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Abstract

CRISPR-Cas systems are considered as barriers to horizontal gene transfer (HGT). However, the influence of such systems on
HGT within species is unclear. Also, little is known about the impact of CRISPR-Cas systems on bacterial evolution at the
population level. Here, using Bacillus cereus sensu lato as model, we investigate the interplay between CRISPR-Cas systems
and HGT at the population scale. We found that only a small fraction of the strains have CRISPR-Cas systems (13.9% of
1871), and most of such systems are defective based on their gene content analysis. Comparative genomic analysis revealed
that the CRISPR-Cas systems are barriers to HGT within this group, since strains harboring active systems contain less mobile
genetic elements (MGEs), have lower fraction of unique genes and also display limited environmental distributions than
strains without active CRISPR-Cas systems. The introduction of a functional CRISPR-Cas system into a strain lacking the
system resulted in reduced adaptability to various stresses and decreased pathogenicity of the transformant strain, indicating
that B. cereus group strains could benefit from inactivating such systems. Our work provides a large-scale case to support that
the CRISPR-Cas systems are barriers to HGT within species, and that in the B. cereus group the inactivation of CRISPR-Cas
systems correlated with acquisition of MGEs that could result in better adaptation to diverse environments.

Introduction as an antiviral defense pathway in prokaryotes [1, 2]. A
typical CRISPR-Cas system consists of three functional
components: an operon containing a set of cas genes, a leader
sequence, and a CRISPR DNA array. The cas genes are
usually required for new spacer acquisition, target recogni-
tion, and degradation of foreign nucleic acids [3, 4]. The
classification of CRISPR-Cas systems is based on their sig-
nature of cas genes, the organization of cas operons, and the
direct repeats present in the CRISPR arrays [5]. Six types of
CRISPR-Cas systems have been characterized: types I, III,
and IV of class 1 [6], and types II, V, and VI of class 2 [7].

The discovery and characterization of CRISPR-Cas,
especially in members of Class 2 systems, has led to a
revolution in genome editing and engineering technologies
[7-9]. Beyond its immune function, a number of recent
observations revealed unexpected roles for CRISPR-Cas
systems in gene expression, autoimmunity, chromosomal
segregation or rearrangement, and DNA repairing, although
most of the mechanisms involved in these functions still
remain unclear [10]. Of particular interest was the discovery

Clustered regularly interspaced short palindromic repeats
(CRISPR) and its associated proteins (Cas) systems function
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of the involvement of CRISPR-Cas systems on the regula-
tion of bacterial virulence [11-13].
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The roles for CRISPR-Cas systems on horizontal gene
transfer (HGT) have been widely investigated. It was pri-
mary proposed that CRISPR-Cas system may prevent the
acquisition of advantageous mobile genetic elements
(MGEs) [4], because of its immune function against
acquisition of foreign DNA. A series of studies support this
hypothesis and demonstrate that CRISPR-Cas limits HGT
through conjugation and transformation. For example, the
CRISPR loci in Staphylococci counteracts multiple routes
of HGT to limit the spread of antibiotic resistance genes [4].
Similarly, in Streptococcus pneumoniae the CRISPR-Cas
prevents the acquisition of virulence related genes [11], and
in Enterococcus faecalis it was reported that the potential
for DNA acquisition could be maximized by attenuating its
CRISPR-Cas system [14, 15]. Previously, a bioinformatic
study showed that there is no detectable influence of
CRISPR-Cas systems on the HGT rate over evolutionary
timescales among species [16]. However, new evidence
provides an opposite view, suggesting that CRISPR-Cas
facilitates the HGT by transduction [17-19]. For instance,
the CRISPR-Cas system in Pectobacterium atrosepticum
facilitates acquisition of non-phage genetic material by
phage-mediated transduction [18]. Also, it was shown that
phages can recombine with spacers from CRISPR-Cas loci
leading to transfer CRISPR-adjacent genes promoting HGT
in Staphylococci [19].

Despite the relevance of CRISPR-Cas systems as antiviral
defense strategy in bacteria, the influence of CRISPR-Cas on
HGT has remained a matter of debate. The existing studies
mostly were conducted with individual strains, but these
analyses cannot truly reflect the relationship between
CRISPR-Cas systems and HGT within species at the popu-
lation scale. In addition, the CRISPR-Cas systems have been
proposed as important factors contributing for the evolution of
virulence in several pathogens [11, 1416, 18], but the impact
of such systems on bacterial evolution at population level is
also poorly understood. The increasing availability of
sequenced genomes will facilitate the study and understanding
of the role interplayed among CRISPR-Cas systems and HGT,
and its impact on bacterial evolution within species.

Members of the Bacillus cereus group are ubiquitous and
highly versatile bacteria. It has been proposed that they have
evolved in ecotypes since they differ mainly in their plas-
mid DNA content [20]. The plasmids present in this group
of bacteria harbor different toxin genes, conferring diverse
host specificities such as Bacillus thuringiensis, that is an
important entomopathogen used worldwide as an effective
bio-insecticide to control various pests [21]; Bacillus
anthracis, which cause anthrax and B. cereus that may
cause food-borne gastroenteritis [22, 23]. The large number
of available genomes in this group provides a good model
to study the relationship among CRISPR-Cas systems and
HGT at the population level.
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In this study, we determined the prevalence, diversity,
and phylogenetic distribution of CRISPR-Cas systems
present within 1871 genomes from B. cereus group. Our
results show that most of the strains analyzed did not con-
tain any CRISPR-Cas system or harbor defective systems.
Combined with large-scale comparative genomic analysis,
we concluded that the CRISPR-Cas systems are barriers to
HGT within this group of bacteria. Even more, we eval-
uated the impact of CRISPR-Cas systems at the population
level, showing that in B. cereus group the inactivation of
such systems correlates with MGEs acquisition that could
provide genetic traits for better adaptation to diverse
environments.

Materials and methods

Identification of CRISPR-Cas systems among
B. cereus group

The genome sequences of the 1871 strains from B. cereus
group including their chromosome and plasmids sequences
were retrieved from GenBank (ftp://ftp.ncbi.nlm.nih.gov/
genomes). Cas proteins prediction was performed through
BLASTP using genome-wide amino acid sequences of the
1871 strains against known Cas proteins, with an identity
threshold of 30% and dual coverage over 60% [24]. The
predicted Cas proteins and spacers were verified with
CRISPR-finder [25]. Classification of CRISPR-Cas systems
was based on the cas gene organization as previously
reported [6, 26]. The information of the 260 B. cereus group
strains found to contain CRISPR-Cas systems are listed in
Table S1.

Phylogenetic analysis

The sequence of Cas7 proteins were clustered by using the
MCL algorithm with an inflation value of 1.5, after an all-
against-all BLASTP search with an E value of <10° [27].
The single-copy core protein sequences of each cluster
were aligned with MUSCLE [28]. All alignments were
concatenated using an in-house Perl script. ML phyloge-
netic tree was constructed using FastTree software [29]
with bootstrap support values calculated from 1000
replicates.

Analysis of environmental niches distribution

Information of the original ecological niches of 423 selected
strains from the original 1871 strains was collected from
NCBI (https://www.ncbi.nlm.nih.gov/) or from published
papers (Table S2). We included a total of 423 strains which
information on niche isolation was available. The niches
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include targets, hosts and/or sources, which were classified
into six major groups, including: the animal-associated
group, that is composed by fish, insects, mouse, nematode
and earthworm subgroups; the human-associated group, that
is composed by human and human-excrement subgroups;
the plant-associated group, that is composed by plant, plant
core, plant leaf, plant rhizosphere and plant root subgroups;
the fungi-associated group; the soil-associated group; and
others group, which includes food, industrial product and
waste water subgroups.

Prediction of transposases, plasmid essential
replication proteins, and prophage proteins

The protein sequences of the 423 selected stains described
above were constructed as target sequence database. A
complete profile of transposases downloaded from
TnpPred [30] was searched against this database by using
HMMER [31] with sequence and domain threshold E
values of <10°. The predicted transposases are listed in
Table S3. Replication essential proteins [32] were used to
predict plasmids (TXT S1). TubZ model (TXT S2) is
obtained from the Pfam database [33], and the TubZ
protein sequences were obtained with the same HMMER
search command as transposase prediction. The other
sequences of essential plasmid replication proteins were
obtained using BLASTP with an identity threshold above
30% and a dual coverage over 60%. All the essential
plasmid replication proteins predicted are listed in
Table S4. Prophage elements were predicted by PHA-
STER [34] and are listed in Table S5.

Unique gene diversity calculations

The presence and absence of genes in the 423 selected
genomes described above was determined by using the
Roary software [27]. The genes shared by any two strains
refer to the core genes, the sum of genes contained by both
strains refers the total genes, and the difference of core
genes and total genes refers to the unique genes. The ratio
of number of unique genes against total genes of each
genome pair refers the unique gene diversity value. The
unique gene diversity values were calculated in groups of
strains with complete, incomplete and none CRISPR-Cas
systems that are listed in Table S6.

Growth conditions for bacterial strains and
nematode Caenorhabditis elegans

Bacterial strains and plasmids used in this work are listed in
Table S7. All B. cereus group strains were grown at 28 °C
in Luria-Bertani (LB) medium and the competent cells were
transformed by electroporation [35]. Escherichia coli strains

were grown at 37 °C in LB medium. The nematode C.
elegans Bristol N2 strain was grown at 20 °C as previously
described [36].

Biofilm formation assays

Biofilm formation was evaluated in 96-well plates as
described before [37].

Determination of sporulation rate

Overnight bacterial cultures (100 ul, ODgoy=0.3) were
spread on solid LB-agar plates and allowed them to spor-
ulate for 5 days at 28 °C. The spores were harvested and
suspended in 1.5 mL ice-cold 0.85% NaCl, and two aliquots
of 500 uL of spore suspensions were prepared. The aliquot
“a” was heated at 80 °C for 10 min to kill the vegetative
cells and then kept on ice for 10 min; while the aliquot “b”
was just kept on ice. Serial tenfold dilutions were prepared
and 100 pl of each dilution was plated onto LB-agar plates.
Growing colonies were counted after 24 h of incubation,
and the sporulation rates were calculated as the percentage
of colony forming units (CFU) of aliquot “a” (CFU-a)
divide by the CFU of aliquot “b” (CFU-b) for each strain.

Salt tolerance assay

Overnight bacterial cultures in LB medium (100 pl,
ODgpp = 0.3) were spread on solid LB-agar medium sup-
plemented with 1, 2, 4, or 6% NaCl. The bacterial colonies
were counted after 12 h, and the bacterial surviving rates on
these media were calculated using the 1% NaCl medium as
reference.

pH tolerance assay

One milliliter sample of the bacterial cultures in LB
medium (ODgyp =0.6) were collected. The pellet was
washed with sterilized ddH,O three times and suspended
in 1 mL sterilized ddH,O adjusted at pH 4.0-10.0, fol-
lowed by incubation for 30 min with agitation at 220 rpm.
The buffers used to establish the optimum pH and to
maintain pH stability were as follows: sodium acetate
buffer (0.2 mol/L NaAc and 0.2 mol/L HAc, pH 4.0-5.0),
phosphate buffer (0.06 mol/L Na,HPO, and 0.06 mol/L
KH,;PO,, pH 6.0-8.0), and Gly-NaOH buffer (0.2 mol/L
glycine and 0.2 mol/L. NaOH, pH 9.0-10.0) [38]. The
pellets were washed with sterilized ddH,O three times,
suspended in 0.1 mL sterilized ddH,O again, and spread
on the solid LB-agar medium. The bacterial colonies were
counted after 12h incubation. The surviving rates of
bacteria were calculated, using suspension incubated at
pH 7.0 as reference.
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In vivo colonization assays

The in vivo colonization assays for B. cereus group strains
were conducted as described before [39]. A dose of 103
spores from each strain was used to feed C. elegans L4
worms in 96-well plates.

Life-span assays of nematode C. elegans

A total of 50-100 L4 stage N2 worms were transferred to
fresh NG plates spread with 30 ul (ODggo=0.3) spore/
crystals mixtures of B. thuringiensis strains, with 25 uM
FUDR to prevent eggs from hatching. NG plates spread
with E. coli strain OP50 were used as controls. The worms
were scored for alive/dead every 12h at 20 °C until 96 h.
The survival fractions were calculated as the number of
living nematodes to that of all nematodes added in each
plate, and survival curves were compared using #-test with
statistical significance set at p <0.05.

Results

CRISPR locus analysis and its distribution among
B. cereus group strains

To determine the distribution and diversity of CRISPR-Cas
systems in B. cereus group, we retrieved from GenBank all
the 1871 whole-genome sequences available from this group.
The search of CRISPR-Cas elements in the available genomes
revealed that only 260 strains (ca. 13.9%) contained type I
CRISPR-Cas system related elements, while only one strain
of B. cytotoxicus, AFSSA_08CEB44bac, contained type II as
revealed by the presence of a Cas9-like protein (Table S1).
Interestingly, no other type systems were found among these
strains and most of the strains possessed only one CRISPR-
Cas structure, with the exception of B. cyfotoxicus CH_23
(Table S1). The occurrence of CRISPR-Cas system varied
greatly among the ecotypes of this group (Table 1). The

highest proportion was found in B. cyfotoxicus where 86% of
the analyzed genomes (14 genomes available) contain
CRISPER-Cas elements, while only one B. anthracis strain
from a total of 188 B. anthracis genomes analyzed was found
to contain CRISPR-Cas elements. In the case of the B. cereus
strains, 9% of 862 genomes analyzed showed CRISPER-Cas
elements, while regarding to the B. thuringiensis strains, we
found that 26% of strains have CRISPR-Cas elements from a
total of 445 genomes analyzed (Table 1). Interestingly, only
30 of the 252 CRISPR-Cas system loci (11%) (8 of them
could not be classified) were located on the chromosome,
while the majority (88%) and were plasmid-borne (Table S1),
suggesting that these CRISPR-Cas systems were mainly
acquired by HGT.

Based on the signature genes and gene arrangements, two
different intact subtypes I were identified (subtypes I-B and I-
C), and one variant of subtype I-B system was also found
(named subtype I-B-like) (Table S1 and Fig. 1a). In subtype I-
B like, the cas8 is replaced by casX encoding a hypothetical
protein (Fig. 1a). Among these complete systems, subtype I-C
was the most abundant, which accounted for 18.85% of all
identified systems (Fig. 1b), and it was found in 49 strains
across five ecotypes of bacteria (Table S1, Fig. 1b). The
subtype I-B system was only present in 27 strains, while the I-
B-like system was found in 20 strains. The incomplete sys-
tems accounted for 63.08% of all identified systems (Fig. 1b
and detailed information in Table S1).

The number of spacers varied from 10 to 44 for subtype
I-C, 0 to 32 for subtype I-B, and 10 to 34 for I-B like system
(Table S1). A total of 4788 spacers were identified covering
1916 unique types (Dataset 1). However, only 701 out of
the 1916 unique types of spacer have targets in the Gen-
Bank nucleotide sequence database (Dataset 2). Among
them, 436 matched with sequences of plasmids, 57 with
bacteriophage genes, and 288 with chromosome sequences
(Dataset 2 and Fig. S1). Most of the spacers have sequence
similarity with plasmids and phages, consistent with the
CRISPR-Cas function as a protective immune system
against acquiring foreign nucleic acids. The high number of

Table 1 Distribution of the CRISPR-Cas system types among B. cereus group members.

Genomes Type 11 Type III Type IV Type V Type VI Occurrence of type
Taxonomic group Type I system

analyzed system system system system system I system
B. anthracis 188 1 (0+1) 0 0 0 0 0 0.5%
B. cereus 862 75 (22+53) 0 0 0 0 0 8.7%
B. cytotoxicus 14 12 (8+4) 1(0+1) 0 0 0 0 85.7%
B. mycoides 57 5 (1+4) 0 0 0 0 0 8.8%
B. pseudomycoides 104 29 (29+0) 0 0 0 0 0 27.9%
B. thuringiensis 445 116 (14+102) 0 0 0 0 0 26.1%
B. toyonensis 201 22 (2+20) 0 0 0 0 0 10.9%
Total 1,871 260 (76+184) 1(0+1) 0 0 0 0 13.9%

The labels in red and blue in column of “Type I system” represent number of complete and incomplete CRISPR-Cas systems, respectively.
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Fig. 1 Analysis of CRISPR-Cas systems in the B. cereus group.
a Genetic organization of type I CRISPR-Cas systems found in
B. cereus group. Only the representative complete subtypes are shown.
b Proportion of B. cereus group strains with complete or incomplete
CRISPR-Cas systems. Subtypes I-B, I-B-like and I-C are complete
systems, and all systems, which lack any cas genes compared to
the complete systems are defined as incomplete.

spacers that matched with chromosome sequences is very
interesting. Some of the targets in the chromosome seemed
to be conserved, and the three most common targets are
collagen-like protein (30 hits), MoxR family ATPase (18
hits), and cell division protein FtsK (15 hits) (Dataset 2 and
Table S8). These 288 unique spacers that matched chro-
mosome sequences, include 34 self-targeting spacers
(Fig. S2 and Dataset 1), which may raise an issue of auto-
immunity in the host. The incorporation of self-
chromosomal DNA into the CRISPR-Cas systems has
been documented in bacteria and it was proposed that this
may induce autoimmune responses resulting in high fitness
cost [40]. Thus, it was proposed that the autoimmune
responses could explain the high frequency and abundance
of incomplete CRISPR-Cas systems across some prokar-
yotes [40]. Moreover, there are 239 intra-species targeting
and 85 inter-species targeting spacers (Fig. S2 and Data-
set 1). It has been reported that the inter-species targeting
spacers have a negative effect on mating success in Archaea
and may limit inter-species HGT [41].

Most CRISPR-Cas systems display a genetic
inactivation phenomenon

Sixty-three percent (164 of 260) of the identified CRISPR-
Cas systems were considered as not functional based on the

different gene deletions observed in the CRISPR-Cas sys-
tems of B. cereus group (Table S1). These defective sys-
tems derived from the intact subtypes I-C or I-B, displaying
deletion of certain cas genes (Fig. 2a). The exception was
the defective type II system that was identified in B. cyto-
toxicus strain AFSSA_08CEB44bac (Table S1). Based on
the Cas protein composition and organization, these 164
defective systems were divided into five variants: I-C d1, I-
C d2, I-C d3, I-C d4 derived from intact subtype I-C, and I-
B dl1 derived from intact subtype I-B or I-B like (Fig. 2a and
Table S1). Specifically, in variant I-C d1 (identified in
47 strains), the cas4 and casl genes of intact subtype I-C
were replaced by two csd2 genes and one regulator albA
gene, that encode proteins, which have different functions
than Cas4 and Casl. We performed BLASTP analysis of
these csd2 and albA genes finding that csd2 is related to a
CRISPR-associated protein, with high similarity to Cas7 a
backbone protein that forms nucleic acid cleavage com-
plexes. While the albA gene encodes a transcriptional reg-
ulator, containing a putative DNA-binding domain
(AIbA_2), whose function is unknown. Variant I-C d2
(identified in 87 strains) lacks casl, cas2, and cas4 genes.
Variant I-C d3 (identified in only one strain) showed a
truncated CRISPR-Cas system lacking cas3, cas5, and the
N-terminal end of cas8 compared with the intact subtype I-
C. Variant I-C d4 (identified in 24 strains) lost most of the
elements and only has cas5, cas8, and cas7 genes. Simi-
larly, variant I-B d1 (identified in five strains) showed only
cas3, cas5, and cas7 genes with deletions of CRISPR-Cas
system elements at both upstream and downstream regions
of the intact subtype I-B locus (Fig. 2a).

To understand the pathways that may have lead to these
defective systems, a phylogenetic tree was constructed based
on Cas7 protein sequence, since this protein is present in all
defective variants and intact systems. As shown in Fig. 2b, the
systems are grouped in two major clades, one containing all
subtype I-C and I-C variants while the other contains all
subtype I-B, I-B like, and I-B variants (detailed shown in
Fig. S3). Moreover, inside each major clade, with few
exceptions, most systems in the same subtype or same var-
iants formed separate branches. These results strongly suggest
that the defective CRISPR-Cas systems evolved from intact
systems, with a lineage relationship respective to the degen-
eration pathways of I-C and I-B subtypes (Fig. 2a).

Together, the Cas protein organization profiles and phy-
logenetic relationship analysis, suggest that the degeneration
of CRISPR-Cas systems in the B. cereus group may have
followed two main inactivation pathways (Fig. 2c): in the
inactivation pathway for subtype I-C variants (Fig. 2c), the
casl and cas4 genes, which are responsible for acquiring new
spacers, were replaced by csd2 and albA genes (variant I-C
dl). In a subsequent event, variant [-C d2 was formed, where
the csd2 and albA genes together with cas2 were lost. Finally,

SPRINGER NATURE
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Fig. 2 Genetic inactivation of CRISPR-Cas system commonly
occurs in B. cereus group. a Comparison of the genetic organization
of variants of type I CRISPR-Cas systems. All the sequences were
retrieved from NCBI and their accession numbers are listed in
Table S1. Only representative strains are shown. b The maximum-
likelihood (ML) phylogenetic tree based on the sequence of Cas7
protein was constructed by FastTree. The strains with intact or variants
of subtypes I-C systems are shown in red branches, while the intact or
variants of subtypes I-B systems are shown in blue branches. Nodes
supported with a bootstrap values >50% are indicated with a black dot.
Ecotypes names of B. cereus group are abbreviated as follows: Ban for

the cas3 gene was deleted leading to variant I-C d4 (Fig. 2c).
In the case of variant I-C d3, cas3, cas5, and cas8 genes were
deleted (Fig. 2c). This variant may be an accidental event,
since it was observed in only one strain. In the inactivation
pathway for subtype I-B variants (Fig. 2c), replacement of
cas8 gene by casX resulted in subtype [-B-like, then a directly
derived CRISPR-Cas system (variant I-B d1) evolved, where
cas6, cas8, cas4, casl, and cas2 were deleted without further
intermediate steps (Fig. 2c). Interestingly, in variant I-B d1,
the cas genes responsible for acquiring new spacers were also
lost. Overall, inactivation pathway for subtype I-C variants
may represent the major degeneration route of CRISPR-Cas
systems in B. cereus group, since this was observed in 208 of
the 260 strains that contain CRISPR-Cas systems (Table S1).

Spacer acquisition is one of the most important functions
of CRISPR-Cas systems and the spacer diversity in CRISPR
array reflects the interaction frequency and course between
bacterial host and invasive nucleic acids. In B. cereus group,

SPRINGER NATURE

B. anthracis, Bee for B. cereus, Bey for B. cytotoxicus, Bmy for B.
mycoides, Bps for B. pseudomycoides, Bth for B. thuringiensis, and
Bto for B. toyonensis. The numbers, such as GCA_002560815.1 and
PFE79409.1 are the GenBank assembly accessions of genomes and
GenBank accessions of Cas7 proteins, respectively. ¢ Proposed inac-
tivation pathways of type I CRISPR-Cas system in B. cereus group.
The predicted inactivation pathways for subtypes I-C or subtypes [-B
variants are shown. d Differences of spacer types among strains with
variants of CRISPR-Cas system in the B. cereus group. The spacers of
variant I-C d3 were excluded because only one strain contains this
variant. All the spacers are listed in Dataset 1.

there are more spacers and higher diversity of spacer com-
positions in strains with intact subtype I-C system compared
with those containing the I-C defective systems (Figs. 2d, S4
and Table S1). In particular, the types of spacers diminished
gradually from subtype I-C to variants I-C d1-d2 and then to
variant [-C d4, in accordance with the proposed deletion
pathway of cas genes in this subtype group (Fig. 2d).

Strains with intact CRISPR-Cas system contain
restricted niche distribution, less MGEs, and less
variable genes

The CRISPR-Cas system has been proposed as barriers to
HGT preventing acquisition of MGEs [4]. Therefore, one
possibility is that intact CRISPR-Cas system may prevent
acquisition of advantageous exogenous genes to adapt to
complex environments. To confirm this hypothesis, 96
genomes that contain intact CRISPR-Cas systems, 164
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genomes that contain defective variant systems, and 163
genomes without any CRISPR-Cas elements (randomly
selected from the 1871 genomes reported in GenBank) were
analyzed regarding their content of DNA obtained by HGT.

We first analyzed the distribution of strains containing
complete or incomplete systems at the population level. A
maximum-likelihood (ML) phylogenetic tree based on the
core genome of the above strains was constructed by Fas-
tTree. Phylogenomic analysis divided these strains into six
clades (Fig. 3), which are in accordance with the population
structure previously described for the B. cereus group [42].
In addition, B. cytotoxicus and B. pseudomycoides were
included into the new clades 5 and 6, respectively. Inter-
estingly, the intact CRISPR-Cas systems can be found in all
six clades, while the incomplete systems are only dis-
tributed in clades 1, 2, 3, and 4. However, in each of these
clades, the distribution of strains with incomplete systems is
more widely represented than that of strains containing
intact systems (Fig. 3). These data indicate that the defective
CRISPR-Cas systems have more widely distribution than
that of the intact systems at the population level in the B.
cereus group. Even more, strains that contain same
CRISPR-Cas variant do not form separate branches in the
population structure, but are scattered in each clade, indi-
cating that inactivation of CRISPR-Cas systems are related
to HGT, rather than inherited from parental lineages.

Strains of B. cereus group can be isolated from diverse
environments as pathogenic or nonpathogenic bacteria
[43, 44], making this group a powerful system for investi-
gating the role of CRISPR-Cas systems in niche adapt-
ability. The environmental distribution of strains was
obtained for those strains where information was available
regarding their isolation source (see “Materials and meth-
0ds”). At least 21 kinds of different environments, such as
human, animal, plant, fungi, soil, and others were identified
(Fig. 4a). Interestingly, strains with incomplete and without
CRISPR-Cas systems occupied much more diverse envir-
onments than strains with intact CRISPR-Cas systems
(Fig. 4b), indicating that the CRISPR-Cas systems may
limit their environmental distribution.

HGT plays important roles in bacterial adaptation to
different environments [45]. Inactivation of CRISPR-Cas
systems could explain HGT differences of the B. cereus
group. To determine the capacity of HGT, we analyzed
the content of MGEs, including putative transposases,
replication proteins of plasmids, and prophage elements in
the different strains. The results showed that the content
of putative transposases (Fig. 5a and Table S3), plasmid
replication proteins (Fig. 5b and Table S4), and prophage
elements (Fig. 5c and Table S5) in strains with intact
CRISPR-Cas systems were significantly lower than those
of strains with incomplete or lacking CRISPR-Cas
systems.

Some genes, such as virulence factors are carried by
mobile elements. Furthermore, genes may be able to persist
in MGEs through hitch-hiking with beneficial genes or
alleles ensuring high frequencies via selection of MGEs
[46] and transfer between organisms [47]. To evaluate the
direct effects of CRISPR-Cas system on HGT, we analyzed
the variation of unique genes of strains with complete,
incomplete, and none CRISPR-Cas systems in the B. cereus
group. These analyses showed that variation of unique
genes is significantly lower in the strains with complete
CRISPR-Cas systems (n =93) than in strains with incom-
plete (n =164, p<0.0001) or none CRISPR-Cas system
groups (n =135, p<0.05) (Fig. 5d). Together, our results
suggest that the CRISPR-Cas system reduces HGT fre-
quency within B. cereus group.

Active CRISPR-Cas system displays negative impact
on the adaptation of B. thuringiensis under extreme
conditions

To further test the hypothesis that bacteria with active
CRISPR-Cas system may reduce their environmental
adaptation, a complete subtype I-C system form B. cereus
strain VD115 (Figs. 6a, S5) was cloned (Supplementary
Text, Fig. S6). We selected to clone subtype I-C from
VD115 strain to examine its function since this is a func-
tional system (Supplementary Text, Fig. S7) and also
because inactivation pathway for subtype I-C variants
represents the major inactivation pathway of CRISPR-Cas
systems in the B. cereus group (Fig. 2). We confirmed that
the PAM site of VD115 subtype I-C system is TTN
(Fig. 6b). We constructed derivatives vectors of pHT-304
containing synthetic VD115 spacer 1 (Table S9) with
upstream 5’-TTN or four random 5-NNN PAMs, and then
transformed these vectors into strain VD115. The transfor-
mation efficiency of plasmids containing spacer 1 accom-
panied by 5-TTN were significantly lower than those
accompanied by non-5'-TTN (Fig. 6b), confirming that the
PAM site of VD115 subtype I-C system is TTN.

Then the effect of the active CRISPR-Cas system from
B. cereus strain VD115 on the adaptation to different
environments was evaluated when transformed into a wild-
type B. thuringiensis strain YBT-1518 lacking CRISPR-Cas
resulting in BMB1685 strain. We selected to work with B.
thuringiensis YBT-1518 strain because it lacks CRISPR-
Cas systems and also because it is toxic to the nematode
C. elegans [39] allowing the analysis of CRISPR-Cas on
pathogenicity. We first analyzed the functionality of
CRISPR-Cas system when expressed in B. thuringiensis
BMBI1685 strain. To detect if this CRISPR locus protects
from exogenous DNA, we introduced synthetic spacers 1, 8,
10, 13, and 14 with the 5-TTC PAM sites into the vector
pHT-304 (Table S10). Then, these constructed plasmids and
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Fig. 3 The distribution of B. cereus group strains with active- or
inactive-CRISPR-Cas systems on population structure. The ML
tree was constructed by FastTree based on the protein sequences of
single-copy core genes. Bootstrap support values were calculated from
1000 replicates. Strain names were abbreviated as described in Fig. 2.
The background colors of the labels represent the clades: yellow,
green, fuchsia, light green, olive, and dark green for clades 1, 2, 3, 4, 5,
and 6, respectively. The colors of labels represent states of CRISPR-
Cas system: red, blue, and black for complete, incomplete and none,
respectively. Colors of the circle next to the labels represent the

the pHT-304 vector, were transformed into strain VD115
and recombinant BMB1685. The results showed that the
CRISPR locus in both strains reduced the transformation
efficiency of plasmids containing spacers flanked by 5’-TTC
(Fig. 6c¢, d).
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bacterial niches or hosts as follow: olive drab for earthworm Haplo-
taxida, peach puff for fish, indigo for Coleoptera, chocolate for Dip-
tera, sienna for Homoptera, olive for Lepidoptera, coral for mouse,
dark violet for nematode, dark orchid for nematode and insect, pink for
human, lavender blush for human excrement, cyan for plant, brown
yellow for plant core, green for plant leaf, light yellow for plant rhi-
zosphere, violet for plant root, blue for soil, purple for food, fire brick
for industrial product, navy for waste water, and white for unknown
information. Inserts show column charts showing total numbers of the
complete (red bars) and incomplete systems (blue bars) in each Clade.

The genome editing function of the cloned subtype I-C
system in BMB1685 was also analyzed. The nematicidal
cry6Aa gene [48], which codes for a 54-kDa protein active
against nematodes, was selected as target. For this
purpose, a plasmid containing a small guide RNA
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Fig. 5 Distribution of mobile genetic elements and unique genes
among selected B. cereus group strains. The MGEs including
transposases (a), plasmid replication essential proteins (b), and
prophage proteins (c¢) contents among selected strains with complete,
incomplete or no CRISPR-Cas systems are shown. The contents were
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genome of each group. d The comparison of unique gene diversity
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the selected genomes. The significance of the differences among
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test at, p<0.0001 (****) p<0.001 (***), p<0.01 (**) and p<
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(sgRNA) for cry6Aa gene was constructed as described in
Supplementary text (Fig. S8A) and introduced into
BMB1685 strain. Sixty-nine colonies were tested by PCR,
and 98.5% of the colonies displayed a smaller band (568
bp) in agarose gel electrophoresis that represents the
deletion in cry6Aa gene (Fig. S8B). The sequence of the
PCR products confirmed the 198 bp deletion on cry6Aa
gene as designed (Fig. 6e). Finally, analysis of the
expression of Cry6Aa protein showed that this 54 kDa
protein band was not detected in SDS-PAGE in the strains
with the 198 bp deletion (Fig. 6f). Taking together, above
results showed that cloned VD115 subtype I-C CRISPR-
Cas system is functional in the B. thuringiensis transfor-
mant BMB1685 strain.

In order to analyze the effect of CRISPR-Cas system
expression in the environmental adaptation of B. thuringiensis
BMB1685 strain, we first analyzed bacterial growth in LB
medium. As shown in Fig. 7a, the growth curves no differ-
ences on growth during their logarithmic growth phase were
observed among YBT-1518, control BMB1684, and
BMB1685 containing the complete subtype I-C system.
However, after 20 h of growth, BMB 1685 showed significant
lower biomass till the end of the experiment. These results
suggest that subtype I-C system decreases the growth of
bacteria during stationary phase. In addition, the sporulation
rate of BMB1685 showed a significant decrease compared
with that of the B. thuringiensis YBT-1518 and control
BMB1684 strains (Fig. 7b).

Biofilm is a community of surface-associated bacteria,
which is generally composed of exopolysaccharides,
proteins, and some nucleic acids to protect bacteria from
severe environmental conditions [49]. To detect the effect
of CRISPR-Cas system on biofilm formation, the biofilm
formation ability of the B. thuringiensis BMB1685, YBT-
1518, and BMB1684 strains was compared. On the basis
of the ODs95 of the soluble dye, a significant lower
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Fig. 6 Functional analysis of the subtype I-C CRISPR-Cas system
from B. cereus strain VD115. a The genetic organization of cas
operon in subtype I-C CRISPR-Cas system loci from B. cereus
VDI115. b Plasmids derivatives of pHT-304 containing synthetic
VD115 spacer 1 accompanied by 5-TTN or 5-NNN PAMs (TGC,
TAC, GTC and ATC) were transformed into B. cereus VD115 strain
and the transformation efficiency of plasmids was analyzed and
showed as the number of CFU/mL. The immunity assays of subtype I-
C CRISPR-Cas locus in B. cereus VD115 (c¢) and in B. thuringiensis
BMB1685 (d) strains. The immunity was assessed via transformation

staining was found in the BMB1685 strain transformed
with the complete subtype I-C system, indicating that
CRISPR-Cas system negatively affects the biofilm for-
mation ability (Figs. 7c and S9).

To determine the effect of CRISPR-Cas system on the
tolerance to salt or pH, we tested the survival rate of cells
grown on LB plates supplemented with different salt con-
centrations or at various pH, from pH 4 to pH 10. The
results showed that bacteria without of CRISPR-Cas system
grew better at 2% salt condition compared to the
BMBI1685 strain transformed with CRISPER-Cas system
(Fig. 7d). Similarly, the growth of BMB1685 was not
affected after incubation at pH 7.0 and pH 8.0 while cell
survival of this strain decreased significantly after incuba-
tion at extreme acidic (pH 5.0 and pH 4.0) and extreme
alkaline (pH 9.0 and pH 10.0) conditions, compared to
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of plasmids containing spacers flanked by a 5'-TTC PAM site in both
strains. The transformation was conducted via electroporation, and the
results were expressed as the number of CFU/mL. The pHT-304 vector
was used as negative control in all assays. e T-A cloning and
sequencing demonstrated the deletion region of cry6Aa gene. A loss of
198 bps in the edited cry6A (Acry6Aa) is shown, compared with the
wild type cry6Aa gene in BMB1685 strain. f The Cry6Aa protein
production in BMB1685 strain and in selected cry6Aa deletion
mutants was analyzed by SDS-PAGE. The red arrow points to the
band of the complete Cry6Aa protein.

YBT-1518 and BMB1684 strains (Fig. 7e). These data
suggest that the CRISPR-Cas system negatively impacts
bacteria tolerance to extreme stresses.

To confirm the above observations, we introduced the
cloned VD115 CRISPR/Cas system into another model B.
thuringiensis strain BMB171 that lacks CRISPR/Cas sys-
tem. Similar to BMB1685 strain that was transformed with
the complete subtype I-C system, (Fig. 7), the introduction
of a functional subtype I-C system in BMBI171 strain
resulted in reduced bacteria growth, sporulation rate, bio-
film formation ability, and adaptability to various stress,
including acid, alkaline, and high salts tolerance (Fig. S10).
We also confirmed by qPCR analysis that the introduction
of CRISPR-Cas system leading to the observed phenotypes
do not depend on the cost of wide defects on gene
expression by analyzing the expression of two widely used
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Fig. 7 Impact of active CRISPR-Cas system on the adaptation to
different environmental stresses and into its nematode host.
a Growth curve of B. thuringiensis transformed with subtype I-C
CRISPR-Cas system (BMBI1685) or same B. thuringiensis strain
without transformation (YBT-1518) or transformed with empty vector
(BMB1684). The optical absorbance value at 600 nm of these B.
thuringiensis strains grown in LB medium was analyzed successively
from O to 54 h. b Sporulation rate of bacteria. Sporulation rates were
calculated by the CFU of spore-containing aliquots heated at 80 °C for
10 min divide by CFU of the aliquots that were kept on ice before
growing in LB-agar plates for 24 h at 28 °C. ¢ Biofilm formation
ability of bacteria. The data are expressed as the absorbance at 595 nm
of wells treated with different B. thuringiensis strains after staining.
d Salt tolerance of bacteria. The data are expressed as survival rate of
the different B. thuringiensis strains exposed to high-salt environments
containing 2%, 4 and 6% NaCl. e pH tolerance of bacteria. The data
are expressed as survival rate of B. thuringiensis strains exposed to
different pH environments. In all assays, BMB1684 strain containing

empty pBAC44 vector was used as control. f Colonization of the
different B. thuringiensis strains in C. elegans. A total of 10> spores of
each B. thuringiensis strain were added to 30-50 L4 stage N2 nema-
todes as the only food source. The colonies of B. thuringiensis were
counted after analyzing the samples isolated from infected worms after
24 and 48 h. The BMB1684 strain containing empty pBAC44 vector
was used as control. g Life-span assay of C. elegans feeding with B.
thuringiensis with or without of subtype I-C CRISPR-Cas system. The
survival rates of L4 stage N2 worms (50-100 for each well) fed with
spore/crystal mixture of the different B. thuringiensis strains were
calculated after different incubation times. The BMB1684 strain and
standard food E. coli OP50 were used as controls. The error bars
represent the standard deviations from the mean values of three
independent experiments. The differences of recombinant strains
against YBT-1518 wild type was evaluated using two-sample #-test. A
double asterisk indicates p <0.01, single asterisk indicates p <0.05,
lacking of any symbol and ND indicates no significant difference.
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reference genes in B. cereus group strains, gatB and rpoA
[50], showing that these two housekeeping genes have
similar expression level at the same growth stage in strains
with or without active CRISPR-Cas system (detailed
information was shown in the Supplementary Text,
Fig. S11). Thus, we concluded that the active CRISPR-Cas
system increased the fitness cost of host, and displays
negative impact on host adaptation.

Active CRISPR-Cas system interferes with
B. thuringiensis pathogenicity

B. thuringiensis YBT-1518 is a nematicidal strain, which
can complete its life cycle in C. elegans after colonization
of the worm intestine [39]. To determine the effect of
CRISPR-Cas system on the adaptation of YBT-1518 in its
host, we analyzed the colonization capacity of
BMB1685 strain expressing CRISPR Cas I-C system in C.
elegans after 24 and 48h post infections. The results
showed that the number of B. thuringiensis colonies
obtained from worms infected with of BMB1685 was sig-
nificantly reduced in comparison with worms infected with
either YBT-1518 or BMB1684 strains (Fig. 7f). Coloniza-
tion of B. thuringiensis in the nematode intestine leads to
nematode mortality. To analyze the effect of CRISPR-Cas
system on the pathogenicity of B. thuringiensis BMB1685,
we determined the survival of C. elegans fed with the dif-
ferent B. thuringiensis strains. The results show that
nematodes fed with BMB1685 have higher survival rates
than that those fed with YBT-1518 and BMB 1684 strains in
the mortality assays of C. elegans (Fig. 7g).

Discussion

The main conclusion of our work is that the CRISPR-Cas
systems are barriers to HGT within B. cereus group of
bacteria correlating with wider environmental distribution.
In accordance, strains harboring active CRISPR-Cas sys-
tems have limited environmental distributions (Figs. 3, 4),
less MGEs and lower number of unique genes in their
genomes (Fig. 5), as compared with strains without active
CRISPR-Cas systems.

We found that B. cereus group harbor only CRISPR-Cas
systems subtypes I-C and I-B, which agrees with the trend
observed in all bacteria genome sequences characterized
showing that type I systems are the most frequently found in
bacteria (60%) [6]. It is interesting to note that it was pro-
posed that subtype I-C seems to be a derivative of subtype I-
B [26]. Our data show that the distribution rate of CRISPR-
Cas systems is largely different among ecotypes of B. cer-
eus group. Also, that the distribution seems to depend on
the environmental niches of certain strains (Fig. 3). For
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example, Bacillus strains with complete CRISPR-Cas sys-
tems showed reduced distribution in different ecological
niches (Fig. 4a), while many of the B. thuringiensis, B.
cereus and B. cytotoxicus strains, which can be isolated
from more diverse ecological niches, have incomplete
CRISPER-Cas system or lack these systems (Fig. 4).
CRISPR-Cas systems are also widely found in 87%
Archaea and 45% bacterial genomes, most of which are
bacterial pathogens (http://crispr.i2bc.paris-saclay.fr/) and
are found in specific environmental niches. Thus, we pro-
posed that Archaea and bacterial pathogens from single
environmental niches may have larger distribution of
complete functional CRISPR-Cas systems, while Archaea
or bacteria from open or diverse environments may have
less active systems. A reasonable explanation is that inac-
tivation of the CRISPR-Cas systems allowed higher fre-
quency of HGT to obtain selective genetic traits for better
adaptability to diverse environments. This proposition is in
agreement with the proposal that pangenomes resulted from
an adaptive evolution, where HGT positively increases the
possibility to acquire advantageous genes allowing prokar-
yotic species to migrate to new niches [51]. However, we
cannot ignore the defense role of CRISPR-Cas systems in
protecting the genome from phages and transposons inva-
sion explaining that most spacer targets actually come from
integrated elements such as phages and transposons as
found in this work (Dataset 2 and Fig. S1) and previously
reported [52]. The fact that the CRISPR—Cas systems in
most of B. cereus group strains are often lost or inactivated
(Figs. 1, 2), together with the data that strains harboring
active systems have less MGEs (Fig. 5), strongly suggest
that inactivation of CRISPR-Cas systems should be an
evolution trade-off between individual self-protection and
better adaptability of the B. cereus group population.
Another important observation was that the inactiva-
tion pathways of CRISPR-Cas systems in B. cereus group
mainly involves the replacement or deletion of cas genes
that are responsible for acquiring new spacers (Fig. 2).
The spacer acquisition is important for the immune
function of CRISPR-Cas systems, and the spacer diversity
in CRISPR array reflects the interaction frequency
between the bacteria and the invasive nucleic acids [1]. In
accordance, more spacers and higher diversity of spacer
compositions were found in strains with intact CRISPER-
Cas systems compared with those lacking CRISPER-Cas
systems or containing the incomplete ones (Fig. 2d).
Losing the spacer acquisition ability but keeping other
components may have some special biological sig-
nificance for certain strains (164 of 260), since CRISPR-
Cas systems have been shown to possess several other
unexpected roles beyond its immune function [10].
However, the factors that determined such inactivation
pathways of CRISPR-Cas systems in B. cereus group, and
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the detailed mechanisms and significance involved remain
unclear and need further studies. Other inactivation
models of CRISPR-Cas systems include loss of nuclease
components or repression of the expression of nucleases
[14, 15] and attenuating the function by diverse anti-
CRISPR proteins [53]. In addition, loss of CRISPR-Cas
elements through recombination has been reported [54].

It has been shown that CRISPR-Cas systems limited
antibiotic resistance in the pathogens Klebsiella pneumo-
niae [55] and E. coli [56]. Perhaps the benefit of acquiring
new MGEs for better adaptation to new environments out-
weighed the costs of phage infection, and additional anti-
phage systems may be present in these bacteria. BLASTP
analysis and domain searching revealed that other anti-
phages systems including restriction (R)-modification (M)
systems, Druantia, and Gabija systems, etc [57-60], are
widely distributed within B. group  strains
(Table S11). These results suggest that inactivation of
CRISPR-Cas systems resulted in enhanced HGT that could
have detrimental effects due to enhanced infection with
phages and transposons, which may be overcome by the
acquisition of additional and different antiphage protection
system (such as DISARM, Druantia, Gabija, Lamassu,
Septu, Thoeris, or Zorya-I systems). In accordance with this
hypothesis, the number of such antiphages systems is much
higher in the strains that have incomplete CRISPR-Cas
systems than those with a complete system (Fig. S12).
These data may explain why the number of putative trans-
posases, prophage elements, plasmids, and the number of
unique genes per genome are significantly higher in the in
strains with incomplete CRISPR-Cas than those strains
lacking CRISPR-Cas (Fig. 5).

Thus, deletion of CRISPR-Cas systems may have co-
evolved with the acquisition of alternative immune systems.
We indeed showed that the functional CRISPR-Cas system
in BMB1685 strain reduces the adaptation of this transfor-
mant bacterium under both host infection and environ-
mental conditions (Fig. 7). We have shown that spacers
identified could target multiple chromosomal genes as self-
targeting, intra-species targeting, or inter-species targeting
(Fig. S2 and Dataset 1). The self-targeting spacers may raise
the issue of auto-immunity in the host. Thus, the observed
effects in BMB1685 strain, may indicate activation of
autoimmunity responses affecting the performance of
BMB1685 on the different conditions analyzed. We do not
know which genes were targets in these assays and further
studies will help to better understand the disadvantages of
expressing such CRISPR-Cas system in BMB1685. While
the inter-species targeting spacers has proposed may limit
inter-species HGT [41]. Therefore, the large numbers of
intra-species targeting may limit the HGT among strains in
the B. cereus group. Thus, the autoimmunity responses and
intra-species targeting may explain why most B. cereus

cereus

group strains evolve to inactivate CRISPR-Cas systems.
Our work puts forward a novel adaptive strategy employed
by bacteria via inactivation of CRISPR-Cas systems by
deletion of certain key components, reducing autoimmunity
responses, and facilitating the acquisition of potentially
beneficial MGEs.

As pathogens for insects and nematodes, B. thur-
ingiensis produces diverse virulence factors [39, 61-65].
Production of multiple virulence factors benefits the
populations by facilitating host infection, that represent
more resources. Comparative genome analysis performed
with a highly insecticidal B. thuringiensis HD-1 strain
[66] as reference, revealed that B. thuringiensis strains
with active CRISPR-Cas systems contain less virulence
factors than strains without active CRISPR-Cas systems
(Fig. S13). This information indicates that the CRISPR-
Cas systems prevent the transfer of virulence genes within
pathogens. The CRISPR-Cas systems in S. pneumoniae
and Streptococcus pyogenes were also shown to prevent
acquisition of virulence factors [11, 67]. Thus, the nega-
tive effect of CRISPR-Cas systems for pathogenicity and
adaptability may be a common phenomenon, suggesting
that the strategy of CRISPR-Cas systems inactivation
could improve the adaptability of various bacterial
pathogens to their hosts.
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