avirulent B.
cereus to B. anthracis and not the opposite. So B. anthracis
PFAB2 may be substantially positioned as a separate branch
point of anthrax evolution and can be a missing link between
the B. cereus and B. anthracis.

3.4. Subsystem Gene Categorization, Identification of
Unique Genes and Cluster Analysis

As strain PFAB2 shared common ancestral genes with
both avirulent B. cereus and pathogenic B. anthracis, it was
important to find its species uniqueness. It was observed
from RAST analysis that PFAB2 genome consisted of B.
anthracis specific sigma factor B, phospholipase C, inter-
nalin-like genes, germination genes (ger), iron acquisition
genes; all of that had been earlier reported from the virulent
B. anthracis strains too. Absence of immune inhibitor A
metalloprotease indicated no virulence or insect-infecting
lifestyle in recent ancestors. Phosphatidyl choline-preferring
phospholipase C was also found to be absent which is other-
wise a characteristic gene for pathogenic B. anthracis vari-
ants. It also featured additional UV-induced repair capacities
through the presence of deoxyribodipyrimidine photolyase
genes. Presence of thioredoxin, thioperoxidase, superoxide
dismutase (Cu-Zn precursor) in PFAB2 indicated killing of
nitric oxide-mediated macrophage cell lysis. But the most
striking difference had been observed in the phage genes
subsystem category. While there were ~37 phage genes pre-
sent in reference Ames Ancestor strain, there were only ~5
phage genes present in PFAB2. PFAB2 had revealed its spe-
cies uniqueness for consisting several B. anthracis specific
genes along with absence of pathogenicity-related factors. B.
anthracis PFAB2 was also earlier reported to be a unique
non-capsulated B. anthracis variant as the entire poly-y-D-
glutamic acid biosynthesis pathway related genes were ab-
sent [13].

Cluster analysis of Bray-Kurtis similarity resemblance
matrix on total subsystem category genes of all 15 strains
clearly hinted more closeness of PFAB2 with other environ-
mentally reported B. anthracis from mill air filter, sea sedi-
ments or salt lake; based on the gene contents. Entire subsys-
tem category genes were resulted into two clusters where one
cluster was dominated by environmentally reported B. an-
thracis, while the other by pathogenic type B. anthracis
strains and B. cereus (Fig. 3). More specifically, in terms
most common subsystem genes present, B. anthracis PFAB2
was observed to be most similar to B. anthracis Mill air filter
USA (Fig. 3).

3.5. Pan, Core and Accessory Genome Characteristics
Determination

The whole genome of B. anthracis give the hint of the
presence of novel accessory genomic elements in each strain.
Thus in order to get a probable conclusion on evolution of
this unique strain PFAB2, pangenomic approach was taken.
The algorithm AGEnt computationally subtracted previously
derived core genome sequences from a query draft or com-
plete genome sequence to result into the accessory genome.
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B. anthracis ames ancestor

B. anthracis Sterne

B. anthracis PAK-1 Wool from Pakis
tan

B. anthracis Mill air filter USA

B. anthracis PFAB2

B. anthracis F34 Salty African Lake

B "

B. anthracis N1ZF-2 South China Sea

L19 South China Sea

100.0
995
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B. anthracis PFAB2

B. cereus JEM-2

B. cereus ISSFR-9F

B. cereus ISSFR-3F

B. cereus S1-R1J2-FB

k! cereus S2-R3J1-FB-BAI

99.0
985
98.0
915
910
96.5

B. cereus S1-R4H1-FB

B. cereus ISSFR-23F

Fig. (2). OrthoANI heatmap of B. anthracis PFAB2 showing common ancestral relatedness with all pathogenic B. anthracis, environmentally
reported B. anthracis and avirulent B. cereus. where A. comparison of orthologous average nucleotide identity of B. anthracis PFAB2 with
other B. anthracis isolates, and B. comparison of orthologous average nucleotide identity of B. anthracis PFAB2 with related B. cereus iso-
lates. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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Fig. (3). Cluster analysis of Bray-Kurtis similarity resemblance matrix of the 15 Bacillus strains based on the presence of all subsystem genes;
where A. tree showing the close lineage of B. anthracis PFAB2 with environmental B. anthracis; Mill air filter USA, B. nMDS 2D stress plot
showing two main clusters among the 15 Bacillus strains, C. Cluster 1 mostly dominated by B. cereus and pathogenic type strains of B. an-
thracis, and D. Cluster 2 dominated by environmentally reported variant of B. anthracis, including PFAB2. (4 higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article).

The accessory genome was enriched with a number of mo-
bile genetic elements. Following extraction of the core ge-

nome, the remaining sequences of the 15 reference strains
were selected as the accessory genome.



Molecular and Genomic Characterization of PFAB2

The accessory regions were found to be rich in motility
and chemotaxis related genes, prophage sequences, and dis-
ease and defense related genes as shown in Fig. (4A). Shar-
ing of genes and interrelationship among the pan, PFAB2
core and PFAB2 accessory genome is depicted in Fig. (4B).
The most striking difference was observed in case of phage
genes. While almost no phage regions were present in core
region, more than 15% of the total accessory region was
composed of prophage sequences only. GC content of the
accessory region (33.49%) was also lower than that of core
genome (35.74%). The average size of the accessory genome
was 1071 Kbp, representing 19.97% of the total genome in
entire reference set. More specifically, accessory genome for
B. anthracis constituted of 21.23% of the total genome;
while for B. cereus isolated from international space station
had a mean of 18.37% of total accessory genome. Important-
ly, accessory genomic region percentage of strain PFAB2
(17.61%) was found very close to that of Ames Ancestor
strain (18.09%), followed by Sterne (18.11%) and not to that
of B. cereus. The average size of unique region was compar-
atively much higher as identified through pangenomic analy-
sis. In a recent study on Pseudomonas aeruginosa, the aver-
age accessory genomic region was identified as only 11.1%
of the total genome [24]; whereas accessory genome for B.
anthracis group constituted 21.23% of the total genome.

The minimum set of accessory genomic elements in the
population is the subelement and it determines the distribu-
tion of each accessory genomic element among the genomes.
The final subelement file obtained through ClustAGE analy-
sis was distributed into a total 1458 bins and was subjected
for WebMGA analysis for COG percent categorization.
ClustAGE took a set of nucleotide sequences of accessory
genomic elements (AGEs) and clustered them to recognize
the minimum set of accessory genomic elements in the popu-
lation as well as determined the distribution of each accesso-
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ry genomic element among the genomes. The outermost ring
seen in Fig. (5A) was the bin category distributions of the
genetic elements which was found to be dominated by puta-
tive solute binding proteins, and type IV secretory pathway,
TrbL components. Other COG category percentage obtained
through WebMGA analysis had been represented in the pie
chart of Fig. (5B).

From the overall in silico study, it was observed that key
clue on uniqueness of B. anthracis PFAB2 lies on its pro-
phage region. And analyzing the result of PHASTER shown
in Fig. (6), it was detected that all B. cereus isolates from
international space station shared complete prophage region
of Bacillus phage Btcs33, a characteristic B. thuringiensis
specific phage in accessory genomes, which is unique in
B. cereus clade. The size range of these prophage sequences
varied from 33.6-40.1 kb in all the strains. Also, accessory
genomes of both B. anthracis Ames Ancestor and Sterne
consisted of a 37 kb complete prophage sequence of Bacillus
phage vBBhaS. Other than this, the presence of complete
prophage sequences of Bacillus phage PfEFR-5 and Bacillus
phage phi4J1 had been also detected in different B. anthracis
strains. Thus, prophage sequence pattern clearly differentiat-
ed between the closely related B. anthracis and B. cereus
members. Most importantly, amongst the entire dataset of 15
strains of B. cereus and B. anthracis, complete prophage
sequences are present in all reference strains, except two
environmental variant of B. anthracis; PFAB2 and F34. Out
of the entire dataset considered for the in silico study, B.
anthracis PFAB2 and F34, these two strains exhibited no
prophage region in accessory genome thus nullifying the
occurrence of any possible lateral gene transfer events result-
ing into the absence of any virulence genes. The key genes
required for B. anthracis to cause anthrax is reported to be
acquired recently by horizontal gene transfer [37]. As both of
the strains were isolated from highly extreme environments;

Pangenome

PFAB2 core genome

PFAB2 accessory genome

Fig. (4). A. Relative distribution of pan, core and accessory genome through Spine and Agent tool; where each category or subcategory is
plotted as a percentage of the total number of genes in the core or accessory genomes and accessory genome percentages are averages of 15
reference strains; B. Venn diagram showing the relationship between pan, core and accessory genomes of B. anthracis PFAB2. (A4 higher
resolution / colour version of this figure is available in the electronic copy of the article).



498 Current Genomics, 2019, Vol. 20, No. 7 Banerjee et al.

A Solute binding protein
. I

. / Type IV seeretory pathway, Trbl components
R ) y )

\ Type IV sccretory pathway, TrbL components
Y . \I Solute binding protein

oy s S . " o S
U et ot R 4 % Solute binding protein
‘\0).‘ \:\":;‘,:,ﬂ‘;\;:u.t e " \ \.

o A \c\;'o- 0 [

Transcription clongation factor
’

N & S !
Uncharacterized ’° > " f‘ W AN gy Type IV sccrctory pathway, Trbl. components
¢ & AL L e ! Cobalamin biosynthic CobN uiid rolased M chelitiss
protein o S ! obalsmin biosynthesis protein CobN and related Mg-chelatases
conserved in i\ I

WA
bacteria .
Nitrous

oxide

reductase

W 8APFAB2

W eaLe ) Solute binding protem
. BA_Mill_air_filter _‘ Putative virion core protein (lumpy skin disease virus)
W saN1ZF-2 al & ‘ . »
- W 8A_Ames_ancestor 800 kop™ \ -~ :-’_ - “‘ « , Type IV scerctory pathway, Trbl. components
g W 8C_jem-2 4 \a (LA B
3000w W 8AF34_Africa A - 1

.- Type IV secretory pathway, TrbL components
= é Solute binding protein

W 8C.51-R1)2-F8

o W 8C.52-R3)1-F8-BAL = -5 = ™= Membrane protein mvolved in colicin uptake
- 2800 kbp W 8APax-1 " L} I'E Type IV scerctory pathway, TrblL
W oc_ssR_3F 1200 k05, ,".'_ /4 m|i\ onen! v
- - alamin biosynthesis protein Col and related Mg-
" W BC_SSFR_9F [} Cobal b hy CobN and related M;
2600 kbp W 8C.SFR_23F » .. chelatases
W 8ASterne bl

W 8C.s1-RaH1-FB

2000 kbp 1800 kbp |
0 [

Type IV secretory pathway, Trbl

components
Uncharacterized protein conserved in bacteria

Type 1V secretory pathway, TrbL components / Solute binding protein
Transcription  Cobalamin biosynthesis  Solute Type IV secrctory
clongation  protcin CobN and binding pahway, TrbL
factor related Mg-chelatases protein '

components

-> Predicted membrane protein; 4

-> Putative virion core protein
(lumpy skin disease virus), 4
-> DnalJ-class molecular chaperone
with C-terminal Zn finger domain; 3
-> Uncharacterized protein conserved in bacteria; 3
<> Nitrous oxide reductase; 1

Fig. (5). A. Subelement classification of the 15 strains of B. anthracis and B. cereus including B. anthracis PFAB2, B. Pie chart showing the
COG subcategorization pattern of the subelement clusters. (4 higher resolution / colour version of this figure is available in the electronic copy of
the article).



Molecular and Genomic Characterization of PFAB2

PP

Hyp

———

Hyp

L

o | we | 2 | ne |

2000

4000

2o

Current Genomics, 2019, Vol. 20, No. 7 499

Fig. (6) contd....



Banerjee et al.

500 Current Genomics, 2019, Vol. 20, No. 7

Ames Ancestor

B.

o

@

wsox

ssox

=

110u

22

§-mmm

frmm

0
el

NI W
)

pe

|| ]l
o Hyp e Wy

3000 1am 2400u
1 (N0} &* lJ}! |
Tkl alel=

—

-l
m.mu"

b —

- P—

frem
2 — mmm

e

3o

amem

e [ 17 AT !
| Ilp'"
ean Pro

I N
L4 | bt

BT o L

3

Fig. (6) contd....



Molecular and Genomic Characterization of PFAB2

Current Genomics, 2019, Vol. 20, No. 7 501

C. Prophage present including
questionable and incomplete regions

18 B Accessory genome
= Core genome
16 ® Whole genome
14
12
10
8
6
4
2
0
w \ 2 K L &
REEP UG &‘” OIPE)
Q“@“ Q\é\ﬂ' %@‘a ‘b‘lv'%e&%%@a?
& TaTor ef% <$> %\g' SR R
@Y"N K F %@ ~z>° Q)c%
Q Q,G
D. Presence of intact Prophage
T
® Accessory genome
= Core genome
6 = Whole genome
5
4
3
=] 5|
(7] [}
2.4 & 2
~ <
o (0]
j=I1] on
o o
3 g
0 L .
BN F & o F B
Ao A4 N\
ng“/&’ ¢ v?\(\) \\ <3> ‘ZY' \%é‘ %é‘ s Q,Y?@@Q‘
N § ) &g ~ %\,
\a 9
Yy
&3 <

| Lysis

. Terminase
M portal protein M Tail Shaft

. Protease

M Attachment Site
M cost Protein Integrase

| Phage-like Protein

O Hypotheical Protein
"] other
Transposase

Fiber Protein
Plate Protein
M rRnA
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viz., extreme heat (PFAB2 from hot spring) and extreme salt
concentration (F34 from salt lake), probably they never came
across with any phage infection event. Thus near-clonal
spread of anthrax-causing organism can be due to the ex-
pression of toxin and capsule genes by means of phage me-
diated transfer conferring an advantage to B. anthracis. This
theory can be supported by a recently reported study by Pa-
pazisi et al. [38] where the acquisition of the plasmid-
encoded pathogenicity island (pXO1) and capsule genes

(pXO02) represented the crucial divergence of pathogenic B.
anthracis from its close relatives.

3.6. Study of Growth Curve and Thermotolerance

Optimum temperature of B. anthracis is 37°C for their
growth and physiology. Thus, in order to understand the
physiology of hot spring origin B. anthracis PFAB2, growth
was observed at different temperatures in parallel with con-
trol Sterne. Sterne had exhibited slow growth pattern and
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metabolic rate compared to PFAB2 in 37°C indicating fast
cell division potential of PFAB2. While increase in tempera-
ture visibly ceased the growth of Sterne, PFAB2 continued
its growth till 50°C and remained viable even in 55°C con-
firming its thermotolerant nature (Fig. 7). As most of the B.
anthracis strains favored 37°C for optimum growth, thermo-
tolerant growth pattern of PFAB2 was probably supported by
chromosomal genome only, as PFAB2 does not harbor
plasmids. Origin in a hot spring with 66.2°C temperature
could be a source for addition, modification or activation of
existing gene of PFAB2 to make them uniquely thermo-
tolerant. Several heat shock proteins were also earlier report-
ed from the whole genome of PFAB2 [13] that might be in-
volved in controlling its thermotolerance via some unknown
molecular switching mechanism.

3.7. Biofilm and Pellicle Formation Study

For survival and growth under adverse environmental
conditions, bacteria are known to produce biofilm [39].
Thus, the extent of both biofilm and pellicle formation were
investigated under static conditions at variable temperatures
with oxygen deficiency. It was observed that Sterne was
showing 25% reduction in biofilm formation as compared to
PFAB?2 at 37°C. While under room temperature, ~25% de-
crease in biofilm formation was observed by PFAB2 com-
pared to Sterne. Rate of biofilm formation negligibly chang-
es for Sterne due to switching of temperature from RT to
37°C; but increase in temperature significantly increased the
rate of biofilm formation for PFAB2 (Fig. 8). PFAB2 was
also produced considerably more pellicle at 37°C than RT;
while Sterne showed less pellicle formation than PFAB2.
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PFAB2
0.6
E Sterne
a 0.4
=)
0.2
0
1 2 3 4 5 6 7 8
0.16 500 C
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Pellicles may be formed as a response to oxidative stress.
Oxidative stress is also a common extreme factor in high
temperature hot springs. Noticeable change in shape and size
of B. anthracis pellicle cells were observed for both the
strains under confocal microscope. While at normal growth
condition, the cells were in clear dividing stage and smaller
in size; a trend of chain formation was observed for pellicle
cells which was also thinner in width. This type of character-
istic chain formation by B. anthracis cells was earlier report-
ed by Aggarwal et al. [30]. The positive effect of tempera-
ture on biofilm and pellicle formation can be inferred from
the thermotolerant growth pattern of PFAB2.

3.8. Protein and Toxin Estimation in the Secretome

B. anthracis secreted toxins in culture media supernatant
(CMS) are its primary virulence factors PA, LF, and EF [40,
41]. Out of all secreted proteins, PA with LF form lethal
toxin, while PA with EF form edema toxins that show cyto-
toxic effect on macrophage cells [42]. CMS of any pXOl1
plasmid harboring B. anthracis shows cytotoxicity on RAW
macrophage cells. In MTT assay, quite high percent survival
ratio (68.9%) was observed when macrophage cells were
treated with PFAB2 CMS compared to the CMS of control
strain Sterne (50.7%) (Fig. 9). When the macrophage cells
were treated with the same volume of CMS of different
strains, percent survival of the cells depicts the pathogenicity
of the strain and in case of PFAB2, ~70% survival ratio
again confirms its minimal cytotoxic effect.

Further, the result was also justified by evaluating major
toxicity factors PA, LF and EF viea ELISA under ambient
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Fig. (7). Growth kinetics of B. anthracis PFAB2 in increasing temperature from 37°C-55°C in comparison with control B. anthracis Sterne.
(A higher resolution / colour version of this figure is available in the electronic copy of the article).
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| 37°C
RT

Fig. (8). Effect of temperature change on biofilm and pellicle formation when B. anthracis cells are allowed to grow under static conditions
for 120 h. A. Pellicles of PFAB2 and Sterne respectively at 37°C, B. Pellicles at RT, C. Graph showing the rate of biofilm formation under
temperature change, D. Normally grown PFAB2 cells, E. PFAB2 pellicle cells, F. Normally grown Sterne cells, and G. Sterne Pellicle cells.
(A4 higher resolution / colour version of this figure is available in the electronic copy of the article).

Table 1.  Result of Protective Antigen (PA), Lethal Factor (LF) and Edema Factor (EF) toxin detection using ELISA.
Strain PA LF EF FlotP
PFAB2 . - . N
Sterne + + + +
Where “-”’ means absent and “+” present.

growth conditions. No production of PA, LF and EF toxins
was detected by B. anthracis PFAB2 but the control strain
Sterne has produced all the characteristic toxins (Table 1).

3.9. In Vitro and In Vivo Pathogenesis Study

In order to investigate the virulence of B. anthracis
PFAB2, association as well as internalization efficiency of
PFAB2 was compared to that of the control B. anthracis
Sterne within RAW macrophage cells by performing in vitro
infection with log phase bacteria. Rate as well as capacity of
internalization or invasion for PFAB2 was found to be al-
most half in comparison to the control Sterne. Additionally,
association capacity of PFAB2 was also insignificant com-
pared to association capacity of Sterne (Fig. 9A and 9B).
Both the value predicts PFAB2’s inability to become inva-
sive and adhesive up to 4 h of macrophage infection.

Further with in vivo study, avirulence of B. anthracis
PFAB2 was also confirmed in Swiss albino mice. These
mice were infected with equal number of PFAB2 and Sterne

bacilli (2 x 10°) belonging to mid-log phase and survival of
mice were analyzed for next 10 days. All the mice infected
with Sterne were found to be dead within 5 days, whereas all
the mice infected with PFAB2 were living and healthy until
10 days (Fig. 9D). Thus, this study confirms the non-
pathogenicity of PFAB2 (Fig. 9C and 9D).

3.10. Spore Formation and Germination Study

The primary and most crucial step in B. anthracis life
cycle is formation and germination of its major infectious
particle called spores. Earlier it was reported that steps of
spore germination involved stable conversion from heat
resistance to heat sensitivity [43, 44]. Different stages of
spore formation by PFAB2 from vegetative cell to com-
plete endospores were observed under transmission elec-
tron microscope. For measuring the germination potential
of B. anthracis PFAB2 spores, CFU of the heat treated
samples was calculated for every 5 min interval till 30
min. Spores of PFAB2 germinated at significantly higher
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Fig. (9). RAW macrophage cell line study showing relative association (A) and internalization (B) of PFAB2 cells compared to control B.
anthracis Sterne, (C). Percent survival of macrophages during PFAB2 and Sterne infection through MTT cytotoxicity assay compared to
control, and (D). Kepler-Miller death plot showing the percent survival of the infected mice when treated with equal CFU of Sterne, PFAB2
and control blank media. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

Table 2. Summary of spore forming capacity of PFAB2 compared to Sterne.
Strain Number of Spores (CFU/ml) Genetic Composition Occurrence
PFAB2 7x10° Genome+/pXO01-/pX02- Unique hot spring origin thermotolerant strain.
Sterne 3.2x10° Genome+/pXO1+/pX0O2- Well known laboratory strain.

speed compared to Sterne and was also almost double to rate of spore forming capacity of PFAB2 was noticed.

that of Sterne (Fig. 10). By CFU plating method, the same While Sterne produced 3.2x10° CFU/ml spores, PFAB2
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Fig. (10). Different steps of spore formation in B. anthracis PFAB2 as observed through transmission electron microscopy (in left) and rate
of spore germination of PFAB2 compared to vegetative PAFB2 bacilli and control Sterne spores, when 5x10° cells are incubated in BHI
media (in right). (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

produced almost double the amount of spores (7x10°
CFU/ml) (Table 2).

Interestingly, the spore size of PFAB2 appeared to be
1.31 = 0.08 um in length; which was highly similar to an
attenuated B. anthracis strain; Pasteur. Earlier reports
suggested the spore size of Pasteur as 1.23 £ 0.11pm in
length. B. anthracis strains that are shorter in length are
generally attenuated anthracis strains and they sporulate
much faster giving high yield compared to the virulent B.
anthracis varieties that produce ~1.5 um length spores
[45, 46]. Surprisingly, being an avirulent variant of B.
anthracis, PFAB2 had exhibited almost double the rate of
spore formation and germination than Sterne. It may be
probably due to the ability of PFAB2 to tolerate extreme
temperature thus conferring better survival strategy. It can
be also concluded that spore size is inversely proportional
to the spore yield rate as well as germination for B. an-
thracis. Lower size probably helped bacterium to become
more potent in becoming pathogenic but lack of plasmids
again restricted the same.

CONCLUSION

PFAB2 is the first reported strain of B. anthracis isolated
from a hot spring. This particular strain is unique in terms of
its avirulence, thermotolerant growth pattern, high cell divi-
sion rate and fast spore germination potential compared to all
previously reported close variants of B. anthracis. In the pre-
sent study, PFAB2 exhibited closeness with Ames Ancestor
with 97.93% genomic identity as well as numerous physiolog-
ical similarities except the pathogenesis. Both the in silico and

ex silico outcomes signified PFAB2’s future prospects in the
investigations of hidden evolutionary as well as genome asso-
ciated pathogenic aspects. One possible factor contributing to
the unique avirulence of PFAB2 can be some possible plasmid
curing events happened under stress condition of hot water
spring. It was noticed that no complete prophage was present
in accessory genomic region of PFAB2. This hinted no proba-
ble transduction events in past and nullified all the possibilities
of lateral transfer of virulence-related genes. Complete ab-
sence of capsule biosynthesizing genes and plasmids in
PFAB2 is a probable explanation for spread of non-pathogenic
variant of B. anthracis from extreme environment to other
natural surroundings due to possible phage infection events
happened at a later stage of evolution. PFAB2-like strains can
be the result of modification of B. cereus group from which
pathogenic Ames Ancestor like B. anthracis evolved. Thus,
occurrence of pathogenic B. anthracis likely to happen from a
non-pathogenic B. anthracis. Strain like PFAB2 can be partic-
ularly of scientific interest as it may serve as a potential miss-
ing link between B. cereus and B. anthracis. It also favors the
theory of earth’s life evolution; where life has initially started
in an extreme hot environment. Thus, this atypical variant of
B. anthracis, strain PFAB2 may be used as a model B. anthra-
cis system for better understanding on the evolution of anthrax
virulence. Further studies are needed in order to achieve a
conclusion on the evolution of pathogenic B. anthracis.
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