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Abstract: Anthrax is a zoonotic infection caused by the bacterium Bacillus anthracis (BA). Specific
identification of this pathogen often relies on targeting genes located on two extrachromosomal
plasmids, which represent the major pathogenicity factors of BA. However, more recent findings
show that these plasmids have also been found in other closely related Bacillus species. In this study,
we investigated the possibility of identifying species-specific and universally applicable marker
peptides for BA. For this purpose, we applied a high-resolution mass spectrometry-based approach
for 42 BA isolates. Along with the genomic sequencing data and by developing a bioinformatics
data evaluation pipeline, which uses a database containing most of the publicly available protein
sequences worldwide (UniParc), we were able to identify eleven universal marker peptides unique to
BA. These markers are located on the chromosome and therefore, might overcome known problems,
such as observable loss of plasmids in environmental species, plasmid loss during cultivation in
the lab, and the fact that the virulence plasmids are not necessarily a unique feature of BA. The
identified chromosomally encoded markers in this study could extend the small panel of already
existing chromosomal targets and along with targets for the virulence plasmids, may pave the way to
an even more reliable identification of BA using genomics- as well as proteomics-based techniques.

Keywords: Bacillus anthracis; anthrax; high-resolution mass spectrometry; species-specific marker peptides

1. Introduction

Bacillus anthracis (BA) is a Gram-positive, spore-forming, rod-shaped bacterium. It
is the causative agent of anthrax, an acute and often fatal disease in humans and other
mammals [1,2]. Humans can become infected in various ways, e.g., when handling anthrax-
infected animals, eating contaminated food, or inhaling anthrax spores. The Centers for
Disease Control and Prevention (CDC) categorized BA as a potential biological agent of
category A [3], and it has the potential to be used as a biological weapon. BA primarily
exists in the environment as a dormant spore in the soil [4], which makes it probably the
most environmentally stable category A agent overall [5].

Pathogenic strains of BA harbor two extrachromosomal plasmids—pXO1 and pXO2—
which are responsible for its pathogenicity [2]. While pXO1 contains the three genes for the
anthrax toxin, pXO2 contains the genes necessary to synthesize a capsule that protects the
bacterium from phagocytosis [2,4,6–8]. The identification of BA often relies on detecting
target genes located on these two virulence plasmids via nucleic acid-based assays [6,8,9].
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However, BA belongs to the Bacillus cereus group, which is a phylogenetic cluster of
closely related bacteria, including Bacillus cereus, Bacillus thuringiensis, Bacillus mycoides,
Bacillus pseudomycoides, and Bacillus weihenstephanensis [6]. Specific identification of BA is
challenging because of the high genetic similarity in this group, especially to the members
Bacillus cereus and Bacillus thuringiensis [2,8]. Furthermore, recent findings show that the
virulence plasmids pXO1 and pXO2 can also be present in other Bacillus species, leading to
atypical anthrax-causing strains [10]. Even though it has been shown that the virulence
plasmids are not a unique feature of BA [4,8], the target genes on these plasmids are still
very important for diagnostic PCR assays [11–14].

In this study, we applied high-resolution mass spectrometry (MS) to create proteomic
profiles for a collection of 42 BA isolates, mostly originating from Italy. With the thereby
generated peptide profiles and the genomic sequencing data for these isolates, we first
performed a hierarchical cluster analysis of the theoretical as well as the measured peptides.
In the next step, we aimed to determine the presence of the virulence plasmids in the isolates
directly from their genomic sequencing data. Further, we investigated the possibility of
identifying universally applicable species-specific BA marker peptides from our generated
genomics and proteomics data, which would enable screening for this pathogen at the
proteomic level, independent of the background caused by the matrix. This was achieved
by developing a bioinformatics data evaluation pipeline, which uses a database containing
most of the publicly available protein sequences worldwide (UniParc) [15].

2. Materials and Methods
2.1. BA Isolates

For identification of species-specific marker peptides, we used a sample cohort of
42 BA isolates, representing genetic variation. We investigated two strains, which were
isolated from cattle that died from anthrax in 2012 and 2014 in the federal state of Saxony-
Anhalt in Germany, and an additional 40 strains, which were recovered from different
hosts and regions in Italy. The Italian isolates represent a wide section of strains, which
are different from each other in terms of location and year of isolation (from 1917–2017), as
well as genetic profiles (different genotypes and lineages) (see Table S1). The German, as
well as the Italian strains, have been described in previous publications [16–18]. Previous
analyses based on classical canonical SNP typing and core genome MLST have shown that
the two German strains belong to the Ames/Sterne canSNP group [19]. All strains but one
belong to clade A, whereas one strain belongs to clade B (B.Br.CNEVA). The clade A strains
include one strain from the Ancient A subclade (A.Br.005/006), while the remaining strains
are from the TEA group (A.Br.008/011 and A.Br.011/009).

2.2. Bacterial Culture Preparation and Inactivation Procedure

All tested BA strains were taken from the collection of strains of IZSPB and FLI and
cultivated again on 5% sheep blood agar for 24 h in aerobic conditions. Two or three
colonies of every strain of BA were diluted in 2 mL tubes with 700 µL sterile deionized
water and inactivated by autoclave at 121 ◦C for 20 min. In order to check if the inactivation
was successful, 100 µL of the bacterial suspension was seeded again on 5% sheep blood
agar plates after autoclavation and incubated for 24 h. If no bacterial growth was detected,
the inactivation procedure was considered effective.

2.3. PCR

The plasmid content of the BA isolates was confirmed by real-time PCR assays. As the
PCRs were performed in different labs and to different time points, the PCR assays applied
in this study vary. For the procedure for isolate BA12RA1944, see Antwerpen et al. [16],
while for the rest of the isolates, the protocol according to Wielinga et al. [20] was used.
In brief, the presence of the BA-specific chromosomal DNA was confirmed targeting PL3,
while for detection of pXO1 and pXO2 the genes cya and capB were used, respectively.
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2.4. Genome Sequencing, Assembly, and Annotation of BA Isolates

As the genome sequencing was performed in different labs and to different time points,
the sequencing methods applied in this study vary. Genome sequencing for the German
isolates was performed as described in [16,17]. For the Italian isolates, DNA extraction and
genome sequencing were performed as previously described [18]. In brief, the DNAeasy
blood and tissue kit (Qiagen, Germany) was used for DNA extraction, while genome
sequencing was performed on an Illumina MiSeq machine using the Nextera XT DNA
Library Preparation kit (Illumina, San Diego, CA, USA) for paired-end genome library
preparation. The raw sequencing reads of all data were assembled with SPAdes ([21],
version 3.12.0). The assembled genomes were filtered to remove contigs with less than
5× kmer coverage and contigs shorter than 500 bp. Finally, gene annotation was performed
using Prokka ([22], version 1.14), with the inclusion of a genus-specific BLAST database
of BA. The genomic sequencing data has been deposited in the Sequence Read Archive
public repository (https://www.ncbi.nlm.nih.gov/sra, accessed on 27 September 2022)—
the corresponding IDs can be found in Table S1.

2.5. LC-MS/MS Analysis of BA Isolates

The proteomes of 42 autoclaved (see Section 2.1, 121 ◦C, 20 min) BA isolates were
characterized using high-resolution MS-analysis. For this purpose, a randomized block
design was applied [23], employing technical duplicates for 39 isolates as well as octuplets
for 3 isolates, resulting in a total number of 102 MS runs. The samples were prepared with
the iST kit (PreOmics, Martinsried, Germany), according to the manufacturer’s protocol
(pelleted cells and precipitated proteins, version 2.5). For this purpose, 30 µg of each
sample were pelleted for 10 min at maximum speed (21,130× g), and the digestion was
performed using the provided trypsin-Lys-C mixture for 4 h. Desalted peptides were dried
in a vacuum concentrator and dissolved in 60 µL LC-LOAD, briefly vortexed, and sonicated
in a water bath for 2 min. After centrifugation for 5 min at 16,000× g, 6 µL were injected
for nano-LC-MS/MS analysis.

LC-MS/MS analysis was performed by nano-flow reverse-phase liquid chromatog-
raphy (Dionex Ultimate 3000, Thermo Scientific, Waltham, MA, USA) coupled online
to a Q-Exactive HF Orbitrap mass spectrometer (Thermo Scientific), as described previ-
ously [24]. In brief, dissolved peptides were loaded onto a trapping column (µ-precolumn,
300 µm ID × 5 mm, C18 PepMap100, 5 µm, 100 Å, Thermo Scientific). The separation was
performed on a PicoFrit analytical column (75 µm ID × 55 cm long, 15 µm Tip ID (New
Objectives, Woburn, MA, USA)), in-house packed with 3 µm C18 resins (Reprosil-AQ Pur,
Dr. Maisch, Ammerbuch-Entringen, Germany) under a controlled temperature of 50 ◦C.
The Orbitrap was operated in a data-dependent manner: full MS (m/z range of 300 to
1750 m/z, resolution of 60,000, AGC target 1E6), followed by 12 data-dependent MS/MS
scans (m/z range of 200 to 2000 m/z, resolution of 30,000, with a normalized collision
energy of 25 eV, AGC target 5E5).

2.6. Plasmid Detection with ABRicate

For all isolates, we searched for the virulence plasmids pXO1 and pXO2 using BLAST
analysis, as described in [25]. Briefly, the BLASTN based tool ABRicate (version 1.0.1,
https://github.com/tseemann/abricate, accessed on 27 September 2022) was used to
identify the characteristic marker genes of the two plasmids of the BA Ames ancestor with
at least an 80% threshold identity and at least a 50% overlap. The marker genes are cya, lef,
pagA, and repX for the pXO1 plasmid and the capA, capB, capC, capD, capE, and repS genes
for the pXO2 plasmid. The plasmid was considered “detected,” if at least 50% of its marker
genes were identified, “partially detected,” if less than 50% of the genes were identified,
and “not detected,” if no gene was identified.

https://www.ncbi.nlm.nih.gov/sra
https://github.com/tseemann/abricate
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2.7. Data Processing and Bioinformatics Analysis

LC-MS/MS RAW files were processed using TOPP tools of the open-source library
OpenMS (version 2.4) [26]. RAW files were converted to the mzML format, and, as a first
preprocessing step, peak-picking and a mass calibration based on initial peptide identi-
fications with the MS-GF+ search engine (version v2018.01.30) [27] was performed with
cysteine carbamidomethylation as a fixed modification and methionine oxidation and
N-terminal acetylation as variable modifications (TOPP tools: PeakPickerHiRes, MSGFPlu-
sAdapter, InternalCalibration). Calibrated spectra were then searched again with MS-GF+,
and identifications were filtered at a 1% false discovery rate. For both MS-GF+ identification
runs, the union of all proteins predicted by Prokka—deduplicated using CD-HIT ([28],
version 4.8.1)—was used as a database.

For hierarchical cluster analysis, peptides belonging to the 25% highest abundant
peptides in at least three samples were selected. For this subset, the peptide incidence
vectors were generated for each sample and used to compute a hierarchical clustering using
Jaccard distance and average linkage. Peptide abundance was estimated at the MS1 level
using the TOPP tool Feature Finder Identification.

2.8. Identification of Species-Specific Peptides

The proteins predicted for assembled genomes were digested in silico, and the result-
ing theoretical peptide profiles were analyzed and screened for species-specific peptides,
as outlined in Figure 1.
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Figure 1. Flowchart of the bioinformatics data evaluation pipeline. The bioinformatics data evaluation
comprises the processing of the genomic as well as the proteomic data. In brief, the predicted
proteins for the assembled genomes were digested in silico and the resulting theoretical peptidome
was matched against the active entries of an in silico digested UniParc database. The obtained
theoretical candidate marker peptides were compared with the list of identified peptides from our
LC-MS/MS data.

In silico digestion was performed with trypsin and without missed cleavages, retain-
ing all peptides of 8–30 amino acids length. Next, we determined the core peptidome,
i.e., the set of peptides occurring in the protein predictions of every sample. From this
set of 52,707 peptides, a subset of 789 species-specific peptides was extracted. For this
purpose, peptides were matched against all in silico digested active entries in the UniParc
database (18/01/2022, ~458 million sequences). To enhance specificity, a conservative
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approach was chosen, and the isomeric amino acids, leucine and isoleucine, and isobaric
amino acids, glutamine and lysine, were treated as equivalent during the search. Peptides
not matching any other species than BA were considered species-specific. LC-MS/MS
peptide identifications were finally matched against the set of species-specific peptides
and filtered according to their sample coverage (fraction of samples containing the peptide
identification) and their median percentile rank (percentage of peptide identifications with
lower intensity) over all covering samples. Species-specific identifications were filtered at
a sample coverage of 50% and a median percentile rank of 50 in order to ensure a good
detectability from the LC-MS samples.

The processed MS raw and KNIME output files have been deposited to the ProteomeX-
change Consortium and can be found in the PRIDE repository (http://proteomecentral.
proteomexchange.org, accessed on 27 September 2022) PXD036243. The KNIME postpro-
cessing workflows and the implementations for candidate peptide filtering are available
upon request.

3. Results

High-resolution MS was used to create proteomic profiles for a collection of BA isolates.
Using the thereby generated proteomic data, as well as our genomic sequencing data for
these isolates, we first performed hierarchical cluster analyses of the theoretical and the
measured peptide profiles. Further, we tested the possibility of determining the presence
of the virulence plasmids in the isolates directly from their genomic sequencing data. As a
final step, we investigated the possibility of identifying species-specific BA marker peptides
from our genomic as well as proteomic data. These markers should additionally fulfill the
requirement that they are universally applicable, and would therefore enable screening for
this pathogen on the proteomic level, independent of the background. To ensure this, we
developed a bioinformatics data evaluation pipeline, which uses a database comprising
most of the publicly available protein sequences worldwide (UniParc).

3.1. Cluster Analyses

Cluster analyses were carried out for both the theoretical and the measured peptide
profiles (see Figures 2 and 3) to investigate any fine structure in our data that would possibly
allow distinguishing subgroups of the isolates from each other. Both analyses show that the
BA isolates cluster closely together and are very similar to each other; thus, no subgroups
could be defined.
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3.2. Analysis of Plasmid Content

In the next step, we aimed to determine the presence of the virulence plasmids directly
from the genomic sequencing data of 37 BA isolates (see Table S2). For this purpose, we
searched in our sequencing data for four marker genes corresponding to pXO1 and for
six genes corresponding to pXO2. As a result of this analysis, in five isolates none, and in
two isolates not all of the marker genes for pXO1 were detected. Further, in one isolate,
no markers, neither for pXO1 nor the pXO2 plasmid, were detected, while in the rest of
the isolates, both of the virulence plasmids were detected. Comparing these results with
the outcome of the PCR analysis showed that isolates which did not contain a plasmid,
according to the PCR results, were also negative in our bioinformatics analysis. On the
other hand, none (see isolate BA0132) or not all (see isolates BA0002 and BA0183) of the
marker genes for the pXO1 plasmid were detected in the sequencing data of three isolates,
even though the corresponding PCR data revealed positive results for this plasmid.

3.3. Identification of Species-Specific Candidate Marker Peptides for BA

Due to the high similarity between the BA isolates on the genomic, as well as on
the proteomic level, potential candidate marker peptides were sought at the species level
for BA. For this purpose, a bioinformatic approach was applied that only considered the
identified peptides from the LC-MS/MS data, which were found only in the species BA
and in no other species present in the UniParc database (see Figure 1). In this way, we
were able to identify eleven species-specific candidate marker peptides for BA (see Table 1).
Exemplary MS2 spectra for the peptides are provided in the Supplementary Materials
section of this manuscript. Seven of these marker candidates are present in at least 80% of
all LC-MS/MS measurements, and only two peptides occur in every measurement. These
marker peptides were also identified in the Prokka annotations of all sequenced isolates.
Among the proteins associated with these peptides are proteins belonging to the spores
and metabolic enzymes, as well as a ribosomal protein of BA.
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Table 1. Identified species-specific candidate marker peptides for BA. The following eleven candidate
marker peptides were found, which are all unique to the species BA and cannot be found in any other
species occurring in the UniParc database. In addition to the peptide sequences, the corresponding
Prokka annotations are given, as well as the median intensity percentile rank. The last column
shows the percentage of measurements in which these marker peptides were identified. The marker
peptides listed here are filtered as follows: they appear in all Prokka annotations, have a median
intensity percentile rank of at least 50, and appear in at least 50% of the LC-MS/MS measurements.

Peptide Sequence Prokka Annotation Median Intensity
Percentile Rank

Identified in LC-MS/MS
Measurements (%)

QLSDVAEEDVNR Short-chain-enoyl-CoA hydratase 91.20 100.00

EINGQAQTQTTVTETK putative peptidoglycan
endopeptidase LytE 52.24 100.00

FQMGNQHYSIDVHK hypothetical protein 85.65 97.06

FFETHDYK Spore germination protein YaaH 84.96 86.27

TPGHGIYTGIK Asparagine synthetase
glutamine-hydrolyzing 3 73.83 83.33

NIAQGAALATDTK p-aminobenzoyl-glutamate
hydrolase subunit B 59.47 81.37

TLDNAVEELTQITGQK 50S ribosomal protein L5 62.58 81.37

EDSPLVTLTGK PhoH-like protein 63.61 75.49

NSSHWAEEDTILSGVK N-acetyltransferase YodP 64.46 73.53

AQASGASIQSTNASYGTEFATETDVHAVK Small, acid-soluble spore protein
gamma-type 92.41 66.67

VLTSGQEAVSHNFLGDK putative 3-hydroxyacyl-CoA
dehydrogenase 61.27 55.88

4. Discussion

In this study, we used a combined approach of high-resolution MS and genomic
sequencing for a collection of BA isolates to identify species-specific and universally appli-
cable marker peptides for BA. Based on the proteomic and genomic datasets of 42 individual
BA isolates, cluster analyses were created using the theoretical, as well as the LC-MS/MS,
peptide profiles (see Figures 2 and 3), respectively. All isolates clustered very closely to-
gether and thus, are very similar to each other at the proteomic and genomic levels. This is
most likely because BA is known to be one of the most molecularly homogenous bacteria,
displaying little genetic variation [4,7,8,19,29–31]. Additionally, most of the BA isolates
used in this study originate from Italy (see Table S1), where majority of occurring BA strains
are genetically so similar that they are believed to have descended and evolved from a local
common ancestral strain [30].

As a next step, we investigated the possibility of determining the presence of the
virulence plasmids in the isolates directly from their genomic sequencing data. Most of the
strains in this study were isolated from lethal anthrax outbreaks in animals (see Table S1),
meaning that they were fully virulent at the time of their isolation and therefore, possessed
both virulence plasmids. However, the analysis of our genomic sequencing data revealed
that both virulence plasmids could not be detected in all isolates (see Table S2). These
results were, in most cases, in agreement with the PCR data of the strains. The absence
of the plasmids in some of the isolates might result from a loss of one or both plasmids
during various cultivation processes in the lab. In this context, it is interesting that the
oldest investigated strain in this study, which was isolated in 1917, was also the only isolate
that did not contain any virulence plasmids (see Tables S1 and S2). However, there was
also one isolate that showed different results between both analyses. While the PCR result
for the strain BA0132 detected the presence of both virulence plasmids, the analysis of
the sequencing data did not detect any marker genes for pXO1. This difference between
both analyses is most likely a consequence of the fact that the genomic sequencing of
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the isolates was performed later than the PCR analysis. It is reasonable to assume that
this isolate lost its pXO1 plasmid in the meantime. Indeed, reanalyzing this isolate via
PCR confirmed this assumption, thus no pXO1 plasmid could be detected for this strain.
Furthermore, not all the marker genes for pXO1 were detected in the sequencing data of the
two isolates BA0002 and BA0183 (see Table S2). Since for the isolate BA0183, three out of
four marker genes were detected for pXO1, it is safe to assume that the complete plasmid
was present in this isolate. For the isolate BA0002, only one out of four genes for pXO1 was
detected. For closer inspection, we aligned the assembled genome of this isolate against the
reference sequence of pXO1. Except for the marker gene repX, there were also other parts
of the plasmid present, but they did not contain the three marker genes cya, lef, and pagA.
Therefore, the classification “partially detected” for the presence of the plasmid pXO1 in
this isolate is most likely due to the untargeted nature of the applied genomic sequencing
method, as well as the subsequent genome assembly, than to the presence of the plasmid
itself. Keeping in mind the limitations of this method, detecting the virulence plasmids
of BA directly from its sequencing data proved to be a viable tool. Interestingly, when
comparing these results with the cluster analysis of the theoretical peptide profiles, it could
be seen that the Italian isolates missing the pXO2, or both virulence plasmids (see Figure 2,
isolates BA0004, BA0039, BA0042, BA0058, BA0132, and BA0131, respectively), form a
cluster, which separates them from the Italian isolates possessing both virulence plasmids.
This comparison is also in agreement with the absence of pXO1 in the isolate BA0132,
while the isolate BA0002 possesses both plasmids, as both isolates cluster according to their
plasmid content.

Even though BA shows little genetic variation [4,8,19,29,30], the identification of
such marker peptides proved to be challenging. BA is a member of the Bacillus cereus
group [4,6–8,29,32,33], a group of closely related Gram-positive, endospore-forming bacte-
ria [29,33]. The specific identification of BA is hampered due to the high genetic similarity
in this group [2,6,8,29,32,33]—especially to the two members Bacillus cereus and Bacillus
thuringiensis, which have a sequence similarity of over 99% compared to BA [8]. The
fact that these two species occur ubiquitously further complicates the identification of
BA [2,8,33,34]. The main difference between these three species is the presence of the two
extrachromosomal virulence plasmids pXO1 and pXO2 in BA, which are responsible for its
pathogenicity [2,4,6–8]. However, more recent findings have shown that these two viru-
lence plasmids are not a unique feature of BA [4,8]. There has been an increasing number
of reports of so-called atypical Bacillus cereus strains that caused anthrax-like diseases in hu-
mans and other mammals [12,13,29,35–37]. These strains are defined by their Bacillus cereus
chromosomal DNA and the presence of virulence plasmids that show a very high level of
similarity with the anthrax virulence plasmids pXO1 and pXO2 [29]. Thus, the anthrax
toxin produced by the atypical Bacillus cereus strains is not significantly different from that
produced by BA, and infection with these strains may lead to both similar symptoms and
mortality rates compared to anthrax caused by BA [29]. Despite these high similarities, we
were able to identify eleven species-specific candidate marker peptides for BA, which allow
for differentiating BA from all other species, including the closely related Bacillus cereus
groups (see Table 1). These eleven markers are all chromosomally encoded and tie in with
recent studies reporting the interest of researchers in chromosome-encoded genes, which
would be preferable for the specific detection of BA, due to occasionally observed losses of
virulence plasmids within environmental species and the occurrence of virulence plasmids
in atypical Bacillus cereus strains [6,8,38,39].

Research in the literature revealed that three of eleven identified candidate marker
peptides from our study overlap with previously described proteomic markers [2,8]. While
two of those markers are an exact match, the third shows only a partial overlap of the
peptide sequence, since this peptide was created by enzymatic digestion using a protease
other than trypsin (Glu-C) (see Table 1, peptides with annotations short-chain-enoyl-CoA
hydratase, 50S ribosomal protein L5, and small, acid-soluble spore protein gamma-type,
respectively). However, in this case, the associated protein, as well as the peptide position
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within this protein, both match. Thus, the peptide belonging to the Prokka annotation
short-chain enoyl-CoA hydratase (see Table 1) has already been reported by Misra et al. [2],
who developed a discovery pipeline for elucidating peptide biomarkers exemplarily for
the pathogen BA. Two other potential marker peptides overlap with identified BA spore
markers from a study by Chenau et al. [8], who undertook comparative proteomics analyses
of BA, Bacillus cereus, and Bacillus thuringiensis spores to identify proteoforms unique to
BA. The peptide markers in question are the peptides associated with the annotations
50S ribosomal protein L5 (RL5) and small, acid-soluble spore protein gamma-type (SASP-
gamma). The protein RL5 is a ribosomal protein, which comprises up to one-fifth of the
total protein content in bacterial cells [8,40]. In BA, ribosomal proteins, such as RL5, can
be expressed in both vegetative cells, as well as germinating spores, so this marker is not
necessarily a spore marker [8]. This marker was additionally mentioned by Rajoria et al. [41]
as a suitable BA marker for the detection of biological warfare agents.

The protein SASP-gamma belongs to a group of small proteins that are only formed
during sporulation [8]. These small, acid-soluble spore proteins (SASPs) are the predom-
inant class of proteins in the spore core of BA and they serve, among other functions, to
protect the spore chromosome from chemical, enzymatic, and UV damage (type alpha and
beta), and likely play a role in osmoregulation (type gamma) [42]. Their concentration
within the spores is so high that even the presence of a small number of spores within a
large number of vegetative cells would result in a strong SASPs signal [8].

The fact that we were able to identify these two marker peptides, belonging to the
annotations RL5 and SASP-gamma, is also directly related to the results of the study of
Chenau et al. [8], meaning that both their identified spore markers are more universally
applicable than just to distinguish BA from Bacillus cereus and Bacillus thuringiensis spores.

Upon further inspection of the marker candidates, there was another spore-associated
peptide identified belonging to the protein spore germination protein YaaH (see Table 1).
This protein is present in the spores of BA and is required for their germination in vegetative
cells [43,44]. The fact that these three potential marker candidates, belonging to the proteins
RL5, SASP-gamma, and spore germination protein YaaH, are spore-associated may explain
why they could not be found in all LC-MS/MS measurements (see Table 1). It is conceivable
that not all BA isolates contained spores, or only to such a small extent that they were not
identified during proteome profiling.

Considering all identified markers in this study, it was striking that only two peptides
were detected in all the measured samples (see Table 1). However, it should also be kept
in mind that these peptides are potential candidate marker peptides that could be used
in order to create a targeted MS method. In an ideal case, screening of all isolates with
such a method could result in the detection of some of these eleven markers in all samples.
Furthermore, a large-scale study would be needed to additionally verify the presence of
the herein identified marker peptides in BA strains from different geographical locations.

As discussed previously, while methods targeting the virulence plasmids only verify
the presence of the plasmids, species-specific molecular identification of BA can be achieved
by using chromosomal targets [39]. In this context, it is especially interesting that the genes
coding for the here identified potential marker candidates are chromosomally localized.
This may offer the possibility to develop genomic assays, which could complement the
small panel of already existing chromosomal markers, such as dhp61 [45], PL3 [20], or a
novel approach using the multi-copy 16S rRNA gene [39], which are used in addition to
markers for the virulence plasmids. Indeed, the research revealed that the sspE gene—
coding for the protein SASP-gamma—was already used, in addition to two genes for the
virulence plasmids, to specifically identify BA using PCR assays [46,47].

In summary, this study demonstrates that it is possible to identify potential candidate
marker peptides capable of distinguishing BA from all other species sequenced to date,
including all members of the closely related Bacillus cereus group. These marker peptides
were identified using a holistic bioinformatics workflow that considered a broad database
(UniParc) as a background; therefore, these markers are universally applicable. The data
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evaluation workflow created in this study could also be adapted to search against a specific
background of interest, e.g., a sample matrix including its most common microorganisms
and contaminants, to identify corresponding BA markers. Another exemplary application
would be to identify anthrax-causing marker peptides, considering that the anthrax risk
is no longer only restricted to BA. Nevertheless, the here identified potential marker
candidates could be used to establish a targeted MS method to specifically identify BA on a
proteomic level. For this purpose, this marker panel could be complemented by BA spore
markers, e.g., from Chenau et al. [8]. Moreover, our identified chromosomally encoded
markers could complement the small number of already existing chromosomal targets and
along with targets for the virulence plasmids may pave the way to an even more reliable
identification of BA using genomic assays.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12101549/s1, Table S1: Overview of all analyzed BA isolates
in this study; Table S2: Overview of BA isolates and their virulence plasmid content, Supplementary
Mass Spectra.pdf.
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