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Abstract

Background: Multicellular animals and bacteria frequently engage in predator-prey and host-pathogen interactions,
such as the well-studied relationship between Pseudomonas aeruginosa and the nematode Caenorhabditis elegans.
This study investigates the genomic and genetic basis of bacterial-driven variability in P. aeruginosa virulence
towards C. elegans to provide evolutionary insights into host-pathogen relationships.

Results: Natural isolates of P. aeruginosa that exhibit diverse genomes display a broad range of virulence towards C.
elegans. Using gene association and genetic analysis, we identify accessory genome elements that correlate with
virulence, including both known and novel virulence determinants. Among the novel genes, we find a viral-like
mobile element, the teg block, that impairs virulence and whose acquisition is restricted by CRISPR-Cas systems.
Further genetic and genomic evidence suggests that spacer-targeted elements preferentially associate with lower
virulence while the presence of CRISPR-Cas associates with higher virulence.

Conclusions: Our analysis demonstrates substantial strain variation in P. aeruginosa virulence, mediated by specific
accessory genome elements that promote increased or decreased virulence. We exemplify that viral-like accessory
genome elements that decrease virulence can be restricted by bacterial CRISPR-Cas immune defense systems, and
suggest a positive, albeit indirect, role for host CRISPR-Cas systems in virulence maintenance.
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Background
Interactions between environmental bacteria and small in-
vertebrate animals, such as free-living nematodes, are eco-
logically significant in many terrestrial ecosystems [1].
These interactions comprise many types of ecological rela-
tionships that range from reciprocal harm to mutualism.
Frequently, animal-bacterial interactions are “predator-
prey” relationships, where for example nematodes feed on
bacteria. Such predation can in turn drive the evolution of
bacterial anti-predator mechanisms, such as the produc-
tion of noxious toxins, and/or full pathogenic potential

where the bacterium can kill and feed on the predator
([2]; reviewed in [3]). One such bacterial species is Pseudo-
monas aeruginosa (P. aeruginosa) that is preyed upon by
invertebrates, but is also a facultative pathogen of a broad
range of hosts including plants, amoeboid protists, insects,
mammals, and nematodes [4–7].
The relationship between a facultatively pathogenic

bacterium and a predator, such as a free-living nematode,
can be bidirectional, with the pathogen either serving as a
food source for the predator, or itself thriving on the in-
fected predator. For example, the nematode Caenorhabditis
elegans (C. elegans) [2] can grow from larval stages to the
adult by feeding on the pathogenic bacterium P. aeruginosa.
Interestingly, although C. elegans larval development can
proceed successfully on P. aeruginosa, adults can suffer dra-
matically reduced lifetimes, depending on the P. aeruginosa
strain (for example, median adult survival of ~ 2 days on
strain PA14 compared to ~ 14 days on Escherichia coli
strain OP50 that is used as the standard laboratory diet for
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C. elegans). This mutually antagonistic relationship between
C. elegans and P. aeruginosa is well-studied model that
serves as a proxy for ecologically coexisting predators of P.
aeruginosa that are also natural hosts for infection [8].
It is plausible that C. elegans and P. aeruginosa interact

in natural niches, as P. aeruginosa is known to inhabit
many environments including soils [9–11] and C. elegans
is often an inhabitant of soil and rotting plant matter [12].
These interactions could be transitory in the wild, due to
worm avoidance of P. aeruginosa or death of the worms,
and thus difficult to catalog, but have been substantiated
by a report of natural coexistence of the two species
(reviewed in [12]). Nonetheless, independently of their pu-
tative co-existence in the wild, C. elegans can be used as
an experimentally tractable proxy of naturally occurring
predator and host of P. aeruginosa.
Considering that P. aeruginosa is a free-living bacterial

species that facultatively engages in pathogenic interactions
with invertebrates, and that C. elegans is a natural bacterial
predator, it seems likely that P. aeruginosa strain variation in
virulence towards C. elegans reflects adaptations of P. aeru-
ginosa to its natural niches. In natural settings, virulence
may be a character under selection by the frequency with
which predators are deterred by virulence mechanisms, and/
or by the extent to which the bacterium depends on infec-
tion of predator hosts for population growth. Such variability
in bacterial virulence should be reflected in the genomic
composition of different bacterial isolates, and determining
the mechanisms underlying this variability enhances our un-
derstanding of the evolution of host-microbe interactions.
In the present work, we addressed the sources and gen-

omic correlates of bacteria-driven variability in the viru-
lence of distinct P. aeruginosa strains towards C. elegans. A
previous study of 20 P. aeruginosa natural isolates revealed
strain-driven variation in P. aeruginosa virulence, highlight-
ing virulence as a complex trait, likely the result of multiple
components acting in a combinatorial manner [13]. Ex-
tending this previous work, we conducted an in-depth
genome-wide comparative survey of a set of 52 P. aerugi-
nosa strains. We used comparative genomic approaches to
identify correlations between P. aeruginosa virulence and
the presence/absence of specific accessory genome ele-
ments, including bacterial immune defense systems.
Our analysis revealed gene sets in the accessory genome

of P. aeruginosa (i.e., the set of genes present in some, but
not all, of the strains in the species) that correlate either
with high or low virulence. Our approach identified
known virulence factors, as well as novel factors that can
directly modulate bacterial virulence, either positively or
negatively, as evidenced through genetic testing. We also
identified genes that may indirectly affect virulence. For
example, our study revealed a positive role in virulence for
certain bacterial immune defense systems which filter
horizontal gene transfer (HGT), and hence can impact the

composition of the accessory genome. In particular, we
found that P. aeruginosa strains with active CRISPR-Cas
systems have statistically higher levels of virulence towards
C. elegans and that spacer-targeted genes are among the
genes associated with lower virulence. These correlative
findings, together with our genetic confirmation of
virulence-inhibitory activity of certain accessory genome
elements, support an indirect role for CRISPR-Cas sys-
tems in contributing to the maintenance and evolution of
high virulence against nematodes.

Results
A large P. aeruginosa accessory genome underlies
substantial strain diversity in gene content
To assess the extent of variation in genetic makeup among
a diverse panel of environmental and clinical P. aeruginosa
strains, we analyzed in silico the genomes of 1488 P. aerugi-
nosa strains. The protein-coding genes of the strains were
assigned to clusters of homologous genes using the CD-
HIT program [14] with a threshold of 70% amino acid
similarity. The clustering procedure resulted in the identifi-
cation of 28,793 distinct gene clusters (i.e., groups of hom-
ologous genes). We then examined the distribution and
frequency of these 28,793 genes across the 1488 P. aerugi-
nosa strains. Five thousand one hundred seventy genes
were present in more than 90% of the isolates and were ac-
cordingly defined as constituting the P. aeruginosa core
genome (Fig. 1a). The remaining 23,623 genes constitute
the accessory genome of these 1488 P. aeruginosa strains.
The frequency distribution of the genes is bimodal, with
prominent maxima corresponding to the core genome and
the set of genes that occur only once in these strains (re-
ferred to as “singletons,” Fig. 1b). The ratio between the
pangenome and the core genome (5.6) agrees with a previ-
ously reported ratio: 5.3 [15], confirming that P. aeruginosa
harbors a large amount of strain-specific variation in
protein-coding genes.
To model the phylogenetic relationships between the P.

aeruginosa isolates, we aligned the core genomes and used
the alignments to build a phylogenetic tree (Fig. 1c). The
isolation source of the strains, when available, was catego-
rized as clinical or environmental and this designation was
mapped to the tree (Fig. 1c). Environmental strains dis-
tribute across multiple branches of the tree altogether
with the clinical isolates. This pattern is consistent with
other studies that showed that both clinical and environ-
mental isolates of P. aeruginosa can originate from the
same clade [16–19].
In order to experimentally study the effect of bacterial

genetic variation on the interaction between P. aerugi-
nosa and C. elegans, we assembled a collection of 52 rep-
resentative P. aeruginosa strains (Additional file 2: Table
S1) included in the in silico collection of 1488. The col-
lection consists of bacterial isolates derived from clinical
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(85%, mostly from primary infections) and environmen-
tal (15%) settings. The 52 strains distributed widely
across P. aeruginosa phylogeny (Fig. 1c). The 52-strain
cohort have a pangenome of 11,731 genes and an
accessory genome of 6537 genes.

Virulence towards the nematode C. elegans strongly
varies among P. aeruginosa strains
To assess phenotypic variation in interactions of P. aerugi-
nosa with C. elegans, we measured the virulence towards C.
elegans wildtype worms for the collection of 52 P. aerugi-
nosa strains. Young adult C. elegans hermaphrodites were
exposed to a full lawn of each P. aeruginosa strain using so-
called slow kill (SK) media [8]. These assay conditions in-
duce bacterial quorum sensing regulation, a system that
mediates biofilm, a naturally occurring mode of P. aerugi-
nosa growth [20]; minimize the effects of worm behavior
on survival [21, 22]; and promote bacterial colonization of
the worm gut [8]. Adult lifetime was scored using a semi-
automated method [23] to obtain survival curves for worms
exposed to each bacterial strain (Fig. 2a). Bacterial strain
virulence towards C. elegans was measured as the median

survival time of worms exposed to each bacterial strain
(Fig. 2b). Virulence varied continuously over a fivefold
range, spanning from 1.5 to over 10 days (Fig. 2b). Indeed,
the median worm survival on P. aeruginosa for strain z7,
which exhibited the lowest virulence towards C. elegans,
was greater than that of worms exposed to E. coli HB101, a
strain commonly used in the laboratory to maintain worm
stocks (Fig. 2b). In addition, under SK conditions, the num-
ber of viable progeny produced by hermaphrodites exposed
to strain z7 was indistinguishable from that of animals ex-
posed to E. coli HB101 (Additional file 1: Figure S1A).
Altogether, these results show that for our experimental
set of 52 P. aeruginosa strains, virulence varies continu-
ously over a wide range, from highly virulent strains,
which kill C. elegans adults within 2 days, to essentially
completely avirulent strains that do not detectably im-
pair worm lifespan or reproduction in comparison to
their normal laboratory food.
To evaluate the potential contribution of strain isolation

source to virulence against C. elegans, we compared the set
of clinical isolates to the environmental isolates. Strains
from clinical settings displayed lower mean virulence when

Fig. 1 Pangenomic and phylogenetic features of Pseudomonas aeruginosa. a Presence/absence matrix of P. aeruginosa genes across the strains.
Core and accessory genomes are marked. b The frequency distribution of the genes among the 1488 strains. The right end of the distribution,
marked with red *, corresponds to the core genome, while the left end of the distribution corresponds to singletons and rare accessory genes. c
Phylogenetic tree of P. aeruginosa strains. Phylogenetically related MLST groups are shown in different colors. Isolation source is shown on top of
the tree. An apparent clade enriched for environmental strains (indicated by *) is artificially enlarged by the repeated presence of a set of almost
identical genomes in the set used to build the phylogeny. The phylogenetic locations of the 52 isolates experimentally tested in this study are
indicated in the outer circle (black bars)
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compared to strains isolated from non-clinical, environ-
mental settings (Welch t test, p value = 0.047, Additional
file 1: Figure S1B). This result suggests that clinical strains
isolated from infected humans do not constitute a biased
sampling of strains that are relatively more pathogenic to
worms than environmental isolates. Rather, it is possible
that some clinical strains could harbor variations and adap-
tations that disfavor virulence towards worms.
Next, we evaluated the distribution of virulence along

the P. aeruginosa phylogeny. Mapping of virulence onto

the phylogenetic tree of the studied isolates showed no
phenotypic clustering of virulence towards any particular
clade (Fig. 2c). Thus, evolutionarily fluctuations in viru-
lence among isolates occur without any particular affili-
ation to select phylogenetic clades.
Defects in bacterial growth rates can impair virulence to-

wards C. elegans, and such impairments can be detected
in vitro (e.g., [24]). Thus, we assessed whether strain-specific
virulence against C. elegans could primarily reflect the rela-
tive growth rate capacity of each strain, as determined by

Fig. 2 P. aeruginosa virulence towards adult C. elegans worms. a Survival curves of adult C. elegans worms exposed to the studied collection of 52
P. aeruginosa strains. b Median survival of adult C. elegans worms exposed to the studied collection of P. aeruginosa strains (in days with 95%
confidence interval, C.I.). The source of the strains is categorized as clinical (colored red) or environmental (colored green). The E. coli strain HB101
is included as comparative control and is colored blue. c Phylogenetic distribution of virulence. The virulence of each isolate (i.e., median worm
survival in days) is indicated by a bar with length proportional to its value and colored in a gradient, as indicated by the heatmap legend
(virulence values in days)
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growth rate in LB media at 25 °C (the temperature of the
virulence assays). We found that growth rate in LB medium
showed no statistically significant correlation with virulence
(Additional file 1: Figure S2, Pearson’s correlation, ρ =− 0.3,
p value = 0.08).

P. aeruginosa virulence correlates with the presence of
particular accessory genome elements
We employed gene association analysis to test whether
virulence of P. aeruginosa strains towards C. elegans
could be associated with the presence or absence of spe-
cific bacterial genes. In this analysis, virulence is defined
as a quantitative trait for each strain, corresponding to
the median lifespan of adult C. elegans hermaphrodites
when fed each of the strains. The association between
genes and virulence was measured using the Mann-
Whitney (MW) and linear regression (LR) tests, followed
by a gene permutation approach, to control for multiple
statistical testing and thus assess the reliability of the p
value. Furthermore, genes with significant associations,
as determined by the MW and LR tests, were evaluated
with two additional metrics that consider phylogeny to
resolve confounding effects due to population structure,
namely, the “simultaneous” and “subsequent” scores of
the treeWAS method described by Collins and Didelot
[25] (Additional file 3: Table S2). Gene associations were
assessed for the set of 11,731 protein-coding pange-
nomic genes of the 52 experimental strains and for a set
of 83 previously-identified non-coding RNA genes (ex-
cluding rRNAs and tRNAs) of P. aeruginosa.
The small non-coding RNAs of bacteria fulfill diverse

gene regulatory roles and can modulate pathways required
for virulence [26, 27]. Interestingly, we noted that most of
the non-coding RNA genes we examined are core genome
elements (78%, 65/83 genes). We found no statistically sig-
nificant association between the non-coding RNAs of P.
aeruginosa and virulence (Additional file 1: Figure S3A, all
p value > 0.05 for the MW and LR tests).
Among the 6537 protein-coding accessory genes present

in the 52-strain experimental panel, we identified 79 genes
significantly associated with virulence, either positively or
negatively (Fig. 3, p value < 0.01 for the MW or LR tests).
For 35 of these 79 virulence-associated genes (44%), their
presence defined a set of strains with higher virulence com-
pared to the strain set where the same genes were absent
(Fig. 3a). We refer to them as high virulence-associated
genes (or “HVA genes” for short). For the other 44 genes
(56%), their presence corresponded to strains with lower
virulence (Fig. 3a). We refer to these as low virulence-
associated genes (or “LVA genes” for short). Each strain
harbors a different subset of the 79 associated genes. For
example, strain PA14, a highly virulent strain, has 19 HVA
genes and 1 LVA gene (Fig. 3b). On the other side of the
spectrum, strain ATCC27853, a poorly virulent isolate, has

5 HVA genes and 41 LVA genes (Fig. 3c). A description of
the 79 genes associated with higher or lower virulence is
presented in Additional file 3: Table S2. All the LVA genes
(44/44 or 100%) were supported by either the simultaneous
or subsequent scores (p value < 0.05). Similarly, 30/35 of
the HVA genes (86%) were supported by either simultan-
eous or subsequent scores (p value < 0.05, Additional file 2:
Table S1). Altogether, these phylogenetically aware scores
suggest that population structure does not confound inter-
pretation of the gene associations observed. This result is
also congruent with the absence of phenotypic clustering of
virulence in the phylogenetic tree (Fig. 2d).
The 79 virulence-associated genes encompass a variety of

functions, although for many of the associated genes, a
functional annotation is not available (43% of HVA genes
and 64% of the LVA genes are annotated as “hypothetical
proteins”). Associated genes could be categorized as fol-
lows: (1) Genes with known regulatory roles: Such roles
can be ascribed to strain PA14 genes PA14_27700 (HVA
gene #13286) and PA14_27690 (HVA gene #15454), which
encode a cAMP-dependent protein kinase and RNA poly-
merase sigma factor, respectively. A second example is the
qsrO gene (LVA gene #17701), which negatively regulates a
highly conserved quorum sensing pathway (Köhler et al.,
2014). (2) Genes that encode proteins associated with struc-
tural roles: The pslM (HVA gene #2628) and pslK (HVA
gene #2479) genes belong to the psl polysaccharide biosyn-
thetic pathway, a polymer that contributes to biofilm for-
mation [28]. Other examples are the HVA genes #6371,
#8276, and #8113, which encode homologs of wbpZ, wbpL,
and wzz, respectively. These homologs encode enzymes re-
quired for LPS O-antigen synthesis [29], a structural com-
ponent of the bacterial outer membrane. (3) Mobile genetic
elements: Several of the genes associated with low virulence
are annotated as integrase (genes #6157, #4439, #10878,
#8459), or phage-related (genes #8274, #5222), suggests
that these genes are likely to encode components of mobile
genetic elements. Further support for the mobility of these
elements comes from their targeting by CRISPR spacers
(see below).
Among the genes that we found to be associated with

high virulence across the 52-strain panel, two HVA
genes, PA14_27700 and PA14_27690, have been previ-
ously characterized as virulence genes. Previous genetic
analysis showed that loss of function mutations in either
PA14_27700 (HVA gene #13286) or PA14_27690 (HVA
gene #14622) compromised the virulence of strain PA14
against C. elegans [24] under the SK assay conditions,
the same condition used in the present study. Our
examination of the published literature identified a total
of 60 previously described P. aeruginosa virulence genes
(Additional file 4: Table S3) that were identified by gen-
etic analysis of virulence against C. elegans for two com-
monly studied P. aeruginosa strains, PA14 and PAO1
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(Fig. 4a, b), both of which are included in our experi-
mental test panel. Upon analysis of these 60 genes, we
found that two of the HVA genes associated with viru-
lence in our 52-strain panel (Additional file 3: Table S2),
pslM (HVA gene #2628) and pslK (HVA gene #2479),
were not previously identified as virulence genes in
PA14 or PAO1, but are contained in the same psl

operon as the previously identified virulence gene pslH
(gene #6064), which was shown to be required for full
virulence in the PAO1 strain [30].
Other than PA14_27700, PA14_27690, and the psl op-

eron genes (pslM, pslK), no other genes from the set of
60 previously described virulence factors showed associ-
ation with virulence in this study (Fig. 4; Additional file

Fig. 3 Association between protein-coding genes of P. aeruginosa and bacterial virulence. a (Top panel) median survival of adult C. elegans
worms exposed to a collection of 52 P. aeruginosa strains (with 95% confidence interval, C.I.). The strains are ordered from high to low virulence
(left to right) and aligned with the matrixes below middle and bottom left panels: Gene presence/absence matrix for HVA genes (middle) and
LVA genes (bottom). Gene presence is indicated with black squares and absence with white squares. Genes (rows) are aligned with the
corresponding p values. Middle and bottom right panels: Association statistics (p value of MW and LR tests) for the HVA and LVA genes, shown as
|log10(pval)|. b, c Associated genes present in the strain PA14 (b) or ATCC27853 (c). Gene loci are plotted against the association statistic (p value
of MW test), shown as |log10(pval)|. Loci are colored according to the directionality of the gene-virulence association (gray: positively associated;
red: negatively associated; yellow: p value equals zero). Horizontal dashed lines demarcate a significance threshold (p < 0.01)
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1: Figure S3B). Notably, 51 of the 60 known virulence
genes (85%) belong to the core genome of our panel of
52 experimental strains, explaining the null association
observed. The remaining previously identified virulence
genes that did not emerge as HVA genes in our 52-
strain panel may not have a strong enough impact on
virulence across our 52 stains for a variety of potential
reasons, including strain-specific epistasis from other
accessory genome elements.

Genetic tests identify P. aeruginosa accessory genome
elements that contribute to decreased or increased
virulence towards C. elegans
The statistical association of particular protein-coding
genes with either high virulence (in the case of HVA
genes) or low virulence (in the case of LVA genes)
across the set of 52 experimental strains tested here
could in principle reflect the presence or absence of sin-
gle genes that are individually necessary and/or sufficient
to impact virulence. In such cases, loss-of-function or
gain-of-function genetic manipulations of the relevant
strains would be expected to measurably impact viru-
lence. However, single gene causality may in some cases
be masked by strain-specific epistatic interactions, for
example with other accessory genes. It would not be un-
expected if some of the HVA and LVA genes that we
identified were to function in combination, such that the

contribution of each individual gene would not be easily
evident from single gene knock out or overexpression
tests. It is also possible that a gene with no direct func-
tion in virulence could nevertheless show association
with virulence because of a physiological or ecological
linkage between the function of that gene and the func-
tion and/or acquisition of bona fide virulence factors.
The above-expected caveats notwithstanding, we used

loss-of-function and gain-of-function approaches to test
whether individual HVA genes are necessary and/or suffi-
cient to support high virulence, and conversely, whether
LVA genes are necessary and/or sufficient to impose re-
duced virulence. For most of these genetic tests, we se-
lected strain z8, which exhibits an intermediate level or
virulence, contains members of both the HVA and LVA
gene sets, and is amenable to genome-editing through use
of its endogenous CRISPR-Cas system.
The set of HVA genes included previously validated

virulence genes (e.g., PA14_27700, PA14_27690), which
we did not re-test here. Instead, we evaluated the potential
role in virulence for mexZ (gene #14466), which had not
been previously tested genetically. We constructed an in-
frame deletion of mexZ in strain z8 (ΔmexZ), but no dif-
ference in virulence was found for ΔmexZ when compared
to the wildtype z8 strain (Additional file 1: Figure S4). The
absence of a direct effect on virulence of strain z8 suggests
that the association of mexZ with virulence among the

Fig. 4 Distribution and features of previously-identified virulence genes. a, b Gene association for PA14 (a) and PAO1 (b) protein-coding gene
loci. Gene loci are plotted against the association statistic (p value of MW test), shown as |log10(p value)|. Previously identified virulence genes are
indicated with black dots and the top 5 most associated genes labeled. The top known genes associated with virulence are PA14_27690 and
PA14_27700. Loci are also colored according to the directionality of the gene-virulence association (gray: positively associated; red: negatively
associated; yellow: p value equals zero). Horizontal dashed lines demarcate a significance threshold (p < 0.01)
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panel of 52 strains could be secondary to additional
underlying factors. mexZ is frequently mutated in clinical
isolates, as a part of the bacterial adaptations to acquire
antibiotic resistance [31, 32].
We next selected genes associated with low virulence to

test their effects by using loss-of-function and gain-of-
function approaches. We assigned gene names to the
genes selected for study that were not previously named
(Fig. 5a and Additional file 5: Table S4). The selected
genes belong to three genomic loci: the ghlO gene (LVA
gene# 25296) is associated with virulence as a single gene
(i.e., no additional neighboring genes are associated with
virulence); the qsrO gene (LVA gene# 17701, [33]) belongs
to a four-gene operon (referred to as “qsr” operon); and
the tegG to tegN genes (LVA genes # 5222, 5330, 10513,
15466, 21386, 21557, 26140) constitute a block of contigu-
ous genes in bacterial chromosomes (referred to as the
“teg block” described below).
We constructed strain z8 mutants carrying in-frame de-

letions of ghlO, qsrO, and the teg gene block (ΔghlO,
ΔqsrO, and Δteg, respectively, see also Additional file 6:
Table S5) and measured virulence on two C. elegans
strains: wildtype and pmk-1(lf) mutant. The pmk-1(lf) mu-
tant has an impaired p38/PMK-1 pathway that compro-
mises the worm’s response to P. aeruginosa PA14 [34]
and z8 strains (Fig. 5b, c). This worm mutant was used as
a strain with a genetically “sensitized” background. Dele-
tion of ghlO led to marginally reduced survival of wildtype
worms (Fig. 5b) but not of pmk-1(lf) worms (Fig. 5c). De-
letion of qsrO, but not of teg, led to a significant reduction
in the survival of wildtype worms, indicating an increased
virulence of the ΔqsrO z8 bacteria (Fig. 5b). Similarly, de-
letion of qsrO, but not of teg, led to a mild but significant
reduction in the survival of pmk-1(lf) worms (Fig. 5c).
These results support a direct negative role for the qsrO
gene in the regulation of virulence. Interestingly, the qsrO
gene had been reported previously to have a negative
regulatory function on quorum sensing (QS), a key con-
tributor to P. aeruginosa virulence [33].
To test if the selected genes associated with low viru-

lence can modulate virulence when their expression is en-
hanced, we constructed strains containing multi-copy
plasmids that encode the ghlO gene (p (ghlO+)), the qsr
operon (p (qsr+)), and teg block genes (p (tegLM+) and p
(tegN+)) driven by their native promoters in their respect-
ive mutant backgrounds (Additional file 6: Table S5). The
virulence of these strains was measured and compared to
a strain carrying an empty plasmid control (p (control)).
The virulence of strains overexpressing the qsrO and tegN
genes was significantly reduced compared to the control
(Fig. 5d, p value < 10−4). In contrast, no difference in viru-
lence was observed for strains overexpressing the ghlO
and tegLM genes (Fig. 5d, p value > 0.01). Strains overex-
pressing qsrO or tegN also displayed reduced virulence

when tested on immunocompromised pmk-1(lf) (Fig. 5e, p
value < 0.01). This effect of diminished virulence was abol-
ished when the qsrO and tegN genes in the plasmids were
mutated by introduction of an early stop codon (p (qsrmut)
and p (tegNmut), Fig. 5e, p values > 0.01, see also Add-
itional file 6: Table S5).
These results suggest a direct role for the qsrO and tegN

genes in the negative regulation of virulence. By contrast,
our results suggest the associations of mexZ, ghlO, and
tegL and tegM genes with high virulence may not reflect
direct causal roles in virulence per se. Rather, these latter
associations may be secondary to additional underlying
factors related to physiological or ecological linkages to
virulence. In light of these, findings that at least some
genes of the accessory genome of P. aeruginosa (for ex-
ample, qsrO and tegN) can directly modulate virulence
imply that processes of selective gene deletion and acqui-
sition (such as horizontal gene transfer, HGT) are critical
for the evolution of P. aeruginosa virulence in the wild. In
summary, the present gene association study identifies 4
previously characterized virulence genes (i.e., PA14_
27700, PA14_27690, pslM, pslK). In addition, we genetic-
ally tested 11 LVA genes by deletion approach, and 6 of
these LVA genes by an expression approach, identifying
direct roles for qsrO and tegN in reducing virulence. Im-
portantly, tegN is evolutionarily gained or lost altogether
with a defined set of 8 accompanying neighboring teg
genes, i.e., in a physically linked “gene block” (see below,
and Additional file 3: Table S2). Thus, all teg genes show
association with virulence by being linked to a bona-fide
virulence modifier gene (i.e., tegN), even though some
may not have direct effects on virulence (e.g., tegM). A
similar pattern is found in other associated genes that are
also found in physically linked gene blocks and are evolu-
tionarily gained or lost as units (e.g., qsrO, PA14_27700).

The teg block is a mobile genetic element that impinges
on virulence
Our gene association analysis revealed that the teg genes
(i.e., genes tegG to tegN) are LVA genes. Among the ex-
perimental isolate collection, strains where this group of
teg genes is present had lower virulence compared to
those where it is absent (Welch t test, p value = 0.005),
as expected from the gene association results. Our find-
ing that tegN directly modulates virulence when
expressed (Fig. 5d, e) strongly suggests a functional link
between the teg genes and reduced virulence.
To better understand the organization of the teg genes

and their possible mode of acquisition/loss, we examined
features of the tegN locus by in silico analysis of three P.
aeruginosa isolates with complete genomes (strains
atcc27853, SCV20265, and PA7790) that allow uninter-
rupted examination of chromosomal features and syn-
teny around tegN. The teg locus contains a conserved
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genomic repeat of ~ 7 kilobases (Fig. 6a). This genomic
repeat is found in 2–4 tandem copies in the queried ge-
nomes (Fig. 6a). The repeats are not completely identical
between strains and display stretches of varying conser-
vation (Fig. 6b). We refer to this tandem genomic repeat
unit as the “teg block.”
The frequency and phylogenetic distribution of the teg

block in the 52-strain collection suggest that the element
is mobile. The block is found in 10 strains, corresponding
to 19% of the collection (Additional file 2: Table S1), and

it is distributed to multiple clades (Fig. 6c). The simplest
hypothesis to account for the phylogenetic pattern of the
teg block is seven independent acquisitions. A comparison
of the genomic neighborhoods surrounding the location
of the teg block in the 3 complete genomes showed no evi-
dent synteny (Fig. 6d), arguing against an ancestrally fixed
genomic location, and also supporting the conclusion that
the teg block is a mobile genetic element. Curiously, two
genes (PA2221, PA3080) were commonly shared in 2 dis-
tinct pairs of neighborhoods.

Fig. 5 Bacterial virulence upon loss or expression of genes associated with lower virulence. a Summary of the tested LVA genes. Strain, gene
nomenclature, and gene frequency are indicated. b, c Survival curves and median survival (confidence interval, C.I.) of two strains of adult C. elegans
worms exposed to three strains of P. aeruginosa z8 with deletions in genes associated with lower virulence (i.e., ΔqsrO; Δteg; ΔghlO). Wildtype worms
are analyzed in b, pmk-1(lf) worms in c. Pairwise comparisons of the survival curves between each strain and the z8 wildtype isolate were done using
the logrank test. The test p values are indicated next to each mutant strain in the legend. d Survival curves and median survival (confidence interval,
C.I.) of wildtype adult C. elegans worms exposed to four strains of P. aeruginosa z8 with plasmids expressing genes in gene blocks associated with
lower virulence (i.e., ΔqsrO p (qsr +); Δteg p (tegN +); Δteg p (tegLM +); ΔghlO p (ghlO +)). Pairwise comparisons of the survival curves between each
strain and the z8 wildtype strain with control plasmid (p (control)) were done using the logrank test. The test p values are indicated next to the
corresponding strain in the legend. e Survival curves and median survival (confidence interval, C.I.) of pmk-1(lf) adult C. elegans worms exposed to six
strains of P. aeruginosa z8 with plasmids expressing genes associated with lower virulence. Four bacterial strains express wildtype bacterial genes (i.e.,
ΔqsrO p (qsr +); Δteg p (tegN+); Δteg p (tegLM+); ΔghlO p (ghlO+)). Two additional bacterial strains express mutated bacterial genes (i.e., ΔqsrO p (qsr
mut); Δteg p (tegN mut)). Pairwise comparisons of the survival curves between each strain and the z8 wildtype strain with control plasmid (p (control))
were done using the logrank test. The test p values are indicated next to the corresponding strain in the legend
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The predicted proteins encoded by the teg block also
support genetic mobility as a potential function. The
conserved repeat unit (i.e., teg block) has 8 and 11 pre-
dicted protein-coding genes in strains PA7790 and z8,
respectively, and includes the tegG to tegN set, named
and investigated in strain z8 (Fig. 6e). Five of the pre-
dicted teg proteins (tegG, tegH, tegJ, tegK, tegL) have no

features or annotations that could help infer their func-
tions. However, three of the teg proteins have features
and annotations that suggest virus-related functions.
The gene tegI encodes a viral “replication initiation pro-
tein” homologous to gpII of phage M13. tegM encodes a
homologue of viral coat protein g6p of phage Pf3, with a
conserved DUF2523 domain (CDD domain accession:

Fig. 6 Features of the LVA-associated teg block. a Dot plot comparison between the teg block repeat from strain PA7790 (y axis) and
homologous genomic regions in 3 strains with complete genomes (PA7790, SCV20265, and atcc27853). Solid blue boxes indicate the tandem
repeat sequence observed. b Sequence conservation (PhastCons score) for the alignment of the teg block genomic regions displayed on a. The
presence of two tandem repeated regions is indicated between the vertical blue lines. c Phylogenetic distribution of the teg block in the 52-
strains isolate set. Presence (blue color) or absence (gray color) of the teg block is indicated. The block is found in 10 strains in different clades. d
Gene neighborhood around the teg block insertions sites (blue triangles) in strains atcc27853, SCV20265, and PA7790. Predicted protein-coding
genes are indicated by black boxes. Genes with homologs in the PAO1 strain are named. e Gene presence in the teg block repeat of strains
PA7790 and z8. Predicted protein-coding genes are indicated by black and red boxes. Red boxes indicate genes with links to viral-related
function. Eight genes in teg block of strain z8 are named (tegG to tegN)

Vasquez-Rifo et al. Genome Biology          (2019) 20:270 Page 10 of 22



pfam10734). tegN encodes a P-loop containing NTPase
(CDD domain accession: cl21455), a homologue of gpI
found in phage M13. These annotations suggest that the
teg block encodes functions related to DNA replication
(tegI) and virion assembly (tegM and tegN) [35, 36], sup-
porting the conclusion that the teg block is a virus-
related element. The apparent absence of proteins with
functionality for chromosomal integration or conjugative
transfer may indicate that the teg block may rely on pro-
teins from its bacterial host or other mobile genomic el-
ements for these putative functions.

Genomic presence of the teg block is restricted by
CRISPR-Cas systems
The composition of the P. aeruginosa accessory genome
is shaped by uptake of genes from other microorganisms
via horizontal gene transfer (HGT), frequently involving
mobile genetic elements (MGE) such as prophages and
ICEs (integrative and conjugative elements). HGT events
can be restricted by diverse classes of bacterial defense
systems, which protect cells against the acquisition of el-
ements that could confer deleterious phenotypes. Since
we observed that the teg block, a viral-like element of
the P. aeruginosa accessory genome, associates and
negatively regulates virulence, we investigated if such
element would be restricted by the bacteria.
We first explored the possibility that CRISPR-Cas sys-

tems could restrict the uptake of the teg block. For this
purpose, we utilized the existence of an immunity record
in the CRISPR spacer loci of P. aeruginosa strains.
CRISPR repeat spacer sequences identify genes whose
restriction by CRISPR-Cas systems of P. aeruginosa has
been selected for during the recent evolution of the
strains examined. Except in rare cases of apparent spacer
“self-targeting” [37] (also, see below), CRISPR spacers
and their protospacer target genes are predominantly
found in different genomes.
We identified the set of all CRISPR spacers present in

1488 strains and searched for their targets in the P. aer-
uginosa pangenome. In this manner, we identified 688
genes that are targeted by spacers (Additional file 7:
Table S6). The vast majority (670 out of 688, corre-
sponding to 97%) of the identified spacer-targeted genes
are not found on the same genomes as the spacers that
target them and thus reflect genes whose integration
into the genome of a given strain was successfully
blocked by CRISPR-Cas during the evolution of that
strain. We next determined the relationship of the
spacer-targeted genes to virulence. At the single gene
level, the vast majority of the spacer-targeted genes
(678) showed no statistically significant correlation with
virulence (Fig. 7a). Nonetheless, a set of 9 genes was as-
sociated with low virulence (i.e., LVA genes, Fig. 7a,
p value < 0.01 by M-W test). In contrast, only one

spacer-targeted gene (cluster #18193) showed significant
association with high virulence.
Among the LVA spacer-targeted gene set, 5 out of 9

genes were found to be genes in the teg block (Fig. 7b).
Thus, the spacer-encoded immunity record shows re-
peated restriction of the teg block by CRISPR-Cas sys-
tems, consistent with it being detrimental to bacteria.
Additional spacer-targeted genes included mostly genes
of unknown function, although some annotations related
them to mobile elements (i.e., integrase for gene #6157,
“phage capsid” for gene #8274) as expected.
Considering that the spacer-encoded record of re-

stricted genes is finite and reflects recent restriction
events, we evaluated the teg block presence or absence
in relationship to the genomic presence or absence of
CRISPR-Cas systems in the isolates. Significantly, the
“teg block” is found predominantly among strains with
inactive/absent CRISPR-Cas systems (9/10 strains, Fig.
7c, Welch t-test, p value = 0.038). Altogether, these re-
sults show that the teg block, a virulence-inhibiting viral-
like accessory genome element, is restricted by CRISPR-
Cas systems, as indicated by the pangenomic presence of
spacers targeting it, and its predominant presence in
strains without active CRISPR-Cas systems.

Active CRISPR-Cas systems positively but indirectly
correlate with P. aeruginosa virulence
Extending our analysis beyond the teg block, we analyzed
the overall statistical features of the spacer-targeted genes.
The statistical distribution of the gene association statistic
(p value of the LR test) revealed that the set of spacer-
targeted genes, associates preferentially with lower viru-
lence, when compared to not spacer-targeted genes
(Fig. 8a, two-sample K-S test, p value 7 × 10−12). Further-
more, the statistical distribution of spacer-targeted genes
separated by their affiliation to higher or lower virulence
also differs significantly (Fig. 8b, two sample K-S test, p
value 2.2 × 10−16), and this difference in the distributions
remains upon removal of the teg loci from the comparison
(two sample K-S test, p value 2.2 × 10−16). Altogether,
these results suggest that spacer-targeted genes are
enriched in their association with lower virulence, and this
enrichment is driven by a plethora of gene associations, in
addition to those of the teg genes. Moreover, we anticipate
that association studies using larger isolate collections
should allow better resolution of the individual gene asso-
ciation scores, and may assist in identification of add-
itional spacer-targeted LVA genes.
Since we observed that elements of the P. aeruginosa

accessory genome can negatively associate with viru-
lence, and such elements can be restricted by bacterial
CRISPR-Cas systems, we used gene association analysis
to test for the association of virulence against C. elegans
with the presence or absence of restriction-modification
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(RM) systems, CRISPR-Cas systems, and a recently iden-
tified cohort of ten novel defense systems [38]. These
kinds of defense systems are widely distributed in bac-
teria and display innate (RM systems) or adaptive im-
mune characteristics (CRISPR-Cas systems). We first
analyzed adaptive immune systems on the premise that
these systems may be able to selectively filter out dele-
terious genetic elements.

Type I CRISPR-Cas systems (Cas proteins and spacer ar-
rays) are present in 71% of the 52 strains (37/52 strains;
Additional file 2: Table S1) and belong to three different
subtypes, which can be absent/present independently of
each other: type I-F (73%), type I-E (35%), and I-C (21%).
This distribution of CRISPR-Cas systems is consistent and
similar to previous surveys of P. aeruginosa CRISPR-Cas
systems [15]. In addition to the genomic presence of

Fig. 7 Restriction of the teg block by spacers and correlation with CRISPR-Cas systems. a Top panel: median survival of adult C. elegans worms
exposed to the studied collection of P. aeruginosa strains (with 95% confidence interval, C.I.). The strains are ordered from high to low virulence
(left to right) and aligned with the matrix below. Bottom left panel: gene presence/absence matrix for genes targeted by CRISPR spacers. Gene
presence is indicated with black squares and absence with white squares. Genes (rows) are aligned with the corresponding p values. Bottom
right panel: Association statistics (p value of MW and LR tests) for the CRISPR-targeted genes, shown as |log10(pval)|. Rows are ordered from
association with high virulence to association with low virulence. b Schematic of the teg block in strain z8. Black boxes indicate teg genes and
arrowheads spacers that target the element. c Number of strains (i.e., count) where the teg block is present or absent in relationship with the
status of the host CRISPR-Cas system (active in red color, inactive in cyan color). The p value of a chi-square test is indicated
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CRISPR-Cas loci, we also investigated if the identified
CRISPR-Cas systems were predicted to be active or inactive
based on the presence/absence of known anti-CRISPR
genes. Anti-CRISPR proteins are virus-encoded and can in-
hibit CRISPR-Cas systems, blocking their immune function
(reviewed in [39]). We identified a set of 22 anti-CRISPR
gene families in 31% of the 52 P. aeruginosa genomes and
cataloged each strain’s CRISPR-Cas status as (1) “active” if
it has at least one CRISPR-Cas system with no known cog-
nate anti-CRISPR gene present in genome or (2) having an
“inactive/absent” system if CRISPR-Cas is absent or where
cognate anti-CRISPR gene(s) are found concomitantly with
CRISPR-Cas (Additional file 2: Table S1). We compared
the above anti-CRISPR approach for identifying strains with
inactive CRISPR/Cas to an alternative criterion: the pres-
ence in the same bacterial genome, of a CRISPR-Cas spacer
with its DNA target, a condition referred to as spacer “self-
targeting” [37] and obtained similar results (see the
“Methods” section).

Next, we analyzed the CRISPR-Cas systems in rela-
tionship to virulence. We first considered separately the
subtypes I-F, I-E, I-C, and their combinations (Add-
itional file 1: Figure S5A). Strains with type I-C CRISPR-
Cas systems showed lower virulence compared to that of
all other strains (Welch t test, p value = 0.03). The dis-
tinct association observed for I-C systems coincides with
the fact that P. aeruginosa type I-C CRISPR-Cas systems
have been exclusively found inside pKLC102-like ICEs
[15]. Defense systems inside ICEs, such as type I-C
CRISPR-Cas systems, likely fulfill a primary role in
the ICE’s lifecycle and may provide minor to negli-
gible immune protection to the bacterial host. Based
on the distinct I-C association with virulence and
their ownership by ICEs, we did not consider I-C sys-
tems part of P. aeruginosa complement of immune
systems, and so in subsequent analysis, we considered
only subtypes I-E and I-F as comprising the bacterial
cell’s CRISPR-Cas systems.

Fig. 8 Relationship between virulence and spacer-targeted genes and CRISPR-Cas systems of P. aeruginosa. a Cumulative distributions for the association
statistic (log p value of LR test). Genes in the accessory genome are partitioned according to whether they are targeted by spacers (in cyan color) or not (in
red color). The p value of two-sample K-S test is indicated. b Cumulative distributions for the association statistic (log p value of LR test). Spacer-targeted
genes are partitioned according to whether they are associated with higher (in brown color) or lower (in green color) virulence. The p value of two-sample
K-S test is indicated. c, d Box-and-whisker plots of worm median survival in relationship with CRISPR-Cas presence/absence and activity status. c Strains are
partitioned according to the presence/absence of host CRISPR-Cas systems (I-E, I-F). d Strains are displayed according to their CRISPR-Cas status in two
categories: active or inactive-absent (inactive/absent). The median virulence of the complete set of strains displayed on each graph is indicated with the
dashed horizontal line. p values are indicated for the Welch t test comparison of virulence between the two groups represented (c, d)
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Interestingly, we found that the presence of a host
CRISPR-Cas system (i.e., either subtypes I-E or I-F), sig-
nificantly associates with higher virulence (Fig. 8c,
Welch t test, p = 0.045). To investigate if this association
is related to the immune function of CRISPR-Cas sys-
tems, we considered the status of activity of the host
CRISPR-Cas systems. Notably, the presence of active
CRISPR-Cas systems (by the criterion of absence of anti-
CRISPR genes) also statistically correlates with increased
virulence (Fig. 8d, two-sided Welch t test, p = 0.036).
Moreover, upon inclusion of strains with spacer self-
targeting to the “inactive” strain set, the statistical associ-
ation between active CRISPR-Cas and higher virulence
is maintained (one-sided Welch t test, p = 0.038). To
further investigate the relationship between CRISPR-Cas
and virulence, we applied an alternative analysis. The
survival curves for the strain collection were pooled,
forming two groups based on the presence or absence of
CRISPR-Cas in the isolates. The survival curves between
these two groups differ significantly (Additional file 1:
Figure S5B, K-M method, logrank test, p value < 2 ×
10−16), and the strain group with CRISPR-Cas systems
has a lower median survival (4.2 days, 95% C.I. 4.0–4.4
days) compared to the group without this defense sys-
tem (median survival of 6.5 days, 95% C.I. 6.3–6.6 days).
The association of active CRISPR-Cas systems with

high virulence suggested a positive role for this immune
system in the maintenance of virulence. Thus, we ex-
plored whether or not CRISPR-Cas could have a direct
role in virulence. First, we constructed a deletion of the
entire six Cas genes of strain PA14 (strain PA14ΔCas) to
abolish CRISPR-Cas activity, but we observed no signifi-
cant difference in virulence between the PA14ΔCas and
wildtype PA14 (Additional file 1: Figure S5C). In
addition, we tested if the Cas proteins have the ability to
modulate virulence when expressed from a plasmid in
strain PAO1 that lacks CRISPR-Cas. The PAO1 strain
expressing CRISPR/Cas from a plasmid (strain PAO1 p
(Cas+) displayed no significant difference in virulence
compared to PAO1 expressing a plasmid control (p
(control)) (Additional file 1: Figure S5D). In summary,
these results indicate that CRISPR-Cas is neither neces-
sary nor sufficient to directly modulate bacterial viru-
lence, at least under the assayed laboratory conditions.
We next proceeded to analyze known and presumed

innate immune systems of P. aeruginosa: RM systems
[40] and the cohort of ten novel defense systems [38],
respectively. We identified RM systems based on annota-
tions from the REBASE database [40] (Additional file 2:
Table S1). We observed a weak association between the
total number of RM systems and virulence (Additional
file 1: Figure S6A, spearman rank correlation, rho: 0.25)
that does not reach significance (p = 0.08). Similarly, the
relationship between each separate RM system type and

virulence shows weak association for the types I and II,
while the association for type III and IV RM systems
cannot be reliably assessed (Additional file 1: Figure S6).
None of the abovementioned correlations reached statis-
tical significance (all p values ≥ 0.08).
Next, we evaluated the presence of ten novel defense sys-

tems [38] by homology of the system’s diagnostic proteins
to genes in our strain collection (Additional file 2: Table
S1). We found no statistically significant association with
virulence for any of the novel immune systems (Additional
file 1: Figure S7). Similarly, we observed no association be-
tween the overall number of novel defense systems per
strain and virulence (spearman rank correlation, rho: 0.03,
p = 0.81, Additional file 8: Figure S7). These results show
that the presence or absence of the recently identified im-
mune systems bears no apparent relationship with strain
virulence. Interestingly, we noted that the gabija system of
strain PA14 (genes PA14_60070 and PA14_60080) and
strain CF18 (genes #2421 and ID #Q002_01766) are found
inside ICEs: PAPI-1 [41] for PA14, and an unnamed ICE
(predicted with ICEfinder [42]) for CF18. Altogether, these
observations highlight that ICEs can harbor multiple
defense systems, as previously exemplified with type I-C
CRISPR-Cas systems.
To summarize this section, we found that RM and

novel defense systems have a weak or no significant rela-
tionship with virulence. In contrast, the presence and ac-
tivity of CRISPR-Cas systems associates with higher
virulence. The statistical association between active
CRISPR-Cas systems and P. aeruginosa virulence sug-
gests that CRISPR-Cas activity may indirectly affect
virulence-related phenotypes, most likely by regulating
acquisition and/or retention of accessory genome viru-
lence factors and other elements that impinge on viru-
lence. A verified instance of such CRISPR-Cas-mediated
restriction process is exemplified by the teg block. More-
over, the statistical distribution of the gene association
statistic for the spacer-targeted genes suggest the possi-
bility that additional restricted LVA genes may be identi-
fied in more powerful association studies.

Discussion and conclusions
In the present study, we investigated bacterial-driven
variation in the interactions between C. elegans and P.
aeruginosa. Fifty-two P. aeruginosa wild isolate strains
were found to cover a wide virulence range, spanning
from highly virulent strains, which induce a worm me-
dian survival of 1.5 days (~ 11% of their lifespan under
standard conditions at 25 °C) to strains with almost no
virulence, which induce worm lifetimes similar to those
observed with non-pathogenic E. coli HB101, and which
do not affect progeny production.
We posit that bacterial strain variation in virulence to-

wards C. elegans reflects adaptations of P. aeruginosa to
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its natural niches. In natural settings, virulence may be a
character under selection by the frequency with which
predators are deterred by virulence mechanisms, and/or
by the extent to which the bacterium depends on infec-
tion of predator hosts for population growth. It should
be noted that because P. aeruginosa is a multi-host
pathogen of many species, including insects and single-
celled eukaryotes, as well as nematodes, we cannot say
with any certainty whether any of the P. aeruginosa
strains chosen for this study have undergone selection in
the wild through direct interaction with C. elegans. We
observed that among our 52-strain panel, environmental
strain isolates exhibited on average greater virulence
against C. elegans than did clinical isolates (Additional
file 1: Figure S1B), consistent with previous findings
[43]. This suggests that some of the strain variation in
virulence against C. elegans could be influenced by adap-
tations of P. aeruginosa to its pathogenic association
with humans, and that such adaptations may not neces-
sarily confer pathogenic benefit against C. elegans. The
virulence of clinical isolates could reflect genetic and
genomic makeup of the bacterium that is favorable in
the context of human immune responses and/or thera-
peutic antibiotics. Indeed, among the genes associated
with virulence, we observed several genes involved with
antibiotic resistance, such as mexZ, a negative regulator
of the mexXY bacterial efflux pump [31, 32] and arr,
which functions to induce biofilms in response to ami-
noglycoside exposure [44].
The variation in virulence among P. aeruginosa strains

parallels the substantial genomic diversity of this bacterial
species. P. aeruginosa strains contain relatively large ge-
nomes for a prokaryote (5–7Mb; 5000–7000 genes) with a
sizable contribution of accessory genome elements (Fig. 1).
Our data show that strain variation in P. aeruginosa viru-
lence is mediated by specific accessory genome elements
(Figs. 3 and 4), in combination with the core genome, in-
cluding previously described P. aeruginosa virulence-related
factors (Fig. 4). Notably, we find particular accessory genome
elements that contribute to increased virulence, and others
that promote decreased virulence (Figs. 3 and 5). The exist-
ence of genes whose functions lead to the negative regula-
tion of virulence (for example, qsrO and tegN) suggests (1)
strain adaptations to niches where capping virulence is ad-
vantageous, either for environmental reasons (e.g., infre-
quent bacterial predators or hosts for bacteria to feed on) or
for clinical reasons (e.g., evasion of immune surveillance at
lower virulence), and (2) detrimental effects of MGEs (e.g.,
teg block) that are chromosome integrated and likely engage
into parasitic relationship with its bacterial host.
The results of our genetic analysis of HVA and LVA

genes indicate a direct role for a subset of these genes in
modulating virulence, whereas for other HVA and LVA
genes our genetic results do not support a direct role. A

direct role in virulence for genes PA14_27700, PA14_
27680, pslK, and pslM was expected based on previous
findings (Fig. 4), and hence, their identification as HVA
genes supports our comparative genomics approach. For
11 LVA genes that we tested genetically, the results sug-
gest a direct contribution for qsrO and tegN to virulence
(Fig. 5). On the other hand, genetic ablation (for tegG to
tegN and ghlO) or ectopic expression of mexZ, tegL,
tegM, ghlO (Fig. 5, Additional file 1: Figure S4), or the
Cas genes (Additional file 1: Figure S5) did not measur-
ably alter virulence. Importantly, associated genes can be
evolutionarily gained or lost as multigene units—physical
blocks with defined sets of accompanying neighboring
genes. Genes in such blocks all show association with
virulence by being linked to a bona-fide virulence modi-
fier gene, even though some may not have direct effects
on virulence. This situation is exemplified by the teg
block that comprises 8 LVA genes (Fig. 6), including one
that affects virulence (i.e., tegN) and others that do not
(i.e., tegL, tegM).
What could account for why certain genes would not

exhibit essential virulence functions in genetic tests, des-
pite being correlated with virulence in gene association
analysis? One possibility could be statistical false discover-
ies. However, we assessed the reliability of our statistical
analysis in two ways: by using permutation-based testing
to filter out false discoveries and by employing phylogen-
etically aware scoring approaches to control for any con-
founding effect mediated by population structure.
It is also possible that some of the genes that tested nega-

tively in the genetic tests actually do function in some con-
texts as bona fide virulence factors, but their effects could
be masked by epistasis in the genomic background of the
particular strains in which we conducted our loss-of-
function and gain-of-function tests. The possibility of such
strain-specific epistasis could be investigated by conducting
parallel genetic tests for the full cohort of relevant strains.
This study shows that genome-wide association (GWAS)

analysis of a panel of genomically diverse strains of a bac-
terial species can identify previously unrecognized accessory
genome elements influencing a phenotype of interest, in
this case virulence of P. aeruginosa against the invertebrate
bacterivore C. elegans. What sorts of genetic bases for viru-
lence variation might have been missed in our study? First,
some of the accessory genome genes that scored below
statistical cutoffs in our study might emerge as high-
confidence candidate virulence modulators from studies of
larger and/or more diverse panels of bacterial strains. It
should also be noted that our gene-association analysis
scored for the presence or absence of intact (accessory gen-
ome) genes. We did not attempt to test for association of
virulence with amino acid coding mutations or with non-
coding sequence polymorphisms that could alter cis-regula-
tory regulation of direct virulence modulators. Such higher
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resolution (GWAS) analysis could be the basis for future
inquiries.
Our analysis of the teg block illustrates that LVA genes

can reside within MGEs that decrease virulence (Fig. 5) and
that are restricted by host CRISPR-Cas systems (Figs. 6 and
7). The teg block is likely not the only MGE with a negative
association to virulence, because the cohort of spacer-
targeted genes shows an overall enriched association with
lower virulence (Fig. 8a, b). We thus suggest that additional
MGEs, detrimental for virulence and CRISPR-Cas re-
stricted, could be unveiled utilizing more powerful associ-
ation studies with enlarged isolate collections.
We observe a positive correlation between the virulence

of P. aeruginosa strains against C. elegans and the presence
of CRISPR-Cas bacterial immunity (Fig. 8c, d), even though
our genetic tests with CRISPR-Cas loss-of-function mutants
or ectopic expression indicate that CRISPR-Cas activity is
neither necessary nor sufficient for increased virulence
(Additional file 1: Figure S5C-D). This suggests that bacter-
ial adaptive immunity and anti-predator virulence may be
somehow indirectly coupled via the effects of physiological,
ecological, and/or evolutionary factors.
Although there are undoubtedly numerous potential

underlying causes for a linkage between CRISPR-Cas and
virulence, two broad classes of potential scenarios are sug-
gested. One scenario is based on possibility that the evolu-
tion of accessory genomes is highly influenced by bacterial
restriction systems, such as CRISPR-Cas that function to
limit horizontal gene transfer (HGT) and thereby help
shape the makeup of the accessory genome. Our finding
that accessory genome elements can modulate virulence
supports the supposition that bacterial immune systems
could indirectly contribute to the maintenance or evolvabil-
ity of virulence towards invertebrate predators such as C.
elegans. This scenario is further supported by our findings
that P. aeruginosa genes associated with low virulence in-
clude detrimental viral-like mobile genetic elements and
are more enriched for targeting by CRISPR-Cas spacers
that are those associated with higher virulence. A second
scenario, not mutually exclusive with the first, is based on
the fact that bacterial restriction systems such as CRISPR-
Cas are themselves often part of the accessory genome, as
evidenced in the case of P. aeruginosa by the fact that some
strains contain one or more CRISPR-Cas loci, while other
strains contain none. Apparently, CRISPR-Cas adaptive im-
munity is selected for or against, depending on particular
environmental conditions. Therefore, high virulence and
the capacity to restrict HGT could be linked by the co-
occurrence of environmental factors that simultaneously se-
lect for both features. For example, in certain P. aeruginosa
natural habitats, abundant predation by invertebrates such
as C. elegans may commonly co-occur with pressure from
an abundance of phages. Conversely, clinical settings may
frequently present conditions that simultaneously disfavor

high virulence and restriction of HGT. Testing of these hy-
potheses will benefit from further studies.
Unlike CRIPSR-Cas, we did not observe a similar associ-

ation of virulence with other restriction systems, including
restriction/modification (RM) and a set of recently identi-
fied restriction systems of less well-characterized mecha-
nisms [38]. These other systems, particularly the RM
systems, differ from CRISPR-Cas fundamentally in that they
are not adaptive immune systems, and hence, they would
tend to limit uptake of foreign DNA elements regardless of
whether those elements confer positive or negative pheno-
types. CRISPR-Cas systems are much more discriminatory:
Restriction of an element by CRIPSR-Cas requires
programming the spacer array with a sequence from the
targeted element, enabling selection for targeting of dele-
terious elements, and selection against targeting of advanta-
geous elements. Thus, the association that we observe
between virulence and CRISPR-Cas may reflect such selec-
tion for restriction of uptake of elements that are particu-
larly deleterious in the context of anti-predator virulence.

Methods
C. elegans worm strains
The C. elegans N2 strain was used as wildtype strain. In
addition, strain KU25: pmk-1(ku25), referred to as pmk-
1(lf), was used for some virulence assays. All nematode
strains were maintained using standard methods on
NGM plates [45] and fed with E. coli HB101.

Bacterial strains
The P. aeruginosa strains were routinely grown on LB
media at 37 °C without antibiotics, unless otherwise noted.
A list of the 52 bacterial isolates established as our experi-
mental panel is listed in Additional file 2: Table S1. The
collection was assembled using strains procured from nu-
merous distinct sources, and although we strove to obtain
a diverse collection of both environmental and clinical
stains, there was limited control over the collection com-
position with regard to specific features. The description
and genotypes of bacterial strains constructed in the
present study are listed in Additional file 6: Table S5. For
a portion of the strains in the collection, we found that
genetic manipulation is limited, because a considerable
fraction of the isolates exhibit strong restriction to
uptaked DNA or high levels of resistance to antibiotics.

Worm survival assays (virulence assays)
Worm survival assays (virulence assays) were performed
using slow killing (SK) conditions [8]. Briefly, an aliquot
of an overnight liquid LB culture of each P. aeruginosa
strain was plated on SK agar plates. The bacterial lawn
was spread to cover the entire surface of the agar, to
prevent worms from easily escaping the bacterial lawn.
The plates were incubated at 37 °C for 24 h and then at
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25 °C for 24 h, to allow growth of the lawn and the in-
duction of pathogenic activity [8]. Prior to use, FUDR
(100 ng/μL) was added to the plates to a final concentra-
tion in the agar medium of 300 μM. A synchronous
population of young adult (YA) hermaphrodite N2
worms was prepared by standard hypochlorite treat-
ment, followed by culture of larvae from L1 stage to YA
stage on NGM agar seeded with E. coli HB101. The
young adult (YA) worms were then transferred to the
SK plates to initiate their exposure to P. aeruginosa
lawns. The time-course of death of the worms on each
plate was determined with the aid of a “lifespan ma-
chine” [23], an automated system based on a modified
flatbed scanner. A minimum of 3 plates of worms were
scanned per isolate, total median n = 84 (Additional file
2: Table S1). Image analysis was optimized to fit the P.
aeruginosa slow killing conditions as described previ-
ously [46]. The collected survival information was manu-
ally curated and analyzed using R (i.e., survminer
package) with the Kaplan-Meier (K-M) method. K-M
was used to estimate median survival and its confidence
interval. The K-M based estimate of the “median sur-
vival” of worms exposed to a particular bacterial isolate
corresponds to our measure of bacterial virulence. The
semiparametric Cox proportional hazards model is not
applicable to the obtained survival information, as the
proportional-hazards (PH) assumption does not hold (R
“survival” package, proportional hazards test, global p
value = 0; p value < 0.05 for 15 strains).
In the alternative analysis of the survival data to study the

relationship of virulence to CRISPR-Cas, the survival data
(i.e., individual worm lifespans) of all strains with host
CRISPR-Cas systems was aggregated into a first group (n =
2656), and the survival data for strains without host
CRISPR-Cas systems was aggregated into a second group
(n = 1549). The aggregated data was analyzed using R (i.e.,
survminer package) with the Kaplan-Meier (K-M) method.
To assess the accuracy of the above semi-automated

method for determination of survival curves, the survival
curves generated by the lifespan machine were com-
pared to manually obtained survival curves for four
strains of varied virulence and no appreciable difference
was observed between lifespans determined automatic-
ally compared to manually (Additional file 1: Figure S8).
Virulence assays that involved the use of plasmid-
carrying bacterial strains were performed on SK plates
supplemented with 20 μM gentamicin.

Generation of mutant and transgenic P. aeruginosa strains
Generation of PA14 strains
A PA14Δcas in-frame deletion mutant was constructed
using a method described previously [47] that employed
a sequence that contained regions immediately flanking
the coding sequence of the cas genes. This fragment was

generated by a standard 3-step PCR protocol using Phu-
sion DNA polymerase (New England Biolabs) and then
cloned into the XbaI and HindIII sites of pEX18A [48],
resulting in plasmid pEX18-CIF. pEX18-CIF was used to
introduce the deleted region into the wildtype PA14
strain (RRID:WB-STRAIN:PA14) by homologous recom-
bination. Escherichia coli strain SM10 pir was used for
triparental mating. The deletion of the Cas genes was
confirmed by PCR. For the expression of Cas genes in
PAO1, the P. aeruginosa PA14 cas genes were cloned
into the HindIII and XbaI sites of pUCP19 [49], creating
plasmids pUCP-cas (referred to as p (Cas+)). The result-
ing plasmid was transformed into P. aeruginosa PAO1
by electroporation to generate the strain PAO1 p (Cas+).

Generation of z8 strains
Gene deletions in the z8 strain were obtained using the
endogenous type I-F CRISPR-Cas present in this strain.
The gentamicin selectable plasmid pAB01 was modified
to introduce a spacer targeting the gene of interest and
also a homologous recombination (HR) template with
arms flanking the genomic region to be deleted (600–800
bp homology arms). The corresponding plasmid so ob-
tained is referred to as “editing plasmid.” The cloning of
spacer sequences was performed with the restriction en-
zyme ligation method. The pAB01 plasmid (pHERD30T
backbone with the I-F repeat-spacer-repeat sequence: 5′-
GTT CAC TGC CGT GTA GGC AGC TAA GAA AGT
CTT CAG TTC TCT GGA AGC TCA AAG AAG ACG
TTC ACT GCC GTG TAG GCA GCT AAG AAA-3′
incorporated into MCS) was digested with BbsI enzyme.
An insert fragment with the gene-targeting spacer (32 nt)
was assembled by annealing of two complementary oligos,
extended to seal the BbsI site (e.g., insert spacer targeting
teg block: 5′-aag aaa GGG GGA TGC GTT CTC GAC
ACG AGT AAC CAT Cggt-3′ and 5′-gtg aac CGA TGG
TTA CTC GTG TCG AGA ACG CAT CCC Cct t-3′).
Cloning of HR sequences was performed with the Gib-

son assembly method. The HR arms were PCR amplified
from bacterial genomic DNA and incorporated into the
NheI site of the pAB01 vector. The sequence of plasmid
pAVR85 (used for teg gene block editing) is provided in
Additional file 10: Table S9 as an example.
The z8 bacterial cells were washed twice with 300mM

sucrose and subjected to electroporation (800 ng of editing
plasmid, 2mm gap width cuvettes, 200Ω, 25 μF, 2500 V
using a Gene Pulser XCell machine (Bio-Rad)). All steps
were performed at room temperature. Transformants
were selected on LB plates with gentamicin 50 μg/mL.
Transformant colonies were re-streaked in LB Gentamicin
plates and genotyped by PCR. After obtaining the desired
genomic modification, the editing plasmid was cured by
passage of the strain in liquid LB culture without anti-
biotic. Plasmid pHERD30T (gentamicin selectable) was
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used for the expression of genes associated with virulence;
gene(s) of interest (with surrounding regulatory se-
quences) were cloned using Gibson assembly.

Bacterial growth rates
A random subset of 33 strains that span the virulence
range was used to determine bacterial growth rates.
Overnight cultures of each strain (20 μl, O.D. = 1.5–2)
were inoculated into 180 μl of LB medium in 96-well
plates. The optical densities at 650 nm were measured
using the SpectraMax 340 microplate reader (Molecular
Devices, CA, USA) every 15 min for 33 h. The experi-
ment was performed at 25 °C, the same temperature
used for the worm assays, and the plates were shaken for
5 s before the measurements by the plate reader to allow
aeration. The Softmax Pro 6.2.1 (Molecular devices, CA,
USA) software was used to analyze the data. Specific
growth rates (μ) were calculated based on the exponen-
tial phase of the growth curves. The μ values were calcu-
lated using the following formula: OD =N eμt where OD
is the measured optical density, N the initial optical
density, and t the time.

Genomic analysis of P. aeruginosa strains
A full list of P. aeruginosa species, consisting of 1734
strains, was downloaded from RefSeq database [50] (on De-
cember 2016). In addition, the corresponding annotation
files that include (1) genomic sequences, (2) nucleotide and
(3) protein sequences for coding genes, and (4) feature ta-
bles were downloaded from the RefSeq database as well.
Next, several filtration steps were applied to remove strains
that (1) had no proper 16S rRNA annotations (missing se-
quence, or sequence that is shorter than 1000 nts, or se-
quence that showed less than 80% identity to PA14 16S
rRNA) and (2) contained more than 100 core genes with
multiple members or were missing more than 15% of the
core genes. The second filter was applied after one round
of clustering with CD-HIT [14] and identification of core
genes (see details below). This process resulted in a final set
of 1488 strains (Additional file 8: Table S7).

Clustering analysis of P. aeruginosa coding sequences
The protein sequences of 1488 strains (obtained from
the RefSeq database ftp://ftp.ncbi.nlm.nih.gov/genomes/
all/GCF/) were clustered using CD-HIT (v4.6.5), with
the following settings -c 0.70 -n 5 -g 1 -p 1. The proced-
ure yielded 23,793 clusters of homologous genes. The
output of the clustering analysis was post-processed to
generate a statistical report that lists for each cluster
(i.e., each homologous gene) the representative se-
quence, its function, the total number of occurrences of
the gene across the full set of 1488 strains, and the num-
ber of strains that contain at least one copy of the gene.
A presence/absence matrix for each gene across 1488

strains was generated. In addition to the full matrix, a
presence/absence matrix for the collection of 52 experi-
mentally studied strains was extracted. Gene clusters
that had no representatives in these 52 strains were re-
moved, resulting in a matrix with 11,731 genes (Add-
itional file 9: Table S8).

Phylogenetic analysis
Core-genes across the 1488 strains were defined as genes
present in more than 90% of the strains in a single copy
only (resulted in 3494 core-genes). For each cluster repre-
senting a core gene, the following steps were applied: the
corresponding DNA sequences were aligned using MAFFT
default parameters (version 7.273) [51]; gblocks (ver 0.91b)
[52] was applied on the alignment to remove poorly aligned
positions (with parameters -t = d -b5 = a); an in-house code
was used to remove all the invariant positions (excluding
gaps); the alignments were padded with gaps for strains in
which the core gene was missing. All the alignments were
then concatenated to a final alignment of 523,361 nucleo-
tides. The program FastTree [53], version 2.1, with settings:
-gtr, was then used to generate the phylogenetic tree of the
1488 strains. The recombination-aware approach, Clonal-
FrameML [54], was used to reconstruct the phylogenetic
tree with corrected branch lengths. The input to the
method was the tree generated by the FastTree program
and the multi-fasta alignments of 3494 core-genes. The
interactive Tree of Life web-based tool [55] was used for
visualization of the resulting phylogenetic tree. Information
about MLST, source (clinical/environmental), and strains
that are part of the experimental collection was incorpo-
rated into the tree view. A phylogenetic tree of the 52 ex-
perimentally studied strains was extracted from the
ClonalFrameML phylogenetic tree of the 1488 strains using
the “ape” package in R.

Statistical test for association of genetic elements
(coding/non-coding genes) with virulence
The Mann-Whitney (MW) ranking test and linear-
regression (LR) analysis were applied to every gene to
test the association of the presence/absence pattern with
virulence. Genes were considered associated if both tests
yielded a p value lower than 0.05, and at least one of the
tests yielded a p value smaller than 0.01. Among the
virulence-associated genes, genes with negative slope
(based on linear regression) were associated with low
survival/high virulence (referred to as high-virulence as-
sociated or HVA), while genes with positive slope were
associated with high survival/low virulence (referred to
as low virulence associated or LVA). All the p values are
shown in log10 scale as absolute values. The control for
multiple hypothesis testing was performed using a per-
mutation test as described below.

Vasquez-Rifo et al. Genome Biology          (2019) 20:270 Page 18 of 22

ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/
ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/


Permutation test to control for multiple hypothesis
testing
Ten thousand permutations of the virulence values and
their assignment to strains were generated (i.e., median
worm survival values), and the MW and LR association
tests were repeated for each permutation. Then, for each
gene, the number of times that it received a better p value
using the shuffled virulence data compared to the original
one was recorded, separately for MW and LR. The above
count was divided by 10,000 to obtain the permutation
corrected p value for the MW and LR tests. The MW and
LR p values were considered significant if their corre-
sponding corrected p value was lower than 0.05.

Assessment of confounding effects due to population
structure
The phylogenetic method reported by Collins and Dide-
lot [25], known as treeWas, was used to address the po-
tential influence of population structure in the statistical
association between accessory genes and virulence. The
method was applied on the input consisting of (1) 11,
731 gene clusters presence/absence matrix, (2) median
survival vector, and (3) ClonalFrameML phylogenetic
tree of the 52 strains. The method returns as output
three types of scores and their corresponding p values
for every gene cluster: (1) “Terminal Score” which mea-
sures sample-wide association between genotype (gene
presence) and phenotype (median survival), without rely-
ing on the phylogenetic tree; (2) “Simultaneous Score”
which measures the degree of simultaneous change in
the phenotype and genotype across branches of the phyl-
ogeny; and (3) “Subsequent Score” which measures the
proportion of the tree in which genotype and phenotype
co-exist. The computed scores were considered signifi-
cant if their p values < 0.05 (Additional file 3: Table S2).

Collection of known non-coding RNA (ncRNA) in P.
aeruginosa
The collection of ncRNAs (excluding rRNAs and tRNAs)
in P. aeruginosa was constructed using two resources:
RFAM 12.2 [56] and RefSeq annotations [50]. First, 75
non-coding RNA families were extracted from RFAM,
with a total of 1363 sequences across P. aeruginosa strains.
To get the representative sequences (there could be more
than one) for each family, the sequences of each family
were clustered using CD-HIT-est (with 80% identity). This
analysis resulted in 115 sequences (representing 75 differ-
ent ncRNA families). Second, using RefSeq annotations of
the 1488 strains, 2549 ncRNA sequences were extracted.
Altogether, our collection comprised of 83 ncRNA fam-
ilies, represented by 123 sequences. Finally, the collection
of the 123 sequences was blasted against the 1488 gen-
omic sequences, and a presence/absence matrix for each
of the sequences in all the strains was generated. Rows

that represent sequence members from the same family
were collapsed, resulting in matrix with 83 rows.

Collection of previously identified virulence genes in P.
aeruginosa
A list of virulence genes, in either PA14 or PAO1, was
downloaded from [57]. The list was filtered to contain only
genes that were reported to contribute to P. aeruginosa
virulence towards C. elegans, resulting in 56 genes. Another
four genes were added based on the publication [30]. The
homologous gene clusters that contained the above genes
were marked as virulence genes. The full list of 60 virulence
genes is found in Additional file 4: Table S3.

Analysis of CRISPR-Cas systems
Identification of CRISPR-Cas systems
The presence of CRISPR-Cas systems in the genomes of
our P. aeruginosa collection was determined by identify-
ing the gene clusters that encode for Cas proteins.

Identification of anti-CRISPR genes
The most up to date collection of anti-CRISPR genes was
downloaded from [58], consisting of 41 sequences (https://
tinyurl.com/anti-CRISPR). Annotations (e.g., CRISPR-Cas
subtype inhibited) for each sequence were maintained. The
representative sequences of the clusters of homologous
genes (see CD-HIT clustering above) were blasted against
the anti-CRISPR sequences using blastp [59] and e-value
threshold of e−10. A coverage of more than 35% of the anti-
CRISPR sequence was considered a hit.

Determination of active/inactive systems
The annotation on the type of CRISPR-Cas system(s)
that is inhibited by each anti-CRISPR protein was used
to define CRISPR-Cas activity. The type(s) of CRISPR-
Cas systems of every strain were matched to the type(s)
inhibited by the anti-CRISPR genes present in the same
genome. Strains where all present CRISPR-Cas system(s)
are inhibited by type-matching anti-CRISPR proteins
were considered inactive.
A second approach to determine active/inactive sys-

tems was compared to the method above. The presence
in the same genome of a CRISPR-Cas locus and one or
more self-targeting spacers is considered to reflect an in-
active effector status of that CRISPR-Cas locus, because
genome cleavage by an active CRISPR-Cas system is ex-
pected to be lethal to the bacterial cell [60, 61]. In our
collection, we found 11 strains with CRISPR-Cas and at
least one self-targeting spacer with a full match to its
genomic target (Additional file 2: Table S1). Most of
these strains (9 out of 11, corresponding to 82% of them)
were included in the set of inactive strains by the anti-
CRISPR approach. The determination of CRISPR-Cas
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“inactivity” with the two approaches is highly similar
(McNemar’s chi-squared test, p value = 1).

CRISPR spacer arrays collection
The collection of CRISPR spacer sequences across all
1488 strains was generated by applying the CRISPR Rec-
ognition Tool (CRT1.2-CLI.jar) [62] on genomic se-
quences, with default parameters. Since the tool works
only with single fasta records, the genomic sequences
(contigs and scaffolds) of each strain were merged before
the application of the tool, and then, the results were
mapped back to the original sequences using an in-
house code. A total of 35,340 spacer sequences were
identified (some sequences were present more than once
in the collection) with 94% of spacer sequences in the
length range of 32–34 nucleotides.

Targets of CRISPR spacers on P. aeruginosa pangenome
The program blastn [59], with default parameters, was
used to identify matches for the full spacer’s collection
against the DNA sequences of all protein coding genes.
Blast hits in which the alignment of the spacer query
started after position 2 or had less than 95% identity were
filtered out. The homologous gene clusters that contained
the targeted genes were marked as CRISPR targets. The
above set of targets and spacers was further filtered, and
spacers where its target is located in the same genome
were tagged as “self-targeting” spacers. In order to use
self-targeting spacers to estimate CRISPR-Cas “inactivity,”
an additional criterion was included: the target (protospa-
cer) should be conductive to CRISPR-Cas cutting of the
bacterial DNA, i.e., a full spacer-target alignment with
PAM presence should exist. A strain was considered
CRISPR-Cas “inactive” by the presence of a CRISPR-Cas
locus and at least one spacer satisfying the above criterion.

Analysis of restriction modification (RM) systems
Sequences of RM systems and their type classification
were downloaded from REBASE (The Restriction En-
zyme Database) [40]. The representative sequences of
the clusters of homologous genes (see CD-HIT cluster-
ing above) were blasted against the RM sequences using
blastp and e-value threshold of e−10. Several filtration
steps were ten applied before marking a gene cluster as
an RM gene. Gene clusters were excluded if (1) the
coverage of the RM sequence by the representative se-
quence was less than 35%, (2) if the gene cluster repre-
sents a core gene, and (3) the function associated with
the gene cluster is not diagnostic to an RM system (e.g.,
permease, topoisomerase). Two hundred twenty-seven
gene clusters passed the criteria.
Next, the RM genes of every strain were extracted and

re-ordered based on their genomic location. Using the
location of the genes, “gene blocks” were determined as

groups of genes separated by less than 8 intervening
genes.
For every gene, the best matching RM component from

REBASE was used to assign an RM type (either type I, II,
III, or IV) and identity the RM component (methylase, nu-
clease, specificity factor, etc.). Every gene with a match to
a type IV RM was established as a type IV system.
Next, all other RM systems (types I to III) were defined

based on the presence of methylase genes. A gene single-
ton (i.e., not belonging to any gene block) matching a type
II methylase was established as type II RM system. RM
systems inside gene blocks were assigned based on the fol-
lowing criteria: (a) 1 or 2 methylases must be present per
RM system and (b) all gene components of a given RM
system, congruently match a single type of RM system. To
assess the quality of our RM data, we compared our pre-
dictions to REBASE data. Seven strains from our collec-
tion have their genomes annotated in the REBASE
website. Four strains have the exact same number of RM
systems, while the RM count of the 3 remaining strains
differ by one RM. No statistical difference exists between
our method and REBASE with regard to the RM count of
strains (chi-square test, p = 0.18).

Analysis of novel defense systems
Protein accession numbers belonging to ten novel defense
systems were downloaded from [38] and were filtered to
keep only P. aeruginosa proteins. Each protein sequence
was annotated with system type and specific system com-
ponent. The protein sequences were then extracted from
RefSeq. The representative sequences of the clusters of
homologous genes (see CD-HIT clustering above) were
blasted against the protein sequences using blastp [59]
and an e value threshold of e−10. A filtration step was ap-
plied before marking a gene cluster as a defense system
gene. Gene clusters were excluded if (1) the coverage of
the defense system sequence by the representative se-
quence was less than 35%. Next, the candidate genes for
novel defense systems of every strain were extracted and
re-ordered based on their genomic location. Using the lo-
cation of the genes, “gene blocks” were determined as
groups of genes separated by less than 8 intervening
genes. All novel defense systems were defined based on
the presence of a set of 2 or more genes uniformly match-
ing a variant of the novel systems as reported by [38].
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Additional file 1. Supplemental Figures S1 to S8.

Additional file 2: Table S1. Description and features of the
experimentally studied collection of 52 P. aeruginosa strains. The 52
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