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Abstract Probiotics are microorganisms that confer beneficial
effects on the host; nevertheless, before being allowed for hu-
man consumption, their safety must be verified with accurate
protocols. In the genomic era, such procedures should take into
account the genomic-based approaches. This study aims at
assessing the safety traits of Bacillus coagulans GBI-30, 6086
integrating the most updated genomics-based procedures and
conventional phenotypic assays. Special attention was paid to
putative virulence factors (VF), antibiotic resistance (AR) genes
and genes encoding enzymes responsible for harmful metabo-
lites (i.e. biogenic amines, BAs). This probiotic strain was phe-
notypically resistant to streptomycin and kanamycin, although
the genome analysis suggested that the AR-related genes were
not easily transferrable to other bacteria, and no other genes with

potential safety risks, such as those related to VF or BA produc-
tion, were retrieved. Furthermore, no unstable elements that
could potentially lead to genomic rearrangements were detect-
ed. Moreover, a workflow is proposed to allow the proper tax-
onomic identification of a microbial strain and the accurate
evaluation of risk-related gene traits, combining whole genome
sequencing analysis with updated bioinformatics tools and stan-
dard phenotypic assays. The workflow presented can be gener-
alized as a guideline for the safety investigation of novel probi-
otic strains to help stakeholders (from scientists to manufac-
turers and consumers) to meet regulatory requirements and
avoid misleading information.
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Introduction

Probiotics are defined as Blive microorganisms that, when ad-
ministered in adequate amounts, confer a health benefit on the
host^ (Hill et al. 2014). Several microorganisms display probi-
otic properties, the most common types available being lactic
acid bacteria and bifidobacteria. Remarkably, probiotic strains
known to date belong to a relatively limited number of species,
spanning across very different taxonomic groups (Salvetti et al.
2015); this implies that different properties could be linked to
the different taxonomic groups. For the same reason, safety
evaluation depends on the nature of the specific microorgan-
ism, as different microorganisms could be detrimental to the
host via different mechanisms (Sanders et al. 2010).

The safety assessment of (potential) probiotic strains en-
compasses several aspects, such as their immunological ef-
fects, type of administration, dose and duration of consump-
tion, and target population of patients and/or consumers
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(Sanders et al. 2010); on the microbial side, the absence of the
genetic make-up for virulence factor (VF), transmissible anti-
biotic resistance (AR) and other deleterious characteristics is
required by the European Food Safety Authority (EFSA)
guidelines (EFSA 2013). The determination of the presence/
absence of such genetic traits could be very rapid and cost-
effective thanks to the use of available low-cost sequencing
techniques (Sanders et al. 2010; Liu et al. 2015; Sun et al.
2015) and could also be seen as a criterion for pre-selection
of strains with potential application as probiotics, especially
for novel strains which have only limited or no history of safe
use. Therefore, next-generation sequencing (NGS) technolo-
gies could be readily included in the safety evaluation process
and could influence regulatory decisions on the commercial
acceptability of the strain (Sanders et al. 2014).

The safety assessments based on the complete genome se-
quences have been recently performed for Bifidobacterium
strains (Bennedsen et al. 2011), for the (potential) probiotic
strains Lactobacillus plantarum JDM1 (Zhang et al. 2012)
and Bifidobacterium longum JDM301 (Wei et al. 2012), for
the bacteriocin-producers Streptococcus salivarius strains
NU10 and YU10 (Barbour and Philip 2014), for the surrogate
microorganism Enterococcus faecium NRRL B-2354 (Kopit
et al. 2014) as well as for novel potential probiotic strains as
Butyricicoccus pulicaecorum 25-3T (Steppe et al. 2014) and
Lactobacillus helveticus MTCC 5463 (Senan et al. 2015).
However, there is still a lack of homogeneity regarding the
genetic and phenotypic traits to be assayed, and the proper use
of the available bioinformatic tools, which may create confu-
sion among stakeholders involved in this area (scientists, man-
ufacturers, legislative bodies and consumers).

Among the wide number of probiotic products available on
the market, a consistent part is represented by spore-forming
bacteria, normally members of the genus Bacillus (Hong et al.
2005), which exploit the increased resistance of endospores to
environmental stresses with respect to vegetative cells
(Sanders et al. 2003). Species most comprehensively studied
are Bacillus cereus, Bacillus clausii, Bacillus coagulans,
Bacillus licheniformis and Bacillus subtilis (Cutting 2011).

B. coagulans GBI-30, 6086, commercialized under the
commercial name GanedenBC30™ (BC30), is a spore-
forming lactic acid-producing bacterium with the capacity to
resist the harsh conditions typical of the gastrointestinal tract
and displays good stability during shelf life (Hyronimus et al.
2000; Maathuis et al. 2010). Several studies demonstrated
probiotic properties of this strain such as the aptitude to im-
prove gastrointestinal (GI) quality of life in adults with post-
prandial intestinal gas-related symptoms (Kalman et al. 2009);
the potential to aid in protein, lactose and fructose digestion
(Maathuis et al. 2010); the antimicrobial activity in distal re-
gions of the GI tract (Honda et al. 2011) and the capacity to
improve some parameters of Clostridium difficile-induced co-
litis in mice and to limit its recurrence (Fitzpatrick et al. 2011;

Fitzpatrick et al. 2012). These data have determined a scien-
tific and commercial relevance of B. coagulans GBI-30, 6086
for human applications, which has been enriched with studies
assessing its immunomodulatory properties (Jensen et al.
2010; Benson et al. 2012) and the stimulating effects on other
beneficial genres of bacteria as well as organic acid production
in the elderly (Nyangale et al. 2014).

The safe history of use of proprietary B. coagulans prepa-
ration of GanedenBC30™ has been supported by a toxicolog-
ical safety assessment (Endres et al. 2009) and by a 1-year
chronic oral toxicity study combined with a one-generation
reproduction study (Endres et al. 2011). Moreover, the notice
of Ganeden Biotech, Inc. to US FDA (Food and Drug
Administration) reported unpublished PCR protocols that
demonstrated that the strain does not contain genes homolo-
gous to those encoding known protein toxins and haemolysin
(Ganeden Biotech, Inc. 2011). In the light of these findings,
B. coagulans GBI-30, 6086 received the Generally
Recognized As Safe (GRAS) status in 2012 from the FDA.

In 2014, we reported the draught genome sequence of
B. coagulans GBI-30, 6086 to provide biological information
helpful to unveil the genetic basis of its safety and probiosis
(Orrù et al. 2014); the aim of the present paper is to critically
re-evaluate these genomic data integrating them with pheno-
typic assays to have a comprehensive view of relevant safety
aspects for this strain.

We suggest that this approach could become a structured
modus operandi which could be extended to the safety assess-
ment of probiotic bacteria by integrating genomic analyses
performed with the modern NGS sequencing platforms and
conventional phenotypic tests.

Materials and methods

Bacterial strain and growth conditions

B. coagulans GBI-30, 6086, supplied by Ganeden Biotech,
Inc. (Mayfield Heights, OH) was routinely grown in Brain
Heart Infusion (BHI) medium (Fluka Analytical, Buchs,
Switzerland) at 30 °C in aerobic conditions. Strain GBI-30,
6086 is deposited in the American Type Culture Collection as
B. coagulans PTA-6086.

Genome sequencing and taxonomic identification
of B. coagulans GBI-30, 6086

The whole genome sequencing ofB. coagulans strain GBI-30,
6086 was performed using the Illumina GAIIx sequencer at
CRA-Genomic Research Centre. Details about the sequenc-
ing, assembly and annotation of the GBI-30, 6086 genome are
reported in Orrù et al. (2014).
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The complete 16S rRNA gene sequence of B. coagulans
GBI-30, 6086 was retrieved by the genome sequence and
searched against the EzTaxon database (http://eztaxon-e.
ezbiocloud.net/) (Chun et al. 2007). Then, the 16S rRNA gene
sequence of GBI-30, 6086 was aligned with those of B.
coagulans DSM 1T, related taxa and other representatives of
Bacillus genus using Clustal Omega (Sievers et al. 2011).
After the manual editing of the alignment with CLC Main
Workbench v. 7.5.1., unknown bases were disregarded and
1142 positions were included in the phylogenetic analysis. A
phylogenetic tree was constructed using the number of differ-
ences algorithm as substitution model and neighbour-joining
(Saitou and Nei 1987) as tree inference method as implement-
ed in MEGA v.6 software package (Tamura et al. 2013).

The availability of the entire genome of B. coagulans GBI-
30, 6086 allowed the development of the ribosomal
multilocus sequence typing (rMLST) scheme which was
based on 49 genes encoding the bacterial ribosome protein
subunits (rps genes) as implemented in rMLST database
website (http://pubmlst.org/rmlst/).

Ribosomal protein sequences were retrieved from
B. coagulans GBI-30, 6086, B. coagulans DSM1T,
B. acidiproducensDSM 23148T and B. subtilis 168T and were
aligned with Clustal Omega (6128 aminoacids), while
Poisson model and neighbour-joining were used to infer the
phylogenetic tree.

The statistical reliability of the topology of the phylogenet-
ic trees was evaluated using bootstrapping with 1000 repli-
cates (Felsenstein 1985).

Measurements of antibiotic resistance phenotypes

The minimum inhibitory concentrations (MICs) of several
antibiotics were determined following standard protocol ISO
10932:2010 (IDF 223:2010) for 15 antibiotics (ampicillin,
chloramphenicol, ciprofloxacin, clindamycin, erythromycin,
gentamicin, kanamycin, linezolid, neomycin, rifampicin,
streptomycin, tetracycline, trimethoprim, vancomycin and
virginiamycin). MICs for kanamycin and streptomycin were
re-tested with the same protocol, testing concentrations up to
1500 mg/L.

Measurement of biogenic amine production

B. coagulans GBI-30, 6086 was grown in BHI containing
0.1 % w/v precursors (arginine, histidine, lysine, ornithine,
putrescine and tyrosine). Ten-millilitre cultures were centri-
fuged at 8000g for 10 min at 10 °C, and the supernatants were
used for biogenic amine (BA) determination by high-
performance liquid chromatography (HPLC) after derivatiza-
tion with dansyl-chloride (Sigma–Aldrich, Milano, Italy) ac-
cording to Martuscelli et al. (2000). The BA content was
analysed using a PU-2089 Intelligent HPLC quaternary pump,

Intelligent UV-VIS multiwavelength detector UV 2070 Plus
(Jasco Corporation, Tokyo, Japan) and a manual Rheodyne
injector equipped with a 20-μL loop (Rheodyne, Rohnert
Park, CA) (Tabanelli et al. 2014). BA production was then
quantified according to Tabanelli et al. (2012).

Identification of safety-associated genes

Putative antibiotic resistance genes were identified by query-
ing the Comprehensive Antibiotic Resistance Database
(CARD) at http://arpcard.mcmaster.ca/, (McArthur et al.
2013) with the protein sequences derived from the GBI-30,
6086 annotated genes by using a local Protein-protein Basic
Local Search Tool (BLASTP). Putative virulence factors were
identified by local BLASTP against the Virulence Factor
Database (VFDB) (Chen et al. 2012). Only Basic Local
Alignment Search Tool (BLAST) results showing more than
30 % identity and 70 % coverage were considered in this
study. Putative prophage sequences in the GBI-30, 6086 ge-
nome were identified using ProphageFinder (http://
bioinformatics.uwp.edu/~phage/DOEResults.php) The
clustered regularly interspaced short palindromic regions
(CRISPR) were identified using CRISPRFinder (Grissa
et al. 2007).

The presence of genes related to biogenic amine production
(mainly aminoacids decarboxylases) was searched by
BLASTX against the genome of GBI-30, 6086. Seed se-
quences included the complete operon sequence of tyrosine
decarboxylase from B. cereus BAG2X1-1 (JH792376.1) for
the production of tyramine, the histidine decarboxylase from a
strain of B. coagulans isolated from fermented fish products
(AB553281.1) for the production of histamine, the arginine
decarboxylase from Baci l lus thuringiensis HD1
(CP010005.1), the agmatine deiminase from B. cereus
2_A_57_CT2 (NZ_GL635753.1), the putrescine carbamoyl
transferase from Bacillus massil ioanorexius AP8
(NZ_CAPG01000089.1), the N-carbamoylputrescine ami-
dase f rom Bac i l lus ce l lu los i l y t i cus DSM 2522
(CP002394.1), the arginine deiminase from B. cereus Al
Hakam (CP009651.1) and the ornithine carbamoyltransferase
from Bacillus cytotoxicus NVH 391-98 (CP000764.1) in-
volved in the production of putrescine.

The presence of enterotoxin genes was evaluated by
searching on the genome the sequences of genes encoding
for the haemolysin BL (HBL complex; hblC, hblD, hblA
and hblB: AJ007794), the non-haemolytic enterotoxin NHE
(NHE complex; nheA, nheB and nheC: Y19005), the entero-
toxin T (bceT; D17312), the cytotoxin K (cytK; AJ277962)
(Guinebretière et al. 2002) and the cereulide (cesA,
cesH, cesP, cesT, cesB, cesC, cesD; DQ360825)
(Ehling-Schulz et al. 2006).

Furthermore, the presence of genes involved in the synthe-
sis of lipopeptides, as fengygin (fenA, AF023464; fenB,
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BACFENB; fenD, CAA09819; fenE, AF023465), surfactins
(srfAA, D13262; srfAB, AF233756; sfrAC, CAB12145) (Tapi
et al. 2010) and lychenisin (lchAA, lchAB, lchAC; AJ005061)
(Yakimov et al. 1998) was also investigated.

Results

Taxonomic identification

The analysis in EzTaxon and the pairwise sequence alignment
between the complete 16S rRNA gene sequence of
B. coagulans GBI-30, 6086 and B. coagulans DSM 1T

showed 99.92 % identity (data not shown), confirming strain
GBI-30, 6086 to be allotted to species B. coagulans. This was
also supported by the analysis with rMLST, the phylogenetic
analyses based on 16S rRNA gene sequence and the concat-
enation of 49 ribosomal protein sequences [Online Resource
1, Fig.S1 (a) and (b)]. Such identification determined the sub-
sequent analyses, as specific values for Bacillus genus and
B. coagulans species in particular have been indicated by
EFSA with respect to MIC cut-off value for antibiotic resis-
tance, absence of food poisoning toxins, surfactant activity or
enterotoxin activity (EFSA 2014) which have to be confirmed
for the safe use of Bacillus strains in animal and human
nutrition.

Antibiotic resistance and associated genes

Phenotypic tests were performed, and results were compared
to MIC cut-off values for Bacillus species as defined by
EFSA. Results obtained showed that strain GBI-30, 6086
was resistant only to kanamycin and streptomycin, MIC
values being higher than 1500mg/L, whileMIC cut-off values
for Bacillus species are 8 mg/L for both antibiotics according
to EFSA guidelines (EFSA 2012) or 64 mg/L for both antibi-
otics according to a previous European document (European
Commission 2003). The strain was susceptible to ampi-
cillin (0.125 mg/L), chloramphenicol (0.25 mg/L), cip-
rofloxacin (0.03 mg/L), clindamycin (0.125 mg/L),
erythromycin (0.125 mg/L), gentamycin (0.031 mg/L),
linezolid (0.06 mg/L), neomycin (2 mg/L), rifampicin
(0.016 mg/L), tetracycline (0.25 mg/L), trimethoprim
(0 .063 mg/L) , vancomycin (0 .063 mg/L) and
virginiamycin (0.016 mg/L).

To elucidate the genetic basis of resistance to aminoglyco-
sides (as kanamycin and streptomycin), the Comprehensive
Antibiotic Resistance Database (CARD) was used to search
the genome of B. coagulans GBI-30, 6086 for AR-related
genes (E < 1e-2, coverage > 70 % and similarity > 30 %).
This analysis led to the identification of 109 putative AR
genes (Online Resource 2), most of which included trans-
porters (57), genes modulating the antibiotic efflux (9), genes

associated with resistance to daptomycin (6), polymyxin (1),
streptothricin (1), penicillin (5), vancomycin (13), elfamycin
(1), rifampin (2), sulphonamide (1), macrolides (as erythro-
mycin, streptogramin and chloramphenicol) (2), fluoroquino-
lone (2), aminocoumarin (2) trimethoprim (1), other genes
related to a non-specified antibiotic resistance (4) and amino-
glycosides (2). The two identified aminoglycoside resistance
genes, IE89_07115 and IE89_03650, encode for the ribosom-
al protein S12 of subunit 30S and an aminoglycoside 3-N-
acetyltransferase, respectively.

Regarding IE89_07115, the ribosome alteration is one of
the main aminoglycoside resistance mechanisms that can be
mediated by 16S rRNA methylases and methyltransferases or
intrinsic mechanisms as chromosomal mutations (Van Hoek
et al. 2011; Poehlsgaard and Douthwaite 2005). A gene anno-
tated as 16S rRNA methyltransferase (IE89_07580) was re-
trieved by CARD, but it was shown to be more similar to a
gene involved in the resistance to macrolides rather than to
aminoglycosides (ermA, e-value: 9e-25; similarity: 31, 33 %;
query coverage 78%). Since no other active rRNAmethylases
or methyltransferases were detected, we can assume that B.
coagulans GBI-30, 6086 underwent events of mutation in
IE89_07115, thus, becoming intrinsically resistant. The ab-
sence of mobile elements in the surrounding regions of
IE89_07115, which is co-localized in the chromosome togeth-
er with other genes encoding for essential chromosomal ge-
netic information as other ribosomal proteins, suggests the
low risk of gene transfer due to the high stability of this region
(Courvalin 2006).

As for IE89_03650, this gene is similar (e-value: 3e-41;
similarity: 31, 36 %, query coverage 98 %) to the gene
encoding for an aminoglycoside 3-N-acetyltransferase from
a Micromonospora chalcea isolate (Online Resource 2). The
analysis of the flanking regions showed that IE89_03650 is
co-localized on the chromosome with a gene encoding for a
multidrug transporter MatE (IE89_03645), and this organiza-
tion is detectable in all available B. coagulans genomes in
NCBI (data not shown); no mobile elements as transposases
and insertion sequences were found in the flanking regions of
the gene, again indicating the very low risk of transfer of
IE89_03650 to other bacteria.

The phenotypic and genomic analysis of AR in
B. coagulans GBI-30, 6086 showed, for the first time, that
this strain is phenotypically resistant to streptomycin and
kanamycin. However, since the determinants for this resis-
tance appear to be not easily transferrable to other bacteria,
our results support the safety of this strain with respect to
antibiotic resistance. Finally, since no other AR phenotypes
were observed in GBI-30, 6086, it can be assumed that genes
retrieved by in silico analysis were not functional or not
expressed at a sufficient level or only partially similar to
known resistance genes, but do not represent a harmful trait
of this bacterium.
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Biogenic amine production and associated genes

HPLC analyses were performed and revealed that the BAs,
tyramine, his tamine, putrescine, cadaverine and
phenyletilamine, and the polyamines, spermine and
spermidine, were not produced by B. coagulans GBI-30,
6086 in the conditions used.

Interestingly, on the genomic side, genes for BA produc-
tion were generally absent, except those encoding for the en-
tire metabolic pathway from arginine to putrescine (arginine
decarboxylase, IE89_07650, IE89_01255; agmatinase,
IE89_08455) and from putrescine to spermidine
(ca rboxynor spe rmid ine syn thase , IE89_08025 ;
carboxynorspermidine decarboxylase, IE89_08020).
Although neither putrescine nor spermidine were produced
byB. coagulansGBI 30, 6086 in the growth conditions tested,
it is interesting to underline that these genes constitute the
carboxyspermidine dehydrogenase/carboxyspermidine decar-
boxylase (CASDH/CASDC) system, which is the dominant
polyamine biosynthetic pathway in the human gut microbiota
(Hanfrey et al. 2011). As polyamines are important for cell
proliferation, growth and development and triamines, such as
spermidine, are thought to bind to RNA and influence ribo-
some function (Lee et al. 2009), further analyses are needed to
determine whether those compounds could be produced in
gut-like conditions and how this could impact on host physi-
ology. Anyway, since the corresponding BAs were not pro-
duced by the strain, it can be assumed that the genes were not
functional or not expressed at a sufficient level to produce
detectable amounts of BAs.

Putative virulence factors

Putative virulence genes of B. coagulans GBI-30, 6086 were
determined by BLAST analysis against the Virulence Factor
Database (VFDB), a comprehensive repository of known bac-
terial virulence factors and other putatively adverse metabo-
lites (Chen et al. 2012). A total of 200 genes putatively related
to virulence were identified (E < 1e-2, coverage > 70 % and
similarity > 30%) (Online Resource 3). According to Clusters
of Orthologous Groups (COG) database (http://www.ncbi.
nlm.nih.gov/COG/), most of these genes were defensive or
non-classical virulence factors, such as determinants related
to transcription, translation, post-translational modifications,
ribosomal structure and biogenesis, replication, recombination
and repair, cell motility, signal transduction mechanisms,
intra- and extracellular transportation, metabolism and trans-
port of lipids, coenzymes, amino acids and carbohydrates,
signal transduction mechanisms, cell cycle control, cell divi-
sion and chromosome partitioning, protein turnover and chap-
erones, energy production and conversion and membrane bio-
genesis. In particular, eight genes were classified as related to
defence mechanisms and they were annotated as multidrug

transporters and resistance proteins (which were also previ-
ously detected by CARD), a peroxidase and an alkyl hydro-
peroxide reductase, notably essential to adapt in response to
redox changes (Zuo et al. 2014).

Although the analysis of the GBI-30, 6086 genome against
the VFDB revealed the presence of several putative VFs, they
could not be considered really harmful. In fact, the majority of
them are related to extracellular structures that could also rep-
resent essential probiotic traits for the adhesion to the host
cells, or for the sporulation mechanism (Online Resource 3),
which allow strain GBI-30, 6086 to overcome the harsh con-
ditions in the gut (Cutting 2011; Zhang et al. 2012).Moreover,
results are based on BLAST similarity that could detect pos-
sible VFs despite the relatively low similarity to known VFs;
therefore, the differences in sequence and expression pattern
could probably determine the absence of any known detrimen-
tal phenotype.

Putatively adverse metabolites

BLASTX analysis showed that B. coagulans GBI-30, 6086
does not carry any known enterotoxin genes. As for
lipopeptides, only genes encoding for a long-chain fatty
acid-CoA ligase (IE89_02350), an esterase (IE89_12515), a
GDSL family lipase (IE89_12715), an ABC transporter ATP-
binding protein (IE89_12720) and an ABC transporter perme-
ase (IE89_12725) were retrieved, but they were not found to
be associated with the production of harmful peptides, thus
confirming the toxicological analysis previously performed
on this strain (Endres et al. 2009).

Genes encoding for surfactins, cyclic lipopeptides, which
create damages to the host epithelial and sperm cells (From
et al. 2007a; From et al. 2007b) produced by all haemolytic
Bacillus strains (Salkinoja-Salonen et al. 1999), as well as for
other lipopeptides with toxin activity as the fengycin and the
lychenisin (EFSA 2011) were not found in B. coagulans GBI
30, 6086.

Focusing on toxins related to gastrointestinal diseases,
B. coagulans GBI 30, 6086 does not harbour the genes
encoding for the haemolysin BL, the non-haemolytic entero-
toxin (Nhe, mostly associated with diarrhoeal outbreaks)
(Stenfors-Arnesen et al. 2008), the enterotoxins K and T and
the emetic toxin (cereulide) (EFSA 2011).

Stability of the genome of B. coagulans GBI-30, 6086

The genome sequence of B. coagulans strain GBI-30, 6086
was checked manually for the presence of proteins annotated
as transposases by the NCBI Prokaryotic Genomes
Annotation Pipeline (Orrù et al. 2014). Nine complete
transposase-encoding genes were identified, but none of their
flanking genes were associated with AR or other putatively
adverse genes (see above).
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The analysis conducted using ProphageFinder revealed the
presence of two prophage-like elements (Table 1), which were
found in contigs 58 and 137. The putative prophage region
identified on contig 58 lacked genes encoding integrases,
while genes encoding for the integrase, the portal protein
and the terminase were found in the element of contig 132.
However, in the latter, no gene was found for the tail tape
measure protein, which is considered one of the phage essen-
tial proteins (Canchaya et al. 2003). Furthermore,
ProphageFinder did not identify attL and attR sites in both
the prophage regions, suggesting that these prophages were
defective and non-functional phages.

The genome of B. coagulans GBI-30, 6086 was also
analysed for the presence of clustered regularly interspaced
short palindromic repeats (CRISPR) (Horvath and
Barrangou 2010), and three CRISPR arrays were detected
w i t h a t o t a l o f 41–32 -bp r epea t s ( con s en su s :
GTCGCTCCCTACATGGGGGCGTGGATTGAAAT) and
38 spacers of 33 to 36 bp. Two CRISPR arrays were found
in two adjacent contigs (contigs 95 and 96), and they could be
part of the same CRISPR array. The third CRISPR was found
in a contig of 548-bp length (contig 203) with no proteins
annotated on it. Five genes putatively encoding for CRISPR
associated (cas) proteins were observed in the vicinity of the
CRISPR locus found on contig 95. The barrier to entry of
foreign DNA elements represented by the presence of a
CRISPR system in GBI-30, 6086 may provide an advantage
in promoting genome stability.

As a general result, analyses performed in this study, safety
of B. subtilis GBI-30, 6086 as a strain that could be used as
food additive, are supported by phenotypic and genomic data.

Discussion

In this study, B. coagulans GBI-30, 6086, a strain for which
probiotic properties were testified by several studies
(Nyangale et al. 2015; Nyangale et al. 2014; Jurenka 2012;
Fitzpatrick et al. 2012; Dolin 2009; Hun 2009, Kalman et al.
2009), was analysed with respect to safety aspects.
B. coagulans is in the Qualified Presumption of Safety
(QPS) list by EFSA as feed additive since 2007 (EFSA
2007) thanks to the certified absence of toxigenic potential.
As some species have a long history of safe use in food pro-
duction while others are less known and may represent a risk
for consumers, the Scientific Committee of EFSA developed

the QPS based on four pillars: establishing identity, body of
knowledge, possible pathogenicity and end-use (Leuschner
et al. 2010; EFSA 2007).

The precise and appropriate identification of the bacterial
strain thus constitutes the starting point in the assessment of its
safety and efficacy, also considering that the principal world
regulatory authorities (e.g. FDA and EFSA) applied standards
based on taxonomic criteria. Among the techniques developed
for taxonomic studies, the analysis of the complete 16S rRNA
gene sequences is recommended as the best tool for routine
species identification due to its rapidity, reproducibility and
multiple data comparisons (Vankerckhoven et al. 2008; van
Loveren et al. 2012) although it might have low-resolution
power between closely related species (Poretsky et al. 2014).
The availability of complete genome sequences offers novel
targets that could overcome the 16S rRNA gene shortcoming
in accurate species assignment. Bacterial ribosome protein
subunits, for instance, are characterized by a variation rate that
resolves bacteria into groups at all taxonomic and most typing
levels; therefore, their analysis could be combined in a ribo-
somal multilocus sequence typing (rMLST) approach for the
identification of bacteria (Jolley et al. 2012).

In the present study, the taxonomic identification of
B. coagulans GBI-30, 6086 was achieved aligning the 16S
rRNA gene sequence retrieved by the genome sequence with
those of B. coagulans DSM 1T, related taxa and other repre-
sentatives of Bacillus genus. The 16S rRNA methodology
was used in combination with the ribosomal multilocus se-
quence typing (rMLST) approach using the sequences of 49
genes encoding the bacterial ribosome protein subunits
(rps genes).

The presence of up-to-date and internationally recognized
databases as EzTaxon, for 16S rRNA gene sequences, and
rMLST Database, which include the sequences of the type
strains, allows a reliable taxonomic analysis, yielding an ac-
curate and standardized identification.

All bacteria used as feed additive and, more generally, for
human consumption must be tested for antibiotic susceptibil-
ity and the minimum inhibitory concentration (MIC) deter-
mined (Garrigues et al. 2013).

The MIC of the antimicrobials has to be determined in
order to assess if the bacterial strain is resistant based on the
microbiological cut-off values defined by EFSA. In case the
bacterial strain demonstrates high resistance to a specific an-
timicrobial, AR determinants have to be identified and prob-
ability of occurrence of horizontal gene transfer (HGT) must

Table 1 General features of the phage regions identified on the B. coagulans GBI-30, 6086 genome

Contig ID Contig_size Begin phage region End phage region Size phage region Best db match Begin_gene End_gene Number of genes

contig137 112679 668 29949 29282 NC_009552 IE89_17120 IE89_17345 35

contig58 53891 5517 51370 45854 NC_003216 IE89_06410 IE89_06750 49
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be evaluated (EFSA 2012). AR becomes a safety issue in
reason of the risks of spread associated with HGT phenomena.
Although Bacillus spp. are widely used as feed additives and
probiotics, there is a growing concern over the transfer of AR
genes underlined by the fact that many Bacillus strains com-
mercialized as probiotics have been shown to be resistant to
chloramphenicol, tetracycline, erythromycin, lincomycin,
penicillin, streptomycin (Adimpong et al. 2012) and kanamy-
cin, as reported in this study for B. coagulans GBI 30, 6086.

For Bacillus spp., both EFSA and the Scientific Committee
on Animal Nutrition (SCAN) defined the microbiological cut-
off values for chloramphenicol, cipro/enrofloxacin,
clindamycin, erythromycin, gentamycin, kanamycin, linezo-
lid, quinupristin/dalfopristin, rifampin, streptomycin, tetracy-
cline, trimethoprim and vancomycin. With our surprise, we
found for the first time that strain GBI-30, 6086 is sensitive
to ampicillin, for which MIC determination is generally not
requested for Bacillus species as they are considered as inher-
ently resistant to this antibiotic (European Commission 2003;
EFSA 2012).

In order to infer information on the risk of horizontal trans-
fer, analysis of the genetic make-up behind phenotypically
detected resistance or susceptibility is crucial. AR gene iden-
tification can be achieved thanks to the Comprehensive
Antibiotic Resistance Database, a centralized compendium
that provides a comprehensive and updated list of AR gene
sequences (McArthur et al. 2013). Intrinsic resistance or resis-
tance by mutation of chromosomal genes presents a nearly
absent or low risk of horizontal dissemination (Devirgiliis
et al. 2011; Van Reenen and Dicks 2011); thus, the microbial
strain is considered generally safe. Conversely, the presence of
mobile elements in the flanking regions of AR genes (as
transposases or insertion elements) could be taken as a clue
of a resistance acquired through HGT of the genetic determi-
nant(s); therefore, the strain should not be used as a feed ad-
ditive (EFSA 2012). In B. coagulans GBI-30, 6086, two AR
genes were detected to be putatively involved in aminoglyco-
side resistance, but the analysis of their flanking regions re-
vealed that these genes are not easily transferable. Moreover,
the presence of CRISPR loci, according to Maraffini and
Sontheimer 2008, can limit the spread of AR by counteracting
multiple route of HGT.

As such, besides confirming the safety of B. coagulans
GBI-30, 6086, those features can open new perspectives re-
garding the use of this probiotic strain, as multi-(intrinsic)
resistant probiotic preparations represent a valuable attractive-
ness as an adjunct to antibiotic therapy (Hong et al. 2005). In
fact, it has been reported that Enterogermina® (Italian product
registered 1958 in Italy as a medicinal supplement) contains a
mixture of four AR Bacillus strains, each containing a unique
spectrum of antibiotic resistancemarkers introduced by Sanofi
Winthrop in order to combine the bacterial therapy with the
administration of antibiotics (Green et al. 1999).

Together with the unambiguous identification and the dem-
onstration of a lack of transferable AR determinants, the QPS
approach for the safety assessment of microorganisms
adopted by EFSA requires the evidence that the candidate
strain lacks the capacity of producing toxins or other virulence
factors, including BAs. SCAN and EFSA guidance recom-
mends phenotypic assays that prove that the candidate strain
is safe (EFSA 2011): in this perspective, Endres and col-
leagues performed different toxicological assays that indicated
the strain GBI-30, 6086 does not have any mutagenic,
clastogenic or genotoxic effects (Endres et al. 2009); further-
more, in the present study, a HPLC analysis showed that strain
GBI-30, 6086 does not produce any biogenic amine in the
tested conditions.

The streamlined screening of any genes on the GBI-30,
6086 genome related to toxins and virulence factor production
(including BAs) revealed that GBI-30, 6086 does not harbour
any risk-associated genes, thus confirming its safety also from
the molecular viewpoint.

Interestingly, the term virulence factor (VF) refers to the
elements that allow a microorganism to colonize a host, con-
tributing to the start and development of infection processes.
As such, it applies to secreted proteins, cell-surface structures
and hydrolytic enzymes that contribute not only to the bacte-
rial pathogenicity but also to adhesion and protection
(Wassenaar et al. 2015). Remarkably, many probiosis-related
traits could be associated to VFs; therefore, results of in silico
analyses have to be carefully evaluated.

In general, the availability of the complete genome se-
quences allows the wide investigation of genome stability:
analysis of transition elements, such as insertion elements
(IS), prophages, transposases and CRISPR loci through bio-
informatic tools. As for BGI-30, 6086, it harbours non-
functional phages and transposases, which are not likely to
be involved in risky gene transfer, thus highlighting the sta-
bility of its genome.

In the current study, a simple, minimum-standard system
for the safety assessment of a probiotic bacterial strain which
combines both genomic and phenotypic data was followed,
and clear and reliable results were obtained. The workflow
developed here follows the criteria delineated in the QPS ap-
proach: the proper taxonomic analysis based on multiple uni-
versal markers (not always considered in the previous safety
assessment reports), the investigation of AR,VF and BA genes
and genome stability is carried out with updated bioinformat-
ics tools (i.e. CARD compared with the Antibiotic Resistance
Database—ARDB, http://ardb.cbcb.umd.edu/), well-defined
parameters and in combination with standardized phenotypic
procedures (as MIC evaluation and HPLC analysis).
Although, in the last few years, several papers have been pub-
lished regarding the genome-based safety assessments of pro-
biotic microorganisms (Bennedsen et al. 2011; Zhang et al.
2012; Wei et al. 2012; Barbour and Philip 2014; Kopit et al.
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2014; Steppe et al. 2014; Senan et al. 2015), the workflow
employed in our work and illustrated in Fig. 1 can be recom-
mended as a new and reliable guideline for safety
investigation.

The DNA sample from the putative probiotics strain is
subjected to whole genome sequencing and the sequences
are annotated. The functional annotation provides the compre-
hensive catalogue of the genes present on the genome. This
information is subsequently used to proceed with the correct
taxonomic identification of the strain using both the 16SrRNA
gene sequence and the bacterial ribosome protein subunits
sequences (rMLST). The genomic information is then used
in association with phenotypic essays to detect the presence
of AR, BA and VF genes.

All bacteria used as feed additive must be tested for antibi-
otic susceptibility and the minimum inhibitory concentration
(MIC) determined. AR becomes a safety issue when there is
the risk of spread by HGT. When an antibiotic resistance is
assessed phenotypically, the genes responsible can be identi-
fied by querying the Comprehensive Antibiotic Resistance
Database (CARD) with the protein sequences obtained from
the functional annotation of the genome. Furthermore, the
availability of the complete genome sequences allows the
scanning of the genomic context in which the gene responsi-
ble for a resistance lies. The presence of transposase or phage
elements in the surrounding region should be considered as
potentially risky. The BA production is certified by HPLC

analysis, and genes can be identified using mainly
decarboxylases as seed sequences.

Similar to the AR, the presence of VF is investigated
employing the Virulence Factor Database (VFDB); it must be
emphasized that VFDB includes already known VFs and may
miss important but as yet unidentified ones. However, for well-
known and characterized species, this aspect is not predicted to
be a crucial limitation. Finally, the safety assessment can be
completed with the global analysis of the stability of the ge-
nome that includes the investigation of transition elements,
such as insertion sequences (IS), prophages, transposases and
CRISPR loci with several updated and reliable bioinformatic
tools and the analysis of their flanking regions which consti-
tutes a valuable approach to assess if the genome is stable and if
the candidate strain is likely to be a donor or a recipient of
safety-associated genes (Zhang et al. 2012).

The availability of complete genomic sequences allows the
full characterization of the strain and provides the opportunity
to decipher the entire genetic complement of a bacterium per-
mitting genomic-based approaches in the evaluation of probi-
otic safety as the first requirements for marketing authoriza-
tion and health claim request submission (Miquel et al. 2015).
Although many phenotypic methods can be re-placed by the
whole genome sequencing technologies, the overall physiol-
ogy of a strain should also be taken in consideration.

Since probiotics are increasingly gaining ground as a form
of preventive medicine and consumers become more

Fig. 1 Workflow for the safety
assessment of probiotics for
human use based on both genome
and conventional phenotypic
analysis. The scheme primarily
consists in the proper taxonomic
identification (based on 16S
rRNA gene sequence and
ribosomal proteins), the
evaluation of antibiotic resistance,
the production of virulence
factors and biogenic amines and
the analysis of the stability of the
genome. Solid line boxes refer to
genomic analysis, dotted line
boxes refer to conventional
phenotypic assays
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conscious about health issues, the knowledge and the results
acquired through the genomic analysis of probiotics are ex-
pected to ensure the flow of evidence-based, non-misleading,
clearly understandable information about probiotics. In order
to protect the consumer, approval of health claims for probiotic
strains by the regulatory authorities has become very challeng-
ing due to the reasonable requirements for probiotic mechanism
validation in the target, proper strain characterization and con-
formity to required product characteristics (Kumar et al. 2015;
Hill et al. 2014; Hill and Sanders 2013). As more probiotic
strains are used in food, drugs and supplements industry, more
attention should be paid to assess the safety of these strains
through the latest available technology (Wei et al. 2012). The
modus operandi proposed here is intended to be a general tem-
plate for the safety assessment starting from the genome se-
quence of a candidate probiotic strain, which can be imple-
mented with genus-specific or species-specific risk-associated
issues or genes related to the production of putatively adverse
metabolites, depending on the strain used (i.e. toxin genes for
Bacillus species) (EFSA 2011).

In conclusion, whole genome sequence allows the
unveiling of the probiotic potential of a strain and the mecha-
nisms which underline it, thus representing the key to fully
meet the health claim requirements in accordance to European
or US health and nutrition policies.

The modus operandi followed here is proposed to be a
general template for the safety assessment starting from the
genome sequence of a candidate probiotic or starter strain,
which can be implemented with genus-specific or species-
specific risk-associated issues combined with standard pheno-
typic analysis (EFSA 2011).

The workflow is expected to increase the consistency of
future safety assessment, ensuring users (from scientists to
manufacturers and consumers) the ability to obtain complete
and easily comparable information, to meet regulatory re-
quirements and avoid missing information.
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