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Abstract

Infections with antimicrobial resistant pathogens, such as Pseudomonas aeruginosa, are a frequent
occurrence in healthcare settings. Human P. aeruginosa infections are predominantly caused by a
small number of sequence types (ST), such as ST235, ST111, and ST175. Although ST111 is
recognized as one of the most prevalent high-risk P. aeruginosa clones worldwide and frequently
exhibits multidrug-resistant or extensively drug-resistant phenotypes, the basis for this dominance
remains unclear. In this study, we used a genome-wide transposon insertion library screen to
discover that the competitive advantage of ST111 strains over certain non-ST111 strains is through
production of R pyocins. We confirmed this finding by showing that competitive dominance was
lost by ST111 mutants with R pyocin gene deletions. Further investigation showed that sensitivity
to ST111 R pyocin (specifically R5 pyocin) is caused by deficiency in the O-antigen ligase waal,
which leaves lipopolysaccharide (LPS) bereft of O antigen, enabling pyocins to bind the LPS core.
In contrast, sensitivity of waal. mutants to R1 or R2 pyocins depended on additional genomic
changes. In addition, we found the PA14 mutants in lipopolysaccharide biosynthesis (waal, wbpL,
wbpM) that cause high susceptibility to R pyocins also exhibit poor swimming motility. Analysis
of 5,135 typed P. aeruginosa strains revealed that several international, high-risk sequence types
(including ST235, ST111, and ST175) are enriched for R5 pyocin production, indicating a
correlation between these phenotypes and suggesting a novel approach for evaluating risk from
emerging prevalent P. aeruginosa strains. Overall, our study sheds light on the mechanisms
underlying the dominance of ST111 strains and highlighting the role of waalL in extending

spectrum of R pyocin susceptibility.
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Introduction

The inhabitants of every biological niche strive to obtain as much space and as many resources
as possible, engaging in dynamic processes of competition and cooperation. For pathogenic
bacteria, the human body is an excellent biological niche, and innumerable such interactions occur
constantly. Interactions between the Gram-negative bacterium Pseudomonas aeruginosa and other
pathogens have been particularly thoroughly studied (1-5). P. aeruginosa has several advantages
over other bacteria, including the production of robust biofilms (6, 7), the secretion of toxic factors
into the extracellular environment or directly into target cells (8-11), and innate resistance to
multiple antibiotics (12, 13), all of which support efficient host colonization in the healthcare
setting.

Interactions between strains of P. aeruginosa are also complex, with some strains inhibiting
other’s growth (14-16). Prior work from several labs, including ours, revealed that the multilocus
sequence type (MLST) group ST111 dominates in hematopoietic cell transplant (HCT) recipients
and hematologic malignancy (HM) patients with bloodstream infections (BSI) at Oregon Health
and Science University (OHSU), accounting for 38.6% (22/57) of isolates (17, 18). P. aeruginosa
ST111 has been documented as one of several high-risk, multidrug- or extensively drug resistant
clones that are prevalent worldwide (18-22). We determined that ST111 isolates from these
patients out-competed non-ST111 isolates via live-cell-dependent and live-cell-independent
mechanisms (17). However, the specific mechanisms underlying these observations and the
relative importance of these mechanisms remain poorly defined.

One of the key mechanisms used for intrastrain competition amongst P. aeruginosa strains is

the production of high-molecular weight bacteriocins, called pyocins, that are categorized into
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three groups: R, S, and F (14, 23). R pyocins, the most common class, are phage-tail-like
complexes related to the P2 bacteriophage (24). R pyocin tail fibers attach to lipopolysaccharide
(LPS) on the cell surface of recipient cells, the sheath contracts, and the core structure is injected
through the cell membrane (23, 25-30). This depolarizes the cell membrane and prevents active
amino acid transport (31). The presence of the O-antigen on the outermost region of LPS limits its
interaction with R pyocins and confers protection (26). Based on amino acid sequence variations
and their ability to kill competing bacteria, R pyocins are further divided into R1-R5 subtypes (23).
Of these, R5 is thought to have the broadest activity, with a bactericidal spectrum that includes the
ranges of all the other subtypes (32, 33). The importance of R pyocins in interstrain and
interspecies competition has been previously studied (14, 34-36). To date, however, little has been
reported on the roles of R pyocin subtypes in P. aeruginosa strain dominance and its impact in
clinical settings.

Using an unbiased approach, this study identified an important role for R5 pyocins in the
predominance of P. aeruginosa ST111. We found that ST111 isolates inhibited a large panel of
non-ST111 strains by producing a high-molecular weight bactericidal product. A genome-wide,
transposon-insertion mutant screen identified this product as R pyocin. We also determined that
loss of function of the O-antigen ligase WaaL caused the susceptibility of previously resistant
strains to R pyocins. Interestingly, lipopolysaccharide biosynthesis mutants with increased
susceptibility to R5 pyocins (such as PAl4Awaal) also had reduced swimming motility,
suggesting that this difference may provide a useful diagnostic tool. Deletion of an R5 pyocin
structural gene abolished ST111’s advantage in intraspecies competition, establishing its
importance. This is also consistent with results seen from large-scale data mining of P. aeruginosa

isolate genomes worldwide, which demonstrated a strong correlation between the presence of R5
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93 pyocin and the prevalence of multiple high-risk clones, including ST235, the most prevalent
94  sequence type across the globe.

95

96 Results

97  An extracellular bactericidal complex contributes to the competitive advantage

98 0of ST111 strains

99 Previously, we and others described P. aeruginosa sequence type ST111 as predominant
100 among clinical isolates from HCT/HM BSI patients at OHSU (17, 18). Almost all the ST111
101  isolates possessed inactivating mutations in the carbapenem entry porin OprD. While our previous
102  work and that of others demonstrated a competitive advantage for OprD inactivation (17, 37), this
103  factor was unlikely to explain the dominance of ST111 alone; most of the non-ST111 clinical
104  isolates also carried loss-of-function mutations in oprD. For this reason, we investigated other
105  possible mechanisms for the dominance of ST111 isolates over clinical isolates from other
106  sequence types.

107 To observe the interactions between ST111 and non-ST111 isolates, we first tested in vitro
108  competition between strains with oprD mutations: a carbenicillin-susceptible ST111 strain, M0101
109  (has oprD mutation), and two oprD-mutant, non-ST111 strains (ST291/M0103::Carb® and
110  ST233/M0104::Carb®). Immediately after mixing, ST291/M0103::Carb® or ST233/M0104::Carb®
111 comprised approximately half of the co-culture (Fig 1A). After 24 hours co-incubation in the
112 absence of antimicrobials, we observed that carbenicillin-resistant, non-ST111 bacteria
113  represented only a small fraction of the overall population, especially when compared to the initial
114  input (Fig 1A). This was not due to the growth deficiencies or loss of the carbenicillin resistance

115  plasmid: ST291/M0103::Carb® and ST233/M0104::Carb® grew well on carbenicillin after 24 h
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116 incubation in antibiotic-free medium in the absence of ST111 strain (Fig 1A). Similar results were
117 seen in a Caenorhabditis elegans-based, in vivo competition assay, where ST111/M0101

118  prevented ST291/M0103::Carb® or ST233/M0104::CarbR cells from colonizing the nematode host

119  (Fig 1B).
A In vitro competition
ST291/M0103::CarbR ST233/M0104::Carb?
w/ sterilewater ~ w/ ST111/M0101 w/ sterile water  w/ ST111/M0101
Oh 24 h Oh 24 h Oh 24 h Oh 24 h
- Carb y
|
+ Carb _ ﬂ
B In vivo competition
ST291/M0103::Carb® ST233/M0104::Carb?
w/ sterilewater ~ w/ST111/M0101 w/ sterile water ~ w/ ST111/M0101
Oh 24h Oh 24h Oh  24h Oh  24h
[E ® I ﬁ
- Carb A
+ Carb
Growth of ST233/M0104 incubated with
specified filtrates
ST233/M0104
ST111/M0101 B
120
121

122 Figure 1. ST111 strains outcompete non-ST111 clinical isolates. (A, B) Bacterial colonies of
123  ST111/M0101  and  carbenicillin-resistant ~ non-ST111  (ST291/M0103::Carb®  or
124  ST233/M0104::Carb®) strains on non-selective LB plates (- Carb) and carbenicillin-containing LB

125 plates (+ Carb) before (0 hours) and after (24 hours) an in vitro competition (A) or an in vivo
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126  competition in C. elegans (B). In conditions without antimicrobial, both bacterial strains grow; in
127  the presence of carbenicillin, there is selection only for the non-ST111 strain. Three biological
128  replicates were performed with three technical replicates for each. (C) Images of ST233/M0104
129  cells stained with acridine orange (AO, a cell-permeant dye) and propidium iodide (PI, a cell-
130 impermeant dye that stains only dead cells) after 4 hours of incubation with self vs. ST111/M0101
131 filtrate. Three biological replicates were performed with three technical replicates for each. Scale
132 bar: 25 um. (A-C) A representative technical replicate is shown for each condition.

133

134 We postulated that ST111 strains may be outcompeting non-ST111 strains by releasing a toxic
135 (bactericidal or bacteriostatic) factor. Supporting this idea, cell-free spent media (hereafter referred
136  to as filtrate) from ST111 strains (ST111/M0067, ST111/M0101, or ST111/218M0087) impaired
137  the growth of several non-ST111 strains (ST233/M0104, ST291/M0103, or ST299/M0128) (Figs
138 S1A-C, also see Table 1). Interestingly, this growth-suppressing ability was specific. Neither
139  ST111 nor ST446 strains showed apparent growth inhibition in the presence of ST111 filtrate
140 (Table 1). ST446 is the second-most frequent sequence type amongst P. aeruginosa bloodstream
141  infection isolates collected from OHSU (17). We also observed that ST446 filtrates inhibited
142  certain non-ST111 strains (Fig S1D-F). Follow-up experiments showed that the factor of interest,
143  which we presumed was a toxin, is temperature-sensitive and is retained after centrifugation
144  through 100-kDa membrane (Figs S2A-C). Interestingly, filtrate from the laboratory-adapted
145 strain ST253/PA14 also inhibited the same three non-ST111 strains (ST291/M0103,
146  ST233/M0104, or ST299/M0128) (Figs S2D-F). As with ST111 filtrate, growth inhibition from
147  this filtrate was lost after heat treatment or removal of macromolecules >100 kDa (Figs S2D-F).

148
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Table 1. Growth inhibition by specified filtrates

filtrate from
PA14 PAOl1 MO0067 MO0101 218MO0087

Inhibit the MLST 253 549 111 111 111
growth of

MO0067 111 - - - - -
MO0101 111 - - - - -
218M0087 111 - - - - -
MO0003 111 - - - - -
M0025 111 - - - - -
MO0134 111 - - - - -
M0169 111 - - - - -
MO177 111 - - - - -
M0249 111 - - - - -
MO0117 446 - - - - -
M0186 446 - - - - -
MO0068 132 + + + + +
M0103 291 + + + + +
MO0104 233 + + + + +
M0128 299 + + + + +
MO0013 17 + + + + +
M0027 281 + + + + +
M0043 308 + + + + +
M0089 260 + + + + +

MLST: Multilocus sequence typing; —: not inhibited; +: inhibited

To distinguish whether ST111 filtrates were bactericidal or bacteriostatic against non-ST111
strains, we visualized the interaction between filtrates and strains by nucleic acid staining with
cell-permeant acridine orange and cell-impermeant propidium iodide dyes. After four hours of
incubation with ST111/M0101 filtrate, the fraction of ST233/M0104 cells labeled with propidium
iodide compared to those treated with self-filtrate control significantly increased, indicating that

the ST111 or PA14 filtrates caused cell permeabilization and death (Fig 1C and Fig S2G).

High-throughput genetic screening identifies R pyocin as the growth inhibitor

Based on these experimental outcomes, the most parsimonious hypothesis was that

ST253/PA14 and ST111 produced similar, if not the same, toxic, high-molecular-weight complex.
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161  To identify any factor(s) responsible for bactericidal activity in ST253/PA14 and ST111 filtrates,
162  we performed a high-throughput, genetic screen using a commercially-available, non-redundant
163  PA14 transposon mutant library (38). Instead of producing individual filtrates from each of the
164  thousands of clones, the growth of overnight cultures of ST253/PA14 transposon mutants were
165  suppressed with meropenem, initially for 5 h at 16 pg/mL and then for an additional ~ 18 h at 8
166  pg/mL after mixing with the non-ST111, meropenem-resistant sensor strain ST233/M0104 (Fig
167 2A). To act as a “sensor strain” for growth inhibition, ST233/M0104 was engineered to
168  constitutively expresses dsRed, enabling bacterial growth to be assessed via fluorescence
169  measurement (Fig 2A). The assay was validated using wild-type ST253/PA14, Escherichia coli
170  OP50, and Enterococcus faecalis OG1RF (Fig S3). 5,459 transposon insertion mutants were
171  screened, covering ~90% of ST253/PA14 protein-coding genes. 43 hits (0.79% hit rate) were
172  identified in the primary screen (Fig 2B) based on increased bacterial growth, as assessed by
173  fluorescence (>3 standard deviations above the mean) (Fig 2C).

174
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C RFU of ST233/M0104::dsRed in screen
1500

Stamp and grow
PA14 Tn mutant

library plate T —
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A

-
(=]
o
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(5]
(=1
<

Add 16 pg/mL mero -

Incubate 37°C, 5 hrs.
Incubate at 37°C

Measure OD and

1st Technical replicate (RFU)

o

0 500 1000 1500

fluorescence at 0, ~6, ] .
r and ~18 hrs. D 2nd Technical replicate (RFU)
Growth of ST233/M0104::dsRed
’ — ¢ incubated with specified filtrates
0.8
Well i Identify hits with - ggggﬁgﬂ?
o.n. culture ell composition: RFP > plate avg + 3xSD 0.6+ F o .
ST233/M0104::dsRed 1. ~50% MO104::dsRed (diluted) o i, - AT 0R000
diluted to OD600 ~0.1 2. ~50% PA14 Tn mutant S Iy i pA14 06030 1
(suppressed) 8 0.41 A o PA14.08060"
3. 8 yg/mL mero {{: : gﬁ;j_ggg;g 1
B 0.2¢5s  ..oe - PA14_08090_2
- PA14.08120
5,459 Tn 1°screen 43 hits 2° screen 9 hi 0.0
mutants (0.79% hit rate) strong hits 5 10 15 20

Time (hours)

Figure 2. Genome-wide transposon screening identifies R pyocin as the relevant bactericidal
agent. (A) Schematic of primary screen. Two technical replicates were performed for each library
plate. Tn: Transposon insertion; o0.n.: overnight; mero: meropenem; avg: average; SD: standard
deviation. (B) Summary of screen results. (C) Representative primary screen data from 96-well
library plate. M0104::dsRed growth was measured via red fluorescence after 18 hours. Read from
the well containing the verified hit PA14 08030 _1 is highlighted in red. (D) Representative
secondary screen ST233/M0104 growth curves in the presence of 50% filtrate from self
ST233/M0104 (negative control), WT ST253/PA14 (positive control), or 9 sequence-confirmed
ST253/PA14 strong mutant hits, which are related to pyocin (gold). Three biological replicates

with two technical replicates each were performed for all primary screen hits.

While the use of antibiotic-treated cultures made the primary screen feasible, treatment-

mediated bacterial lysis could cause the release of intracellular factors not normally present in the
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filtrate, altering the growth of the sensor strain. Therefore, we validated our primary hits using

filtrates against the sensor strain ST233/M0104 (Fig 2D). After testing in two additional sensitive
strains, ST291/M0103::dsRed, or ST299/M0128::dsRed, 9 strong hits emerged (Table 2 and Fig
S4). None of these mutants showed significant growth defects, confirming that the growth
inhibition observed was a specific phenomenon (Fig S5A).
Table 2. List of 9 strong hits.
Sensor Strain Growth
Gene Name Gene annotation ST233/M0104 | ST291/M0103 | ST299/M0128
PA14 07950/prtN [pyocmr]etgrsln;%rrl ptional Strong Strong Strong
PA14 08000 | Conserved hypothetical | o Strong Strong
- [pyocin collar] protein
PA14 08030_1 pma;;::ﬂeg%%gise?ﬁlate Strong Strong Strong
PA14 08030_2 pma;;:;ﬁg%?;s;se?glate Strong Strong Strong
PA14 08060 glsjstzmﬁ;aélrgﬁﬁ: Strong Strong Strong
PA14 08070 | phage tail sheath protein Strong Strong Strong
PA14_08090_1 p”ta“"erf’rg";‘gﬁ] tailtbe | oo Strong Strong
PA14 08090 2 putative phag_e tail tube Strong Strong Strong
protein
PA14 08120 putative tail length Strong Strong Strong
determinator protein

Eight of the transposon mutants that abolished PAl14-mediated growth inhibition of
ST233/M0104 were in genes that encoded structural components of R pyocin (Table 2), a
bacteriocin produced by P. aeruginosa (23). R pyocins resemble the contractile tail structure of
the P2 bacteriophages and can disrupt cell membranes by penetration (26, 27, 29, 30).

Identification of a role for R pyocin was consistent with our observations that filtrate toxicity was
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202  associated with a high-molecular-weight, bactericidal effector. The ninth strong hit was a
203  transposon insertion in the positive transcriptional regulator prtN, which drives expression of the
204 R pyocin structural genes (39, 40). Mutations in prtN have been shown to abolish R pyocin
205  production in P. aeruginosa (40).

206 To measure R pyocin production in our 9 hits, filtrates were tested for their ability to inhibit
207  growth of P. aeruginosa 13s, an indicator strain for R pyocins (41). As expected, filtrates from
208  mutants of ST253/PA14 with insertions in the R pyocin genes did not inhibit the growth of P.
209 aeruginosa 13s. Likewise, a PA14Apyocins mutant, where the operons for the R and F pyocins
210  were deleted (42), failed to inhibit growth of the 13s indicator strain. Taken together, these data
211  support the conclusion that R pyocin production was compromised in our transposon mutants (Fig
212  S5B). Combined, these data strongly argue that R pyocins are the primary mechanism driving
213  ST253/PAl4-mediated inhibition of the growth of non-ST111 clinical isolates.

214

215 R pyocin is required for ST111 dominance against non-ST111 strains

216 Genome sequence analysis of OHSU ST111 strains revealed that they all encoded R pyocins.
217  Filtrates from each of the three ST111 strains (ST111/M0067, ST111/M0101, or
218 ST111/218M0087) strongly inhibited growth of the R pyocin indicator strain 13s (Fig 3A),
219  confirming production of R pyocins.

220
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incubated with specified filtrates 08- with specified filtrates
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o 0.4 = ST111/218M0087 o ¥ -e ST233/M0104
+ ST111/218M008T7 A Rpyocin 0.2 = ST111/218M0087
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221 Time (hours) Time (hours)

222  Figure 3. R pyocin mediates the growth inhibition exhibited by ST111 isolate filtrates. (A)
223  Growth of the R pyocin indicator strain P. aeruginosa 13s incubated with filtrates from self,
224  ST253/PAl4, ST253/PA14Apyocins, ST111/M0067, ST111/M0101, or ST111/218M0087. (B-D)
225  Growth of the R pyocin indicator strain 13s (B), S pyocin indicator strain PML1516d (C), or
226  ST233/M0104 (D) incubated with filtrates from wild-type ST111/218MO0087 or
227  ST111/218M0087ARpyocin (in this strain, an ortholog of structural pyocin gene (tail tube)
228 PA14 08090 was deleted). Three biological replicates with three technical replicates each were
229  performed.

230

231 As pyocins come in three major types, S, F, and R (23), we tested our panel of ST111 isolates
232  for S pyocins using the indicator strain PML1516d. As anticipated, the three strains produced S
233  type pyocins as well (Fig S6A). To determine whether S pyocins contributed to the inhibition of
234 non-ST111 isolates, we deleted the putative R pyocin tail tube protein gene in ST111/218M0087.

235  This gene was selected based on its sequence homology to PA14 08090, which encodes phage tail
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236  tube protein in PA14. As expected, removal of the gene strongly compromised the ability of
237  ST111/218M00874Rpyocin to inhibit the growth of the R pyocin indicator strain (Fig 3B). Loss
238  of this gene did not affect the ability of ST111/218M00874Rpyocin to prevent growth of the S
239  pyocin indicator strain (Fig 3C). Importantly, ST111/218M0087A4Rpyocin lost its inhibitory
240 activity against the non-ST111 panel (Fig 3D and Fig S6B-C).

241 To more quantitatively assess the impact of R pyocin deletion on toxicity, we counted colony-
242  forming units (CFUSs) to analyze cell viability after filtrate treatment. After one hour of exposure
243 to ST111/218M0087 filtrate, there were no viable ST260/M0089, ST291/M0103, or
244  ST299/M0128 cells, while the number of viable bacteria after exposure to filtrate from the deletion
245 mutant, ST111/218MO0087A4rpyocin, were comparable to their own filtrates (Fig 4A),
246  demonstrating rapid and strong bactericidal activity of R pyocins. These data indicate that R, but
247 not S, pyocins play a crucial role in filtrate-dependent killing of sensitive strains. Similarly,
248  bactericidal properties of ST253/PA14 filtrate were abolished in filtrate from an analogous
249  ST253/PAl4Apyocins deletion mutant (Fig S6D).

250 R pyocin complexes resemble phage tails, and P. aeruginosa is known to produce endogenous
251  phages. To explore the role of phages in filtrate-dependent killing of non-ST111 clinical isolates
252 (43), we spread filtrate from ST233/M0104, ST253/PAl4, ST111/218M0087, or
253  ST111/218MO00874Rpyocin on a confluent lawn of ST233/M0104 bacteria. We noted that
254  ST233/M0104 is an endogenous phage carrier. However, no notable increase in plaques was
255  observed following treatment with filtrates from ST253/PAl4, ST111/218MO0087, or
256  ST111/218M00874Rpyocin (Fig S7). Notably, the addition of 200 uL of filtrate from ST253/PA14
257 or ST111/218M0087 to a lawn of ST233/M0104 resulted in significant bacterial Killing, a

258  phenomenon distinctly different from the effects seen with the filtrate from ST233/M0104 or
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259  ST111/218M00874Rpyocin (Fig S7B). Combined, these data indicate that the growth inhibition

260 s specific to the production of R pyocins and is independent of the presence of phages.

A Growth of isolates incubated with specified filtrates
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262  Figure 4. R pyocin deletion causes loss of ST111 dominance. CFUs (colony-forming units) of
263  ST260/M0089, ST291/M0103, and ST299/M0128 after 1 hour incubation with self,
264  ST111/218M0087, and ST111/218MO0087ARpyocin filtrates, respectively. Three biological
265 replicates were performed. Detection limit of CFU assay (horizontal dashed line) is 100
266  colonies/mL per individual technical replicate. Error bars represent SEM. (B) Bacterial colonies
267 of ST111/218M0087, or ST111/218M0087ARpyocin and carbenicillin-resistant non-ST111
268  (ST233/M0104::CarbR) strains on non-selective LB plates (-Carb) and carbenicillin-containing LB
269  plates (+ Carb) before (0 hours) and after (24 hours) an in vitro competition. In conditions without
270  antimicrobial, both bacterial strains grow; in the presence of carbenicillin, there is selection only

271  for the non-ST111 strain. Three biological replicates were performed with three technical
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272  replicates for each. For (B), a representative technical replicate is shown for each condition.

273

274 Importantly, compromising R pyocin production also limited growth inhibition of non-ST111
275  strains during in vitro competition assays. Co-incubation (24 h) of wild-type ST111/218M0087
276  with ST233/M0104::CarbR strongly inhibited growth of the latter, while the 24-hour co-incubation
277  of ST111/218M00874Rpyocin with ST233/M0104::CarbR led to titers in the latter comparable to
278  single-strain controls (Fig 4B).

279
280  Sensitivity towards ST111 R pyocins correlates with swimming motility

281 Several studies have demonstrated that R pyocins target the core of LPS on the outer membrane
282  of P. aeruginosa (44, 45). This interaction is hindered by the addition of O-antigens onto LPS (26).
283  We hypothesized that non-ST111 strains may be susceptible to R pyocins due to a deficiency in
284  LPS biosynthesis. To test this, a panel of LPS mutants from the ST253/PA14 transposon mutant
285 library and a PAl44waal mutant we generated were tested for R pyocin susceptibility. Of the
286  eighteen mutants tested, three (waal, wbpL, and wbpM) showed an increase in sensitivity to
287  ST111 filtrate (Table 3), suggesting that these genes encode proteins that promote resistance. This
288 is consistent with a previous report that wbpL and wbpM mutations increased susceptibility to R1
289 and R5 pyocins (26). Therefore we hypothesized that Waal, the O-antigen ligase mediating the
290 addition of the O-antigen to the LPS core, also plays a key role in determining sensitivity to R
291  pyocin. Despite this, the PA744waal mutant was not affected by the R pyocin from ST253/PA14
292  (Table 3).

293 Table 3. R pyocin sensitivity of PA14 LPS mutants.

Gene Annotation ST253/PA14 | ST111/218M0087
filtrate filtrate
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galU UTP-glucose-1-phosphate - -
uridylyltransferase
gmd GDP-mannose 4,6-dehydratase - —
IptD LPS-assembly protein - -
IpxC UDP-3-0-[3-hydroxymyristoyl] N- - -
acetylglucosamine deacetylase
IpxO1 lipopolysaccharide biosynthetic protein - -
IpxO2 lipopolysaccharide biosynthetic protein - —
PA14 69170 | probable O-antigen acetylase - -
pagL Lipid A 3-O-deacylase - —
waal O-antigen ligase - +
wbpL (orfN) | glycosyltransferase - +
wbpM nucleotide sugar epimerase/dehydratase - +
whpW phosphomannose isomerase/GDP- - -
mannose
whpX glycosyltransferase - —
wbpY glycosyltransferase - -
whpZ glycosyltransferase - —
wzm membrane subunit of A-band LPS efflux - -
transporter
wzt ABC subunit of A-band LPS efflux - -
transporter
wzz O-antigen chain length regulator - -
294 - not inhibited; +: inhibited
295
296 Previous work from Abeyrathne et al. revealed that waalL mutation reduces swimming motility

297  (46). Swimming motility is a form of movement in P. aeruginosa that requires a functioning polar
298  flagellum (47). Mutants without a functional flagellum exhibited limited swimming motility. For
299 example, deletion of the flagellar hook-associated protein FIgK (PA14AfigK) strongly
300 compromised swimming and was used as a positive control (Fig 5A). We hypothesized that
301  swimming motility is related to LPS biosynthesis and that, on this basis, swimming motility may
302  serve as a useful mechanism for predicting susceptibility to R pyocins. To test this prediction, we
303 used a plate-based swimming motility assay to measure swimming motility in wild-type,
304 PAl4AfigK, and PA14 LPS mutants. For each strain, the size of the colony, representing the

305 distance traveled by swimming bacteria and referred to as the swimming diameter (46, 47), was
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measured. As predicted, reduced swimming motility was observed in the three mutants that caused

susceptibility to ST111 R pyocins (waaL, wbpL, and wbpM) (Figs 5A, 5B, and Fig S8A).
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Figure 5. Deficiency in LPS biosynthesis is associated with the high susceptibility to R pyocins.
(A) The cropped pictures showing the swimming motility of P. aeruginosa PA14 mutants. A

representative technical replicate is shown for each strain. The original pictures are included in Fig
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312 S8A.(B) The swimming diameter of WT PA14 and isogenic mutants in the plate-based swimming
313  motility assay. Four biological replicates were performed with at least two technical replicates for
314  each. (C) CFUs (colony-forming units) of PA14 mutants after 1 hour incubation with filtrates from
315 an R1 pyocin-encoding strain ST260/M0089, a R2 pyocin-encoding strain ST549/PAOL, or a R5
316  pyocin-encoding strain ST111/218MO0087 respectively. Three biological replicates were
317  performed. Detection limit of CFU assay (dashed horizontal line) is 100 colonies/mL per
318 individual technical replicate.

319

320 Pyocin sensitivity of waaL mutants depends on R pyocin type and the presence

321  of self pyocin

322 Previous research has established that different R pyocin subtypes exhibit differences in
323  bactericidal properties (26). We anticipate that this is due to structural differences, so we compared
324  the sequences of R pyocin tail fiber proteins of our clinical isolates to ST253/PAl4 or
325 ST549/PAO1 and found several polymorphisms unique to ST111 strains (Table 4), most of which
326  were located on the tail fiber protein (PA14_08050 ortholog), with five of eight tail fiber mutations
327  inthe Knobl domain (28). Interestingly, we noticed that an isolate from the ST446 sequence type,
328  the second-most dominant sequence type amongst our clinical isolates, shared the ST446 tail fiber
329  polymorphism. R pyocins produced by P. aeruginosa have been placed in five groups based on
330 their bactericidal activity (48). R pyocins from ST111 isolates belong to the R5 subtype, which
331  has the broadest killing spectrum and may contribute to the fitness advantage of this dominant
332  sequence type (32). ST253/PA14 and PAO1 both encode R2 pyocins. Sequence similarity between
333 tail fiber proteins in the R2, R3, and R4 pyocin subgroups is over 98%, so we treated them as a

334  single category (referred to as the R2 group).
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335 Table 4. Sequence polymorphisms in different R-type pyocins.

MLST PA14_08000 PA14 08000 PA14_08030 PA14_08050

Mutations A26V A76G A80V T221S N365T, S366T 1430A, E432D, Q437K T446S ~ S560T

PAO1 549 RLPEAQLI VPPGADRQ ASGADLDQ SNPTTLA AVSNSSDP  PSIREWLPWQRC  GGSFTK GKPATFPPS
PA14 253 RLPEAQLI VPPGADRQ ASGADLDQ SNPTTLA AVSNSSDP  PSIREWLPWQRC  GGSFTK GKPATFPPS
MO0067 111 RLPEVQLI VPPGGDRQ ASGVDLDQ SNPSTLA AVSTTSDP  PSARDWLPWKRC GGSFSK GKPATFPPT
MO0101 111 RLPEVQLI VPPGGDRQ ASGVDLDQ SNPSTLA AVSTTSDP  PSARDWLPWKRC GGSFSK GKPATFPPT
218M0087 111 RLPEVQLI VPPGGDRQ ASGVDLDQ SNPSTLA AVSTTSDP  PSARDWLPWKRC GGSFSK GKPATFPPT
MO0134 111 RLPEVQLI VPPGGDRQ ASGVDLDQ SNPSTLA AVSTTSDP  PSARDWLPWKRC GGSFSK GKPATFPPT
MO0169 111 RLPEVQLI VPPGGDRQ ASGVDLDQ SNPSTLA AVSTTSDP  PSARDWLPWKRC GGSFSK GKPATFPPT
MO0177 111 RLPEVQLI VPPGGDRQ ASGVDLDQ SNPSTLA AVSTTSDP  PSARDWLPWKRC GGSFSK GKPATFPPT
MO0117 446 RLPEAQLI VPPGADRQ ASGADLDQ SNPSTLA AVSTTSDP  PSARDWLPWKRC GGSFSK GKPATFPPT
M0162 281 RLPEAQLI VPPGADRQ ASGADLDQ SNPTTLA AVSNSSDP  PSIREWLPWQRC  GGSFTK GKPATFPPS
MO0068 132 RLPEAQLI VPPGADRQ ASGADLDQ SNPTTLA AVSNSSDP  PSIREWLPWQRC  GGSFTK GKPATFPPS
M0103 291 RLPEAQLI VPPGADRQ ASGADLDQ SNPTTLA AVSNSSDP  PSIREWLPWQRC  GGSFTK GKPATFPPS
M0104 233 RLPEAQLI VPPGADRQ ASGADLDQ SNPTTLA AVSNSSDP  PSIREWLPWQRC  GGSFTK GKPATFPPS

336  Polymorphisms are highlighted in red.

337

338 Sequence analysis indicates that R1 pyocin shares a higher degree of homology with R5 pyocin
339 than with R2 pyocin, which may imply conserved structural or functional characteristics between
340 R1 and R5 pyocins. Based on this, we tested the inhibitory effects of R1 pyocins (using filtrates
341  from ST281/M0027 and ST260/M0089) on our clinical isolates (Table S1). Surprisingly, most
342  ST111 strains were not inhibited by R1 pyocin. We also tested the susceptibility of PA14 LPS
343 mutants to filtrates from R1 (ST260/M0089), R2 (ST549/PAQ1), and R5 (ST111/218M0087)
344  pyocin-encoding strains. CFU results and growth kinetics confirmed that PA14Awaal, PAl4wbpL
345 and PAl4wbpM were sensitive to R1 and R5 filtrates, but resistant to R2 filtrate (Fig 5C and Figs
346  S8B and S8C).

347 We considered two potential explanations for the different effects seen for R1, R2 and R5
348  pyocins. First, ST253/PA14 may possess a detoxification system that provides defense against the

349  R2 pyocin it produces, but that is ineffective against other R pyocins. Second, WaaL activity may
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specifically preclude the binding of R1 and R5 pyocins. To test these hypotheses, we first selected
a few clinical isolates that encode R1 (ST260/M0089, ST179/MB3221), R2 (ST447/MB3216,
ST856/MB3340), or R5 (ST111/218M0087, ST111/M0101, or ST446/M0186) pyocins, along
with two lab-adapted R2 pyocin-encoding strains (ST253/PA14 or ST549/PAOL). Production of

R pyocins was confirmed using a CFU assay with the R pyocin indicator strain 13s (Fig 6A).

A Growth of R pyocin indicator strain 13s incubated with specified filtrates
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Figure 6. PAl4Awaal is sensitive to R1 and R5 pyocins. (A) CFUs (colony-forming units) of R
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357  pyocin indicator strain 13s after 1 hour incubation with filtrates from self, R1 pyocin-encoding
358 strains ST260/M0089, ST179/MB3221, R2 pyocin-encoding strains ST447/MB3216,
359 ST856/MB3340, ST253/PA14, ST549/PAQ1, and R5 pyocin-encoding strains ST111/218M0087,
360 ST111/M0101, or ST446/M0186. (B-C) Growth of the PA14::dsRed (B) and PA14Awaal ::dsRed
361 (C)incubated with filtrates from self, R1 pyocin-producing strains ST260/M0089,
362 ST179/MB3221, R2 pyocin-producing strains ST447/MB3216, ST856/MB3340, ST549/PAQO1,
363 and R5 pyocin-producing strains ST111/218M0087, ST111/M0101, or ST446/M0186. Three
364  biological replicates were performed. Filtrates labeled with asterisk (*) exhibited strong growth
365 inhibition of PAl4Awaal::dsRed. (D) CFUs (colony-forming units) of PA14 and PAl4Awaal
366 after 1 hour incubation with filtrates from self, R1 pyocin-producing strains ST260/M0089,
367 ST179/MB3221, R2 pyocin-producing strains ST447/MB3216, ST856/MB3340, ST549/PAC1,
368 and R5 pyocin-producing strains ST111/218M0087, ST111/M0101, or ST446/M0186. For (A,D),
369  detection limit of CFU assay (horizontal dashed line) is 100 colony/mL per individual technical
370 replicate.

371

372 Next, we challenged PA14 and PA14AwaalL with filtrates from the selected R1-, R2-group-,
373  and R5-producing strains (Figs 6B-D). To decrease bias in our panel, R1 and R2 pyocin-encoding
374  strains from a separate site (MD Anderson Cancer Center, Houston, Texas) were added (strains
375 with MB designation). Growth of a dsRed-engineered PA14Awaal mutant was significantly
376 inhibited by all filtrates from R1 and R5 pyocin-producing strains, compared with that of a wild-
377  type, dsRed-expressing PA14 (Fig 6B and 6C, labeled with an asterisk). Further quantification via
378  CFU assay confirmed the strong growth inhibition exhibited by these filtrates (Fig 6D). These data

379  support the hypothesis that deficiency in LPS biosynthesis is associated with sensitivity towards
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R1 and R5 pyocins. To test whether the production of R2 pyocin in PA14 contributes to the
resistance of PA14Awaal to R2 pyocin, we then deleted waal in the PA14Apyocins background
and challenged the resulting strain, PA14ApyocinsAwaal, with the same panel of filtrates.
Interestingly, the mutant remained resistant to R1 filtrates, but became sensitive to R2 and R5
filtrates (Fig 7A,; see Fig S9A for the second, independently-derived, line of PA14ApyocinsAwaal).
This outcome may be partially explained by the deletion of 31 genes for both R and F pyocins (42)

(see Discussion).
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Figure 7. waaL deletion expands the susceptibility range of P. aeruginosa to R pyocins. (A)
CFUs (colony-forming units) of PA1l4Apyocins and PA14ApyocinsAwaal after 1 hour incubation
with filtrates from self, R1 pyocin-producing strains ST260/M0089, ST179/MB3221, R2 pyocin-
producing strains ST447/MB3216, ST856/MB3340, ST549/PAOL, and R5 pyocin-producing
strains ST111/218M0087, ST111/M0101, or ST446/M0186. (B) CFUs (colony-forming units) of
218MO0087ARpyocin and 218M0087ARpyocinAwaal after 1 hour incubation with filtrates from

self, R1 pyocin-producing strains ST260/M0089, ST179/MB3221, R2 pyocin-producing strains
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396 ST447/MB3216, ST856/MB3340, ST253/PA14, ST549/PAQO1, and R5 pyocin-producing strains
397 ST111/218M0087, ST111/M0101, or ST446/M0186. For (A-B), detection limit of CFU assay
398  (horizontal dashed line) is 100 colony/mL per individual technical replicate.

399

400 To further investigate the impact of the waalL deletion in non-R2 strains, we constructed the
401  following deletions in an R5-expressing strain: 218M0087AwaalL and 218MO0087ARpyocinAwaal.
402  All lines of 218M0087Awaal tested displayed strong growth deficiency, likely due to sensitivity
403 to its own R5 pyocin and hence were excluded from further experimentation.
404  218MO0087ARpyocinAwaal bacteria, which did not produce R5 pyocin, were challenged with the
405 same panel of filtrates. Surprisingly, both lines of this mutant were sensitive to all filtrates
406  containing R pyocins (Fig 7B and Fig S9B). Overall, the waalL deletion caused susceptibility of
407  previously-resistant strains to R5 pyocins, but sensitivity of these mutants to R1 or R2 pyocins was
408  context-dependent.

409
410  Most global high-risk P. aeruginosa clones encode R5 pyocin

411 To more broadly examine the relationship between R pyocin subtype and epidemiological risk
412  associated with a given ST type, we analyzed data from the Pseudomonas Genome Database
413  (PGD) which includes 5,135 P. aeruginosa strains (Fig 8A) (49). These strains were isolated from
414  myriad global sources, including human and animal infections, hospital facilities, and natural
415 environments, providing a relatively comprehensive representation. 33.6% (1,726/5,135) of
416 isolates harbored genes for R5-type pyocin tail fiber, which encode a distinct peptide sequence
417  compared to R1 or R2 proteins (Fig S10A). A phylogenetic tree based on the tail fiber protein

418  sequences from the isolates used in this study revealed the existence of several subclades (Figure
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S10B).

Multiple globally-prevalent, high-risk sequence types encoded the R5 pyocin tail fiber gene.
ST235, the most prevalent high-risk sequence type (50, 51) comprised 17.8% of the R5 pyocin-
encoding strains. ST111 (17) was 15.9%, ST463 (52) was 8.2%, ST357 (19) was 5.6%, ST446
(53) 5.3%, ST308 (54) was 4.6%, and ST175 (55) was 4.3% of isolates with the R5 pyocin (Fig
8B). Although the majority of high-risk sequence types encoded R5 pyocin genes (56), this
association was not universal. For example, most strains in the ST244 group (the fourth most
common sequence type in the PGD) did not encode R5 pyocins (Fig 8A and C). ST244 is also an
epidemic, high-risk clone of P. aeruginosa (19), suggesting that R pyocin subtype is not the sole

determinant of strain dominance.
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Figure 8. International high-risk sequence types are enriched in R5 pyocin coding strains.
(A-C) Pie chart of input MLST distribution (A), MLST distribution of R5 pyocin carriers (B),

MLST distribution of non-R5 pyocin carriers (C). (D) A phylogenetic tree of 100 isolates from the
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434 20 most abundant MLSTSs in 5,135 isolate set.

435

436 To examine whether R5 pyocin production is enriched in a cluster of closely-related sequence
437  types, we analyzed the phylogenetic relationship of the 20 most abundant MLSTs within the 5,135
438 isolates in the PGD, including 7 MLSTSs of R5 pyocin carriers and 13 MLSTs of non-R5 pyocin
439 carriers. Five isolates were randomly selected from each R pyocin sequence type (100 isolates
440  total). We constructed a phylogenetic tree using 100 randomly-selected genes using the Codon
441  Tree method (57). Analysis showed that strains belonging to the same MLST tended to cluster
442  together (Fig 8D). A clade of isolates carrying an R5 pyocin-encoding gene (including isolates
443  from ST235, ST357, ST446, and ST308) was observed, implying greater relation between the
444  strains than merely the presence of the R5 pyocin gene. These R5 coding strains diverged from
445  other strains more recently, suggesting that the capacity for R5 pyocin production could confer an
446  evolutionary advantage.

447 However, other R5 pyocin-encoding sequence types, including ST111, ST463, or ST175, did
448  not appear to be closely related to the clade of R5 pyocin-encoding MLSTs described above or to
449  each other. This may indicate that they acquired R5 genes independently, perhaps via horizontal
450  gene transfer.

451 In order to establish the non-random nature of the association between R5 pyocin and
452  internationally-recognized, high-risk strains, we conducted an in-depth analysis of MLST
453  distributions amongst R1-4 pyocin coding strains. Due to high sequence similarity amongst R2,
454  R3, and R4 pyocins (over 98.84%), the MLST analysis treated R2, R3, and R4 as one category.
455  Results showed that none of the R1 or R2-4 pyocin coding strains were found to belong to ST235

456  or ST111 (Fig S11). Together, these collective findings strongly suggest that R5 pyocin production
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457  could indicate the likelihood of a newly emerging strain of P. aeruginosa to be a high-risk clone.

458

459 Discussion

460 Previously, we showed that carbapenem non-susceptible ST111 P. aeruginosa clinical isolates
461  from HM/HCT patients at OHSU exhibited a fitness advantage over the laboratory reference strain
462  ST253/PA14, in part due to OprD deficiency (17). However, OprD deficiency failed to explain
463  ST111’s dominance over other OprD-deficient clinical isolates of P. aeruginosa from the same
464  patient population. In this study, we observed strong inhibition of growth of certain non-ST111
465  strains, including ST260/M0089, ST291/M0103, ST233/M0104, and ST299/M0128, by ST111
466  and ST253/PA14. This phenomenon depended upon a high-molecular weight, heat-labile, material
467  produced by ST111 or ST253/PA14. High-throughput screening of transposon mutants identified
468 this factor as an R-type pyocin, and further analysis indicated that all of the ST111 isolates encoded
469  R5 subgroup pyocins (unlike PA14 and PAQO1, which encode R2 pyocin). R5 subgroup pyocins
470  display the broadest bactericidal activity against competing bacteria. This work represents, to the
471  best of our knowledge, the first to demonstrate an association between R-pyocin and strain
472  dominance in a clinical setting.

473 Without functional WaaL, LPS is bereft of O-antigen, which leaves the R pyocin receptor in
474  the LPS core accessible (58). Interestingly, deletion of waaL in the ST253/PA14 background
475  sensitized the mutant to R1 and R5 pyocins, but not its own or ST549/PAO1’s R2 pyocin. This
476  may be due to the presence of the tail fiber assembly protein in PA14 R2-subtype pyocin operon.
477  Production of excess tail fiber assembly protein, which is predicted to directly bind to R2-subtype
478  tail fiber, could limit the potential for bacterial cytotoxicity. Assembly proteins have divergent

479  protein sequences, which may prevent the R2 assembly protein from interacting with R1 or R5
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480  pyocins, but would likely protect against R2-4 pyocins, which have strong sequence similarity.
481  Deletion of operons for both R and F pyocins, along with deletion of waal, rendered
482  PAl4ApyocinsAwaalL susceptible to R2 and R5 pyocins, while deletion of waalL in the
483  218MO0087ARpyocin mutant sensitized it to all R pyocin-containing filtrates. This suggests that
484  deficiency of the O-antigen ligase Waal. most commonly rendered P. aeruginosa susceptible to
485  R5 pyocins. Other proteins may be involved in determining the sensitivity of P. aeruginosa LPS
486  mutants to R pyocins from other clades. Importantly, some of the R5 pyocin-sensitive strains
487  lacked obvious mutations in waal, wbpL, or wbpM, suggesting that other factors may also
488 influence pyocin sensitivity.

489 All known binding sites for R pyocins are on the LPS outer core, but there are differences in
490 reported binding sites (26). R1 pyocin binds the first L-rhamnose and R2 pyocin binds the first a-
491  glucose residue in LPS, while R5 binds the second a-glucose residue (26). This difference may
492  drive the broader killing spectrum for R5 pyocins, but additional research is necessary. In addition
493  to serving as the target for R pyocins, LPS is a pathogen-associated molecular pattern recognized
494 by the human innate immune system (59). Future work may investigate whether there is a
495 relationship between changes in LPS that facilitate immune avoidance and those that alter
496  susceptibility to pyocins.

497 Finally, previous explanations for the dominance of P. aeruginosa MLSTs like ST111 have
498  focused on their propensity for acquiring multi-drug resistance in clinical settings. This
499  explanation seems insufficient when dominant and minority sequence types have similar or
500 identical resistance profiles. Our research suggested that pyocin subtype may be an additional
501 determinant of clinical strain dominance. 5,135 strain-typed P. aeruginosa isolates collected

502  world-wide were examined for their pyocin subtype. Notably, several high-risk STs, including
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503 ST235and ST175, which together with ST111 are regarded as the three major international high-
504  risk sequence types (20), contain the genes that are related to R5 production. Importantly, these
505 three sequence types are not closely phylogenetically-related (see Fig 8). Our results suggest that
506 some high-risk sequence types may reduce the viability of competing strains by producing R5
507  pyocins, which have the broadest killing spectrum. The association between high-risk sequence
508 types and R5 pyocins may justify considering R5 pyocin production amongst the risk determinants
509 for P. aeruginosa strains and supports calls for typing P. aeruginosa isolates by pyocins (60). Our
510 phylogenetic analysis also underscores the prominent role of R5 pyocin-encoding strains in the P.
511 aeruginosa community, showcasing their evolutionary significance. This insight helps elucidate
512 their global prevalence and the associated public health risks. While R5 pyocin may not be the sole
513 determinant for predominance, our data strongly suggest it confers a substantial competitive
514  advantage.

515

516 Materials and methods
517 Bacterial strains and growth conditions

518  Escherichia coli SM10 or OP50, or Pseudomonas aeruginosa were grown in Luria-Bertani Lennox
519  broth (LB, 10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) or on LB agar plates fortified with
520 1.5% agar at 37°C. Enterococcus faecalis OG1RF was grown in Brain Heart Infusion broth (BHI).
521  When appropriate, 25 ug/mL irgasan (to specifically select for P. aeruginosa); or 30 or 15 ug/mL
522  gentamicin; or 1.5 pg/mL imipenem; or 50 pg/mL rifampicin; or 8 or 16 pg/mL meropenem; or
523 300 pg/mL carbenicillin was added to liquid or solid media. Markerless deletions were generated
524  using the pEXG2 vector with counterselection on no-salt LB plates containing 20% sucrose

525 (10 g/L tryptone, 5 g/L yeast extract, 20% (w/v) sucrose, 15 g/L agar). Transposon-insertion
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526  mutants came from commercially-available libraries (38, 61). The P. aeruginosa strains used in

527  this study are summarized in Table 5.

528 Table 5. Pseudomonas aeruginosa strains used in this study.

Strain MLST | Genotype or description Source or reference

PAl4 253 Laboratory wild-type strain of P. aeruginosa | Laboratory stock
(62)

PAO1 549 Laboratory wild-type strain of P. aeruginosa | Laboratory stock
(62)

MO0067 111 P. aeruginosa bloodstream clinical isolates | (17)

M0101 111 obtained from the OHSU Clinical

218M0087 | 111 Microbiology lab

M0025 111

MO0134 111

MO0169 111

MOQ177 111

M0249 111

MO0003 111

MO0117 446

MO0186 446

MQ122 308

MO0162 281

075M0106 | 384

MO0068 132

M0103 291

MO0104 233

M0128 299

MO0013 17

MQ027 281

M0043 308

MO0089 260

MB1854 244 P. aeruginosa bloodstream clinical isolates | This study

MB3221 179 obtained from the clinical microbiology

MB3090 298 laboratory at MD Anderson Cancer Center,

MB2853 298 Houston, TX.

MB3613 235

MB3244 111

MTC2191 13s (R pyocin indicator) Originally published
in (41), and gifted by
Cabeen Lab at
Oklahoma State
University (42)
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MTC2192 PML1516d (S pyocin indicator) Originally published
in (63), and gifted by
Cabeen Lab at
Oklahoma State
University (42)
MTC2326 | 253 PA14Apyocins (A07970-08300) Gifted by Cabeen

Lab at Oklahoma
State University (42)

253 PA144pyocins Awaal This study

253 PAl4Awaal This study

253 PA14AflgK Gifted by O'Toole
Lab at University of
Dartmouth (47)

291 MO0103::Carb® (M0103::dsRed) This study

233 MO0104::Carb® (M0104::dsRed) This study

299 MO0128:: Carb® (M0128::dsRed) This study

253 PA14::dsRed (17)

253 PAl4Awaal::dsRed This study

111 218M0087ARpyocin(APA14 08090 This study

ortholog gene)

253 PAl4waal (38)

253 PAl4galU (38)

253 PAl4gmd (38)

253 PA14IptD (38)

253 PA14lpxC (38)

253 PA14Ipx0O1 (38)

253 PA14lpx02 (38)

253 PA14 69170 (38)

253 PAl4paglL (38)

253 PAl4wzm (38)

253 PAl4wzt (38)

253 PAl4wzz (38)

253 PAl4wbpM (38)

253 PAl4wbpZ (38)

253 PAl4wbpL (38)

253 PAl4wbpY (38)

253 PA14wbpW (38)

253 PA14wbpX (38)

529  ©F: overexpression; Tn: transposon insertion

530 Caenorhabditis elegans strains

531  Atemperature-sensitive sterile strain of C. elegans glp-4(bn2) was used in this project (64). Worms
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532 were maintained on nematode growth media (NGM) plates seeded with E. coli OP50. For
533  propagation, glp-4(bn2) worms were incubated at 15 °C. For experiments, synchronized L1 larvae
534  of glp-4(bn2) worms were grown overnight on concentrated OP50 lawn at room temperature, and

535 then shifted to 25°C to induce sterility for 44~48 h prior to use.

536
537  Invitro or in vivo competition assays

538 These assays were performed as previously described (17). In brief, for in vitro assay, two P.
539  aeruginosa were cultured overnight separately in LB medium. The next day, P. aeruginosa was
540 pelleted and washed with 1 mL sterile water in a 1.5 mL Eppendorf tube to remove secreted
541  materials, then resuspended in 1 mL sterile water. Two P. aeruginosa isolates were mixed 1:1
542  based on the OD600, or with an equivalent volume of sterile water instead for single-strain control
543  groups, and spread onto SK plates. 0 h or after 24 h of incubation at 37°C, bacteria were diluted
544  1000x before additional serial 10-fold dilutions in a 96-well plate. Serial dilutions were then seeded
545  on the appropriate antibiotic plates: meropenem (8 pg/mL, Combi-Blocks) for carbapenem-
546  resistant clinical isolates or rifampicin (50 pg/mL, Fisher Scientific) for ST253/PAl4, or
547  gentamicin (15 pg/mL, Fisher Scientific) for ST253/PA14 transposon-insertion mutants. If two
548 clinical isolates with carbapenem resistance were examined, seeding on a plain LB plate yielded
549  total colonies while seeding on 300 pg/mL carbenicillin (Fisher Scientific) selected for the strain
550 transformed with the plasmid with carbenicillin resistance. The colonies of the second strain were
551 then calculated by subtracting colonies on the carbenicillin LB plate from those on the no-
552  antibiotic LB plate. After incubation overnight, colonies were counted. Three biological replicates
553  were performed with three technical replicates each.

554
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555  For in vivo assay, two P. aeruginosa were mixed 1:1 based on the OD600 and spread onto SK
556  plates as mentioned in in vitro competition. The initial ratio of two P. aeruginosa was determined
557 at this time point by serial dilutions and appropriate antibiotic selection. The mixed bacteria were
558 incubated 24 h at 37 °C, then another 24 h at 25 °C. Young adult glp-4(bn2) worms were picked
559  onto the bacterial lawn and left for 40 h of infection at 25 °C. 15 adult worms were then picked
560 into a 1.5 mL tube with S Basal buffer containing levamisole to prevent pumping, washed six
561  times, and lysed via vortexing with zirconium beads (Fisher Scientific, 1.0 mm). Buffer from the
562  final wash (blank control) and worm lysate were serially diluted 5-fold and seeded onto the
563  appropriate antibiotic plate. Three biological replicates were performed with three technical
564  replicates each.

565

566  Growth kinetics

567  Asingle P. aeruginosa colony was inoculated into 5 mL of LB liquid broth and was incubated at
568 37 °C for 12~16 h. The next day, a final OD600 0.1 was achieved by diluting overnight cultures
569 in LB. A 96-well plate containing 100 pL final solution in each well was covered with an air-
570 permeable membrane and placed into Cytation5 multimode plate reader (BioTek) for running
571  growth kinetics at 37 °C. OD600 measurements were obtained every 30 minutes. Three biological
572  replicates were performed with three technical replicates each.

573
574  Filtrate assay

575 A single colony was inoculated into 5 mL of LB liquid broth and was incubated at 37 °C for 12~16
576 h. The overnight culture was spun down at 10,000 g for 1 minute at room temperature. The

577  supernatant was harvested and passed through a 0.22 pum syringe filter to remove any remaining
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578 cells, yielding bacteria-free spent media (filtrate). Heated filtrate was obtained by incubating 1 mL
579  of filtrate at 95°C for 30 minutes in a dry bath. A 100 kDa centrifugal filter (Merck Millipore) was
580  used to separate small and large molecular fractions of the filtrate. A total of 40 mL of filtrate was
581 loaded into the top part of the centricon and was centrifuged at 3,000 g for 30 minutes. The filter
582  was washed with 40 mL of PBS. 200 uL filtrate harvested from the centricon was diluted in 2 mL
583  PBS. The growth kinetics were performed as previously described with a final OD600 0.1 in 50%
584 filtrate. Three biological replicates were performed with three technical replicates each.

585

586 Bactericidal effect test

587

588 For CFU assay, a single P. aeruginosa colony was inoculated into 5 mL of LB liquid broth and
589  was incubated at 37 °C for 14 h. The overnight culture was diluted to ~ 10° colony/mL, then 1:1
590  mixed with prepared filtrate (100 pL in total) in 96-well plate and incubated at 37°C. After 1 h of
591 incubation with filtrate, a 10 puL of well content was sampled. This aliquot was serially diluted 5-
592 fold and seeded to a LB plate. Colonies were counted the following day and CFU/mL was
593 calculated. Three biological replicates were performed each.

594

595  For imaging, combined ST233/M0104 diluted culture and filtrate were prepared as previously
596  described. Filtrate and diluted culture were combined 1:1 for 1 mL total volume and incubated
597  with shaking at 37°C. After incubation for three hours at 37 °C, the culture was stained with 40
598  uM acridine orange and 1 pg/mL propidium iodide, then incubated for another hour. The culture
599  was then pelleted by centrifugation at 10,000 g for 10 minutes, and the pellet was resuspended in

600 S Basal before dropping on an agar-padded microscope slide. Images were taken using a Zeiss
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601  ApoTomeM2 Imager fluorescent microscope (Carl Zeiss, Germany) with a 40x oil objective
602  magnification. Three biological replicates were performed.

603
604 PA14 transposon insertion mutant library screen

605  For the primary screen, library plates were stamped into a 96-well plate with 100 uL LB and
606  incubated overnight at 37 °C to create sub-cultures. Sub-cultures were then used to inoculate a 96-
607  deep-well plate with fresh 1 mL LB for a second overnight incubation in a Multitron Pro shaking
608 incubator (Infors HT) at 37 °C. 50 pL of the deep well cultures were incubated in a 96-well plate
609  with meropenem (16 ug/mL, Combi-Blocks) for 5 hours, yielding a “suppressed culture.” An
610  overnight culture of M0104::dsRed was diluted to an OD600 of 0.1 and combined 1:1 by volume
611  with the suppressed cultures in a 96-well plate. The 96-well plates were covered with a lid and
612 incubated at 37°C. After 0, 6, or 18 h, plates were placed into a Cytation5 multimode plate reader
613 to measure OD600 and dsRed fluorescence. Two technical replicates were performed per library
614  plate. Hits were defined as having fluorescence above the plate average plus 3 standard deviations
615 at 6 and/or 18 hours in both replicates. Wells were excluded if 0-hour OD600 indicated an absence
616 of PA14 library mutant growth. For the secondary screen, hits were tested using the filtrate assay
617  as described previously. Three biological replicates were performed with two technical replicates
618  each.

619
620 Pyocin indicator assays

621  The filtrate was obtained as previously described. Indicator strains were grown in 5 mL of LB
622  liquid at 37°C for 12~16 h. OD600 of the overnight culture OD600 was measured. The growth

623  Kinetics experiments were performed as previously described with a final OD600 0.1 in 50%


https://doi.org/10.1101/2024.10.07.616987
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.07.616987; this version posted October 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

624  filtrate. Three biological replicates were performed with three technical replicates each.

625
626 P. aeruginosa gene deletion generation

627  Two 500-600 bp homology regions flanking the gene of interest were cloned via PCR and were
628 inserted into the Xbal/Sacl pretreated pEXG2 vector via Gibson assembly (New England Biolabs).
629 2 uL of the product were transformed into 100 uL E. coli DH5a competent cells via heat shock
630 method (42°C for 40 seconds, cool down on ice for 2 minutes). Cells were recovered in 1 mL SOC
631  medium by incubation in a shaker (200 rpm) for 2 hours at 37 °C and then were spread onto 12.5
632 ug/mL gentamicin selective LB agar plates for colony growth. Colonies were tested via colony
633 PCR. Plasmids from selected colonies were sequence-verified and transferred into E. coli SM10
634  competent cells via heat shock method. The SM10 cells containing knockout plasmid were grown
635 overnight in 5 mL LB broth with 12.5 pg/mL gentamicin added. The P. aeruginosa strain of
636 interest was incubated overnight in 5mL LB broth without gentamicin. The cell pellets of SM10
637  and the P. aeruginosa strain of interest were harvested via centrifugation at 10,000 g for 1 minute,
638 mixed in 50 uL of LB broth, and spotted onto LB agar plate for conjugation, 6 hours at 37 °C.
639  After incubation, the mixed cells were washed from the plate with 1 mL LB. 20-50 uL of bacteria
640  were added to 1 mL fresh LB and spread onto an irgasan (25 pg/mL in ethanol)/gentamicin (12.5
641 ug/mL in water) LB plate, incubating at 37°C overnight. That allowed for selections of P.
642  aeruginosa colonies with the recombinant plasmid. To remove the plasmid from P. aeruginosa, a
643 colony from the irgasan/gentamicin plate was inoculated into a 5 mL LB medium without
644  antibiotics. The overnight culture was then streaked onto a counter-selection plate (10 g/L tryptone,
645 5 g/L yeast extract, 20% (w/v) sucrose, 15 g/L agar) and incubated overnight at 37°C. Next day,

646  ten colonies were selected to check the gene deletion via the single colony PCR. At least two
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647  independent lines were isolated. At least one of them was sequence verified.

648
649  Whole genome sequence analysis of constructed deletion mutants

650 Bacterial genomic DNA of PA14 was purified from overnight culture using FastPure DNA
651 Isolation Mini Kit (Vazyme). Paired end Illumina whole genome sequencing was performed by
652 the SEQCENTER for 400 minimum read counts per sample. To verify the deletion, raw
653  sequencing reads from each mutant were compared with the respective reference genome using
654  breseq (65, 66).

655
656 Phage plaque assay

657  The receptor (ST291/M0104 in this study) and the effector (ST253/PA14, ST111/218M0087, and
658 ST111/218MO0087ARpyocin in this study) strains were grown in 5 mL of LB liquid broth at 37°C
659  until the stationary phase was reached (about 12-16 hours). Next day, 200 uL of the receptor was
660 added into 4 mL of fresh LB broth, incubating in a shaker (200 rpm) at 37°C for 3 hours of growth
661 tothe log phase. The effector filtrate was prepared as described in the filtrate assay. To make 0.5%
662  agar LB medium, the mixture of 0.25 g agar and 50 mL LB was heated in a microwave oven until
663  all agar dissolved and then cooled down in a 45°C water bath. 5 mL of 0.5% agar LB, 100 uL of
664  the log-phase receptor, and 10 uL or 200 uL of the filtrate from the effector mixed well and poured
665 onto 1.5% LB agar plate with swirling the plate around to properly dispense the contents. The
666  receptor (ST291/M0104 in this study) filtrate was used as a blank control. After solidifying, plates
667  were incubated at 37°C overnight. The plaques on the plates were checked and imaged the
668  following day.

669
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670 Swimming motility assay

671  Swimming motility assay was performed as previously described (47). Briefly, a single P.
672  aeruginosa colony was inoculated into 5 mL of LB liquid broth and was grown at 37 °C for > 10
673 h. Swimming agar was prepared on the day of the assay by supplementing 0.3% M8 agar with
674 0.2 % glucose, 0.5 % casamino acids, and 1 mM MgSOg. A sterile disposable pipette tip was used
675 to dip into overnight culture and then stab halfway into the agar layer of the plate. The agar plates
676  were incubated upright at 37 °C for 16 h to observe the phenotype. Swimming motility was
677  measured by the diameter of bacterial radial growth.

678

679 RNA extraction

680 A 50 uL pellet of P. aeruginosa cells was collected from the overnight culture and resuspended in
681 150 pL sterile water in a 1.5 mL microcentrifuge tube. 600 uL of Trizol was mixed with P.
682  aeruginosa by pipetting up and down several times. The tube was stored at -80°C for at least 5
683  hours and then was taken out from the freezer and vortexed until the iced pellet melted. With
684  another 400 pL of Trizol added, cells were vortexed for 10 seconds and set on the ice for 5 minutes.
685  The procedure was repeated after 150 uL of BCP (1-Bromo-3-chloropropane) was added. The
686  cells' debris was spun down at the maximum speed at 4°C for 20 minutes. The supernatant was
687 transferred into a new prechilled 1.5 mL tube. 1:1 v/v isopropanol was added to the supernatant.
688  After 5 minutes of incubation at room temperature, the RNA was spun down at 12,000 rpm for 10
689  minutes at 4°C. The RNA pellet was washed with 1 mL prechilled 80% ethanol twice and then
690 dissolved in DEPC water. This RNA was used for quantitative RT-PCR. Three biological
691 replicates were performed.

692
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693 Quantitative RT-PCR
694  cDNA was synthesized using a cDNA synthesis kit (New England BioLabs). Quantitative reverse-
695 transcription real-time PCR (qRT-PCR) was conducted in a CFX-96 real-time thermocycler (Bio-
696 Rad) using SYBR green AzuraQuant Fast Green Fastmix(Azura). Fold changes were calculated
697  using a ACt method using gyrB (DNA gyrase subunit B) as a housekeeping gene. The primers
698 used in qRT-PCR are shown in Table 6.
699 Table 6. Quantitative PCR primers
Gene Primer Sequence Source
PA14 08060 | Forward CCTTACTCCCTGTCCAATACC This study
Reverse GTGACATAACGTCTGAGCC This study
PA14 08090 | Forward GTGAAGACCGAGCAATACC This study
Reverse CGGAACACGCCATTGAAAG This study
trpE Forward ACCATCAAGTGCGGATCAG This study
Reverse AACCGAAATAGCCGACCAG This study
trpG Forward CGATAACTACGACTCCTTCAC This study
Reverse TCTGTTCCACGCTCAGTTC This study
prtN Forward TGGAATTGGTCTACCGCATC This study
Reverse GCCTTGCTGAAGTTTTCCTTG This study
prtR Forward TGATCATGGATGGCTCCAC This study
Reverse GGCGATAGACGAACTTCAC This study
gyrB Forward GCAGCGAAATCAGCATCACC This study
Reverse ATCACTTCCGCCGCAGAAAC This study
700 Each of the three biological replicates contained three technical replicates.
701
702  MLST distribution analysis
703  The amino acid sequence and MLST information of 5,135 P. aeruginosa isolates were collected
704  from the Pseudomonas Genome Database (https://www.pseudomonas.com). Specifically, the
705 amino acid sequences of 7,465 P. aeruginosa isolates were downloaded and strain information,
706 including strain name, host, isolation source, location, and MLST, was downloaded from the

707  website. Strains that did not have MLST information or the strains whose names couldn’t match


https://www.pseudomonas.com/
https://doi.org/10.1101/2024.10.07.616987
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.07.616987; this version posted October 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

708 to any file name of the protein sequence were removed, resulting in a total of 5,135 isolates left
709 for pyocin analysis. Several unique fragments were used to distinguish the subtype of R pyocin:
710 two fragments (DHPGGIIDR, VSVSNTGCVIVSSEYYGLAQNYG) for R1 pyocin, two
711  fragments (TCPADADASI, FRGATTTTAVIRNGYFAQAVLSWE) for R2&3&4 pyocin, and
712 five fragments (SNPSTLA, AVSTTSDP, PSARDWLPWKRC, GGSFSK, GKPATFPPT) for R5
713  pyocin.

714

715  Phylogenetic tree construction

716  Atotal of 100 isolates, which were randomly selected from the 20 most abundant MLSTs in 5,135
717  isolates with 5 strains for each MLST, were employed to perform the phylogenetic analysis. The
718  genomic sequence of 100 isolates was used to construct the phylogenetic tree on the website of

719 Bacterial and viral bioinformatics resource center (BV-BRC: https://www.bv-

720  brc.org/app/PhylogeneticTree) (67). As the default setting, 100 genes were compared to yield the

721  phylogenetic tree. The .nwk file with strain names was downloaded from the BV-BRC and was

722  further annotated on the website iTOL (https://itol.embl.de).

723

724
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897  Supporting information

898  Figure S1. Filtrate from ST111 and ST446 strains impaired the growth of non-ST111 strains.
899 (A-C) Growth of non-ST111 strains (ST233/M0104, ST291/M0103, ST299/M0128) incubated
900  with 50% filtrates from self or ST111 strains (ST111/M0067, ST111/M0101, ST111/218M0087).
901 (D-F) Growth of non-ST111 strains (ST233/M0104, ST291/M0103, ST299/M0128) incubated
902  with 50% filtrates from self or ST446 strains (ST446/M0117, ST446/M0186), respectively. Three
903 biological replicates were performed with three technical replicates for each.

904

905 Figure S2. A large, heat-sensitive complex exhibits rapid bactericidal activity toward non-
906 ST111 strains. (A-C) Growth of non-ST111 strains (ST233/M0104, ST291/M0103,
907  ST299/M0128) incubated with 50% filtrates from self or untreated, heated, or fractionated
908 ST111/M0101. (D-F) Growth of non-ST111 strains (ST233/M0104, ST291/M0103,
909 ST299/M0128) incubated with 50% filtrates from self or untreated, heated, or fractionated
910 ST253/PA14 filtrates. (G) Images of ST233/M0104 cells stained with acridine orange (AO, all
911  cells) and propidium iodide (PI, dead cells) after 4 hours of incubation with self vs. ST253/PA14
912 filtrate. Three biological replicates were performed with three technical replicates for each. Scale

913  bar: 25 pm.


https://doi.org/10.1101/2024.10.07.616987
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.07.616987; this version posted October 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

914

915 Figure S3. ST233/M0104::dsRed growth curve in mock library screen reproduces filtrate
916  results. (A, B) ST233/M0104::dsRed growth curves, ODsoo (A) and red fluorescence-based (B),
917  in the presence of 50% filtrate from ST233/M0104 (self-control), ST253/PA14, E. coli OP50, or
918 E.faecalis OG1RF. (C, D) ST233/M0104::dsRed growth curves, ODsgoo (C) and red fluorescence-
919 based (D), in the presence of ST253/PA14, E. coli OP50, or E. faecalis OG1RF, each with or
920  without 8 pg/mL meropenem. Two biological replicates were performed with four technical

921 replicates for each using primary screen protocol.

922

923  Figure S4. Screen hits display decreased growth inhibition of the sensor strains. (A-C)
924  Growth of ST233/M0104::dsRed (A), ST291/M0103::dsRed (B), or ST299/M0128::dsRed (C) in
925 the presence of filtrates from self (negative control), WT ST253/PA14 (positive control), or three
926  strong PA14 Tn mutant hits in the secondary screen. Three biological replicates were performed

927  with two technical replicates for each.

928

929  Figure S5. Screen hits do not inhibit the growth of R pyocin indicator strain. (A) Growth of
930 9 confirmed strong screen hits compared to WT PA14 (control). (B) Growth of R pyocin indicator
931  strain 13s with filtrates from self, ST253/PA14, PA14Apyocins, or 9 strong hits. Three biological

932  replicates were performed with two technical replicates for each.

933
934  Figure S6. R pyocins produced by PA14 and ST111 strains is bactericidal. (A) Growth of S

935 pyocin indicator strain PML1516d incubated with filtrates from self, ST253/PAl4,
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936  ST253/PAl4Apyocins, or ST111 strains (ST111/M0067, ST111/M0101, ST111/218M0087). (B,
937 C) Growth of ST291/M0103 (B) or ST299/M0128 (C) incubated with filtrates from self,
938 ST111/218M0087, or ST111/218MO0087ARpyocin. (D) CFUs (colony-forming unites) of
939  ST260/M0089, ST291/M0103, and ST299/M0128 after 1 hour incubation with self, ST253/PA14,
940 and ST253/PAl4Apyocins filtrates respectively. Three biological replicates were performed.
941  Detection limit of CFU assay (horizontal dashed line) is 100 colony/mL per individual technical

942  replicate.

943

944  Figure S7.ST111 R pyocin not prophage contributes to the Killing effect. (A, B) Phage plaques
945  formed on ST233/M0104 lawn with the treatment of 10 uL (A) or 200 uL (B) of filtrates from self,
946  ST253/PA14, ST111/218MO0087, or ST111/218M0087ARpyocin. Three biological replicates with

947  three technical replicates each were performed. Scale bar: 0.5 cm.

948

949  Figure S8. Deficiency in LPS biosynthesis is associated with the high susceptibility to R
950 pyocins. (A) The original pictures showing the swimming motility of P. aeruginosa PA14
951 mutants. A representative technical replicate is shown for each strain. The cropped pictures are
952 shown in Fig 5A. (B) Growth of PA14 mutants incubated with filtrates from a R1 pyocin-
953  producing strain ST260/M0089, a R2 pyocin-producing strain ST549/PAO1, or a R5 pyocin-
954  producing strain ST111/218M0087 respectively. Three biological replicates with two technical
955 replicates each were performed. (C) CFUs (colony-forming units) of the second line of
956 PAl4Awaal after 1 hour incubation with filtrates from a R1 pyocin-producing strain

957  ST260/M0089, a R2 pyocin-producing strain ST549/PAOL, or a R5 pyocin-producing strain
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958 ST111/218M0087 respectively. Three biological replicates were performed. Detection limit of

959  CFU assay (horizontal dashed line) is 100 colony/mL per individual technical replicate.

960

961  Figure S9. waaL deletion expands the killing range of R pyocins. (A) CFUs (colony-forming
962  units) of PAl4Apyocins and PAl4ApyocinsAwaal (the second line) after 1 hour incubation with
963 filtrates from self, a R1 pyocin-producing strain ST260/M0089, a R2 pyocin-producing strain
964  ST549/PAQ1, or a R5 pyocin-producing strain ST111/218M0087 respectively. (B) CFUs (colony-
965 forming units) of 218M0087ARpyocin and 218M0087ARpyocinAwaal (the second line) after 1
966  hour incubation with filtrates from self, a R1 pyocin-producing strain ST260/M0089, a R2 pyocin-
967  producing strain ST549/PAQ1, or a R5 pyocin-producing strain ST111/218M0087 respectively. For
968 (A,B), three biological replicates were performed. Detection limit of CFU assay (horizontal dashed
969 line) is 100 colony/mL per individual technical replicate.

970

971  Figure S10. The alignment of R pyocin fiber protein sequences from different subtypes. (A)
972  The alignment result showed the difference in R pyocin tail fiber protein sequences between R1
973  (ST260/M0089), R2 (ST253/PA14), R5 (ST111/218M0087). The color darkness indicates the
974  identical amino acid residues between three sequences. (B) The phylogenetic tree based on the
975  alignment of R pyocin fiber protein sequences from clinical isolates with different subtypes.

976

977  Figure S11. MLST analysis of R1-4 pyocin-coding strains. (A, B) Pie chart of MLST
978  distribution of R1 pyocin- (A) or R2-4 pyocin-encoding strains (B). Strain numbers for each chart:
979 1,426 of R1 pyocin carriers and 1,202 of R2-4 pyocin encoding strains.

980
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981 Table S1. Growth inhibition by filtrates from isolates encoding different R pyocins

982
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