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Abstract Bacillus cereus sensu lato strains (B.

cereus group) are widely distributed in nature and

have received interest for decades due to their

importance in insect pest management, food produc-

tion and their positive and negative repercussions in

human health. Consideration of practical uses such as

virulence, physiology, morphology, or ill-defined

features have been applied to describe and classify

species of the group. However, current comparative

studies have exposed inconsistencies between

evolutionary relatedness and biological significance

among genomospecies of the B. cereus group. Here,

the combined analyses of core-based phylogeny and

all versus all Average Nucleotide Identity values

based on 2116 strains were conducted to update the

genomospecies circumscriptions within B. cereus

group. These analyses suggested the existence of 57

genomospecies, 37 of which are novel, thus indicating

that the taxonomic identities of more than 39% of the

analyzed strains should be revised or updated. In

addition, we found that whole-genome in silico

analyses were suitable to differentiate genomospecies

such as B. anthracis, B. cereus and B. thuringiensis.

The prevalence of toxin and virulence factors coding
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genes in each of the genomospecies of the B. cereus

group was also examined, using phylogeny-aware

methods at wide-genome scale. Remarkably, Cry and

emetic toxins, commonly assumed to be associated

with B. thuringiensis and emetic B. paranthracis,

respectively, did not show a positive correlation with

those genomospecies. On the other hand, anthrax-like

toxin and capsule-biosynthesis coding genes were

positively correlated with B. anthracis genomo-

species, despite not being present in all strains, and

with presumably non-pathogenic genomospecies.

Hence, despite these features have been so far

considered relevant for industrial or medical classifi-

cation of related species of the B. cereus group, they

were inappropriate for their circumscription. In this

study, genomospecies of the group were accurately

affiliated and representative strains defined, generat-

ing a rational framework that will allow comparative

analysis in epidemiological or ecological studies.

Based on this classification the role of specific markers

such as Type VII secretion system, cytolysin, bacil-

lolysin, and siderophores such as petrobactin were

pointed out for further analysis.

Keywords Average nucleotide identity �Multilocus

sequence analysis � Bacillus thuringiensis � Bacillus

anthracis � Comparative genomics � Phylogeny-aware
linear regression models

Introduction

Bacillus cereus sensu lato (here referred as B. cereus

group) is part of the widely distributed family

Bacillaceae (phylum Firmicutes). This family is

composed of at least 78 genera of mostly spore-

forming Gram-positive, facultative anaerobic,

chemoorganotrophic, rod-shaped bacteria. The B.

cereus group encompasses a diverse array of patho-

genic strains adapted to a broad range of hosts (Liu

et al. 2017b). B. anthracis, the etiological agent of

anthrax, and B. cereus, a causative agent of emetic and

diarrheal human food-poisoning are the most infa-

mous (Raymond and Bonsall 2013; Méric et al. 2018).

On the other hand, B. thuringiensis, a pathogen of

invertebrate organisms that primarily infects nema-

todes, is important for insect pest management (Zheng

et al. 2017). Furthermore, thermotolerant strains of the

B. cereus group, which were sporadically associated

with food poisoning, have been recently circum-

scribed to the B. cytotoxicus species (Guinebretière

et al. 2013). Nevertheless, strains of B. cereus group

are also known to be adapted to diverse environmental

niches such as soil or plants and even have been used

as probiotic in mammals (Hong et al. 2005; Stenfors

Arnesen et al. 2008). In this context, plasmid mobi-

lization in this group of bacteria has contributed to

improve species fitness, and thereby its adaptability to

environmental niches (Patiño-Navarrete and Sanchis

2017).

Almost three decades ago, all members of the

Bacillaceae family were considered as part of the

Bacillus genus, with B. subtilis and B. cereus consti-

tuting the main clade of bacilli (Mandic-mulec et al.

2015). Continuous taxonomic revisions are still shap-

ing the family, although some groups remain chal-

lenging even for specialists. B. cereus group species

were defined based on horizontally acquired-genes

such as cry, and those encoding for the anthrax toxin or

capsule synthesis (Maughan and Van der Auwera

2011; Méric et al. 2018), or other physiological or

morphological considerations (Guinebretière et al.

2008). As expected, the systematic species classifica-

tion based on phenotypic similarities has resulted in

incoherencies between evolutionary relatedness and

biological significance (Maughan and Van der Auwera

2011). In agreement, phylogenetic analyses based on

conserved signature indels, gene markers or whole

genome sequences have suggested that B. cereus

group is composed of non-monophyletic species with

a common evolutionary origin (Alcaraz et al. 2010;

Bhandari et al. 2013). Moreover, it was postulated that

the entire group should be moved to a new genus, even

though historical and practical constrains limit its

implementation (Bhandari et al. 2013).

The B. cereus group was historically circumscribed

within three clades that show a high degree of sexual

isolation resulting in distinctive phylogenetic patterns

that enable better clustering among them (Didelot

et al. 2009; Patiño-Navarrete and Sanchis 2017).

Clade 1 comprises all the B. anthracis and several B.

cereus and B. thuringiensis strains, whereas Clade 2

consists of B. cereus and the majority of B. thuringien-

sis strains. Clade 3, which shows the greatest phylo-

genetic diversity, contains B. mycoides, B.

weihenstephanensis and other species (Didelot et al.

2009; Zwick et al. 2012). Guinebretière and coworkers
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have defined seven major phylogenetic groups (I–VII)

among B. cereus group strains using both genetic and

phenotypic criteria (Guinebretière et al. 2008). This

distribution seems to be correlated with adaptation to

particular thermal niches that could have restricted

ecological opportunities for gene horizontal transfer

(Méric et al. 2018), thereby enabling speciation

(Shapiro et al. 2016). Two groups were preferentially

associated with cold thermal niches (II and VI). Group

II is mainly composed of B. wiedmannii, B.

thuringiensis and B. cereus, whereas Group VI

consists of B. mycoides and B. weihenstephanensis

strains (Guinebretière et al. 2008; Miller et al. 2016).

Both groups are frequent residents of ‘‘environmen-

tal’’ sources (Guinebretière et al. 2008). Group II was

initially associated with food poisoning (Carlin et al.

2010; Guinebretière et al. 2010) but nowadays it is

known that may have important industrial applications

(Lazarte et al. 2018; Wu et al. 2019). Group VI strains

are frequently isolated from food sources (Beno et al.

2019). Additionally, some Group VI strains are

capable of synthesizing emetic toxin (cereulide) to

levels that could lead to emetic intoxication during

temperature abuse scenarios (Guérin et al. 2017). On

the other hand, a moderate thermotolerant phenotype

is associated with strains of Group VII which is

composed of B. cytotoxicus (Carlin et al. 2010;

Ceuppens et al. 2013). Mesophilic B. pseudomycoides

strains belong to Group I, separated from the other

rhizoidal colony-forming B. mycoides strains (Guine-

bretière et al. 2008). B. cereus and B. thuringiensis

strains are spread over intermediate groups II, III, IV

and V (Carlin et al. 2010; Ceuppens et al. 2013).

Group IV strains are frequently isolated from a wide

range of foods around the world, produce enterotoxins,

and also have been isolated in conjunction with

diarrheal illness cases (Guinebretière et al. 2008;

Guinebretière et al. 2010; Amor et al. 2018; Johler

et al. 2018; Miller et al. 2018). Conversely, B. cereus

clinical isolates are located in Group III where almost

all emetic B. cereus and B. anthracis strains are

clustered (Carlin et al. 2010; EFSA BIOHAZ Panel

2016). Finally, strains belonging to Group II and V

were recently proposed to be B. wiedmannii and B.

toyonensis species, respectively (Jiménez et al. 2013;

Miller et al. 2016).

In recent years, the advance of sequencing tech-

nologies and powerful whole-genome comparative

tools aided bacterial species classification (Rosselló-

Móra 2012; Whitman 2014). Average nucleotide

identity (ANI) calculation has been one of the most

widely used and accepted tools to determine species

boundaries as well as to confirm isolate identifications

(Chun et al. 2018; Ciufo et al. 2018). Remarkably,

some tools like FastANI have emerged, allowing

accurate and fast estimations of pairwise ANI values

among bacterial genomes (Jain et al. 2018). Whole-

genome multilocus sequence analysis (MLSA) is also

a reproducible, reliable, and highly informative

approach to infer phylogenetic relationships among

prokaryotes (Rong and Huang 2014; Chun et al. 2018).

Using these modern methods, Liu et al. (2015)

analyzed 224 B. cereus group strains and determined

that they could be classified into 30 species, with

19–20 of them representing putative novel ones.

Notably, the authors concluded that B. thuringiensis

and B. cereus should be merged into a single species.

More recently, Bazinet (2017) constructed a well-

supported phylogeny of 498 B. cereus group strains

based on whole-genome data. Consistencies with the

three-clade and seven-group classification systems

were found. However, six strains did not fit into one of

these groups and the inclusion of two new ones

corresponding to ‘‘B. manliponensis’’ and a division of

Group III was recommended (Bazinet 2017). Impor-

tantly, eleven new species (‘‘B. gaemokensis’’, ‘‘B.

bingmayongensis’’, B. paranthracis, B. pacificus, B.

tropicus, B. albus, B. mobilis, B. luti, B. proteolyticus,

B. nitratireducens, and B. paramycoides) have been

recently proposed by using genome-wide systematic

analysis (Jung et al. 2010; Liu et al. 2014; Liu et al.

2017a). On the contrary, in a more recent and broad

study, Carroll et al. have proposed defining a new

species named ‘‘Bacillus mosaicus’’. This new species

would group those recently defined species B. albus,

B. mobilis, B. pacificus, B. paranthracis, and B.

tropicus but also the pathogenic B. anthracis as well as

B. wiedmannii species defined by themselves in a

previous study (Miller et al. 2016; Carroll et al. 2020).

To define this species the authors used an genomo-

species ANI threshold of 92.5% (Carroll et al. 2020)

that was substantially lower than the 95% they used to

define B. wiedmannii (Miller et al. 2016) or the

suggested by Jain et al. (2018). In this disrupting

approach, the authors proposed that only five species

describe the diversity of 96.69% of the Bacillus cereus

group strains. On the other hand, this proposed

framework makes use of subspecies names and biovar
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epithets to account for the heterogeneity of clinically

and industrially important phenotypes (Carroll et al.

2020).

Accuracy in species assignations extremely

impacts the way industrial strains are selected, grown,

approved for commercialization, and finally commer-

cialized, due to the fact that such assignations,

implicitly or not, are used to predict bacterium safety

and performance (Gevers et al. 2005). Moreover,

correct species assignation showed to be a prerequisite

for truthful comparative and predictive analysis (Tor-

res Manno et al. 2019). Hence, the European Food

Safety Authority (EFSA) Panel on Biological Hazards

(2016) has recommended the application of whole-

genome sequencing to provide unambiguous identifi-

cation of strains used as biopesticides as well as to

assist safety assessment by characterizing B. cereus

group outbreaks. To generate an adequate framework

to classify and define B. cereus group genomospecies,

we performed in silico genome-wide functional and

phylogenetic analyses of 2,116 strains with available

genome sequences. Additionally, phylogeny-aware

methods based on linear regression models were

applied to examine the correlation of the presence of

genes encoding toxins and virulence factors with each

genomospecies of the B. cereus group. Our study aims

to reconcile molecular, ecological, and evolutionary

data to develop an operational, useful, and predictive

classification system for genomospecies of the B.

cereus group. Also, a statistical correlation between

genomospecies and genes associated with relevant

phenotypes, as well as the identification of unique

genes conserved in the genomospecies with significant

genome coverage were performed.

Materials and methods

Genome sequences acquisition and strains

selection

Genomic sequence data sets as well as predicted

coding sequences of B. cereus group strains and

Bacillus spp. were retrieved from GenBank

(ftp.ncbi.nlm.nih.gov/genomes/) using Download

Genomes tool (https://github.com/torresmanno/

Download_Genomes). Datasets were composed of

sequences submitted until April 3rd of 2018. Reference

strains were defined based on RefSeq or EZBioCloud

databases (Yoon et al. 2017). 16S ribosomal gene

alignment of reference B. cereus group strains were

performed using BLASTN (Blast ? 2.7.1) searches

(Johnson et al. 2008) against a local database con-

structed with the downloaded genomes. Those strains

for which their 16S rRNA genes showed a blast result

with identity percentages B 98.6% or query cover-

age B 90% were discarded. Assembly accession and

proposed species assignations of selected genomes are

detailed in Supplementary Table S1.

Phylogenetic tree construction

The Maximum likelihood phylogenetic trees were

constructed as reported in Espariz et al. (2016) with

minor modifications. Briefly, the genes present in all

analyzed strains (common ancestral genes) were

identified by BLASTN (Blast ? 2.7.1) searches

(Johnson et al. 2008) using an E-value of 10-30.

Common ancestral genes were individually aligned by

Clustal Omega V1.2.2 (Sievers et al. 2011) and

trimmed using GBlock 0.91b (Talavera and Castre-

sana 2007). To contra-select potential paralogues,

coverage and identity percentage cut-offs were set at

70% using GeM-Pro tool (Torres Manno et al. 2019).

Then, aligned genes that exceeded these thresholds

were concatenated using Python3 package AMAS

0.98 (Borowiec 2016). Locus tags and descriptions of

common ancestral genes of reference strains used in

this study are listed in Supplementary Table S2. In

order to remove poor informative sequence regions,

those highly similar were not included in the analyses.

Finally, phylogenetic relationships of strains were

inferred using RAxML 8.2.12 software (Stamatakis

2014) and the GTR substitution model with Gamma

distribution. The inferred tree reliabilities were eval-

uated by bootstrapping with 100 replicates (Sta-

matakis 2014). The resulting dendrograms were

displayed and annotated using iTOL (Letunic and

Bork 2011).

ANI estimation

ANI values of B. cereus group strains were calculated

with FastANI V1.1 (Jain et al. 2018) program using

default parameters. ANI threshold value for species

circumscription was set at 96% as previously sug-

gested (Lee et al. 2016; Liu et al. 2017a). Genomo-

species were defined when 99.9% of the ANI values of
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the strains that compose a monophyletic group

were C 96%.

Representative strain selection

In order to define representative strains, distances among

common ancestral genes of each Clade were used as

correlated variables in a PCA analysis. Then, medoid

strains, those strains that have their linearly uncorrelated

variables closer to the centroids of the PCA,were defined

as representatives. In case that more than one medoid

strain was found, the assembly level was used as quality

criteria in order to select the best one.

Genome annotations and protein-coding gene

enrichment statistical analysis

All B. cereus group genomes were de novo annotated

with Prokka (Seemann 2014) version 1.12-beta (ar-

guments: -kingdom Bacteria -genus Bacillus). In order

to determine associations between each protein-cod-

ing gene and the different genomospecies, enrichment

statistical analyses were conducted with PhyloLM

V2.6 (Levy et al. 2018). The multiple comparisons for

the statistical tests were corrected with Benjamini–

Hochberg approach (Benjamini and Hochberg 1995).

Analysis of COG category content

Presence/absence matrixes of Prokka-predicted protein-

coding gene were generated using Roary version 3.12.0

(parameters: minimum percentage identity thresh-

old = 95%, MCL inflation = 1.5, and Float = 90%)

(Page et al. 2015). Those predicted proteins encoded in

90% of the strains under analysis were taken as the soft-

core. The COG category of each soft-core protein was

determined with the NCBI Batch web CD-search v3.17

Tool (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/

bwrpsb.cgi, Marchler-Bauer et al. 2017). Finally, COG

enrichment statistical analyses were conducted as

described above using ‘‘Poisson_GEE’’ method.

Analysis of presence/absence of toxins

and virulence factors

Toxin and virulence protein sequences of AtxA, Lef,

CapA, CapB, CapC, CapD, CapE, PagA, HasA, Cya,

BceT, CerA, CerB, CesA, CesB, CesC, CesD, Clo,

CytK1, CytK2, Cry, EntA, EntFM, HblA, HblB,

HblC, HblD, HlyII, HlyR, InhA1, InhA2, NheA,

NheB, NheC, PlcA, PlcB, and PlcRwere used as query

in TBLASTN or BLASTP (Blast ? 2.7.1) searches

using a coverage C 70% and identity C 50%. Acces-

sion number of query sequences are available in

Supplementary Table S1 except for B. thuringiensis

delta-endotoxin that are listed in http://www.lifesci.

sussex.ac.uk/home/Neil_Crickmore/Bt/. Genome

sequences or Prokka-predicted protein sequences of

strains under study were used to construct BLAST

databases. Finally, trait enrichment statistical analyses

were conducted as described above using ‘‘logis-

tic_IG10’’ method.

Gene gain/loss analysis of selected species

Genomospecies in Clades 1 and 2 with greater than 60

strains were selected for the determination of the genes

gained/loss at each phylogenetic node. All available

genomes were used for all selected genomospecies,

except for B. cereus and B. thuringiensis. In these

cases, the MLST scheme described by Rooney et al.

was used to limit the number of genomes up to 2

members per MLST sequence type (Rooney et al.

2009). The 773 strains used in the analysis are listed in

Supplementary Table S1. The gain/loss analysis was

generated with the genome comparator function

implemented under BIGSdb version 1.16.3 (Jolley

and Maiden 2010). A complete genome served as a

reference strain for each genomospecies and was used

to BLAST all genomes in the set. The determination of

genes gained or lost by the different clades was based

on a 90/10 comparison. The change in genes was

determined at each phylogenetic node in the tree, the

change is reported as the number of genes found

in[ 90% of the genomes on that side of the node,

and\ 10% of the genomes from the opposite side of

the node. Finally, those traits that were found enriched

were analyzed statistically over all available genomes

with PhyloLM V2.6 (Levy et al. 2018) as described

above using ‘‘logistic_IG10’’ method.
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Results

Updating the genomospecies boundaries

within the B. cereus group

In order to broaden the knowledge regarding the

physiology and genetics of B. cereus group genomo-

species, a consensus framework that establishes their

boundaries should be concretized. With this aim, a

whole-genome analysis of the 2049 strains annotated

at Genbank database as B. cereus group species was

performed. In addition, 67 Bacillus spp. whose 16S

ribosomal encoding genes share more than 98.7%

identity with any of the 21 type strains of B. cereus

group listed in Table 1 were included in the analysis.

First, ten core genes ubiquitous to all strains were

selected in order to determine the phylogenetic

relationships of the 2116 strains. The resulting phy-

logenetic tree supported the existence of Clades 1 and

2, already described for the B. cereus group (Didelot

et al. 2009; Zwick et al. 2012; Liu et al. 2015; Bazinet

2017), whereas members of Clade 3 displayed a non-

monophyletic composition (Fig. S1). In fact, the latter

group of strains shared an average ANI value of

89.6 ± 6.1% that contrasts with the 94.7 ± 1.9% and

97.0 ± 1.1% ANI values shared among Clade 1 or 2

members, respectively. These facts are in concordance

with the previously reported higher diversity of Clade

3 (Didelot et al. 2009; Zwick et al. 2012) and challenge

the actual meaning of this clade. In addition, six

clusters were not fully resolved using the aforemen-

tioned ten gene sequences (Fig. S1). It has been

recently proposed that a minimum number of 31 genes

should be used in the classification of genera or higher

taxa by means of phylogenomic treeing (Chun et al.

2018). Hence, with the aim of better defining

genomospecies circumscriptions inside the B. cereus

group, more confident phylogenetic analyses were

performed.

Clade 2 is composed of strains of B. thuringiensis

and the opportunistic pathogen B. cereus sensu stricto

As was previously reported, B. cereus group strains

submitted to NCBI as B. thuringiensis or B. cereus

were dispersed in all B. cereus clades (Liu et al. 2015;

Bazinet 2017). For that reason, the rational, unam-

biguous, and operational definition of boundaries for

both genomospecies represents a huge taxonomic

challenge. Besides their wide dispersion among

clades, both type strains B. cereus ATCC 14579T

and B. thuringiensis ATCC 10792 T are located in

Clade 2 (Fig. S1). These strains are supposed to be

phenotypically distinguished only by the presence of

intracellular protein crystals (Rasko et al. 2005).

However, DNA–DNA hybridization assays as well

as genetic studies including multilocus sequence

typing (MLST), fluorescent amplified fragment length

polymorphism analysis (AFLP) and rep-PCR finger-

printing have shown that strains of these species are

not distinguishable (Rasko et al. 2005; Han et al. 2006;

Patiño-Navarrete and Sanchis 2017). Moreover, foun-

dational genomic studies of Rasko et al. (2005), which

were supported by recent reports, have suggested that

B. thuringiensis and B. cereus are actually a single

genomospecies (Liu et al. 2015; Bazinet 2017). In

order to improve the taxonomic description of Clade 2

genomospecies, the phylogenetic history of the 910

members of the Clade was reconstructed by a genome-

wide MLSA. 676 and 3736 protein encoding-genes

were found to be present in 100% and 99% of the

strains, constituting the core and extended core,

respectively. Common ancestral genes were defined

as core genes that are also encoded in outgroup strains

(Espariz et al. 2016). Then, B. anthracis Ames and B.

mycoides ATCC 6462T strains were used as outgroups

to select 74 common ancestral genes (Supplementary

Table S2). The concatenated alignment of these genes

was used to perform an MLSA that showed that B.

cereus ATCC 14579T and B. thuringiensis ATCC

10792 T were located in well separated branches

(Fig. 1a). The newly genomovars proposed by Baek

et al. (2019) on the basis of wide-genome scale

approaches, B. thuringiensis gv. thuringiensis and B.

thuringiensis gv. cytolyticus, were also identified in

our analysis. Recently, Liu et al. (2017a) have used a

96% ANI value threshold in order to define 9 novel

species of the B. cereus group. Furthermore, the

physiological and biochemical characteristics of the

strains support these new assignations. Hence, a 96%

ANI threshold was used to analyze the relationships of

strains inside B. cereus ATCC 14579T and B.

thuringiensis ATCC 10792 T branches. Results indi-

cated that 99% of the strains of each branch satisfied

that species criterion (Table 1). However, 66% of

Clade 2 strains share an ANI value higher than 96%

with the type strain of its neighbor genomospecies. In

fact, B. cereus ATCC 14579T and B. thuringiensis
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Table 1 ANI value

analysis of proposed

genomospecies

N: Number of strains; *

Representatives were

defined based on a PCA

analysis. Singletons ‘‘B.
bingmayongensis’’ FJAT-
1383T and B. manliponensis
JCM 15802T are not shown

Type/Genomospecies N Representatives Quantile

1% 0.10%

B. wiedmannii FSL W8-0169 124 NMSW16 96.1 96.0

B. mobilis 0711P9-1 19 B4088 96.0 96.0

B. albus N35-10-2 6 MOD1_Bc206 97.8 97.8

Genomospecies #1 17 RIVM_BC485 98.9 98.9

Genomospecies #2 6 AFS013362 98.0 98.0

Genomospecies #3 2 F2404B_79 99.1 99.1

Genomospecies #6 40 AFS098222 96.3 96.1

Genomospecies #8 5 AFS095574 99.4 99.4

B. anthracis Ames Ancestor 177 K3 97.1 96.7

B. paranthracis Mn5 101 BDRD_ST26 96.4 96.3

B. tropicus N24 61 FT9 96.1 95.7

B. pacificus EB422 38 M3 96.7 96.6

Genomospecies #9 12 AFS025007 96.9 96.9

Genomospecies #10 4 BGSC_4BL1 99.0 99.0

Genomospecies #13 2 100374 97.5 97.5

Genomospecies #14 2 B4082 99.6 99.6

Genomospecies #15 19 AFS095575 97.3 97.3

B. cereus ATCC 14579 569 C1L 96.4 96.1

B. thuringiensis ATCC 10792 341 AFS075683 96.0 95.7

B. toyonensis BCT-7112 228 VD115 96.5 96.3

B. pseudomycoides DSM 12442 67 AFS040159 98.0 97.9

B. gaemokensis JCM 15801 2 JCM_15801 100.0 100.0

Genomospecies #19 8 AFS083043 96.2 96.1

Genomospecies #20 2 AFS023182 99.9 99.9

Genomospecies #22 43 AFS099912 97.3 97.0

Genomospecies #23 5 AFS014408 99.7 99.7

B. mycoides ATCC 6462;

B. weihenstephanensis NBRC 101238

54 VD021 96.4 96.1

B. nitratireducens 4049 68 BAG1X1_3 97.0 96.9

B. paramycoides NH24A2 8 AFS053592 96.9 96.9

B. proteolyticus TD42 3 AFS036423 98.4 98.4

Genomospecies #25 2 INRA_SL 99.3 99.3

Genomospecies #28 4 GOE10 99.8 99.8

Genomospecies #30 14 VD118 96.8 96.8

Genomospecies #31 6 AFS079368 96.7 96.7

Genomospecies #32 3 AFS081508 97.3 97.3

B. cytotoxicus NVH 391-98 14 NVH_391_98 98.8 98.8

B. luti TD41 3 AFS058404 96.6 96.6

Genomospecies #33 5 AFS030140 96.6 96.6

Genomospecies #34 6 AFS087218 97.1 97.1

Genomospecies #35 2 AFS039342 99.9 99.9

Genomospecies #36 2 AFS070861 99.4 99.4

Genomospecies #37 7 AFS015896 99.3 99.3
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ATCC 10792 T type strains share ANI 96.7% between

them. To avoid overlapping between genomospecies

regarding their ANI values, the threshold should be

increased up to 97.09% which, in sum with the above

observations, reflect the high genomic relationship

among the strains of Clade 2. On the other hand, if the

threshold was set at 95.51%, members of Clade 2

would be considered a single genomospecies. There-

fore, as was highlighted previously, tuning ANI

thresholds for genomospecies circumscription is a

daunting task when involving highly phylogenetically

related strains (Ciufo et al. 2018), such as those of

Fig. 1 Phylogenomic tree of B. cereus group strains. 74, 78 or

80 common ancestral genes were identified in all studied strains

by BLASTN searches using an E-value of 10-30 and B. cereus
ATCC 14579T (a),B. anthracis Ames (b), or B. mycoides ATCC
6462T (c) genes as query, respectively. Genes were individually
aligned and trimmed and those that share C 70% query

coverage and C 70% identity percentage were selected. The

resulting final alignments comprising 51,253 (a), 51,150 (b),
and 90,638 (c) residues were used to infer the phylogenetic

relationships of B. cereus sensu lato group strains. Trees were

constructed with RAxML algorithm (Stamatakis 2014) and

displayed and annotated using iTOL (Letunic and Bork 2011).

The inferred tree reliabilities were evaluated by bootstrapping

with 100 replicates (Stamatakis 2014). Locus tags and

descriptions of B. cereus ATCC 14579T, B. anthracis Ames,

and B. mycoides ATCC 6462T genes used to infer phylogeny are

listed in Supplementary Table S2
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Clade 2. Nevertheless, in this study, B. cereus sensu

stricto and B. thuringiensis genomospecies were

considered as different clusters to enable comparative

assets regarding their leading traits.

Clade 1 hosts B. anthracis and other vertebrate

pathogen strains

Clade 1 contains all B. anthracis and B. wiedmannii

strains but also strains submitted to NCBI as B.

thuringiensis and B. cereus. As aforementioned,

phylogenomic analyses have shown that B.

thuringiensis, as well as B. cereus sensu stricto, are

members of Clade 2 and therefore those located in

Clade 1 belong to other genomospecies. Hence, in

order to better describe the taxonomy of the 640 strains

of the Clade 1, an MLSA was performed. For this, 78

common ancestral genes were selected from the 3518

and 1368 extended core and core genes of Clade 1,

respectively (Supplementary Table S2). Based on the

resulting tree, 15 new genomospecies should be

defined in order to better represent Clade 1 species

circumscriptions (Fig. 1b). Moreover, 19 and 6 strains

clustered together with type strains of recently defined

species B. mobilis and B. albus, respectively (Liu et al.

2017a). As was previously reported, B. anthracis

strains associated with anthrax disease have clonal

structure (Didelot et al. 2009; Patiño-Navarrete and

Sanchis 2017). In the phylogenetic tree depicted in

Fig. 1b, the 113 clonal B. anthracis strains clustered

together with the reference strain B. anthracis Ames,

six more divergent B. anthracis isolates, and putative

misnamed B. thuringiensis and B. cereus strains

defining the B. anthracis genomospecies. The pres-

ence of phylolgenetically-related B. thuringiensis and

B. cereus strains that share phenotypic characteristics

with canonical B. anthracis strains was previously

reported (Maughan and Van der Auwera 2011).

Furthermore, emetic B. cereus strains cluster together

within the B. paranthracis clade (Fig. 1b) agreeing

with their suggested clonal structure (Didelot et al.

2009; Patiño-Navarrete and Sanchis 2017). Finally, it

is noteworthy that ten strain clusters and five single-

tons not bearing type strains, and composed of putative

misnamed B. thuringiensis, B. cereus, and/or B.

anthracis strains were also observed in Clade 1

(Fig. 1b). In order to define representative strains,

distances among common ancestral genes were used

as correlated variables in a PCA analysis. Then,

medoid strains, those strains that have their linearly

uncorrelated variables closer to the centroids of the

PCA, were defined as representatives (Fig. S2). In

Table 1 are listed representatives of type-lacking

genomospecies as well as type-containing genomo-

species. Finally, in order to validate the species

circumscriptions based on the MLSA, all vs all ANI

values were computed for Clade 1 strains. As

expected, 99.9% of the strains of each putative

genomospecies branch satisfied the 96% species

criterion (Table 1).

Unbounding the Clade 3

Members of B. pseudomycoides, B. toyonensis, B.

mycoides, and B. cytotoxicus were described in the

literature as Clade 3-species (Bazinet 2017), whereas

type or reference strains of the recently defined ‘‘B.

bingmayongensis’’, ‘‘B. gaemokensis’’, ‘‘B. manlipo-

nensis’’, B. proteolyticus, B. nitratireducens, B. luti and

B. paramycoides species were found dispersed among

them in a phylogenetic tree constructed using 21

common ancestral genes (Fig. S1). This fact is a

consequence of the arbitrary assignation of Clade 3

members and suggests that this group of bacteria should

be further divided into monophyletic groups (genomo-

species) or indeed clades. We then decided to analyze

the phylogenetic relationship of these 566 strains in

order to better define the genomospecies contained in it.

As expected, the estimated number of extended core

(862) and core (156) genes found were markedly lower

than that for strains within each Clade 1 or 2. Then, 80

common ancestral genes were selected using as out-

group B. anthracis Ames and B. cereus ATCC 14579T

strains (Supplementary Table S2). The phylogenic tree

constructed using these genes suggested the existence of

at least 22 new genomospecies, 8 out of them singletons

(Fig. 1C). In addition, all vs all ANI value computations

support the genomospecies circumscriptions suggested

by our MLSA analysis (Table 1).

In summary, as a result of our classification, 279

strains should be considered as member of B. anthracis,

B. cereus, B. mycoides, B. pseudomycoides, B.

thuringiensis, B. toyonensis, or B. wiedmannii genomo-

species. In addition, 218 strains showed to be clustered

within 24 type-lacking genomospecies and 307 putative

misnamed strains to the recently defined species B.

albus, B. luti, B. mobilis, B. nitratireducens, B. pacificus,

B. paramycoides, B. paranthracis, B. proteolyticus, or
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B. tropicus. Finally, 15 single-strain species were

identified including the two type strains ‘‘B. bingmay-

ongensis’’ FJAT-1383 and B. manliponensis JCM

15802.

Main features associated with controversial

species of the B. cereus group

Comparative genomic studies that evaluate the corre-

lation of gene contents or phenotypes among strains

have the mandatory requirement that those microor-

ganisms should be accurately labeled at the species

level. However, some important B. cereus group

species, as B. thuringiensis or B. anthracis have been

historically defined by its ability to produce insecti-

cidal crystal proteins (Stenfors Arnesen et al. 2008) or

produce anthrax toxin (Kolstø et al. 2009), respec-

tively. As those phenotypes are associated with

plasmid-encoded genes, the correlation of their pres-

ence or absence have been recently evaluated among

genomospecies rather than species, as more informa-

tive procedure (EFSA BIOHAZ Panel 2016; Bazinet

2017; Zheng et al. 2017; Baek et al. 2019). A

genomospecies could be defined as a monophyletic

group that can be differentiated from other using

genomic methods such as ANI. Taking advantage of

the update in B. cereus group genomospecies circum-

scription hereby provided, we decided to use a

phylogeny-correcting approach in order to evaluate

whether the occurrence of cry and virulence factor

encoding genes (detailed in Fig. 2) correlate with a

particular genomospecies or clade of the group. We

observed, as expected, that cry was significantly

present in Clade 2 isolates (p = 2.5 10-3) and absent

in Clade 1 strains (p = 7.0 10-3), the latter mostly

including vertebrate pathogens (Patiño-Navarrete and

Sanchis 2017; Zheng et al. 2017). However, similar

percentages of B. cereus sensu stricto or B. thuringien-

sis strains encode Cry toxins (Fig. 2), and therefore no

significant correlation with B. thuringiensis genomo-

species was observed (Table S3). This clearly indi-

cates that phenotypic analyses are very inappropriate

procedures for species identification as was previously

suggested (Liu et al. 2015; Bazinet 2017; Patiño-

Navarrete and Sanchis 2017). Regarding the patho-

genic characteristics of strains contained in the whole

Clade 2, we found that the cytotoxin K2 gene (present

in the 94% of the Clade 2 strains, Fig. 2) was the solely

virulence factor showing a positive correlation

(p = 2.5 10-16), agreeing with that reported by Carroll

(2017). Nevertheless, among Clade 2 strains, cyto-

toxin K2 and diarrheal toxin virulence factors showed

to be enriched in B. cereus sensu stricto with respect to

B. thuringiensis genomospecies (p\ 0.05). Clade 1

strains were observed to positively correlate with B.

anthracis-associated genes, but also cereolysin O, and

haemolysin II (p\ 0.05, Table S3). When compared

among Clade 1 strains, it was observed that B.

anthracis genomospecies was positively associated

with B. anthracis-associated genes (p\ 0.05,

Table S3), as expected. On the other hand, B.

paranthracis genomospecies, even comprising the

emetic clonal strains, did not correlate with emetic

toxins, even though it was present in 24% of the

isolates (Fig. 2). Furthermore, the latter genomo-

species negatively correlated with haemolysin II and

haemolysin BL (p\ 10-3, Table S3). Conversely, it

was observed that B. tropicus and B. wiedmannii

positively correlated with cytotoxin K2; and diarrheal

toxins and haemolysin BL genes, respectively

(p\ 0.05, Table S3). Regarding strains that did not

cluster in Clade 1 or 2, we found that the probiotic

genomospecies B. toyonensis, mainly isolated from

environmental or plant samples, was positively corre-

lated with the presence of diarrheal toxins as well as

phospholipase C (p\ 0.05, Table S3). B. mycoides

isolates, that were associated with food sources, were

observed to positively correlate with the presence of

cereolysin O and phospholipase C encoding genes

(p\ 10-2, Table S3). As observed for other over-

sampled groups, while cytotoxin K1 coding genes

were identified in all B. cytotoxicus genomes (Fig. 2),

a statistical significant correlation could not be

established (Table S3). A more diverse pool of strains

should be sampled in order to evaluate whether the

presence of the toxin encoding genes is a main

characteristic of the genomospecies, as was previously

suggested (Fagerlund et al. 2004; Carroll et al. 2017;

Stevens et al. 2019).

cFig. 2 Toxins and virulence factors in B. cereus group strains.

The presence of main toxins and virulence proteins was

determined by TBLASTN and BLASTP searches using a

coverage C 70% and identity C 50%. B. anthracis-associated
proteins (Anthrax related): AtxA, Lef, CapABCDE, PagA, HasA,

Cya; Diarrheal toxin: BceT; Cereolysin: CerAB; Emetic toxin:

CesABCD; Cereolysin O; Cytotoxin K1: CytK1; Cytotoxin K2:

CytK2; Enterotoxin: EntAFM; Hemolysin BL: HblABCD;

Haemlolysin II: HlyII,HlyR; Immune inhibitor A: InhA1,InhA2;

Nonhamolytic enterotoxin: NheABC; Phospholipase C: PlcABR
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B. wiedmannii FSL W8-0169 124 2% 0% 73% 99% 0% 92% 0% 7% 100% 99% 49% 100% 100% 100%
B. mobilis 0711P9-1 19 5% 0% 16% 100% 0% 74% 0% 11% 100% 58% 58% 100% 100% 89%
B. albus N35-10-2 6 0% 0% 100% 100% 0% 100% 0% 50% 100% 100% 100% 100% 100% 100%
Genomospecies #1 17 0% 0% 100% 100% 0% 100% 0% 0% 100% 100% 100% 100% 100% 100%
Genomospecies #2 6 0% 0% 0% 100% 0% 67% 0% 0% 100% 100% 50% 100% 100% 83%
Genomospecies #3 2 50% 0% 100% 100% 0% 100% 0% 0% 100% 0% 50% 100% 100% 100%
Genomospecies #4 1 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 100%
Genomospecies #5 1 0% 0% 0% 100% 0% 100% 0% 100% 100% 100% 100% 100% 100% 100%
Genomospecies #6 40 2% 2% 72% 100% 0% 100% 0% 0% 100% 100% 82% 100% 100% 100%
Genomospecies #7 1 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 100% 100% 100% 100%
Genomospecies #8 5 60% 60% 0% 100% 0% 100% 0% 0% 100% 100% 100% 100% 100% 100%
B. anthracis Ames Ancestor 177 3% 58% 6% 99% 0% 97% 0% 27% 100% 11% 92% 99% 99% 88%
B. paranthracis Mn5 101 3% 2% 10% 100% 24% 100% 0% 24% 100% 2% 2% 100% 99% 99%
B. tropicus N24 61 3% 7% 0% 100% 0% 98% 0% 89% 100% 87% 85% 100% 100% 85%
B. pacificus EB422 38 0% 0% 24% 100% 0% 82% 0% 74% 100% 0% 0% 97% 92% 92%
Genomospecies #9 12 42% 0% 0% 100% 0% 100% 0% 67% 100% 92% 100% 100% 100% 100%
Genomospecies #10 4 25% 0% 0% 100% 0% 100% 0% 100% 100% 100% 75% 100% 100% 100%
Genomospecies #11 1 0% 0% 0% 100% 0% 100% 0% 100% 100% 0% 0% 100% 100% 100%
Genomospecies #12 1 0% 100% 0% 100% 0% 100% 0% 0% 100% 0% 0% 0% 0% 100%
Genomospecies #13 2 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 100% 100% 100% 100%
Genomospecies #14 2 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 100% 100% 100% 100%
Genomospecies #15 19 0% 0% 0% 100% 0% 100% 0% 5% 100% 100% 100% 100% 100% 100%
B. cereus ATCC 14579 569 23% 7% 99% 100% 0% 99% 0% 98% 100% 98% 13% 100% 98% 98%
B. thuringiensis ATCC 10792 341 20% 2% 45% 100% 0% 99% 0% 87% 100% 91% 96% 100% 100% 98%
B. toyonensis BCT-7112 228 18% 9% 100% 100% 0% 61% 0% 11% 100% 100% 2% 100% 100% 99%
B. pseudomycoides DSM 12442 67 27% 0% 100% 100% 0% 13% 0% 0% 100% 88% 0% 100% 97% 0%
B. gaemokensis JCM 15801 2 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 0%
B. manliponensis JCM_15802 1 0% 0% 100% 100% 0% 0% 0% 0% 100% 0% 0% 100% 100% 0%
B. bingmayongensis FJAT_13831 1 0% 0% 0% 100% 0% 0% 0% 0% 100% 0% 0% 100% 100% 0%
Genomospecies #16 1 0% 0% 100% 100% 0% 100% 0% 0% 100% 100% 0% 100% 0% 0%
Genomospecies #17 1 0% 0% 100% 100% 0% 100% 0% 0% 100% 0% 0% 100% 0% 0%
Genomospecies #18 1 0% 0% 100% 100% 0% 100% 0% 0% 100% 0% 0% 100% 0% 0%
Genomospecies #19 8 0% 0% 12% 100% 0% 100% 0% 0% 100% 0% 0% 100% 50% 0%
Genomospecies #20 2 0% 0% 0% 100% 0% 50% 0% 0% 100% 100% 0% 100% 100% 0%
Genomospecies #21 1 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 0%
Genomospecies #22 43 2% 0% 100% 100% 0% 7% 0% 0% 100% 95% 0% 100% 0% 0%
Genomospecies #23 5 0% 0% 0% 100% 0% 0% 0% 0% 100% 100% 0% 100% 0% 0%
B. mycoides ATCC 6462; 
B. weihenstephanensis NBRC 54 24% 0% 76% 100% 6% 87% 0% 0% 100% 100% 6% 100% 100% 91%

B. nitratireducens 4049 68 0% 3% 62% 100% 0% 100% 0% 0% 100% 99% 0% 100% 99% 0%
B. paramycoides NH24A2 8 0% 0% 50% 100% 0% 75% 0% 0% 100% 88% 0% 100% 100% 100%
B. proteolyticus TD42 3 0% 0% 100% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 0%
Genomospecies #24 1 0% 0% 100% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 100%
Genomospecies #25 2 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 0%
Genomospecies #26 1 0% 0% 100% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 100%
Genomospecies #27 1 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 100% 100% 100% 100%
Genomospecies #28 4 0% 0% 100% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 100%
Genomospecies #29 1 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 100%
Genomospecies #30 14 7% 0% 71% 100% 14% 93% 0% 0% 100% 100% 7% 100% 100% 86%
Genomospecies #31 6 50% 0% 0% 83% 0% 83% 0% 0% 100% 100% 0% 100% 100% 0%
Genomospecies #32 3 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 100%
B. cytotoxicus NVH 391-98 14 0% 0% 100% 100% 0% 0% 100% 0% 100% 0% 0% 93% 100% 0%
B. luti TD41 3 0% 0% 100% 100% 0% 100% 0% 0% 100% 0% 0% 100% 100% 0%
Genomospecies #33 5 0% 0% 0% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 0%
Genomospecies #34 6 0% 0% 33% 100% 0% 0% 0% 0% 100% 83% 0% 100% 100% 0%
Genomospecies #35 2 100% 0% 0% 0% 0% 0% 0% 0% 100% 100% 0% 100% 0% 0%
Genomospecies #36 2 0% 50% 100% 100% 0% 100% 0% 100% 100% 100% 100% 100% 100% 100%
Genomospecies #37 7 0% 0% 100% 100% 0% 100% 0% 0% 100% 100% 0% 100% 100% 0%
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In quest of distinguishing features among highly

related genomospecies of the B. cereus group

In order to shed light on the reported difficulties when

defining B. cereus group genomospecies, COG cate-

gories of all soft-core proteins were determined and

used to perform a comparative analysis using Phy-

loLM. As it is shown in Fig. 3, B. pseudomycoides, the

related genomospecies #22, and B. cytotoxicus showed

to be enriched in proteins associated with mobile

elements (p\ 0.05, Fig. 3). The latter group, as well

as members of B. paranthracis, B. toyonensis,

genomospecies #6, and #9, were enriched in functions

associated with motility (p\ 0.01, Fig. 3). B.

thuringiensis genomospecies members contrasted

with B. cereus sensu stricto in the increased presence

of functions related to lipid transport and metabolism,

cell division, and intracellular trafficking and secretion

(p\ 0.01, Fig. 3). On the other hand, members of B.

tropicus showed to be enriched in the category

function of metabolism and transport of nucleotides,

coenzyme metabolism, and molecular chaperones and

related functions (p\ 0.05, Fig. 3). Functions related

to secondary metabolites biosynthesis, transport and

catabolism, biogenesis of cell wall, membrane or

envelope, motility, secretion and signal transduction
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Fig. 3 Difference in COG category abundance. A Normalized

Cluster of differences in gene categories between genomes of

the same genomospecies. The heat map indicates the level of

enrichment or depletion based on a PhyloLM test. Significant

cells are shown colored (p value\ 0.05, FDR corrected). Hot

colored cells indicate significantly more genes. One-letter

abbreviations for the functional categories: C, Energy produc-

tion and conversion; D, Cell division, chromosome partitioning;

E, Amino acid transport and metabolism; F, Nucleotide

transport and metabolism; G, Carbohydrate transport and

metabolism; H, Coenzyme transport and metabolism; I, Lipid

transport and metabolism; J, Translation, ribosomal structure

and biogenesis; K, Transcription; L, Replication, recombination

and repair; M, Cell wall, membrane or envelope biogenesis; N,

Cell motility; O, Posttranslational modification, protein turn-

over, chaperones; P, Inorganic ion transport and metabolism; Q,

Secondary metabolites biosynthesis, transport and catabolism;

R, General function prediction only; S, Function unknown; T,

Signal transduction mechanisms; U, Secretion; V, Defense

mechanisms; W, Extracellular structures; X, Mobilome:

prophages, transposons
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mechanisms were found to be enriched in members of

genomospecies #6 (p\ 0.05, Fig. 3). B. cereus sensu

stricto members and B. toyonensis were observed to be

depleted and enriched in many broad function protein

categories, respectively (p\ 0.01, Fig. 3). It was also

evident that phylogenetically closed relatives such as

members of B. pseudomycoides and genomospecies

#22; B. wiedmannii and genomospecies #6 as well as

B. paranthracis and B. pacificus, showed upweighted

profile differences as consequence of the application

of a phylogenetic sensitive approach, as was observed

in other studies (Bradley et al. 2018).

Next, a search for specific traits differing between

Clades 1 and 2 was conducted. In order to achieve this,

we selected those genomospecies under analysis with

more than 60 available genome sequences. A total of

73 gene differences were identified in this genome

subset, using as a benchmark the presence of an

ortholog in at least 90% of the genomes on one side of

a phylogenetic node, and its simultaneous absence in

at least 90% of the genomes on the other side of the

node (Fig. 4 and Table S4). Clade 2 strains were

enriched in a gene cluster putatively involved in sulfite

export and in the bacillolysin proteinase gene (p = 3.4

10-6). The latter has been reported to be secreted and

presumably play a role in B. cereus pathogenicity

when tested in a Galleria mellonella larvae model

(Mazzantini et al. 2016). On the other hand, Clade 1

was enriched in gene clusters that encode for a

permease (p\ 4.35 10-14) and an intermembrane

metalloprotease (p\ 1.75 10-25) of unknown func-

tion. We additionally observed that a cluster of genes

involved in cell wall or exosporium biosynthesis,

encoding several glycosyltransferases, were particu-

larly enriched in B. cereus sensu stricto strains with

respect to its nearest-neighbor B. thuringiensis

genomospecies (p\ 1.73 10-13, Table S4). Interest-

ingly, the latter species was enriched in a beta-channel

forming cytolysin (p = 2.93 10-10, Table S4). This

supports the finding of Anderson and collaborators

(2005) that described a cytolysin with homology to

Streptococcus agalactiae Cyl, which was present

exclusively in B. thuringiensis genomospecies. Dif-

ferences in 117 genes between B. thuringiensis gv.

cytolyticus and B. thuringiensis gv. thuringiensis

genomovars were also identified (Fig. 4 and

Table S4). Remarkably, the ATPase component

(EssC, p = 1.85 10-5), the membrane proteins EssA

and EssB as well as seven putative secretion effector

proteins of Type 7 secretion system (T7SS), including

three WXG100-family proteins (p\ 2.47 10-5,

Table S4) were found to be enriched in B.

Fig. 4 Changes in genes at each branch point for selected

genomospecies of B. cereus group. The change in genes

signifies the genes that are found in[ 90% of the genomes on

that side of the branch and\ 10% of the genomes on the

opposite side. This analysis was generated with the genome

comparator function implemented under BIGSdb software

(Jolley and Maiden 2010). A complete genome was used as a

reference strain for each genomospecies and was used to

BLAST all genomes in the set. Specific differences in gene

content among B. cereus group strains as well as reference

strains used in the analysis are detailed in Table S4(I-XII)
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thuringiensis gv. cytolyticus. This type of secretion

system was identified in Actinobacteria and Firmi-

cutes but not in Gram-negative bacteria (Pallen 2002).

Among Clade 1 strains it is noteworthy that a

petrobactin biosynthesis cluster was significantly

enriched in B. anthracis with respect to B. paran-

thracis (p\ 2.18 10-8, Table S4). Differences

between B. anthracis and B. paranthracis cell wall

carbohydrate biosynthesis clusters were also identified

(p\ 0.014). Additional differences among B. cereus

group strains are detailed in Table S4(I-XII) in the

supplementary information accompanying this article.

Discussion

Members of the B. cereus group were ubiquitously

distributed in diverse environments and play critical

roles in insect pest management, food production and

human health (Liu et al. 2017a; Méric et al. 2018).

However, the improper use of objective criteria in

their classification has resulted in error-prone species

circumscriptions (Maughan and Van der Auwera

2011). Here, by means of a core-based MLSA and

multiple comparative analysis of ANI values, we

observed that Clade 2 members could be circum-

scribed in B. cereus sensu stricto and B. thuringiensis

of genomospecies. Interestingly, our benchmark anal-

ysis allows discerning differences in clusters of

conserved glycosyltransferases associated with cell

wall or exosporium carbohydrates biosynthesis. These

glycosyltransferases likely catalyze unique carbohy-

drate linkages, since genes for new classes of sugar

donors (e.g. sugar nucleotides) are not observed.

Differences in bacterial surface structures, which are

important targets in serological identifications, have

been previously described among B. cereus group

members (Anderson et al. 2005). Moreover, among

the differences identified between the recently defined

genomovars of B. thuringiensis (Baek et al. 2019), the

enrichment of T7SS components in the genomovariety

cytolyticus should be emphasized. This type of

secretion system contributes to virulence and protec-

tive immunity in Mycobacterium tuberculosis and to

the establishment of persistent infections in Staphylo-

coccus aureus (Pallen 2002; Garufi et al. 2008). In

addition, it was shown that anthrax-infected guinea

pigs developed IgG-type antibodies against effectors

of the system, suggesting that they are expressed and

secreted during the infection (Garufi et al. 2008).

However, gene clusters encoding a T7SS were also

identified in non-pathogenic bacteria such as B.

subtilis, Streptomyces coelicolor, and in M. smegmatis

(Huppert et al. 2014), generating controversies on its

actual physiological role. On the other hand, the

presence of Cry crystals, key factors of bacterial

pathogenicity towards invertebrates, was convention-

ally considered as a taxonomic marker that defines B.

thuringiensis strains. Indeed, the correlation between

the capability of producing entomotoxins and species

designation was thoroughly investigated (Ceuppens

et al. 2013; Zheng et al. 2017; Carroll et al. 2017).

Nevertheless, ‘‘phylogenetic signals’’ defined as the

tendency for related species to resemble each other,

were not included in those correlation studies. Note-

worthy, it was demonstrated that methods that do not

consider phylogenetic signals result in misleadingly

low p values leading to false conclusions (Ives and

Garland 2014). This is because the main assumptions

of standard statistical procedures, such as indepen-

dence and identical distribution of residuals from a

regression model, are not fulfilled at high phylogenetic

signals (Felsenstein 1985; Ives and Garland 2010).

Recently, phylogeny-aware methods based on linear

regression models were applied at wide-genome scale

to study the genomes of plant-associated bacteria

(Levy et al. 2018) or metagenomic data (Bradley et al.

2018). By using a phylogeny-correcting approach we

hereby observed that cry genes not only positively

correlated with B. thuringiensis genomospecies but to

all Clade 2 members, including B. cereus sensu stricto.

Both, the high metabolic burden that imply specialized

insecticidal cry gene expression (Méric et al. 2018), as

well as the high degree of sexual isolation (Patiño-

Navarrete and Sanchis 2017), may explain the enrich-

ment of cry genes in Clade 2. In addition, a strong

positive correlation (p = 7.3 10-08) of Cry-encoding

genes with strains isolated from insects was observed,

indicating that the capability to produce crystals is

more related to niche adaptation rather than to strains

phylogenetic relationships. Commercial biopesticide

formulations based on B. thuringiensis represent a

worldwide for-profit industry (Maughan and Van der

Auwera 2011). Hence, our results are in agreement

with the recommendation of EFSA regarding the

application of whole-genome sequencing to provide

unambiguous identification of strains used as biopes-

ticides as a prerequisite for its safety evaluation (EFSA
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BIOHAZ Panel 2016). In opposition, the recent

taxonomic framework proposed by Carroll et al.

suggests that Clade 2 members should be clustered

into the B. cereus species (2020). In an attempt to

reconcile phylogenomics relationships and phenotypic

traits that can be lost or gained by particular strains

within a species or across multiple species, the authors

make use of subspecies names and biovar terms to

account for the heterogeneity of clinically and indus-

trially important phenotypes (Carroll et al. 2020). The

authors applied biovar Thuringiensis to all Cry, Cyt, or

Vip toxin-producing isolates. Following this criterion

the biovar Thuringiensis would be assigned to mem-

bers of 5 different B. cereus group species (‘‘B.

mosaicus’’, B. mycoides, B. cereus, B. toyonensis, and

B. pseudomycoides).

Species assignation, implicitly or not, is used to

predict strains behavior or performance (Gevers et al.

2005; Torres Manno et al. 2018) and therefore favor or

discourage commercial initiatives or more exhaustive

safety safeguards regarding the concern or usage of

bacterial isolates. The current drawback of this

inherent use of taxonomic information is that many

species are defined by either single or over-repre-

sented isolates (Rasko et al. 2005; Felis and Dellaglio

2007). Poor diversity represented in species descrip-

tion usually is due to the fact that bacterial sampling,

strain selection, and data publication are not set at

random, but instead have anthropocentric biases

(based on human health relevance, economical profits,

scientific impact, etc.). Such biases in species defini-

tion drastically affect the accuracy and feasibility of

comparative studies. We found that the concept of

genomospecies or genomovars as defined by Baek

et al. (2019) could help to better describe the diversity

of complex taxonomic groups such as B. cereus. For

instance, our genome-scale approaches suggest that

the clonal emetic B. cereus strains linked to outbreaks

should be reassigned as members of B. paranthracis

genomospecies, supporting the proposal of Carroll

et al. (2019). In this regard, we have observed that the

emetic toxin genes show no positive correlation with

B. paranthracis genomospecies when phylogenetic

signals are considered. This is due the fact that genes

involved in cereulide biosynthetic are plasmid-en-

coded (Ehling-Schulz et al. 2006). Moreover, diversity

of emetic-producing B. cereus sensus lato were

previously reported (Apetroaie et al. 2005). On the

other hand, we observed that anthrax toxin and capsule

genes encoded by pXO1 and pXO2 plasmids posi-

tively correlated with B. anthracis species even in a

phylogenetic-corrected analysis. Nevertheless, our

results indicated that some strains of B. anthracis

genomospecies, submitted at NCBI as B. cereus,

should be renamed as B. anthracis since they could not

be distinguished from B. anthracis Ames at genomic

level, as was previously suggested (Maughan and Van

der Auwera 2011). In opposition, other authors have

proposed that these strains should be designated as B.

anthracis sensu lato or B. cereus var anthracis

(Okinaka et al. 2006; Kolstø et al. 2009). B.

anthracis-associated genes such as capABCDE and/

or hasA were also positively correlated with other

species such as B. toyonensis. Remarkably, the

archetype strain of this species is the non-toxigenic

strain B. toyonensis BCT-7112T, used as probiotics in

animal nutrition in a wide range of countries including

Europe and Japan (Jiménez et al. 2013). The isolation

of B. toyonensis strains from environmental samples

encoding pXO1- or pXO2-like plasmids was previ-

ously reported (Van der Auwera et al. 2013). Diarrheal

toxin and phospholipase C encoding genes also

positively correlated with B. toyonensis species in

comparison with other related species (Table S3). In

addition, while strains belonging to B. toyonensis were

mainly isolated from the environmental or plant

sources, B. toyonensis FDAARGOS_235 and BacAer

strains were isolated from blood and epithelial infec-

tions, and are thus considered as opportunistic

pathogens. It is noteworthy that common pathogenic

determinants or traits could have originated from

evolutionary convergence or horizontal gene transfer

and therefore may not accurately reflect evolutionary

relatedness among strains (Maughan and Van der

Auwera 2011).

In order to resolve nomenclatural ambiguities,

Carroll et al. proposed clustering all members of B.

paranthracis, B. anthracis (clonal or not) as well as

other less related species such as B. albus, B. mobilis,

B. pacificus, B. tropicus, and B. wiedmannii into the

‘‘B. mosaicus’’ species (2020). In addition, the authors

suggested that those strains possessing the anthrax

toxin-encoding genes cya, lef, and pagA be assigned to

the biovar Anthracis, whereas those encoding the

cesABCD genes be assigned to the biovar Emeticus.

Hence, strains that are not tightly phylogenomically

related to B. anthracis but possess the transmissible

anthrax toxin-encoding genes should be named B.
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Anthracis. On the other hand, those strains shar-

ing C 99.9 ANI with B. anthracis Ames should be

referred as ‘‘B. mosaicus subsp. anthracis’’ or merely

‘‘B. anthracis’’. Hence, authors maintain historical

congruence supporting its standardized framework in

phenotypic or transmissible genetic traits. In this

context, our proposed genomospecies boundaries

could coexist with Carroll et al. taxonomic framework

by referring them as subspecies or genomovarieties.

For example, strains of ‘‘B. Emeticus’’ (as was

suggested by Carroll et al.) could be named as ‘‘B.

mosaicus subsp. paranthracis biovar Emeticus’’ or

‘‘B. mycoides biovar Emeticus’’ in case they were

identified as B. paranthracis or B. mycoides genomo-

species members in our approach, respectively.

In our comparative analysis, the enrichment of

traits related to the regulation of gene expression,

spore coat, exopolysaccharide biosynthesis, and mem-

brane transport among B. cereus group bacteria has

been pinpointed (Table S4). These findings are in

concordance with previous studies (Anderson et al.

2005) and greatly expand our understanding of the

genetic differences amongst these important species.

Nevertheless, it is noteworthy that our approach has

distinguished for the first time the petrobactin gene

cluster as an important marker between the phyloge-

netically related B. anthracis and B. paranthracis

genomospecies. Remarkably, this siderophore was

shown to be involved in iron acquisition, protection

against oxidative stress, and plays a vital role in the

many stages of B. anthracis infection, including

macrophage survival, bloodstream growth and facil-

itating transmission between mammalian hosts (Ha-

gan et al. 2018). Hence, our analysis may contribute to

refocus current studies aiming to broad the compre-

hension of B. anthracis infections. Nonetheless, the

necessity of having a confident method for genomo-

species phylogenetic delimitation results evident, in

order to perform comparative studies among related

strains. In this work, we aimed to generate a concep-

tual framework in which the genomospecies of the B.

cereus group were accurately defined. As a result, we

propose the inclusion of 37 new genomospecies as

well as the re-assignation of 832 strains. We expect

our framework to be adopted by the scientific com-

munity as a valuable guide for future epidemiological

analysis as well as population dynamics and evolution

studies.
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