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Emerging evidence suggests the Pseudomonas aeruginosa accessory
genome is enriched with uncharacterized virulence genes. Identifica-
tion and characterization of such genes may reveal novel pathogenic
mechanisms used by particularly virulent isolates. Here, we utilized a
mouse bacteremia model to quantify the virulence of 100 individual
P. aeruginosa bloodstream isolates and performed whole-genome
sequencing to identify accessory genomic elements correlated with
increased bacterial virulence. From this work, we identified a specific
contact-dependent growth inhibition (CDI) system enriched among
highly virulent P. aeruginosa isolates. CDI systems contain a large
exoprotein (CdiA) with a C-terminal toxin (CT) domain that can vary
between different isolates within a species. Prior work has revealed
that delivery of a CdiA-CT domain upon direct cell-to-cell contact
can inhibit replication of a susceptible target bacterium. Aside from
mediating interbacterial competition, we observed our virulence-
associated CdiA-CT domain to promote toxicity against mammalian
cells in culture and lethality during mouse bacteremia. Structural and
functional studies revealed this CdiA-CT domain to have in vitro
tRNase activity, and mutations that abrogated this tRNAse activity
in vitro also attenuated virulence. Furthermore, CdiA contributed to
virulence in mice even in the absence of contact-dependent signal-
ing. Overall, our findings indicate that this P. aeruginosa CDI system
functions as both an interbacterial inhibition system and a bacterial
virulence factor against a mammalian host. These findings provide
an impetus for continued studies into the complex role of CDI sys-
tems in P. aeruginosa pathogenesis.

Pseudomonas aeruginosa | whole-genome sequencing | comparative
genomics | virulence | contact-dependent growth inhibition

Bacterial virulence is a complex trait dependent upon numer-
ous attributes (1), each of which contributes in a cumulative
way to the overall pathogenic potential of a given microbe (2). The
formula by which a microbe may achieve a high level of virulence
varies greatly and is influenced by genes in both the core and
accessory genomes (3-5). The bacterial core genome refers to
those sequences shared among almost all strains within the species
while the accessory genome consists of the remaining variable
genetic content that accounts for many strain-specific attributes
(6, 7). Emerging evidence suggests that the accessory genome is
enriched for virulence genes with the potential to confer distinct
pathogenic traits on some members of a bacterial species (8).

Pseudomonas aeruginosa is a widespread and highly diverse spe-
cies of bacteria (9, 10). It is responsible for many types of severe
acute infections (11) and continues to be one of the most common
bacteria cultured from the chronically infected lungs of individuals
with cystic fibrosis (12). P. aeruginosa exhibits a nonclonal epidemic
population structure in which a limited number of widespread clones
exist among a much larger cloud of diverse genotypes recombining
at high frequencies (13). These complex evolutionary dynamics can
generate accessory genomes of extensive diversity through the lateral
transfer of different mobile genetic elements (14-17).
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Individual P. aeruginosa isolates differ in their intrinsic viru-
lence (18), yet few studies have investigated the role the accessory
genome plays in this variability. In this study, our goal was to in-
terrogate the accessory genomes of highly virulent isolates to
identify novel virulence genes. To this end, we developed a com-
parative genomics approach to identify genes that were present in
high-virulence P. aeruginosa isolates but absent in low-virulence
isolates. We established a quantifiable virulence phenotype using a
murine infection model and investigated a large collection of 100
clinical P. aeruginosa isolates to increase our analytical power.
Using this approach, we identified several loci that contributed to
the pathogenesis of high-virulence P. aeruginosa isolates. We
further characterized one of these loci and demonstrated that it
encodes a portion of a contact-dependent growth inhibition (CDI)
system that functions in both interbacterial competition and vir-
ulence in animal infection models. This work provides insight into
the potential of CDI systems to act as virulence factors during
invasive P. aeruginosa infection.
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Pseudomonas aeruginosa is an important bacterial pathogen of
clinical concern. Evidence suggests that highly pathogenic iso-
lates contain novel virulence genes that other less virulent
isolates lack. We utilized a comparative genomics approach to
identify such virulence genes from the accessory genomes of
100 clinical isolates. From this work, we identified a contact-
dependent growth inhibition (CDI) system known for its ability
to mediate direct competition between bacteria. We demon-
strate that this CDI system has toxic effects on mammalian cells
and is required for virulence in murine infection models. This
work highlights the potential of CDI systems to act as virulence
factors during invasive P. aeruginosa infection.
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Results

P. aeruginosa Clinical Isolates Differ in Their Intrinsic Virulence. It is
understood that individual isolates of P. aeruginosa can sub-
stantially differ in virulence, with some isolates exhibiting a sig-
nificantly heightened pathogenicity (18). We hypothesized that
the accessory genomes of such highly pathogenic P. aeruginosa
isolates would be enriched for novel virulence genes. As a first
step in identifying such genes, we quantified the virulence of a large
population of P. aeruginosa isolates. One-hundred P. aeruginosa
isolates obtained from the blood cultures of hospitalized patients at
Northwestern Memorial Hospital in Chicago (“PABL collection™)
(SI Appendix, Table S1) (19) were individually assessed for viru-
lence in mice. A modified LDsy (mLDs) was estimated based
upon the development of prelethal illness following tail vein in-
jection at specific half-logarithmic infectious doses. These results
were then used to bin the isolates into virulence groups from 7
(high virulence) to 1 (low virulence) based upon these dosing
breakpoints (Fig. 14). The complete virulence distribution as
measured by mLDs, spanned over three logarithms, highlighting
major differences in virulence between individual P. aeruginosa
isolates, even those obtained from a single type of infection.
To rule out that the observed virulence distribution was driven solely
by a clonally related group of P. aeruginosa isolates, whole-genome
sequencing was performed on all isolates (20) and phylogenetic

relationships were analyzed based upon single nucleotide varia-
tions in the core genome. While isolated instances of sequence
types (STs) with either relatively high or low virulence could
be observed (Fig. 1B), the overall P. aeruginosa bloodstream
(PABL) population displayed no evidence of any phylogenetic
signal associated with virulence (Pagel’s A = 6.67 x 107, P = 1)
(21), suggesting that virulence is not lineage-specific.

We also examined secretion of the type III secretion system
(T3SS) effectors ExoS and ExoU, as differences in their secre-
tion are known to impact the virulence of a given isolate (22-25).
T3SS effector-secreting isolates were significantly more virulent
than nonsecreting isolates (P < 0.0001), but ExoS and ExoU
secreting isolates were not statistically different from each other
(Fig. 1C). This suggests the observed virulence disparity among
the P. aeruginosa PABL isolates cannot be explained simply by
production of the different T3SS effectors. Altogether, these
data highlight the intrinsic virulence disparity that exists among
P. aeruginosa clinical isolates and underscore the limited un-
derstanding of what factors account for these differences.

Identification of Novel Virulence Determinants through a Comparative
Genomics Approach. We hypothesized that highly virulent PABL
isolates harbored certain accessory genomic elements (AGEs) that
contribute to their increased virulence. Although single nucleotide
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P. aeruginosa clinical isolates differ in virulence. (A) BALB/c mice were infected by intravenous injection with a collection of P. aeruginosa bloodstream

(PABL) isolates. The isolates were ranked into virulence groups (7 = most virulent, 1 = least virulent) based upon the morbidity and mortality at several
infectious doses. All strains were screened by Western blot for in vitro secretion of the known T3SS effectors ExoS (gray) and ExoU (black). Nonsecreting
strains (“non”) are represented in white. (B) A maximum-likelihood tree of the PABL isolates was generated using kSNP v3.0.21. Strains that contain the T3SS
effector gene exoU are labeled in green and those that contain exoS are labeled in red. Isolates in blue contain both exoS and exoU genes. The virulence rank
for each strain is represented in the outer ring. Several well-documented MLST types are also highlighted. Reference strains UCBPP-PA14, PAO1, PAK, C-NN2,
LESB58, and M18 were included in the phylogenetic analysis. (C) The strain virulence data were plotted against the respective type Il secretion profile. The red
bars indicate the median + 95% CI of each group (Kruskal-Wallis test with Dunn’s multiple comparisons, ****P < 0.0001, ns = not significant).
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variations and small insertions/deletions (indels) that alter the
expression or function of core genes may partially explain these
differences, we chose to focus on identifying novel accessory vir-
ulence genes. A comparative genomics pipeline was developed to
identify accessory genome sequences that were significantly asso-
ciated with highly virulent isolates (Fig. 2). The core genome of
the PABL isolates was first determined using the program Spine.
Accessory sequences were then identified by subtracting the core
genome from the total genome of each isolate using the program
AGEnt (26). These accessory sequences were analyzed using
ClustAGE to determine patterns of shared sequences among

different isolates (27). An advantage of this approach is that
it is independent of gene annotation and is capable of identi-
fying intergenic and intragenic sequences that differ between
isolates.

Subelements (SEs) were examined over a series of filtering
steps to identify those with the highest likelihood of impacting
virulence (Fig. 2B). SEs were first size selected to be greater than
100 bp, so as to ignore small insertions and deletions. Filtered
SEs were then analyzed for a significant positive correlation with
virulence rank (e.g., overrepresentation in high-virulence groups).
Because our final goal was to identify virulence determinants that
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Fig. 2. Overview of the comparative genomics pipeline. (A) Schematic representation of the process by which accessory sequences were divided into sub-
elements to be analyzed for virulence association. The core and accessory genomes of each PABL isolate were defined using Spine and AGEnt (26). Common
contiguous nucleotide sequences among all PABL isolates were identified and organized using ClustAGE (27). The cartoon representation depicts the
alignment of sequences in a bin as described in the main text. Alignment breakpoints within an individual bin determine shared contiguous sequences
referred to as genetic SEs (numbered 1 through 10). With this organization, SEs can be easily analyzed for their association with highly virulent isolates (red
arrowheads). (B) SEs were analyzed for their virulence association using a series of filtering steps. SEs < 100 bp were filtered to remove small insertions and
deletions. From this filtered list, SEs associated with PABL isolates in higher virulence groups were statistically determined (positive Spearman correlation, P <
0.05). These virulence-associated SEs were screened through the databases MvirDB and EffectiveDB to identify potential virulence signatures and further
filtered to generate a focused list for further study (see main text for details). The ultimate 15 targets were referred to as AGEv. (C) The distribution of each
AGEv was overlaid as a separate ring onto the maximume-likelihood tree of the PABL isolates. Strains that encode the T3SS effector exoU are labeled in green
and those that encode exoS are labeled in red. Isolates in blue are encode both exoS and exoU.
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may function by a novel mechanism, we chose to narrow this
extensive list down to a focused set of elements for further
study. Candidate SEs were screened against the MvirDB and
EffectiveDB databases for coding regions with sequence homol-
ogy to known or predicted bacterial toxins, potential secretion
signals, or regions with eukaryotic homology. Finally, if SEs
passing these filters were located adjacent to each other in
highly virulent strains, they were merged together as a single
virulence-associated AGE (AGEv). If this were not the case,
the individual SE was referred to as an AGEv (Fig. 2.4 and B).
Twenty-two AGEv passed filtering and represented regions that
were predicted to have a high likelihood of encoding novel virulence
factors.

To determine whether the computationally identified AGEv
actually contributed to the virulence of P. aeruginosa, deletion
mutants were constructed for a subset of 15 AGEv in highly
virulent isolates and tested for attenuation in vivo. These 15 AGEv
were selected to obtain a representative sampling over the range
of statistical correlations observed within the group of 22 AGEv.
Ultimately, 11 of the 15 AGEv mutants were significantly atten-
uated (i.e., an increased survival of infected mice relative to wild-
type (WT) infected controls) (Table 1 and SI Appendix, Fig. S1).
To ensure that the high proportion of attenuated AGEv mutants
was not due to chance, we also investigated five AGEs that had no
virulence association (AGEXx) but were of comparable size and in
similar strain backgrounds as AGEv. The AGEx mutants had no

statistically significant impact on survival in the mouse model
(Table 1 and SI Appendix, Fig. S1), supporting our hypothesis that
AGEYv have a greater likelihood of encoding virulence factors.
The AGEv with confirmed virulence phenotypes contained genes
with homology to polymorphic toxins, substrate transport, and
metabolism systems, and various phage-related and hypothetical
proteins (Table 1 and SI Appendix, Fig. S2). Many of the AGEv
were located within predicted mobile genetic elements (e.g.,
pKLC2-like genomic islands, transposons, phages), suggesting
acquisition through horizontal transfer. No single AGEv occurred
in all highly virulent isolates (Fig. 2C). Rather, the highly virulent
isolates often had unique combinations of different AGEvs, sug-
gesting that P. aeruginosa strains utilize different pathogenic
mechanisms to increase virulence in a mammalian host. More-
over, this work demonstrates the power of using comparative ge-
nomic approaches to identify novel virulence determinants.

AGEvV15 Is Part of a Functional CDI System. As an extension of our
computational studies, we sought to elucidate how a novel AGEv
may function to enhance the virulence of P. aeruginosa. While
many AGEv were of great interest, we chose to further investigate
the function of AGEv15 because of the novelty, system diversity,
and potential impact it may have on P. aeruginosa pathogenesis.
AGEVv15 was found to encompass a portion of a CDI system (Fig.
34) (28, 29). These systems were first recognized for their ability
to mediate interbacterial competition (30). CDI systems utilize a

Table 1. Summary of investigated AGEs
Mutant
AGE Isolates* Features Context™ background® Dose® nY P level*
AGEv
AGEV1 14 Glucan synthesis, fatty acid Gl PABLO12 6.5 10 <0.0001
metabolism PABLO57 6.2 10 0.0010
AGEv2 16 Phage-related, hypothetical Phage PABL026 7.0 10 <0.0001
PABL049 6.7 10 <0.0001
AGEv3 8 Transposon, hypothetical Tn PABLO16 6.6 15 0.5755
AGEv4 5 Restriction modification Tn PABL007 7.0 10 0.0017
AGEV5 15 Substrate transport & metabolism PABL049 6.6 10 0.0002
PABL0O70 6.8 10 0.0002
AGEvV6 9 Phage-related, hypothetical Phage PABL012 6.6 20 <0.0001
PABL049 6.5 10 0.0085
AGEv7 49 Phage-related, hypothetical Phage PABLO12 6.5 15 <0.0001
PABL049 6.9 10 <0.0001
AGEV8 3 RHS-containing gene PMT PABLO16 6.6 15 0.0008
AGEv9 10 Phage-related Phage PABLO12 6.6 15 0.0164
PABL049 6.7 10 0.0139
AGEv10 4 RND family heavy metal efflux PABLO16 6.8 15 0.4811
proteins PABL068 58 10 0.3933
AGEv11 2 Phage-related Phage PABLO12 6.5 30 0.0001
AGEvV12 82 ICE proteins Gl PABLO12 6.6 15 0.0008
PABL049 6.7 10 <0.0001
AGEv13 18 Autotransporter protein PABLO083 6.5 20 0.5694
PABL107 6.5 30 0.0526
AGEx
AGEXx1 14 Phage related Phage PABLO12 6.5 10 0.6789
AGEx2 69 Helicase, hypothetical Phage PABLO12 6.5 10 0.2059
AGEx3 48 Peptide synthase, hypothetical PABLO16 6.7 10 0.2247
AGEx4 35 Hypothetical PABLO12 6.5 10 0.4328
AGEXx5 32 Hypothetical PABL049 6.7 10 0.2402

*Number of isolates in which the AGEv was observed.

TGenomic context in which the AGEs were observed. Abbreviations include pKLC102-like genomic island (Gl),
transposon (Tn), polymorphic toxin (PMT), or predicted prophage (Phage).
*PABL isolate in which the AGE mutation was constructed.

SDose for mouse bacteremia infection (logqo CFU).
YNumber of mice infected.
#Log-rank test.
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type Vb secretion mechanism to display a large exoprotein (CdiA)
at the bacterial surface. Upon direct cell-to-cell contact, CdiA
transfers its C-terminal toxin (CT) domain into a susceptible tar-
get bacterium (31). Siblings are protected from self-intoxication by
production of a cognate Cdil immunity protein. Similar to CDI
systems from Escherichia coli (32) and Burkholderia species (33,
34), the amino-half of the CdiA protein is highly conserved while
the CT domains and cognate Cdil proteins vary between different
P. aeruginosa isolates (35). Our computational analysis had des-
ignated the 3’ end of the cdil4 gene, encoding the CT domain,
and corresponding cdil gene, as part of the accessory genome
because of this allelic diversity (Fig. 34). Thus, we had identified a
specific cdilA allele encoding a CT domain that was associated
with and contributed to P. aeruginosa virulence (Table 1).

We first questioned whether this specific cdilA4 allele retained
its ability to function in bacterial competition by performing com-
petition assays on a series of specific mutant strains. The genetic
region encoding the CdilA-CT domain was deleted from the
representative highly virulent strain PABL017, leaving the immu-
nity gene intact (CdllAACTPABLO”) Alternatively, the genetic
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Disruption of the immunity gene rendered the mutant susceptible
to killing by the parental WT strain, and resistance to CDI-mediated
killing was restored by supplying a copy of the immunity gene in
trans (Fig. 3C). Moreover, a functional CT-domain was required
for CDI-mediated killing of a susceptible target strain (Fig. 3D), and
this inhibition was contact-dependent (Fig. 3E,2 These results dem-
onstrate that the AGEv15-associated cdilA™P-%!7 encodes a func-
tional CDI system capable of mediating interbacterial competition.

The AGEv15-Associated Cdi1A-CTPABL0'7 |s a Specific tRNase. We
sought to gain insight into how this CDI system could play a dual
role in bacterial virulence and interbacterial competition by in-
vestigating the function of the CT domain. The primary sequence
of CdilA-CT**P17 did not provide any insight into its activity.
To help elucidate the enzymatic function of this CT domain,
we determined its three-dimensional structure in complex with
CdilIPABY7 by X-ray crystallography (Fig. 44) (36). CdilA-
CTPABLOY7 adopts a crescent shape with the second of three

@)

10 —_—
1
0.1
0.01
0.001
0.0001 & &

Competitive Index

&
Target & ‘>° b(" < v o"

Attacking | WT |

o

0.01

0.001

0.0001
Target

Competitive Index

Attacking

E

4.E+09
3.E+09

2.E+09
mPBS

1.E+09 owT

Number of Target
Bacteria (CFU/ml)

0.E+00

0.4

Pore size (pm)
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functional studies. WT cdi1AP4EL977 and three specific mutations are depicted: 1) The nucleotide sequence encoding the Cdi1AP*E"7_CT domain and cognate
cdi1l immunity gene were deleted as a pair (ACT/I), 2) the nucleotide sequence encoding the Cdi1A-CT"AB%17 domain was deleted up to the putative cdi1/
Shine-Dalgarno site (ACT), 3) a point mutation resulting in a single amino acid substitution from histidine to alanine at position 3372 (H3372A). (C and D)
Competition experiments were conducted using attacking cells cocultured at a 10:1 ratio with target cells as described in Methods. Mutations in the target
cells (C) and the attacking cells (D) were tested to define the roles of cdiTA and cdi1/ in bacterial inhibition. Target cell growth is represented as the com-
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under pBAD control located at the attB site, strain JPA043). Results indicate means + SD (Kruskal-Wallis test with Dunn’s multiple comparisons, n = 6, *P <
0.05). (E) To assay for the dependence of cell contact during competition, attacking and target cells were cultured within individual chambers using transwell
plates separated by membranes containing either 0.4 uM or 8 pM pores for 2 h in LB broth. Growth of the CDI-susceptible ACT/I target strain was enumerated
in the presence of the WT attacking strain or PBS control. Results indicate mean + SD (two-way ANOVA with Sidak’s multiple comparisons compared to PBS
control, n = 6, **P < 0.01, ns = not significant).
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a-helices acting as a major rim opposite a four-stranded anti-
parallel B-sheet that forms the minor rim and central groove of a
putative enzymatic cleft. The immunity protein binds tightly over
the major rim and central groove of the CT through opposite
electrostatic charges on the interacting surfaces. Structural
comparison with the DALI server revealed CdilA-CTPABLOY
shares significant structural homology with the C-terminal RN-
ase domain (CRD) of Colicin D (ColD) from E. coli (Fig. 4B).
ColD is a known tRNase, and a histidine residue in CdiA™*P*"
at position 3372 occurred in the same orientation as the known
catalytic histidine 611 of ColD (37, 38). Substitution of this single
His3372 residue to alanine (H3372A) was sufficient to abrogate
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His3372 of Cdi1APA8" (inset). (C) Purified Cdi1A-CT™B"7 (WT) or Cdi1A-
CT[H3372A]PAB17 (H3372A) was incubated with tRNA preparations from Sac-
charomyces cerevisiae (Sigma) or total nucleic extracts from P. aeruginosa or
Hela cells at 37 °C for 60 min. The preparations were separated on a denaturing
polyacrylamide gel, stained with ethidium bromide and visualized with UV light.
Cdi1A-CTPAB17 protein was preincubated with purified Cdi1I”8°" protein for
30 min where indicated (Cdil). Black arrowhead denotes cleaved products.
Northern blot analysis of (D) P. aeruginosa or (E) Hela cell total nucleic acid
preparations treated with WT Cdi1A-CT™8°"7 a5 above and hybridized with
tRNA-specific probes. Black arrowheads indicate cleaved tRNA molecules.
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CdiAPABL"_mediated bacterial killing (Fig. 3D). Incubation of
purified CdilA-CTPBLY with nucleic acid preps from pro-
karyotic or eukaryotic (including human) sources resulted in a
pattern consistent with tRNA cleavage that required the His3372
residue (Fig. 4C). Northern blots confirmed the cleavage products
were tRNA halves, with apparent preference for proline and
glutamine tRNA molecules (Fig. 4 D and E). These data indicate
that CdilA-CT™AB017 s a specific tRNase that is functional
against tRNA species from both prokaryotic and eukaryotic or-
ganisms and suggest that this tRNAse activity is responsible for CDI.

The Cdi1A-CTABL?"7 {RNase Activity Is Required for P. aeruginosa
Virulence. Because the AGEv15 mutant was attenuated for vir-
ulence in mice, we reasoned that this CDI system may have cy-
totoxic effects on eukaryotic cells. Incubation of HeLa cells with
WT PABLO17 resulted in the majority of cells rounding by 5 h
postinfection (S/ A&Dendix, Fig. S4). In contrast, incubation with
the CdilAACT"*B'7 mutant resulted in a modest but significant
reduction in cell rounding. Moreover, the CdilAACTTABOY
mutant displayed a significant reduction in cytotoxicity (as measured by
LDH release) relative to the parental strain (Fig. 54). This reduction
in cytotoxicity was also observed with the CdilA(H3372A)PABL0Y7
mutant (Fig. 54), suggesting the CdilAP*P"7 {RNase activity
may be important for this process. This attenuation in cytotoxicity
was not caused by an adherence defect, as deletion of the CdilA-
CT"BLY7 domain had little impact on adherence to biotic or
abiotic surfaces (Fig. 5 B and C). Overall, these findings suggest
that Cdil APAB"7 enhances cytotoxic effects against eukaryotic cells.

We also questioned whether the catalytic activity of CdilAPABLOY
was required for the observed virulence defects in mice.
Mice intravenously infected with the CdilAACTFABL017 or
CdilA(H3372A)P*B7 mutants showed increased survival that
was reversed when the mutations were repaired (Fig. 5D). Similarly,
CdilAACT"™ P mutants were attenuated in mouse pneumonia
and subcutaneous abscess infection models (SI Appendix, Fig. S3),
suggesting the route of infection is not critical. Collectively, these
findings suggest the tRNAse activity of CdilAP*P'7 broadly
enhances the virulence of P. aeruginosa.

Interbacterial Contact-Dependent Signaling through CdiA Is Not
Required for P. aeruginosa Virulence. We next examined the mech-
anism by which CdilAPAB™"7 acted as a virulence factor. Two
virulence mechanisms presented themselves: 1) As with CDI and
bacteria, Cdil APAPY17 may gain access to the cytosol of mamma-
lian cells, where its nuclease activity leads to pathogenic changes; or
2) Cdil AP may be delivered into immune bacterial siblings,
resulting in physiological changes to the “injected” siblings that lead
to enhanced virulence. The latter mechanism, referred to as
contact-dependent signaling (CDS) (39), is responsible for en-
hanced biofilm formation and broad gene-expression changes in
Burkholderia thailandensis E264 (40).

The first possibility is supported by the fact that the tRNA
substrates of CdilA-CT*AB017 are present in mammalian cells.
We reasoned that if CdilA-CT™*P0'7 was injected into mam-
malian cells, then transfection of a construct expressing CdilA-
CTPABIOY7 should mimic coincubation with P. aeruginosa. Trans-
fected HelLa cells expressing a functional CdilA-CT?*P17 domain
displayed cell rounding when visualized by immunofluorescent
staining (Fig. SE and SI Appendix, Fig. S5). In contrast, transfected
cells expressing a CdilA-CT(H3372A)"*P°!7 tRNase mutant do-
main, CdilI"*®~""7 immunity protein, or vector control demonstrated
little cell rounding. Overall, these results suggest an enzymatically
active CdilA-CT"*BM'7 can have direct pathogenic effects on
eukaryotic cells.

Next, we attempted to directly demonstrate injection of CdilA-
CTPAB17 into HeLa cells. Despite multiple attempts, we were
unsuccessful in introducing various epitope tags and reporter
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Fig. 5. The Cdi1APAB"7 tRNase activity contributes to P. aeruginosa viru-
lence. (A) HelLa cells were infected at a multiplicity of infection of 10 with
PABLO17 (WT), the previously described mutant strains Cdi1A-ACTPABL017
(ACT) and Cdi1A-CT[H3372A]PA8°17 (H3372A), or strains in which the re-
spective cdiTA mutations were repaired to WT PABLO17 (REP). Cytotoxicity
(percent relative to Triton X-100 treatment) was monitored by the release of
lactate dehydrogenase (LDH) over time. Results indicate mean + SD (two-
way ANOVA with Tukey’s multiple comparisons, n = 6. *P < 0.05; all other
comparisons within a single time point were not significant). PABL017 WT
and Cdi1AACTPABL017 (ACT) strains were assayed for adherence and biomass
formation on polystyrene plates using a Crystal violet staining assay (B) or
adherence (percent relative to inoculum) to J774 murine-like macrophages,
HeLa human cervical epithelial cells or HEK 293T cells (C). Results indicate
mean + SD (n = 3, differences were not statistically significant). (D) BALB/c
mice were infected by intravenous injection with a lethal dose of PABLO17
WT or previously described mutant or repaired strains and monitored for
disease progression over 96 h. Data were plotted on Kaplan—Meier curves
and analyzed for significance by the Mantel-Cox (log-rank) test (n = 10 mice,
*P < 0.05). (E) HeLa cells were transfected with empty pEF1a-IRES-AcGFP1A
(Vector), or vector containing the coding regions for Cdi1A-CTPABL'7 (wT),
Cdi1A-CT[H3372A1PAB017 (H3372A) or Cdi1IP4B°"7 (Cdil). Cells were fixed,
stained for actin, and visualized by fluorescence microscopy (magnification:
40x). Cell rounding was quantified for transfected (GFP*) cells by de-
termining the ratio of length of the long cell axis divided by the length of
the short cell axis (L/S ratio). For each construct, over 100 transfected cells
were analyzed from eight fields-of-view (FOV) obtained from two in-
dependent experiments. Individual data points are presented with means +
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fusions, including both internal and external placement of p-lacta-
mase, polyhistidine, and glycogen synthase kinase tags, into
CdilA-CTPBYY I vivo detection of tRNA halves in both
prokaryotic and eukaryotic cells was also unsuccessful. Since at-
tempts to demonstrate direct injection of Cdi1A-CT?AB0!7 into
mammalian cells were unsuccessful, we focused on testing whether
CDS accounted for the virulence associated with CdilA-
CTPABLOY CDS requires proper delivery of CdilA-CT into the
cytosol of the target bacterium (39, 40), which in turn requires the
presence of specific inner and outer membrane receptors in the
target bacterium (SI Appendix, Fig. S64) (41). Mutation of these
specific receptors would abrogate CdiA-CT uptake (e.g., CDS)
while maintaining the ability of the bacteria to present CdilA-CT
to susceptible target bacteria and mammalian cells (SI Appendix,
Fig. S6B). Thus, if CdilA-dependent CDS drives virulence, then a
receptor mutant would be attenuated in mouse infection models
(8I Appendix, Fig. S6C). Alternatively, if the impact on P. aerugi-
nosa virulence is through a direct effect of CdilA on mammalian
cells, then a CDI-receptor mutant, which still produces a func-
tional CdilA exoprotein, would display no virulence defect.

To identify such a receptor in P. aeruginosa, we took advantage
of the fact that a CDI-sensitive strain would become resistant to
CDI-mediated killing upon mutation of the cognate receptor.
Transposon muta%enesm was performed on the CDI-sensitive
CdilAACT/IPABLO7 strain, and selection was performed for
CDlI-resistant mutants. These mutants contained an abundance
of transposon hits in dppB and dppC (Fig. 64), part of an ABC
import system of small oligopeptides predicted to be localized to
the inner membrane (42). As hypothesized, deletion of both
dppB and dppC (AdppBC) in the CDI-sensitive CdilAACT/
IPABLOI7 strain rescued growth in competition with parental
PABLO17 (Fig. 6B), suggesting that DppB and DppC act as the
inner membrane receptor for CdilAFABYY7 The WT and
CdilAACTPABLO17 trains displayed no defect in competition
against a WT attacking strain as before, nor did their respective
AdppBC mutant constructs, indicating that the AdppBC muta-
tion has no inherent fitness defect. Furthermore, deletion of
dppBC in WT PABLO17 did not abrogate the ability to inhibit
the growth of a CDI-sensitive strain (Fig. 6C). Loss of CDI ca-
pability was only observed in attacking strains when a functional
CdilA-CT domain was absent, independent of dppB and dppC.
These results indicate that the PABLO017AdppBC deletion strain
is capable of delivering a functional CdilA exoprotein but can-
not receive a CdilA-CT domain into its cytosol and is therefore
CDI" but CDS™ (SI Appendix, Fig. S6C).

We next tested whether this CDI* CDS™ strain maintained
virulence in mice. The PABL017AdppBC mutant demonstrated
no significant difference in virulence from WT PABLO017 (Fig.
6D). Only when the Cdil A-CT"*P™"'7 domain was disrupted was
virulence attenuation observed, independent of the AdppBC mu-
tation. These results suggest that the influence of Cdil AFABLOY
on P. aeruginosa virulence is not through CDS but rather suggest a
direct effect of the CdilA molecule.

Discussion

In the present study, we show that a P. aeruginosa CDI system
can function as both an interbacterial inhibition system and a
bacterial virulence factor against a mammalian host. We demon-
strate that the CdilA-CT**B 7 domain functions as a specific
tRNAse and that a catalytic histidine residue important for this
enzymatic activity in vitro was also required for CdiA-mediated

SD (Kruskal-Wallis test with Dunn’s multiple comparisons, ****P < 0.0001).
The data were also analyzed for the percentage of transfected cells (per
FOV) with an L/S ratio less than 2, indicative of increased cell rounding. In-
dividual data points are presented as medians + 95% CI (Kruskal-Wallis test
with Dunn’s multiple comparisons, n = 8, ****P < 0.0001, **P < 0.01).
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locations within the dppABCDF operon generated from Illumina sequencing
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toxicity against mammalian cells and lethality during mouse bac-
teremia infections. Moreover, CdilA-CTPABIY7 appears to have a
broad pathogenic role, as it was also required for virulence in both
mouse intranasal and subcutaneous infection models. Overall,
these findings support the idea that there may be a dual role for
the CDI systems of P. aeruginosa (28).

We have also demonstrated the utility of using a comparative
genomics approach to identify accessory virulence factors that
act by novel mechanisms. By quantifying the virulence of 100
P. aeruginosa isolates in mice, we were able to combine genotypic
and phenotypic data to identify AGEs overrepresented in highly
virulent isolates and subsequently determine those that played
a causal role in pathogenicity. Because the genomic diversity of
P. aeruginosa is so great (an average of 11% of the genome
differs from isolate to isolate), population approaches can be a
powerful tool to identify novel accessory genes that enhance the
pathogenicity of isolates within the species.

While our findings shed light on the pathogenic mechanism of
Cdi1APABM17  there is still much to uncover regarding how this
protein functions as a virulence factor within an infected host. One
possibility is that the enzymatically active CT of CdilAPAP017 js
translocated into mammalian cells and cleaves tRNA molecules
similar to the model of CDI-dependent intoxication of bacteria.
The following results are consistent with this proposed mecha-
nism: 1) The substrates of CdilA-CTPABO7 {RNAs, are present
in both bacteria and mammalian cells; 2) CdilA-CT™ABX7 js
capable of cleaving mammalian tRNAs (Fig. 4C); 3) CdilA-
CTPABMY s sufficient to cause injury to mammalian cells (Fig.
5E); 4) the enzymatic activity of Cdil A-CT"*P0'7 is necessary for
its virulence effect in mice (Fig. 5D); 5) the virulence effect of
CdilA-CT"ABY17 j5 independent of CDS (Fig. 6D), which is
consistent with previous work demonstrating that CdilA does not
influence the expression of virulence genes in P. aeruginosa strain
PAOI1 (28); and 6) biofilm formation or adherence to eukaryotic cells
did not differ between WT PABLO17 and the CdilAACT™AP"
mutant (Fig. 5 B and C). In contrast, several inconsistencies remain
with this hypothesis: 1) Studies (including this one) have failed to
demonstrate transfer of CdiA proteins across eukaryotic mem-
branes; 2) prokaryotic and eukaryotic cell toxicity has not been
directly attributed to degradation of tRNAs; and 3) HeLa cell
rounding observed in our transfection and infection experiments
has not been directly related to the observed in vivo virulence ef-
fects. Nonetheless, these findings provide an impetus for continued
studies into the complex role of CDI systems in P. aeruginosa
pathogenesis.

To our knowledge, CDI systems have not previously been shown
to play a direct role in virulence in mouse infection models;
however, findings from other groups have suggested roles for CdiA
beyond bacterial competition. The CDI system of P. aeruginosa
strain PAO1 was important for tissue maceration of lettuce leaves,
for bacterial burden in Galleria mellonella larva, and in the para-
lytic killing of Caenorhabditis elegans (28, 43). The CdiA homolog
XacFhaB of Xanthomonas axonopodis pv. citri was necessary for
increased bacterial burden and formation of cancer lesions on

of the CDl-resistant transposon pool. (B and C) Competition experiments
were conducted using attacking cells cocultured at a 10:1 ratio with target
cells as described in Methods. Target cell growth is represented as the
competitive index relative to the attacking cell after 2 h. Results indicate
means + SD (Kruskal-Wallis test with Dunn’s multiple comparisons, n = 6,
***p < 0.001, **P < 0.01, *P < 0.05). Strains used include PABLO17 (WT),
PABLO17AdppBC (AdppBC), CAIAACTPABLY7 (ACT), CAIAACTPAEY o AdppBC
double mutant (ACTAdppBC), CAIAACT™ 817 4 Acdi1/ double mutant (ACTAcdil),
or a CAIAACT™B7 4 Acdill + AdppBC triple mutant (ACTAcdilAdppBC).
(D) BALB/c mice were infected by intravenous injection with a lethal dose
of PABLO17 (WT) or mutant strains listed above. Infected mice were monitored
for disease progression over 96 h. Data were plotted on a Kaplan-Meier curve.
Differences were analyzed for significance by the Mantel-Cox (log-rank) test
(n = 10 mice, ***P < 0.001).
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citrus leaves (44), and the Xylella fastidosa CdiA homolog was
required for efficient colonization of insect vectors (45). Further-
more, the CdiA homolog HrpA of the human pathogen Neisseria
meningitidis facilitated escape from intracellular vacuoles in HeLa
cells (46, 47). Because our findings reveal that CDI systems can
impact host survival outcomes in mouse infection models, this as-
pect of CDI biology will be considered in future studies on
P. aeruginosa pathogenesis.

Ultimately, this work supports the evolving narrative that CDI
systems likely function on multiple levels of host—pathogen in-
teractions (28). For example, CdilA-CTPAB!7 may target other
P. aeruginosa bacteria to provide PABLO17 with a competitive
advantage during colonization of the mammalian upper airway,
and following subsequent aspiration into the lung it may target
mammalian cells to cause severe pneumonia. With such aston-
ishing diversity, CDI systems and other polymorphic toxins will
likely provide a fertile field for future studies (48).

Methods

Reagents and Strains and Culture Conditions. All bacterial strains used in this
study are listed in S/ Appendix, Table S1. P. aeruginosa clinical isolates were
cultured from patient blood samples collected at Northwestern Memorial
Hospital between August 1999 and September 2003 (19). Bacteria were
routinely cultured in Luria-Bertani (LB) medium or MINS (49) at 37 °C with
shaking at 250 rpm or on agar plates. Antibiotics were supplemented at the
following concentrations for E. coli and P. aeruginosa, respectively: Genta-
micin (gm), 15 or 100 pg/mL; carbenicillin (carb), 50 or 500 pg/mL; tetracycline
(tet) 10 or 100 pg/mL Irgasan (irg) was used to select for P. aeruginosa at
5 pg/mL. Common chemicals, antibiotics, and growth media components were
purchased from Sigma-Aldrich, VWR, Thermo Fisher, or are specified where
appropriate.

Experimental Animals. All procedures were performed in accordance with the
guidelines approved by the Northwestern University Animal Care and Use
Committee as described in protocol 1S00002172. Female BALB/c mice aged
6 to 8 wk were purchased from Envigo and female C57BL/6J mice aged 6 to
8 wk were purchased from The Jackson Laboratory. Mice were housed under
ABSL-2 containment at the Northwestern University Center for Comparative
Medicine research facility. Mice were infected by either tail-vein injection,
intranasal inoculation, or subcutaneous injection. During infection experi-
ments, mice were checked every 8 h by research staff for the first 72 h then
twice per day through 96 h for signs of disease progression. Detailed infection
procedures are provided in S/ Appendix.

Whole-Genome Sequencing and Bioinformatic Analyses. Genomic DNA was
purified from overnight bacterial growth in LB broth using a Maxwell 16 Cell
DNA Purification Kit (Promega). Samples were sent for library preparation and
lllumina sequencing on a HiSeq-2000 platform at the University of Maryland
Institute for Bioscience and Biotechnology Research. Raw reads were randomly
downsampled to at most 100x coverage assuming an average genome size of
6.6 Mb. No trimming was performed. Reads were de novo-assembled using Ray
(v2.0.0-rc8). Assemblies were annotated using Prokka v1.8. The whole-genome
sequencing project was deposited in the Sequence Read Archive (SRA) at the
National Center for Biotechnology Information (NCBI) under the accession
number PRINA485889, and whole-genome sequences were deposited in the
Assembly database under the accession numbers listed in S/ Appendix, Table S1.
P. aeruginosa accessory genomes were identified and grouped using SPINE,
AGEnNt, and ClustAGE programs (26, 27). A detailed description of these pro-
grams as well as the methods for determining virulence-associated accessory
genomic elements are contained within S/ Appendix.

kSNP3 was used to determine phylogenetic relationships between isolates
and construct maximum-likelihood core genome trees (50). Trees were vi-
sualized in R using the ggtree package (51). Determination of phylogenetic
signal with virulence was estimated in R using the Phylosignal package (52).
Multilocus sequence typing (MLST) of the strain collection was performed
using the Genome Comparator tool at the P. aeruginosa MLST website
(https:/pubmist.org/paeruginosa/) developed by Keith Jolley and sited at the
University of Oxford (53). Amino acid variation in the Cdi1A exoprotein was
analyzed as previously described (35). Amino acid alignments were gener-
ated using Clustal Omega and visualized in Jalview (54).

Cloning and Strain Construction. Oligonucleotides were purchased from In-
tegrated DNA Technologies. Polymerase chain reactions (PCR) were
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performed using Phusion High-Fidelity DNA Polymerase (New England
Biolabs), and gel-purified products were cloned into appropriate vectors
using the Gibson Assembly Cloning Kit (New England Biolabs) or T4-DNA
ligase (New England Biolabs) per the manufacturer’s instructions. All
strains used in this study are listed in S/ Appendix, Table S1, all plasmids with
corresponding primers and templates used in plasmid construction are listed
in SI Appendix, Table S2, and all primer sequences are listed in S/ Appendix,
Table S3. P. aeruginosa chromosomal deletions were generated using the
procedure of Schweizer and colleagues (55). Detailed procedures for mutant
generation as well as protein purification and crystallization are described in
SI Appendix.

Transposon Mutagenesis. Transposon mutagenesis was performed with the
Himar1 mariner transposon carried on the mini transposon vector, pBT20, as
previously described (56). Mutant pools were subjected to three rounds of
bacterial competition with WT PABLO17, as described below. After each
round, CDI-resistant colonies were collected on selective media (LB-gm) and
pooled to initiate growth for the next round of competition. After three rounds,
the resulting mutant pool was stored at —80 °C and analyzed for identification
of transposon insertion sites as described in the SI Appendix.

Bacterial Competition Assays. Bacterial competition assays were performed on
solid media with a modified protocol from Basler et al. (57). Briefly, P. aer-
uginosa attacking and target strains were passaged separately at a 1:50
dilution in fresh LB from overnight growth and cultured to an ODggo = 1.
Cells were then separately pelleted and suspended in PBS to an ODggo = 10.
Attacking and target cells were then combined at a 10:1 ratio respectively,
mixed, and spotted as 5-uL drops in triplicate onto dry competition plates (LB
agar). At indicated times, the bacterial spots were cut out and suspended in
1 mL LB. Serial dilutions were plated on LB or selective plates (LB-gm or LB-5-
bromo-4-chloro-3-indolyl-B-b-galactopyranoside [X-Gal]) for bacterial enu-
meration of attacking and target strains. For strain JPA040, expression of
Cdi1l was induced by including 0.2% arabinose during growth in both liquid
media and competition plates. The competitive index was calculated as fol-
lows: C.I. = (Target CFUyime = 2 WAttacking CFUtime = 2 n) + (Target CFUgime = o v/
Attacking CFUgime = 0 n)-

Bacterial Contact-Dependent Competition Assay. Bacterial contact-dependent
competition assays were performed using a modified protocol from Aoki
et al. (30). P. aeruginosa strains were cultured overnight in LB, washed in PBS
and normalized to 10° CFU/mL as determined by ODggo. Next, 24-well poly-
styrene plates (Fisher Scientific) were fitted with polyethylene terephthalate
(PET) track-etched membrane inserts with a 0.4-um or 8-um pore size (Corning).
Bacterial strains were inoculated into LB broth at a 10:1 ratio of attacking to
target cells into the upper and lower chambers, respectively. Cells were placed
at 37 °C in a shaking incubator (120 rpm) for 6 h. Serial dilutions from the
upper and lower chambers were plated on LB or selective plates (LB-gm or
LB-X-Gal) for bacterial enumeration of attacking and target strains. Assays
were performed a minimum of three times in triplicate.

Biofilm Assay. P. aeruginosa strains were cultured overnight in LB, washed in
PBS, and normalized to 10° CFU/mL as determined by ODggo. Falcon 96-well
polystyrene plates (Fisher Scientific) were filled with 180 pL of LB, inoculated
with 20 L of prepared cells and stored at 37 °C with no shaking. At specific
times plates were inverted to decant planktonic cells. Two-hundred micro-
liters of Crystal violet (0.1% in PBS) was added to each well for 10 min fol-
lowed by three PBS washes. Biofilms were de-stained with 95% ethanol for
10 min at room temperature, and 100 pL of the de-stained ethanol mix was
transferred to a fresh 96-well polystyrene assay plate. Absorbance at 550 nm
was measured on a SpectraMax M3 plate reader (Molecular Devices).

Mammalian Cell Culture. HelLa (female, human epithelioid cervix carcinoma)
cells, HEK293T (female, human embryonic kidney) cells, and J774 (female,
BALB/cN mouse macrophage) cells were obtained from ATCC. Cells were
grown at 37 °Cin DMEM (Gibco) supplemented with 10% FBS (GE Healthcare
Life Sciences) under 5% CO, conditions. Cell infection and transfection ex-
perimental details are described in the SI Appendix.

Immunoblot Analysis. For detection of secreted (extracellular) effectors of the
P. aeruginosa T3SS, culture supernatants were prepared from 5 mL of
overnight growth in MINS. Proteins were precipitated from solution at 4 °C
by overnight incubation with 50% (wt/vol) ammonium sulfate and collected
by centrifugation at 13,000 x g for 30 min. Protein pellets were resuspended
in 1x sodium dodecyl sulfate (SDS)/polyacrylamide gel electrophoresis
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sample buffer and separated on a 10% SDS-polyacrylamide gel. Proteins
were transferred to a PVDF Immobilon-FL membrane (Millipore Sigma) by
electro-transfer and blocked in 5% milk powder (1x PBS) solution. Proteins
were probed by immunoblot with a mixture of rabbit antibodies against the
P. aeruginosa type Ill effectors ExoU and ExoS/T (24). Effectors were detected
following a triplicate wash step using the IRDye680RD goat anti-rabbit IgG
antibody (LI-COR Biosciences) and visualization with the Odyssey FC imaging
system (LI-COR Biosciences). Images were captured and processed with the
Image Studio software package (LI-COR Biosciences).

Detection of tRNA Cleavage In Vitro. Total RNA was collected from overnight
cultures of P. aeruginosa or Hela cells grown to confluency. Harvested cell
pellets were frozen overnight at —80 °C and subsequently suspended in acid
guanidinium thiocyanate-phenol-chloroform solution for total RNA purification
as previously described (58). Three micrograms of mixed tRNA preparations
from Baker’s Yeast (Roche) or total RNA preparations from P. aeruginosa or
HelLa cells were combined with a 10 uM final concentration of purified Cdi1A-
CTPABLOY o Cdi1A-CT(H3372A)P8917 for 60 min at 37 °C. For reactions with
Cdi1IPAB7 | i1 A-CTPAB7 was incubated on ice for 30 min with 9.5 pM
Cdi1IP287 prior to the addition of tRNA. Samples were suspended in 2x RNA
loading dye (New England Biolabs) and separated on a 12.5% polyacrylamide
TBE gel containing 50% urea. For visualization of general tRNA cleavage, gels
were stained with ethidium bromide and imaged on an Axygen gel docu-
mentation system (Corning). Direct detection of specific tRNA cleavage was
determined by northern analysis as described in S/ Appendlix.

Quantification and Statistical Analysis. Spearman correlation analysis was
performed in R (v3.6.1). When appropriate, data were analyzed for normality
using Prism (GraphPad Software, v8.2.1). ANOVA, area under the curve (AUC)
measurements, Kaplan-Meier plots with log-rank tests and Student’s t tests
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