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MICROBIOLOGY

Analysis of bacterial pangenomes reduces CRISPR dark
matter and reveals strong association between
membranome and CRISPR-Cas systems

Alejandro Rubio', Maximilian Sprang?, Andrés Garzén', Antonio Moreno-Rodriguez’,
Maria Eugenia Pachén-Ibainez**, Jerénimo Pachén®?, Miguel A. Andrade-Navarro?,
Antonio J. Pérez-Pulido™*

CRISPR-Cas systems are prokaryotic acquired immunity mechanisms, which are found in 40% of bacterial
genomes. They prevent viral infections through small DNA fragments called spacers. However, the vast majority
of these spacers have not yet been associated with the virus they recognize, and it has been named CRISPR dark
matter. By analyzing the spacers of tens of thousands of genomes from six bacterial species, we have been able
to reduce the CRISPR dark matter from 80% to as low as 15% in some of the species. In addition, we have ob-
served that, when a genome presents CRISPR-Cas systems, this is accompanied by particular sets of membrane
proteins. Our results suggest that when bacteria present membrane proteins that make it compete better in its
environment and these proteins are, in turn, receptors for specific phages, they would be forced to acquire

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

CRISPR-Cas.

INTRODUCTION

Bacteriophages, also known as phages, are viruses that predate bac-
terial cells, representing environmental burdens for their growth
and spread. They can be used to control bacterial growth and are
even beginning to be used to treat infections in humans (1). Bacteria
defend themselves against infection by these phages by means of
different molecular strategies. Restriction-modification systems
are by far the most abundant, being present in 83% of prokaryotic
genomes, followed by CRISPR-Cas with about 40% (2). CRISPR-
Cas is an adaptive immunity system found in most archaea and in
less than half of the bacteria sequenced (3). They provide acquired
immune resistance against phages and other foreign nucleic acid
molecules such as plasmids, thus restricting gene transfer (4).
There are different types of CRISPR-Cas systems based on genes
that are part of the different steps of this immune system (adapta-
tion or spacer integration, expression, and interference) and are ge-
nerically called cas (CRISPR-associated) genes.

The acquired immunity of CRISPR-Cas systems is based on
short nucleotide fragments, called spacers. These are originated
from fragments of the foreign nucleic acid sequence captured
during an earlier entry into the bacterial cell, called protospacers,
which were inserted into the bacterial DNA next to the cas genes.
These spacers are mostly similar to phage sequences and, to a lesser
extent, to other extrachromosomal nucleic acid molecules.
However, a large proportion of them have no known protospacer
(over 80 to 90%). These spacers of unknown origin are believed
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to originate from as yet to be sequenced phages and constitute
what has been called the CRISPR “dark matter” (5).

Bacterial genomes with CRISPR-Cas systems have cas genes
along with their spacers, which are separated by sequence repeats
(short identical or nearly identical sequences). However, other
genes have been associated with these systems because specific func-
tionalities have been found in strains that have CRISPR-Cas
systems. For example, a relationship has been demonstrated with
the formation of multicellular structures called biofilms in Pseudo-
monas aeruginosa, Streptococcus mutant, and Yersinia pestis (6-8).
Connections with the regulation of outer membrane proteins have
also been described in Salmonella Typhi (9), and a specific relation-
ship with virulence have also been shown in multiple bacterial
species (10-12).

In a previous work with Acinetobacter baumannii, we found that
strains with CRISPR-Cas systems had specific genes involved in
biofilm, in addition to genes encoding membrane lipoproteins
and proteins with signal peptides (13). The analysis was based on
a pangenome constructed from this species (all of the different
genes found in the genomes of the species). The establishment of
these pangenomes is now easier because of the large number of
genomes available in public databases, and they allow us to
analyze the accessory genome, which is the set of genes that is not
present in all the strains of a species (14) and are usually acquired by
horizontal gene transfer (15). If strains with CRISPR-Cas systems
have special functions that are absent in strains without these
systems, then accessory genes involved in these functions should
appear almost exclusively in the former.

In this work, we analyzed thousands of genomes of the group of
bacteria known as ESKAPE, whose acronym refers to two Gram-
positive bacteria (Enterococcus faecium and Staphylococcus
aureus) and four Gram-negative bacteria (Klebsiella pneumoniae,
A. baumannii, P. aeruginosa, and Enterobacter cloacae). ESKAPE
bacteria have CRISPR-Cas systems of the most common types,
from I to IV, but only in a minimal number of strains, with
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frequencies ranging from less than 1 to 60% of genomes, depending
on the species (16). We have created a large pangenome for each
species and compared strains with or without CRISPR-Cas
systems to discover genes associated with the first group. Then,
these genes have been functionally analyzed, and we found that
they are enriched in genes encoding membrane proteins. This has
motivated us to investigate whether this relationship could be me-
diated by phages that could take advantage of the existence of these
membrane proteins as receptors or adhesion sites to infect bacteria.
In addition, our results demonstrate that the study of thousands of
genomes of the same species allows us to reduce the CRISPR dark
matter and to trace the origin of most of the spacers found in them.

RESULTS

A large proportion of CRISPR dark matter spacers can be
annotated by pangenome analysis

The genomes of the different ESKAPE species were initially ob-
tained, and they were both structurally and functionally annotated
with a special emphasis on the protein-coding genes and the ele-
ments that are part of the CRISPR-Cas systems. According to the
number of genes, the smallest pangenome was found for S. aureus
despite having started from a larger number of genomes (Fig. 1, A
and B). The species with the largest number of genomes with
CRISPR-Cas systems were K. pneumoniae and P. aeruginosa,
which also had the largest pangenomes (along with the other
Gram-negative species) and more than 3500 core genes, i.e., genes
common to all genomes of the species. The difference between
Gram-negative and Gram-positive bacteria is also evident when
comparing the number of genes per genome, with P. aeruginosa
showing both the largest number of genes and average number of
shared genes (Fig. 1C). Last, the major difference between genes per
genome and average number of shared genes is found in E. cloacae,
which could be explained by the low number of genomes used for
this species (n = 317).

The overall proportion of genomes exhibiting CRISPR-Cas
systems is low, with Gram-positive bacteria having them in only
1% of their genomes, both A. baumannii and E. cloacae in 12%,
and K. pneumoniae and P. aeruginosa in 30% and 47%, respectively
(Fig. 1D). Because the spacers of CRISPR-Cas systems usually rec-
ognize mobile genetic elements, we first separated pangenome
genes that could come from plasmids (an average of 28% of the
genes) and phages (an average of 8% of the genes) (Fig. 1E). An
average of 5% of the genes were annotated as originating from
both genetic elements, which could come from what is known as
phage-plasmids (17).

Next, the spacers were obtained, and their cognate protospacers
were searched for within the pangenome genes. The major number
of different spacers was found in the three species with CRISPR-Cas
IV and/or I-F types (Fig. 1F). As expected, protospacers belonged in
amuch larger proportion to phage genes. It was possible to annotate
more than 65% of the spacers in the same three species referred to
above, with a maximum of 85% in P. aeruginosa, and the species
with a lower number of annotated spacers (about 25%) were E.
cloacae and S. aureus. It is noteworthy that about 18% of the
spacers in CRISPR-Cas type I species appear to recognize genes an-
notated as phage-plasmids.

In addition, a small proportion of the spacers match other bac-
terial genes (less than 10%). When we analyzed these genes, part of
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them appear to be additional viral genes not previously found, as
reflected by their annotated functions, including sialidases and pro-
teins with the Ead/E22 domain typical of phage proteins (InterPro:
Ead/Ea22-like protein; fig. S1). However, genes related to other
functions also appear. A notable case is the flagellum and cilium
annotations, which could suggest noncanonical functions of
CRISPR-Cas systems. In Salmonella enterica, it has been shown
that these systems could regulate the expression of flagellar genes,
ultimately related to biofilm formation (18).

Because the presence of CRISPR-Cas systems prevents the entry
of foreign DNA (including resistance and virulence plasmids) into
the bacteria, the number of genes involved in these functions was
compared between genomes with and without CRISPR-Cas
systems. On average, genomes with CRISPR-Cas systems presented
a lower number of resistance and virulence genes (fig. S2). The most
significant difference was found with CRISPR-Cas types II and III,
except for resistance genes in S. aureus. On the other hand, P. aer-
uginosa presented the highest number of virulence genes overall, al-
though the genomes without CRISPR-Cas systems presented a
lower number than those with CRISPR-Cas systems, a result that
was repeated with the resistance genes. So, we cannot conclude
that all genomes with CRISPR-Cas systems tend to carry a lower
number of resistance and virulence genes.

CRISPR-Cas systems appear and disappear throughout the
entire phylogeny

At this point, we wanted to know whether the CRISPR-Cas systems
were linked to a branch of the phylogeny of the species studied. To
define phylogenetic relationships between genomes with and
without CRISPR-Cas systems, the multilocus sequence typing
(MLST) was used. This is based on several housekeeping genes of
each species (19), and two adjacent groups reflect genomes arising
from a recent common ancestor. Except for E. faecium type II and
two specific aggregations in A. baumannii, CRISPR-Cas systems
appear to be spread throughout the phylogenetic tree (Fig. 2,
top), suggesting a possible gain by horizontal gene transfer in
genomes for which it could provide an evolutionary advantage
and a possible subsequent loss when that advantage no longer exists.

If CRISPR-Cas systems were associated with other adaptive bac-
terial physiological functions that depend on the presence of certain
gene functions, as in the case of genomic islands, then this would
lead to genomes with CRISPR-Cas systems always having a similar
collection of accessory genes, regardless of the cas genes. To test this
idea, distance trees were constructed between the same MLST
groups in the phylogeny, in this case, based on the gene profile of
the genomes (gene presence/absence matrix). These gene profiles
showed a similar dispersion to that found with molecular phyloge-
ny, apart for certain aggregations of genome groups with CRISPR-
Cas systems again in E. faecium and A. baumannii, suggesting that
CRISPR-Cas systems do not appear in genomes with a fixed collec-
tion of accessory genes (Fig. 2, bottom).

Molecular phylogenies and gene profiles do not appear to be
strongly correlated in general. We found that groups of genomes
that have CRISPR-Cas systems and that are phylogenetically close
may have a very different gene profile (see groups of K. pneumoniae
and P. aeruginosa genomes at phylogenetic distance 0 in fig. S3).
Likewise, we found groups of genomes with a very similar gene
profile, which contain CRISPR-Cas systems but are phylogenetical-
ly far apart (see groups of K. pneumoniae, A. baumannii, and P.
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Fig. 1. Summary of analyzed genomes. (A) Total number of genomes analyzed and number of genomes having CRISPR-Cas systems. (B) Number of genes in the
pangenome and number of core genes. (C) Average number of genes per genome and average number of shared genes (average of the number of genes shared for
each genome with the remaining genomes). (D) Distribution of CRISPR-Cas systems among genomes. (E) Proportion of gene types in the pangenome. For each species,
the number of total genes is shown (below the species name), as well as the proportion of them that were annotated as belonging to plasmid sequences, phages, both
plasmids and phages, and other genes not included in plasmids or phages. (F) Spacers and assigned protospacer types by species. For each species, the number of total
spacers is shown (below the species name), as well as the proportion of them that match with plasmid sequences, phages, sequences annotated as both plasmid and
phage, other genes not included in plasmids or phages, and the spacers that do not match any gene (No_hit). The names of Gram-positive bacteria appear in green, and
those of Gram-negative bacteria are in purple. Asterisks highlight protospacer types with significant differences according to a hypergeometric test (from *P < 0.05 to ***P

<1x107%9).

aeruginosa genomes with a distance of 0.3 in the gene profile). To-
gether, this reinforces the idea that CRISPR-Cas systems do not
appear to be linked to strains phylogenetically related or to specific
accessory genomes, but this raised the question of whether genomes
with CRISPR-Cas systems presented particular genes at higher fre-
quencies than genomes without these systems.

Genes associated with CRISPR-Cas systems mainly encode
membrane proteins

We have already seen that CRISPR-Cas systems are associated with
different accessory genomes and appear and disappear at any evo-
lutionary time. However, assuming that CRISPR-Cas systems are
associated with other physiological functions of bacteria, we
should find some accessory genes more frequently in genomes
having these systems. On the basis of this hypothesis, we searched
for genes significantly associated with genomes showing CRISPR-
Cas systems, excluding the cas genes themselves. Thus, a median of
133 + 16 genes per species were found associated with the different
CRISPR-Cas systems, while only 17 + 25 genes were associated with
the absence of CRISPR-Cas systems (table S3). To test whether the
CRISPR-Cas-associated genes were significantly involved in any
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biological process or function, enrichment analysis was performed,
and it was found that genes encoding membrane proteins were
highly prominent (Fig. 3). By species and type of CRISPR-Cas
system, a median of 32 + 19 membrane proteins were found.
These included pilus proteins of P. aeruginosa and K. pneumoniae,
as well as outer membrane proteins of A. baumannii and K. pneu-
moniae, and other A. baumannii and P. aeruginosa proteins in-
volved in type II secretion systems. This relationship with
membrane proteins was especially relevant in CRISPR-Cas type I
systems, while other genes involved in catabolic processes or
DNA metabolism were found more notably in types II, III, and
IV (fig. S4). In addition, types IV were also notable for the annota-
tion “extrachromosomal DNA,” reflecting the origin of these
systems from mobile genetic elements (20). Last, it should be
noted that only a median of 6 £ 25 membrane proteins were
found associated with genomes lacking CRISPR-Cas systems.

It is noteworthy that the species that did not present any enrich-
ment in surface proteins was E. faecium, which has only the
CRISPR-Cas type II system. In this case, intracellular proteins
stand out, such as those of the citrate lyase complex, which suggests
some unknown relationship between these two elements. In
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Fig. 2. Molecular phylogeny for each species based on MLST and gene profile. The legend shows the different types of CRISPR-Cas (without specifying the subtype)

with orange indicating the MLST group lacking any CRISPR-Cas system.

addition, in the case of type III S. aureus, the relationship with
membrane proteins is weaker than in the rest of the cases, which
present type I. However, it should be noted that we have a low
number of genomes with CRISPR-Cas systems of these types, 203
genomes with type IT and 222 with type III, compared with the type
I of P. aeruginosa, A. baumannii, or K. pneumoniae (with 3902,
1257, and 3508 genomes, respectively), and this fact could be
biasing the results obtained for both types II and III.

Genomes with specific types of CRISPR-Cas systems have
different sets of membrane proteins

Because the genomes bearing CRISPR-Cas systems presented spe-
cific types of membrane proteins, we wanted to know whether all
genomes with a specific CRISPR-Cas type had the same set of mem-
brane proteins. To assess this, genes encoding membrane proteins
previously associated with CRISPR-Cas were searched for in
genomes bearing these systems. In general, there were at least two
clusters of genomes, especially when type I was analyzed, each one
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presenting a different collection of genes encoding membrane pro-
teins (Fig. 4), except for type I-F in E. cloacae, as the number of
genomes in this species is low. However, the separation between
these two clusters of genomes was not as clear as with the other
types of CRISPR-Cas systems (fig. S5). Some of the two clusters
that appear when analyzing genomes with the type I CRISPR-Cas
system can be further divided into two (P. aeruginosa and I-Fa in A.
baumannii). However, because these two new clusters share many
of the membrane proteins, we decided to create and analyze hence-
forth only the two main clusters.

As an example, about half of the A. baumannii genomes with the
CRISPR-Cas type I-Fb system carry the opuD and betP genes, in-
volved in choline and glycine betaine transport, which could
protect the bacterium from osmotic stress (21), and the other half
of the genomes have porins such as benP or a specific variant of the
TonB-dependent siderophore receptor bauA (22). The clusters
found with genomes having CRISPR-Cas systems do not seem to
be normally associated with the phylogeny of the corresponding

4 0f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

E. faecium (ll-A) S. aureus (llI-A)

(G0:0005622 - Intracellular |
P

(GO:0031224 - Intrinsic component of membrane

09346 - Citrate lyase complex

(GO:0016021 - Integral component of membrane

10042597 - Periplasmic space

GO:0022627 - Cytosolic small ribosomal subunit
10022626 - Cytosolic ribosome

10015935 - Small ribosomal subunit

10
Number of genes

0 10

K. pneumoniae (I-E) A. baumannii (I-Fa)

IGO:0005886 - Hlasma membrane

GO:000552|6 - Extracellular region
GO:0009986 - Cell surface
@:0005694 - Chromgosome

20

Number of genes

A. baumannii (I-Fb)

GO:0016021 - Integral component of membrane | 0:0016020 - Membrane

| IGO:0031224 - Intrinsic component of membrane

GO}0042995/ - Cell projection

(GO:0031224 - Intrinsic component of membrane

(GO:0016021 - Integral component of membrane

GO10009289 - Pilus

(GO:0016021 - Integral component of membrane|

GO}0005576 - Extracellular region

G:0046930 - Pore complex
@:0030288 - Outer membrane-bounded periplasmic :
@0:0070069 - Cytochrome complex

0 10 20
Number of genes

30 40 0 10

P. aeruginosa (I-C) P. aeruginosa (I-E)

GO:0019867 - Outer membrane
@0:0048475 - Coated membrane
§0:0030117 - Membrane coat

Number of genes

GH:0070701 - Mucus layer

@:0015627 - Type Il protein secretion system comple
GO:0005618 - Cell wall
0 10

20
Number of genes

20 30 30 40

P. aeruginosa (I-F)

GO:0031975 - Envelope

GO:0015627 - Type Il protein secretion system comple [Go:nmzsss - Cell projection

GO:0030313 - Cell envelope GO:0009289 - Pilus

GO:0042597 - Periplasmic space
GO:0030288 - Outer membrane-bounded periplasmic :
GO:0009289 - Pilus

G0:19§0077 - Primosome complex
0 2

GO:0098046 - Type V pro]
(GO:0044096 - Type IV pil

0
Number of genes

E. cloacae (I-F) P. aeruginosa (IV-A1)

lein secretion system comple

us

GO:0043231 - Intracellular membrane-bounded organ
G0:0043227 - Membranejbounded organelle

Number of genes

0:0009289 - Pilus

015627 - Type Il protein secretion system comple
IGO:0098567 - Periplasmic side of plasma membrane
IGO:0009897 - External side of plasma membrane
0

4
Number of genes

K. pneumoniae (kp_IV-A3)

GO:0032991 - Protein-containing complex |

GO:0046821 - Extrachromosomal DNA

IGO:0110165 - Cellular anatomical entity |

GO:0045263 - Proton-transporting ATP synthase com|

GO:0005727 - Extrachromosomal circularDNA

GO:0016020 - Membrane |

GO:0045259 - Proton-transporting ATP synthase com

(GO:0005694 - Chromosome

IGO:0031224 - Intrinsic component of membrane

GO:0033177 - Proton-transporting two-sector ATPase |G0:1990077 - Primosome

GO:00716469 - Proton-transporting two-sector ATPase |GO:0030894 - Replisome

IGO:0009337 - Sulfite reductase complex (NADPH) IGO:0005657 - Replication

0 10
Number of genes

0

Number of genes

> complex

) fork

(GO:0016021 - Integral component of membrape
@:0046821 - Extrachromosomal DNA
@:0005727 - Extrachromosomal circularDNA

0 10 20 30
Number of genes
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fig. S4.

species because the genomes that present the membrane proteins
that define them are distributed throughout this phylogeny (fig.
S$6), again suggesting sequential gains and losses of these genes
along the phylogenetic tree just like the CRISPR-Cas systems.

Genomes with both CRISPR-Cas type | systems and specific
membrane proteins show exclusive spacers and

phage genes

Genomes with CRISPR-Cas type I systems show specific sets of
membrane proteins. These proteins could provide the bacteria
with important characteristics such as specific stress protection or
detoxification that certain outer membrane proteins can offer.
Because most CRISPR-Cas systems studied here seem to be oriented
to phage protection as they seem to recognize phage sequences
(Fig. 1F), we hypothesized that these membrane proteins could be
acting as receptors or adhesion sites for specific phages. Thus,
genomes that acquire these membrane proteins are forced to
recruit CRISPR-Cas systems to defend against infection by these
viruses while maintaining the beneficial functions of these proteins
for the bacterium. The A. baumannii cluster 1 for type I-Fb includes
the ompA gene, an outer membrane protein; the P. aeruginosa
cluster 1 for type I-C shows the fhuA gene, and the two A. bauman-
nii clusters for I-Fa show different variants of the btuB gene, both
encoding TonB-dependent proteins. These three genes have long
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been known to act as phage receptors in Escherichia coli and Salmo-
nella (23). In addition, we found genes involved in type IV pilus bio-
genesis, which are bacterial appendages that participate in different
functions, such as cell adhesion, and are used by different phages to
begin their infective cycle (24). Some of these genes were pilX, pilW,
PpilE, pilV, pilA, fimU, fimT, and epsG, present in P. aeruginosa
strains with the CRISPR-Cas type I-F system. In particular, pilA is
known to be essential for infection of phages DMS3, JDB26, and
JDB68. When we searched for spacers against these viruses in P. aer-
uginosa strains with type I-F CRISPR-Cas systems, we found that
92% of strains having pilA have spacers against at least one of the
above phages (table S4). In addition, spacers against phage JDB68,
which is a specific phage that requires PilA to initiate an infection,
were found in 28% of the genomes in the cluster that included pilA
and other pilus genes (493 genomes; cluster 1 in Fig. 4). However, in
the other cluster, which lacks pilA, only 8% of the genomes (91
genomes) presented spacers against this phage (P = 6.94 x 107°°).
All this would support the known association between this mem-
brane protein and the phage that makes use of it in its infective
process. It should be mentioned that although PilA is the protein
recognized in phage adsorption, the rest of the proteins that form
the structure of the type IV pilus would also appear associated with
the CRISPR-Cas system, as does PilA.
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To test the above hypothesis with unknown pairs of membrane
proteins and phages, we looked for spacers that recognized phage
genes present in each of the two membrane protein—based clusters
of genomes that did not appear (neither the spacer nor the phage
gene) in the other cluster. Then, we also searched for genomes in
each cluster that might carry the phage genes recognized by these
spacers. Thus, within a given cluster, we could find genomes con-
taining a cluster-specific spacer or a phage gene recognized by one
of these specific spacers (Fig. 5A), but it could also be the case that
both elements appear in the same genome, and this would imply
having two alternatives: Either a phage gene and the cognate
cluster-specific spacer appear together in the same genome, or a
cluster-specific spacer and a phage gene recognized by a different
cluster-specific spacer appear in the same genome. The different
combinations of these elements were measured in each cluster,
and two kinds of results were found. Clusters from type I showed
both cluster-specific spacers and phage genes, whereas clusters
from the other types of CRISPR-Cas systems showed almost no spe-
cific elements (except for cluster 1 of P. aeruginosa type IV-1, which
showed a high proportion of genomes with cluster-specific phage
genes). The CRISPR-Cas type I revealed cases such as cluster 2 of
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P. aeruginosa type I-F with three-quarters of the genomes showing
phage-specific genes or cluster 1 of K. pneumoniae type I-E in which
almost three-quarters of the genomes had spacers against cluster-
specific phages. On the other hand, most genomes of the two I-F
types of A. baumannii and cluster 2 of the types I-C and I-E of P.
aeruginosa had both cluster-specific spacers and phages.

When evaluated in CRISPR-Cas type I systems, the number of
genomes with unique spacers for each cluster was high, with a pre-
dominance of genomes with unique spacers in K. pneumoniae 1-E
and P. aeruginosa I-C, with spacers and phage genes in A. bauman-
nii I-F types, and with phage genes in P. aeruginosa I-E and I-
F (Fig. 5B).

At this point, we wanted to associate membrane proteins from
each cluster with complete phages from the corresponding
genomes. To do this, we took the type I CRISPR-Cas systems
with the highest number of genomes: A. baumannii I-Fb, K. pneu-
moniae I-E, and P. aeruginosa I-F. From each of the two clusters,
one membrane gene was taken and searched for complete phages
that appeared in high frequency in the genomes of the cluster and
not in the other cluster (Fig. 6). The representative membrane
protein of each cluster was chosen as the one that appeared most
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Fig. 5. Distribution of genomes in each membrane protein-based cluster with unique spacers and/or protospacers (phage genes). (A) Diagram representing two
different cluster-specific pairs of phages and cognate spacers (top) and different combinations that can be found in a specific genome (bottom): neither cluster-specific
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parentheses.

frequently in the cluster and had a lower frequency in both the other
cluster and in genomes lacking CRISPR-Cas systems. Thus, we were
able to find a series of phages that essentially only appear when the
membrane gene is present. On the other hand, genomes presenting
CRISPR-Cas systems did not normally contain the phages but did
have spacers against those same phages. In addition, the cluster
genomes that have the membrane gene appear with a much
higher number of spacers against these phages, except in two of
the six cases (cluster 2 of K. pneumoniae and P. aeruginosa),
where, although the highest number of spacers appears in the
other cluster, they also present spacers against the phages of the cor-
responding cluster.

The case of cluster 1 of A. baumannii stands out, in which 77
genomes appear with spacers against phages associated with the
membrane protein AmpG__2, whereas no spacer is found in the
cluster lacking this protein (table S4). On the other hand, cluster

Rubio et al., Sci. Adv. 9, eadd8911 (2023) 24 March 2023

2 of A. baumannii has specific spacers against two related phages.
These phages appear in 250 genomes of this cluster (50% of them)
and only in one genome without the CRISPR-Cas system. In addi-
tion, 467 genomes in this cluster show spacers against these phages
(94% of them), while only 51 genomes of the other cluster have
them (12% of them). Complete phages appear integrated near a
tRNA-Val gene and have around 50 genes (fig. S7). In addition,
the phages also appear in 249 genomes lacking CRISPR-Cas
systems (3% of them). When the specific membrane proteins of
cluster 2 are also searched for in genomes lacking the CRISPR-
Cas system but having the phages, the best match occurs with the
T630_1336 membrane protein (which we will refer to as cam1 for
CRISPR-associated membranome gene 1), while the rest of the
membrane proteins appear more frequently in genomes lacking
the phage gene (Fig. 7A). Specifically, 247 of the genomes that
have cam1 also have the phage gene (56%). Of the 249 genomes
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that have the CRISPR-Cas system. The P value of the result is shown in parentheses, and the arrow indicates whether the value obtained is above or below the expect-

ed value.

without CRISPR-Cas systems that have the phages, the cam1 gene
could not be found in only 3 of them.

Caml is a 349—amino acid protein that shows a transmembrane
region followed by a rearrangement hotspot repeat—associated core
domain at its N-terminal half (InterPro: IPR022385). This domain
appears in bacterial toxins involved in type VI secretion systems
(T6SSs), but when present in proteins of less than 400 amino
acids, found in bacteria such as Pseudomonas putida, it has an
unknown function (25). The gene encoding this membrane
protein is part of a cluster of six genes that is integrated next to a
tRNA-Glu and the gene fhuA, and close to this region, there is
another T6SS spike gene (vgrG2__8). The gene cluster also includes
a wapA toxin gene, three genes encoding proteins with predicted
signal peptides, and another gene encoding a probable membrane
protein (ABAYE2651) not initially associated with the CRISPR-Cas
system because of its slightly lower frequency in strains with this
system relative to caml (458 CRISPR-Cas type I-F strains have
ABAYE2651 versus 469 that have caml).

Rubio et al., Sci. Adv. 9, eadd8911 (2023) 24 March 2023

Because the presence of this protein seems to be a sine qua non
condition for the appearance of the phage, we could expect that the
gain of this putative T6SS by the bacterium would imply that it
would be exposed to infection by the phage, something that could
be counteracted by the bacterium with the acquisition of a CRISPR-
Cas system (Fig. 7B). This appears to be supported when analyzing
the group of genomes containing this membrane protein, together
with genomes that have a similar gene profile. There is a set of 65
genomes with a gene profile similar to cluster 2 CRISPR-Cas I-Fb
genomes that lack the membrane protein, phage, and CRISPR-Cas
systems (Fig. 7C). Then, the phylogeny of this group of genomes
shows a first divergence supporting the gain of the membrane
protein Cam1 that seems to allow phage entry. Later in the phylog-
eny, a new divergence event allows the gain of the CRISPR-Cas
system that seems to prevent phage integration. While genomes
with only the phage gene or CRISPR-Cas systems are rare (3 and
28 genomes, respectively), there are 247 genomes with both cam1
and the phages and 468 with both caml and the CRISPR-Cas
system but not the phages (Fig. 7D), supporting the dependence
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Cam1 protein, and, last, the CRISPR-Cas system would be obtained for protection against the phage. (C) Molecular phylogeny of 727 genomes of A. baumannii that belong
to the membrane protein—based cluster 2 or have a similar gene profile to genomes in this cluster. Five hundred genes that appeared in all genomes were used. The
metadata columns highlight the genomes with the membrane protein Cam1 (blue color), the phages (red color), the CRISPR-Cas type I-Fb (green color), and spacers
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of phage on caml and the dependence on CRISPR-Cas systems to
prevent phage.

DISCUSSION
A limited number of bacterial genomes have CRISPR-Cas systems
to prevent the entry of foreign DNA. We have analyzed tens of thou-
sands of genomes of bacterial species of the ESKAPE group and
found that type I is the most frequent CRISPR-Cas system in the
Gram-negative species of this group. Our results are consistent
with previous reports that found, for example, a low proportion
of genomes with CRISPR-Cas systems in E. faecium (26) and
about 50% of those in P. aeruginosa (4). When a bacterial genome
has a CRISPR-Cas system, it is expected to have fewer genes. Some
of the missing genes may be those involved in antibiotic resistance
and originating from plasmids or integrative and conjugative ele-
ments or those involved in virulence and originating from
phages. This was mostly confirmed in our study with ESKAPE pan-
genomes and coincides with previous studies with the same species,
except for the fact that we show a more complete collection of type
IV systems, and we have used twice as many genomes (16, 27).
Bacteria have different defense systems against phages, but to
study the relationship of these systems with their target sequences
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in silico, CRISPR-Cas systems have the advantage of having spacers,
which reflect previous encounters with exogenous sequences (2).
Thus, spacers of CRISPR-Cas systems usually recognize sequences
originating from phages (5) and, to a lesser extent, from plasmids,
such as we previously showed in A. baumannii (13). However, most
spacers have unknown origin, as the corresponding protospacer
cannot be found, and have been lumped together into what is
known as CRISPR dark matter (5, 28). This dark matter accounts
for 80 to 90% of the spacers and is expected to recognize phage se-
quences that are still unknown or have diverged from known phage
sequences. It is believed that this percentage may decrease with the
future increase of sequences in the databases (29). We show that by
analyzing complete pangenomes, which can include all the varia-
tion of phages infecting the species, dark matter can be greatly min-
imized, especially in the case of type I CRISPR-Cas systems
(Fig. 1F). Thus, we were able to annotate 85% of the 9950 P. aeru-
ginosa spacers and 72% of the 7345 A. baumannii spacers, with ap-
proximately 70% of these corresponding to phages or phage-
plasmids. These phage-plasmids include phages that can remain
as extrachromosomal elements in the bacterium (17) and against
which we have found more associated spacers than against
plasmid genes. In addition, we also found a small proportion of
spacers that could recognize other endogenous bacterial genes,
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such as flagellar biogenesis genes, which would suggest regulatory
functions of CRISPR-Cas systems that remain to be elucidated (I8,
30). We have also found that genomes with CRISPR-Cas systems do
not appear phylogenetically restricted, nor do they have a unique
accessory genome. This suggests that bacteria acquire these
systems when they provide an important evolutionary advantage.
In a study carried out to measure the impact of CRISPR-Cas
systems on horizontal gene transfer in bacteria, it was concluded
that these systems would play an important role at the population
level but not at the evolutionary scale (31). These systems are often
recruited by mobile genetic elements on independent phylogenetic
times (32). All of this would support our results, positioning
CRISPR-Cas systems as functional modules that are acquired and
discarded under certain circumstances.

We found dozens of genes that co-occur with CRISPR-Cas
systems, although not necessarily close in the bacterial chromo-
some, many of which encode membrane proteins. The fact that
both the CRISPR-Cas systems and these membrane proteins are
scattered along the phylogenetic tree discards that their association
is a consequence of a fortuitous and casual incorporation into a
common ancestor, emphasizing the idea of a functional relation-
ship. The association found in this work suggests that one such cir-
cumstance could be the defense against phages that use these
proteins as receptors or adhesion sites. A previous report had
already suggested that misfolded membrane proteins may trigger
an envelope stress response that activates a CRISPR-Cas system
(33), and other reports have found genes with probable association
to the CRISPR-Cas systems, and some of them encoded integral
membrane proteins (34, 35). Many of these genes were related to
type III systems, which is the type in S. aureus, where we found
more than 20 genes annotated as integral component of membrane
associated with its CRISPR-Cas system. However, we mainly found
this association with membrane-related accessory genes among the
different classes of type I CRISPR-Cas and propose that this may be
related to the acquisition of beneficial functions for the bacterium
that conversely make it more vulnerable to certain phages. These
membrane proteins may help form biofilms or allow for certain vir-
ulence-related advantages (6—12), but at the same time, these mem-
brane proteins can be receptors for specific phages. The fact that we
did not find this association with type II and III CRISPR-Cas
systems does not rule out that it may exist. However, the low
number of genomes presenting these types of CRISPR-Cas
systems in the species studied, as well as the low coverage in the an-
notation of their spacers in contrast to type I (Fig. 1F), could be pre-
venting us from finding this association.

It has been shown that phages can increase the virulence of the
bacterium that they infect when integrated into the bacterial chro-
mosome, as they can carry toxins, resistance genes, or adhesion
factors (36). CRISPR-Cas systems would prevent these phages
from proliferating. However, we have found that, in many cases,
spacers coexist with the cognate phage gene, especially in A. bau-
mannii. These cases reflect that the phage would be integrated
into the bacterial genome, suggesting that the immune system has
not been fully efficient. In P. aeruginosa, and partly in K. pneumo-
niae, we have seen that the number of virulence genes in strains car-
rying CRISPR-Cas systems may be higher than in those without (fig.
S2). The coexistence of the protospacer with the cognate spacer has
been proposed as representing autoimmunity processes with a neg-
ative effect on the bacterium (37), although this may also be
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explained by the fact that the prophage is expressing anti-CRISPR
systems (38). However, other studies have shown that CRISPR-Cas
systems can prevent the lytic cycle of phages but tolerate the virus
integration as a prophage, allowing the bacteria to co-opt the phage
genes for possible use as virulence factors (39).

We observed that genomes with specific types of CRISPR-Cas
systems, especially type I, carry a particular set of genes encoding
membrane proteins. Furthermore, these genomes can be separated
into clusters on the basis of the membrane proteins that they have,
and the spacers of these CRISPR loci would recognize different non-
overlapping phage genes (Figs. 4 and 5). By analyzing these relation-
ships between membrane proteins, spacers, and phages, we have
found a number of membrane proteins associated with type I
CRISPR-Cas systems that match, for example, proteins of the type
IV pili of P. aeruginosa, which have long been known to constitute
binding sites of certain phages (24), and genomes that have both the
membrane protein and the CRISPR-Cas system have spacers against
phages known to use the pilus in their infection process. In addi-
tion, we have been able to propose new pairs of membrane proteins
and associated phages (Fig. 6), including a gene encoding a member
of a putative T6SS as a possible receptor or adhesion site for a phage
found in genomes with and without CRISPR-Cas systems. Phyloge-
netic data suggest that the gain of this immune system would protect
the bacterium against this phage while allowing it to maintain the
secretion system, which could be useful for intra- or interspecific
competition (40). The gene cluster to which this membrane gene
belongs is integrated next to the fhuA gene, and it is speculated
that a class of specific receptors (TonB) could be critical for phage
genome injection through their interaction with FhuA (41). Thus,
this protein could help both the entry of the phage and the proper
functioning of the T6SS system. Other reports have shown that se-
cretion systems and CRISPR-Cas systems can depend on quorum
sensing (42, 43), which enables the coordination of bacterial popu-
lation growth and is therefore also related to biofilm formation.
Thus, it could be hypothesized that the bacterium would express
both systems at the same time to avoid being exposed to phages
that could take advantage of the activation of the T6SS system
when the bacterial population and cell-to-cell contact is increased.

In summary, we demonstrate that the use of large pangenomes
allows us to annotate a great part of the spacers of CRISPR-Cas
systems, especially in type I, which will allow further research in
this field. Here, we describe a “membranome-phage-CRISPR"
triad, in which the CRISPR-Cas systems might be especially neces-
sary when the bacterium expresses accessory genes that encode for
membrane proteins. This would give it a special advantage in that
situation, but it would also represent a gateway for phages that rec-
ognize these proteins as receptors or adhesion sites in their infection
of bacteria.

MATERIALS AND METHODS

Genome collection and annotation

The assembled sequences of ESKAPE species available in the Na-
tional Center for Biotechnology Information Genome database on
14 June 2021, including complete and draft genomes, were collected
(44). Genomes and metadata were downloaded with the tools data-
sets 12.1.0 and dataformat 12.4.0 (a total of 68,352 genomes).
Genomes with a low number of total genes or a low average
number of shared genes (>5 times the interquartile range) were
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removed on suspicion that they did not correspond to the
species studied.

The protein-coding genes were predicted using Prokka version
1.14.5 (45), and the pangenome was created by Roary version 3.12.0
with an identity threshold of 90% and the -s parameter for not sep-
arating paralogs at this identity threshold (46). Protein sequences
were functionally annotated using Sma3s v2 and the UniProt bacte-
rial taxonomic division bacteria 2019_01 as the reference database
(47). Gene names provided by Sma3s were preferentially assigned to
each protein. When a gene name was repeated, a sequential number
separated by two underscores was added. In cases where Sma3s did
not assign a gene name, the one proposed by Prokka was taken, if
available, preceded by an underscore. A gene was classified as a core
gene if it appeared in >99% of the genomes of the species.

CRISPR-Cas systems and their specific types were assigned using
CRISPRCasTyper 1.4.1 (48). Types I-Fa and I-Fb of A. baumannii
were distinguished by looking for their different integration site. To
discover the spacers of CRISPR-Cas systems, CRISPRCasFinder
4.2.20 was used with default parameters (49). Only CRISPR arrays
with an evidence level equal to 4 were considered. Identical spacers
were collapsed together, taking into account both chains. The
number of sequences of each type for each species is available in
table S1.

Search for specific gene groups in the pangenomes
Antibiotic resistance genes were found by AMRFinderPlus 3.10.1
using the databases of the six bacterial species analyzed (50). Viru-
lence genes were found by performing a similarity search with
BLASTP 2.9.0+ (51) against the VFDB database version December
2020 (Virulence Factor Database), requiring at least 90% sequence
identity and 90% database sequence coverage (52).

Genes encoding membrane proteins were searched for in the
functional annotation performed by Sma3s, to which genes encod-
ing outer membrane proteins were specifically added by a BLASTP
similarity search against the OMPdb release 2021, requiring at least
90% sequence identity and 90% database sequence coverage (53).

Genes from plasmids were searched using the annotation
“Plasmid” in the UniProt keyword field. Then, genes with >90% se-
quence identity and >90% query coverage with a sequence of the
PLSDB database v2020_06_23_v2 were added (54). Viral genes
were searched following the same protocol but using the IMG/VR
database v3 (IMG_VR_2020-10-12_5.1) (55) and viral genes from
the functional annotation with Sma3s. Genes that appeared between
two genes annotated as viral were also added.

Search for prophages
Complete prophages were searched in all the genomes using
Phigaro version 2.3.0 with default parameters and abs mode (56).
The prophages of each species were then grouped by similarity
using the MeShClust version 3.0 program with the parameters -v
(total initial sequences) and -b (1/4 of total initial sequences).
(57). Last, the names of known phages were obtained from the lit-
erature, and their nucleotide sequence was downloaded from the
GenBank database: DMS3 (NC_008717.1), JBD26 (NC_061435.1),
and JBD68 (KY707339.1) (24).

To combine similar phage genomes with the sequence oriented
in the two possible reading directions, we performed a similarity
search with BLASTN by comparing the reference sequences of
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each cluster with each other. Then, clusters whose reference se-
quence shared at least 90% identity and coverage were combined.

Search for protospacers

Protospacers, putative genes recognized by spacers, were searched
by performing a similarity search with BLASTN and the blastn-
short option turned on, using a threshold of >95% sequence iden-
tity and 100% spacer coverage. Those protospacers that were also
found following the same strategy but using sequences from
CRISPR repeats instead of the spacers were discarded to avoid mis-
annotated sequences (58). To calculate the P value of the number of
found matches, a hypergeometric test was used (dhyper function
in R).

Search for genes associated with CRISPR-Cas types with
inference on random forests

We used inference of random forests in multiple iterations to search
for genes associated with specific CRISPR-Cas types. For each
species, we compiled one dataset containing all strains that have
no CRISPR-Cas systems, and other datasets with the strains con-
taining each CRISPR-Cas type present in the data, respectively.
From 20 iterations with different random seeds, the most important
features were selected and counted. In this context the features are
binary indicators of the presence of the genes for each strain. After
all iterations, the count of a gene can indicate how often the random
forest deemed it important for the difference between the respective
CRISPR-containing and CRISPR-deficient genomes. Cas genes
were removed from consideration to be able to focus on genes not
directly related to CRISPR-Cas systems. Genes identified as impor-
tant features in multiple iterations were considered to be associated
with CRISPR-Cas systems, when they were more abundant in
CRISPR-Cas—containing genomes than in non—CRISPR-Cas—con-
taining genomes.

The random forest implementation was done in Python with the
scikit-learn package 1.0.2 (59). With each iteration, random parts of
the datasets were divided into train and test sets with the ratio of 0.8
to 0.2. For all six species and their CRISPR-Cas systems, the random
forests achieved average accuracies higher than 0.93 over all itera-
tions. The trained random forest object has the resulting feature im-
portance by the mean decrease in impurity available as a parameter.
The permutation feature importance may be more informative for
high cardinality features, but because we only have two values for
each feature, the mean decrease in impurity feature importance
measurement is sufficient. The default parameters of the random
forest were used. The location of the code is given below. When
the median has been used, the deviation value is calculated from
the median absolute deviation.

Functional enrichment analysis

To discover the functional enrichment of genes associated with spe-
cific CRISPR-Cas types, we used the R package TopGO version
2.40.0 (60), which uses Gene Ontology (GO) terms from a specific
ontology. The GO terms used were those annotated by Sma3s.
Figures were created using the R ggplot2 library in a custom script.

MLST assignment, gene profiles, and molecular
phylogenies

MLST numbers were assigned to each genome by compiling the
genes used in the species-specific schemes in PubMLST 23 Nov
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2021 (19) and searching them in the genome sequences using the
mlst program (https://github.com/tseemann/mlst). The MLST
number assigned to each genome, along with the CRISPR-Cas
systems it has is available in table S2.

MLST phylogenetic trees were constructed using the MLST se-
quences. Nucleotide sequences were aligned with mafft v7.271 using
the G-INS-I option (61). The phylogeny was constructed with
RAXML v8.2.9 with the GTRCAT model and bootstrap of 1000
(62). The model was selected with ModelFinder implemented in
IQ-TREE (63). The phylogeny in Fig. 7D was constructed with
the same protocol but using all genomes, the PROTGAMMAWAG
model, and 500 core proteins.

The gene profiles for each species were constructed using a
binary representation of the bacterial genome, where a gene is
either absent or present in a strain, without accounting for the
number of paralogs. These data are condensed to MLST level by as-
signing 0 or 1 to the gene in the MLST group by majority vote of all
strains in the group. The MLST groups are then subjected to a pair-
wise Jaccard distance measurement, resulting in an N x N matrix of
Jaccard distances between MLST groups, with N equal to the
number of MLST groups for the respective species dataset. The pair-
wise Jaccard distances were computed with scikit-learn.

These pairwise distances were used to construct a profile of
genetic distances between the MLST groups for each species. We
used ward linkage and descending distance sort for the hierarchal
clustering and the dendrogram. Dendrograms were produced using
SciPy 1.6.2 (64), and correlation plots were plotted with seaborn
0.11.2 and Matplotlib 3.5.0 (65, 66).

Cluster analysis

Heatmaps to compare genomes presenting different combinations
of membrane proteins were performed with the R library pheatmap
1.0.12, and clusters were created with the cutree function.
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