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Monitoring the extracellular environment for danger signals is a critical aspect of cellular
survival. However, the danger signals released by dying bacteria and the mechanisms
bacteria use for threat assessment remain largely unexplored. Here, we show that lysis
of Pseudomonas aeruginosa cells releases polyamines that are subsequently taken up by
surviving cells via a mechanism that relies on Gac/Rsm signaling. While intracellular
polyamines spike in surviving cells, the duration of this spike varies according to the
infection status of the cell. In bacteriophage-infected cells, intracellular polyamines
are maintained at high levels, which inhibits replication of the bacteriophage genome.
Many bacteriophages package linear DNA genomes and linear DNA is sufficient to
trigger intracellular polyamine accumulation, suggesting that linear DNA is sensed as
a second danger signal. Collectively, these results demonstrate how polyamines released
by dying cells together with linear DNA allow P, aeruginosa to make threat assessments
of cellular injury.

bacteriophage | Pseudomonas aeruginosa | danger sensing | phage defense | polyamine

Endogenous danger signals are passively released upon cellular injury caused by mechanical
damage or infection by pathogens. In eukaryotic cells, molecules such as adenosine triphos-
phate (ATP), intracellular proteins, oxidized lipids, and others, serve as danger signals that
are sensed by conserved pattern recognition receptors (PRRs) on neighboring cells (1-4).
PRRs also detect microbial-derived molecules and stimulate antimicrobial immune
responses (5). Eukaryotic cells take cues from both damage- and microbial-derived mol-
ecules to make threat assessments of cellular injury (2).

Bacteria also sense and respond to molecules released by lysed bacteria (6-9). For
example, the pathogen Pseudomonas aeruginosa can detect molecules released by lysed
bacteria via the Gac/Rsm pathway (7). In response to kin cell lysis, Gac/Rsm up-reg-
ulates antibacterial pathways that protect 2 aeruginosa from competing bacterial spe-
cies. However, the molecules that serve as danger signals in bacteria are poorly
characterized and how they influence bacterial responses to viral (phage) infection
remains largely unexplored.

In this study, we test the hypothesis that lysed bacterial cells release danger signals that
induce phage-resistance phenotypes in surviving cells. We use RNA sequencing and micro-
bial genetics to characterize cellular responses of P aeruginosa to kin cell lysates and phage
infection. We identify both polyamines and linear DNA as danger signals that guide
bacterial responses to cellular injury. High concentrations of extracellular polyamines cause
intracellular polyamine levels to spike. In uninfected cells, intracellular polyamines are
catabolized and return to basal levels. In phage-infected cells, intracellular polyamines
levels increase and remain elevated, which inhibits phage nucleic acid replication. Many
phage species inject linear DNA into bacterial cells and linear DNA is sufficient to trigger
intracellular polyamine accumulation. Finally, Gac/Rsm signaling is required for
P aeruginosa to increase and maintain high intracellular polyamine levels, indicating a
major role for Gac/Rsm signaling in regulating intracellular polyamine homeostasis.
Because polyamines are ubiquitous and Gac/Rsm signaling is conserved across y-proteo-
bacteria, intracellular polyamine accumulation may be a general strategy employed by
bacteria to defend against phage infection.

Results

A Small Water-Soluble Molecule Released by Lysed Bacteria Suppresses Phage
Replication. Since phage infections can result in mass bacterial cell lysis, we hypothesized
that signals released by lysed bacteria would suppress phage replication in nearby cells. To
test this hypothesis, we generated P aeruginosa lysates from infected and uninfected cells.
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Significance

When cells lyse, danger signals
are released into the
environment that warn adjacent
cells of nearby danger. However,
the molecules that serve as
bacterial danger signals are
poorly defined, and how danger
signals affect bacterial responses
to threats such as bacteriophage
infection are unknown. Here, we
demonstrate that polyamines
released by lysed bacteria are
internalized by adjacent cells. In
the absence of bacteriophage
infection, intracellular polyamine
levels quickly return to baseline.
When bacteriophage infect a cell,
they inject linear DNA that causes
intracellular polyamine levels to
remain high, interfering with
bacteriophage DNA replication.
Our results indicate that
polyamines released by lysed
cells and linear DNA associated
with bacteriophage infection are
danger signals that guide
bacterial threat assessment of
bacteriophage infection.
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After removing cell debris by centrifugation and virions by filtration
through a 100-kDa membrane (S7 Appendix, Fig. S14), lysates
were used to make LB-lysate agar plates. Lawns of 2 aeruginosa
PAO1 grown on lysogeny broth (LB) agar or LB-lysate agar were
then challenged with phage species representing major diverse
groups Siphoviridae (JBD26, DMS3vir), Podoviridae (CMS1),
Myoviridae (F8), and Inoviridae (Pf4).

Replication of all phages except CMS1 was inhibited on
LB-lysate agar derived from phage lysate (Fig. 14). A similar
phage-resistant phenotype is also evident on LB-lysate agar plates
derived from cells lysed by sonication (Fig. 1B), indicating that
phage infection is not a prerequisite for induction of a lysate-in-
duced phage-resistant phenotype. When P aeruginosa collected
from LB-lysate agar were replated onto LB agar, sensitivity to
phage infection is restored (Fig. 1B), indicating that cell lysates
induce transient phage-resistance in P aeruginosa rather than her-
itable mutations that confer phage resistance.

We hypothesized that the cell lysates contain a danger signal
that induces phage resistance. To determine if the molecule(s)
responsible for inducing phage resistance are hydrophobic or
water-soluble, we extracted LB lysate (derived from sonicated cells)
with chloroform (CHCL,) and used the aqueous phase to make
agar plates. We repeated the plaque assays using the well-charac-
terized virulent mutant of DMS3 (DMS3vir) (10). This experi-
ment demonstrates that the active molecule(s) are retained in the
aqueous phase, pass through a 3 kDa molecular weight cutoff
membrane, and retain antiphage activity after lyophilization and
rehydration (Fig. 1C). Together, these results indicate that small
water-soluble molecule(s) induce a transient phage resistance phe-
notype in P aeruginosa.

Polyamines Induce Phage Resistance in P. aeruginosa. To aid in
identifying the signal in cell lysate that induces phage resistance,
we used RNA-seq to determine how LB-lysate agar affected the
transcriptional profile of P aeruginosa. In P aeruginosa growing
on LB-lysate agar, 394 genes were differentially regulated
compared with cells growing on LB agar (Fig. 24 and Dataset S1,
PRJNA806967) (11). Gene enrichment analysis revealed that
spermidine and polyamine catabolism (breakdown) genes are up-
regulated and overrepresented in LB-lysate agar datasets (Fig. 2B),
some of which are highlighted in the volcano plot in Fig. 24.

In bacteria, putrescine and spermidine (Fig. 2C) are the most
common polyamines (12) and are typically present inside bacterial
cells at concentrations ranging from 0.1 to 30 mM (13, 14).

A . ‘ B

LB Agar

Phage titer
—————

LB Agar

LB-lysate agar

LB-lysate agar _

——
= 10°4
l 107 -

We tested whether millimolar concentrations of polyamine could
be released into the local environment in response to phage infec-
tion or other mass-lysis events. Indeed, in the cell lysates we used
to make LB-lysate agar plates, total polyamine concentrations were
approximately 30 mM (Fig. 2D). Furthermore, DMS3vir trig-
gered cell lysis 4 to 6 h postinfection (Fig. 2E), releasing ~20 mM
total polyamine (Fig. 2F). When exogenous polyamine concen-
trations were normalized to bacterial density (ODy,), a dramatic
increase in polyamine release was observed 4 to 6 h postinfection
(Fig. 2G), indicating that phage-induced lysis of P aeruginosa
releases abundant polyamines into the environment.

To test the hypothesis that polyamines inhibit the phage life-
cycle, we grew P aeruginosa lawns on LB agar (3-(N-morpholino)
propanesulfonic acid (MOPS) buffered at pH 7.2) supplemented
with 0 to 100-mM of commercially available putrescine, spermi-
dine, or spermine. All polyamines suppressed DMS3vir replication
in a dose-dependent manner (Fig. 2 H-/) with putrescine signif-
icantly (2 < 0.05) inhibiting DMS3vir replication at concentra-
tions as low as 0.1 mM (87 Appendix, Fig. S2 A and B). Putrescine
also inhibited replication of phages Pf4, JBD26, and F8, but not
CMS1 (Fig. 2 J and K), consistent with our observations using
crude bacterial lysates (Fig. 1 Aand B). In addition to polyamines,
we also tested ornithine, which is a precursor to polyamines (15).
Ornithine concentrations as high as 100 mM do not affect phage
replication (87 Appendix, Fig. S2 C and D) indicating that poly-
amine precursor availability does not influence phage resistance.
Collectively, these results indicate that polyamines are the signal
in cell lysates that induce phage resistance.

Polyamines and Phage Infection Synergize to Up-Regulate
Phage Defense Systems in P. aeruginosa. We hypothesized that
if polyamines are perceived as a danger signal, they might activate
endogenous phage defense systems. We examined phage defense
gene expression in our RNAseq data. We used DefenseFinder
(16) and Prokaryotic Antiviral Defence LOCator (PADLOC)
(17) to identify four putative phage defense systems encoded by
P aeruginosa PAOL1: i) a retron, ii) a toxin/antitoxin pair, iii) a
Gabija system, and iv) a type I restriction modification system.
Polyamines and phage infection together synergistically and sig-
nificantly up-regulate all four putative phage defense systems
(81 Appendix, Fig. S3 and Table S1). In contrast, compared with cells
grown in LB broth, putrescine alone down-regulated phage defense
transcription, although this was not significant (FDR > 0.05) except
for the ncRNA gene in the retron (S/ Appendix, Table S1). Phage
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Fig. 1. Soluble molecules released by lysed P. aeruginosa cells induce a transient phage-resistant phenotype. (A) The indicated phage species were titered on lawns
P. aeruginosa PAO1 growing on LB agar or LB-lysate agar after 18 h of growth. Representative images are shown. (B) Phages were spotted at 10° plaque forming units
(PFUs) in 3 pL onto lawns of P. aeruginosa PAO1 grown on LB agar or LB-lysate agar. Plaques were imaged after overnight (18 h) growth at 37 °C. P. aeruginosa growing
on lysate plates were then subcultured onto LB agar plates and rechallenged with the indicated phages. Representative images are shown. (C) Phage DMS3vir was
spotted onto lawns of P. aeruginosa growing on LB agar or LB agar supplemented with cell lysate, the aqueous phase of CHCl;-extracted cell lysate, the aqueous phase
passed through a 3 kDa membrane, or lyophilized aqueous phase extract. Results are mean + SD of three experiments, ***P < 0.001.
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Fig. 2. The polyamines putrescine and spermidine induce phage resistance in P. aeruginosa. (A) Volcano plot showing differentially expressed genes in wild-
type cells grown on LB-lysate agar compared with cells grown on LB agar. Red indicates up-regulated genes (log,[foldchange] > 1 and false discovery rate (FDR)
<0.05), and blue indicates down-regulated genes (log,[foldchange] <-1 and FDR < 0.05). Nonsignificant genes are shown in gray. Polyamine metabolism and
transport genes are highlighted. Data are representative of duplicate experiments. (B) Gene enrichment analysis of significant differentially expressed genes
shown in (A). Dot sizes indicate fold enrichment of observed genes associated with specific Gene Ontology (GO) terms versus what is expected by random chance.
(C) Structures of the polyamines putrescine and spermidine. (D) Total polyamine content in LB broth, cell lysate, and CHCl;-extracted cell lysate were measured
by fluorometric assay. Results are mean + SD of three experiments, ***P < 0.002. (E) Growth of uninfected and DMS3vir-infected (MOI 0.5) P. aeruginosa was
monitored by Optical Density (OD)g0. Mass cell lysis is indicated by the gray box. Results are mean + SD of three experiments, **P < 0.01, ***P < 0.001. (F) Total
polyamine content was measured by fluorometric assay in culture supernatants collected from cultures shown in (F). Results are mean + SD of three experiments,
**P < 0.01, ***P < 0.001. (G) Polyamine concentration (mM from panel F) was normalized to cell density (ODgy, from panel E). Results are mean + SD of three
experiments, **P < 0.01, ***P < 0.001. (H and /) The polyamines putrescine (/) or spermidine (/) were added to LB agar at the indicated concentrations. DMS3vir
was spotted onto lawns of P. aeruginosa, and plaques were imaged after 18 h of growth at 37 °C. (/ and K) The indicated species of phage were spotted onto
lawns of P. aeruginosa growing on LB agar or LB agar supplemented with 50 mM putrescine.
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infection alone significantly induced toxin/antitoxin and Gabija
genes, but not to the level that polyamines and phage infection
together did (87 Appendix, Fig. S3 and C and Table S1). These results
suggest that detection of both polyamines and phage infection is
coupled to the global upregulation of phage defense systems in
P aeruginosa.

Gac/Rsm Signaling Is Required for Polyamines to Induce Phage
Resistance. Our RNA-seq datasets indicate that genes associated
with the Gac/Rsm pathway are significantly up-regulated by cell
lysate (S Appendix, Fig. S4A). In P aeruginosa, Gac/Rsm regulates
bacterial behaviors related to biofilm formation and virulence
at the transcriptional level (18) (Fig. 34). Gac/Rsm signaling
is initiated when the sensor histidine kinase GacS is activated
by unknown ligands (19). GacS phosphorylates the response
regulator GacA, which induces the transcription of the small

PNAS 2023 Vol.120 No.9 e2216430120

RNAs rsmY and rsmZ (20). These sSRNAs bind and sequester the
mRNA-binding proteins RsmA or RsmN away from their target
transcripts, derepressing hundreds of mRNA species (21, 22). The
sensor kinase RetS counteracts GacS activity and inactivation of
the rezS gene constitutively activates Gac/Rsm signaling (23-25).

We hypothesized that Gac/Rsm signaling regulates lysate-in-
duced phage resistance in P aeruginosa. To test this hypothesis,
we used strains where the Gac/Rsm pathway was either disabled
(AgacS, ArsmY/Z) or constitutively activated (ArezS). Growth of
these strains was not affected on LB-lysate agar plates compared
with LB agar (S/ Appendix, Fig. S4B). On LB agar, phage DMS3vir
formed clear plaques on wild-type, AgacS, and ArsmY/Z lawns,
but formed turbid plaques on AresS lawns (Fig. 3 B, Top row),
suggesting that active Gac/Rsm signaling in the AresS strain is
sufficient to impede DMS3vir replication. On LB-lysate agar,
DMS3vir infection was suppressed on wild-type lawns and

https://doi.org/10.1073/pnas.2216430120 3 of 11
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Fig. 3. Gac/Rsm signaling is required for polyamines to induce phage resistance. (A) Schematic of the Gac/Rsm pathway in P. aeruginosa. (B) Phage DMS3vir
was spotted at 10° PFU in 3 L onto lawns of the indicated strains grown on LB agar or LB lysate agar. Representative plaque images are shown. (C) DMS3vir
PFU measurements on the indicated lawns growing on LB agar or LB-lysate agar are shown. Results are mean + SD of three experiments, ****p < 0.0001. (A-C)
Growth curves of the indicated P. aeruginosa strains grown with (yellow) or without (black) 50 mM putrescine are shown. Cells were infected with DMS3vir at the
indicated time (arrow) at a MOI of 1. Results are mean + SD of six experiments. (D-F) DMS3vir titers in phage-infected cultures were measured at the indicated

times. Results are mean + SD of three experiments.

completely inhibited on ArezS lawns while sensitivity to DMS3vir
infection was restored in strains where Gac/Rsm signaling was
disabled (AgacS, ArsmY/Z) (Fig. 3 Band C). Furthermore, deleting
rsmY and rsmZ from the phage-tolerant ArezS background (ArerS/
rsmY/Z) restored susceptibility to phage infection on LB-lysate
agar (Fig. 3 Band Q).

Recent findings indicate that Gac/Rsm signaling suppresses
type IV pili to prevent phage infection (26). DMS3vir uses type
IV pili as a cell surface receptor (27). However, twitch assays indi-
cate that LB-lysate agar does not affect type IV pili-dependent
twitching motility of wild-type, AretS, or AgacS P aeruginosa
under the conditions tested (87 Appendix, Fig. S4C). Collectively,
these results indicate that the Gac/Rsm pathway is essential for
lysate-induced phage resistance.

To link polyamine-induced phage resistance to Gac/Rsm sign-
aling, we grew wild-type, AretS, and AgacS P aeruginosa in LB
broth supplemented with 50 mM putrescine. This concentration
was selected as it produces a robust phage resistance phenotype in
wild-type P aeruginosa for comparison to Gac/Rsm mutants.
When grown with putrescine, wild-type and ArezS P aeruginosa
were less susceptible to DMS3vir infection (Fig. 3 D and E, dashed
lines). Compared with bacteria growing in LB, wild-type cells
growing with putrescine have similar exponential growth kinetics
but grow to a lower cell density (Fig. 3D, solid lines), suggesting
a controlled exit from exponential to stationary phase growth in
putrescine-exposed cells.

Disabling Gac/Rsm signaling (AgacS) restored sensitivity to
DMS3vir infection (Fig. 3F, dashed lines). It is possible that sup-
pressed bacterial growth by polyamines explains reduced suscep-
tibility to phage infection. However, AgacS also displayed
polyamine-induced growth suppression but remained sensitive to
phage infection (Fig. 3F, solid lines). Note that bacterial growth

https://doi.org/10.1073/pnas.2216430120

on agar was not affected when plates were supplemented with
50 mM putrescine (SI Appendix, Fig. S4B). The differences in how
polyamines affect bacterial growth in liquid culture versus on solid
agar points to a surface-associated growth phenotype. Collectively,
these observations indicate that bacterial growth suppression by
polyamines is not required for polyamine-induced phage
resistance.

Phage replication is inhibited when polyamines are supplied
exogenously. To determine whether polyamines released from
phage-infected cultures protect 2 aeruginosa from infection, we
monitored bacterial growth in cultures not supplemented with
polyamines. In wild-type cultures not supplemented with poly-
amines, mass bacterial lysis occurs approximately 3 h postinfec-
tion, and bacterial growth resumed after approximately 9 h
(Fig. 3D, shaded area, dashed black line). Bacteria that grew after
phage infection were confirmed phage resistant (SI Appendix,
Fig. S4D). This outgrowth was not observed in AgacS cultures not
supplemented with polyamines (Fig. 3F, shaded area, dashed black
line) but was observed in AgacS cultures that were supplemented
with exogenous polyamines (Fig. 3F, shaded area, dashed yellow
line). These observations are consistent with a model where pol-
yamines and Gac/Rsm signaling protect 2 aeruginosa from phage
infection, perhaps by promoting the emergence of phage-resistant
subpopulations.

Putrescine Inhibits Phage Genome Replication. Exogenous
putrescine differentially affected DMS3vir replication in wild-
type, AretS, and AgacS P aeruginosa. In wild-type cells, putrescine
reduced DMS3vir titers by ~3,500-fold compared with cells not
grown with putrescine after 6 h (Fig. 44). Similar observations were
made in AretS P aeruginosa, where putrescine reduced DMS3vir
titers by ~1,300 fold compared with AretS cultures without
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Fig. 4. Putrescine inhibits phage genome replication. (A-C) DMS3uvir titers were measured in wild-type, AretS, or AgacS P. aeruginosa with (yellow) or without
(black) putrescine. Results are mean + SD of three experiments. (D and E£) DMS3vir genome copy number was measured by qPCR in the indicated strains at
10 or 120 min postinfection with or without 50 mM putrescine. Absolute copy number was determined using a standard curve generated with a cloned copy of
the target sequence. Results are mean + SD of nine (D) or three (E) experiments: ****P < 0.0001, ***P < 0.001, ns (not significant).

putrescine (Fig. 4B). When Gac/Rsm signaling was disabled
(AgacS), DMS3vir replication was not affected by putrescine and
was comparable to DMS3vir replication in wild-type cells growing
in LB broth (Fig. 4C).

To determine how polyamines affect the phage lifecycle, we
measured DMS3vir genome copy numbers in cell pellets collected
10 and 120 min postinfection. At 10 min postinfection, before
any progeny virions are produced (Fig. 4 A-C), no significant
difference in DMS3vir genome copy number was observed in
strains grown with or without putrescine (Fig. 4D). This result
indicates that equivalent numbers of DMS3vir genomes were
injected into cells, even when putrescine was present. These results
also indicate that polyamines do not affect phage virion adsorption
to bacterial cells.

After 120 min in a wild-type host grown without putrescine,
DMS3vir genome copy numbers increased ~1,000-fold compared
with the 10-min time point (Fig. 4 black bar). When putrescine
was present, DMS3vir genome copy numbers remained static
compared with the 10-min time point (Fig. 4F yellow bar).
DMS3vir genome copy numbers were ~100-fold lower in AresS
P aeruginosa grown with putrescine, whereas putrescine had no
effect on the DMS3vir genome copy number in AgacS bacteria
grown with or without putrescine (Fig. 4£). These data indicate
that Gac/Rsm signaling is required for putrescine to inhibit
DMS3vir genome replication.

Many phage genomes exist as circular episomes at some point
during their lifecycle. We hypothesized that polyamines would
interfere with episomal DNA replication. To test this, we meas-
ured the copy number of pMF230, a high copy number plasmid
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constitutively expressing green fluorescent protein (GFP) (28).
Putrescine did not affect plasmid copy number in wild-type,
AretS, or AgacS P aeruginosa (SI Appendix, Fig. S5A). Furthermore,
transcription of gfp from pMF230 (as measured by qRT-PCR)
was not significantly affected by putrescine in any strain or con-
dition tested (81 Appendix, Fig. S5B). These results indicate that
episomal DNA replication and transcription are not affected by
polyamines, raising the possibility that polyamines specifically
inhibit phage DNA replication.

DMS3vir Induces Gac/Rsm-Dependent Intracellular Polyamine
Accumulation. To gain insight into how polyamines and phage
infection affect the P aeruginosa host, we performed RNA-seq on
wild-type cells grown with or without putrescine for 3 h followed
by infection with DMS3vir at an multiplicity of infection (MOI)
of 1.

Two hours postinfection, DMS3vir transcription was strongly
down-regulated in cells grown in putrescine compared with cells
grown without putrescine (Fig. 54, large blue dot). In DMS3vir-
infected cells grown with 50 mM putrescine, we were surprised
to find that polyamine catabolism genes are significantly down-reg-
ulated compared with uninfected cells grown with putrescine
(Fig. 5B).

We hypothesized that downregulation of polyamine catabolism
genes in phage-infected cells would cause intracellular polyamine
levels to increase. To test this, cell pellets were harvested, washed,
lysed with CHCl;, and total polyamines measured using a fluo-
rometric assay. Polyamine concentrations were then normalized
to bacterial density (ODy).

https://doi.org/10.1073/pnas.2216430120
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Fig. 5. DMS3vir infection down-regulates polyamine catabolism genes and induces Gac/Rsm-dependent intracellular polyamine accumulation. Volcano plots
showing differentially expressed genes in (A) DMS3vir-infected cells cultured with or without 50 mM putrescine or (B) DMS3vir-infected versus uninfected
cells grown with 50 mM putrescine. Red dots indicate up-regulated genes (log,[foldchange] > 1 and FDR < 0.05), and blue dots indicate down-regulated genes
(log,[fold change] < -1 and FDR < 0.05). Nonsignificant genes are shown in gray. Genes involved in polyamine and putrescine catabolism are highlighted. Reads
that mapped to the DMS3vir genome are indicated by large blue or red dots in panels A or B, respectively. (C-H) The indicated strains were grown with (yellow)
or without (black) 50 mM putrescine in LB broth for the indicated times at 37 °C. Bacterial density (ODg) and total intracellular polyamine were measured and
normalized intracellular polyamine levels in (C-E) uninfected or (F-H) DMS3vir-infected cultures. Results are mean + SD of duplicate experiments.

In uninfected wild-type, AresS, and AgacS cells growing in LB,
basal intracellular polyamine levels were all approximately 8 mM/
ODy, (Fig. 5 C-E, black lines). In wild-type and AretS P aeruginosa
grown with putrescine, intracellular polyamine levels spiked to over
40 mM/ODy, during the first 30 min and returned to near basal
levels over the course of 6 h (Fig. 5 C and D, yellow lines).
Intracellular polyamine levels in the AgacS mutant did not fluc-
tuate and remained at 20 mM/ODy, over the course of the exper-
iment (Fig. 5E, yellow line). These results indicate a role for
Gac/Rsm signaling in regulating intracellular polyamine homeo-
stasis in P aeruginosa.

In P aeruginosa growing in LB, DMS3vir infection did not
affect intracellular polyamine levels in wild type, ArezS, or AgacS;
all remained at -8 mM/ODy, (Fig. 5 F~H, black lines). In the
presence of putrescine, however, DMS3vir infection caused intra-
cellular polyamine levels to increase to and remain at ~50 mM/
ODy, over the course of the entire experiment in both wild-type

https://doi.org/10.1073/pnas.2216430120

and ArerS P aeruginosa (Fig. 5 Fand G, yellow lines). When AgacS
cells growing in putrescine were infected by DMS3vir, intracel-
lular polyamine levels remained unchanged at ~20 mM/ODy,
(Fig. 5H, yellow line), comparable to uninfected AgacS cells
grown with putrescine (Fig. 5E, yellow line). This observation
may explain why the AgacS strain has a polyamine-induced
growth defect but is still sensitive to phage infection (Fig. 35);
intracellular polyamine levels may be sufficiently high to affect
bacterial growth, but not high enough to significantly inhibit
phage replication.

We also measured extracellular polyamine concentrations over
6 h in wild-type cells grown with 50 mM putrescine +/- DMS3vir
infection. Over 6 h, extracellular polyamine concentrations fell
faster in phage-infected cells (50 mM to ~15 mM) compared
with uninfected cells (50 mM to -25 mM) (SI Appendix,
Fig. S6), suggesting that phage-infected cells actively take up
extracellular polyamines.

pnas.org
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Collectively, these results indicate that in response to phage
infection, polyamine catabolism is down-regulated causing intra-
cellular polyamine levels to increase, so long as Gac/Rsm signaling
is intact.

Phage Replication Is Not Required to Induce Intracellular
Polyamine Accumulation. We next tested whether phage
replication was required to induce polyamine accumulation
in P aeruginosa. To do so, we inactivated phage DMS3vir by
irradiating with ultraviolet (UV) light (S Appendix, Fig. S7A).
P aeruginosa cells growing in putrescine were then infected with
untreated DMS3vir or UV-irradiated DMS3vir and intracellular
polyamine levels were measured over time. Both untreated and UV-
irradiated phages induced intracellular polyamine accumulation
(81 Appendix, Fig. S7B), indicating that phage replication is not
required to trigger intracellular polyamine accumulation.

Linear DNA Induces Intracellular Polyamine Accumulation.
Polyamines protect P aeruginosa from diverse phage species,
suggesting a common phage-associated signal induces polyamine
accumulation. A common feature of many phages is that they
either inject linear DNA into the host cell or produce linear
DNA at some point during their natural replication cycle (e.g.,
rolling circle replication) (29). To test the hypothesis that
linear DNA induces intracellular polyamine accumulation, we
expressed the homing endonuclease I-Scel (pI-Scel) in cells

A Transform P. aeruginosa with
pl-Scel and pCut

Confirm linear DNA
present/absent by PCR (B and C)
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O
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transformed with a high copy number plasmid encoding the
[-Scel cut site (pCut) (Fig. 64) or a plasmid not encoding the
[-Scel cut site (pEmpty) as a negative control. PCR was used
to confirm the presence of pI-Scel nuclease (Fig. 6B) and the
presence of linear pCut plasmid DNA in vivo (Fig. 6C). We then
measured growth (Fig. 6D) and intracellular polyamine levels
(Fig. 6 £ and F) in P aeruginosa carrying linearized or circular
plasmid DNA.

Linearized pCut plasmid DNA induced significant (P < 0.01)
intracellular polyamine accumulation compared with cells carry-
ing the circular pEmpty plasmid (Fig. 6F), indicating that linear
DNA is sufficient to induce intracellular polyamine accumulation
in P aeruginosa.

The N4-Like Phage CMS1 Does Not Induce Intracellular
Polyamine Accumulation. Cell lysate and putrescine inhibited
phages F8, DMS3vir, JBD26, and Pf4, but not phage CMS1
(Figs. 14 and 3 F and G). One possible explanation is that
phage CMS1 does not induce polyamine accumulation. To test
this, we measured intracellular polyamine levels in wild-type,
ArerS, and AgacS bacteria over time. CMS1 infection did not
induce intracellular polyamine accumulation in wild-type or
AvrerS cells (SI Appendix, Fig. S8 A and B), and intracellular
polyamine levels in the AgacS strain remained low near basal
levels (S1 Appendix, Fig. S8C). Putrescine did not affect CMS1
titers in any strain or condition (S/ Appendix, Fig. S8 D—F).

Measure intracellular
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Fig. 6. Linear DNA induces intracellular polyamine accumulation. (A) Experimental design. pl-Scel encodes the inducible homing endonuclease I-Scel. pCut

encodes the 18-bp I-Scel cut site (orange), and the empty vector control pEmpty lacks the cut site. (B) The presence of plasmid pl-Scel was confirmed by PCR
in P. aeruginosa PAO1 transformants 6 h post I-Scel induction. (C) The presence or absence of linear pCut or pEmpty plasmid DNA was confirmed by PCR in
transformants 6 h post I-Scel induction. (D-F) Transformants were grown with (yellow) or without (gray) 50 mM putrescine in LB broth for the indicated times
at 37 °C. (D) Bacterial density (ODgy) and (E) total intracellular polyamine were measured. (F) Intracellular polyamine levels were normalized to bacterial density
(ODgqp). Results are mean + SD of triplicate experiments, **P < 0.01 compared with pl-Scel + pEmpty + putrescine.

PNAS 2023 Vol.120 No.9 2216430120 https://doi.org/10.1073/pnas.2216430120 7 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2216430120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216430120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216430120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216430120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216430120#supplementary-materials

Downloaded from https://www.pnas.org by "MONTANA STATE UNIV BOZEMAN, LIBRARIES" on October 22, 2024 from | P address 153.90.170.56.

8 of 11

These results indicate that CMST1 infection prevents Gac/Rsm-
dependent polyamine accumulation.

CMS1 is an N4-like lytic phage (30) and we wondered if other
N4-like phages also escape inhibition by polyamines. To test this
idea, we performed phage challenge experiments with KPP21
(31), another N4-like phage, which we find also escapes inhibition
by polyamines (S Appendix, Fig. S9). These results suggest that
some phages have evolved mechanisms to control host intracellular
polyamine levels, which is consistent with a role for polyamines
in phage defense.

Discussion

A role for polyamines in phage replication was initially uncovered
during the experiment by Hershey and Chase demonstrating that
T2 phage inject only their DNA into host cells, verifying that
DNA (and not protein) carries genetic information (32). The
phage preparations used in those classic experiments contained
an unknown “minor phage component” referred to as Substance
A (33), which was later identified as polyamines (34). Polyamines
bind to and neutralize negatively charged DNA. In some phage
species, this is thought to facilitate phage genome condensation
and packaging into procapsids (35, 36). However, in other phage
species, polyamines inhibit phage replication (37, 38).

The present study expands our understanding of how polyam-
ines affect phage replication in the opportunistic pathogen
P aeruginosa (SI Appendix, Fig. S10). Our results suggest that Gac/
Rsm-dependent intracellular polyamine accumulation inhibits
phage genome replication and transcription. One possible mech-
anism for how polyamines may inhibit phage replication in
P aeruginosa involves the direct condensation or aggregation of
phage DNA by high levels of intracellular polyamines, which is
known to make template DNA unavailable for transcription by
RNA polymerase (39) or replication by DNA polymerase (40).
Polyamines affect other enzymes involved in DNA replication as
well. For example, Mu-like phages like DMS3vir copy their DNA
by replicative transposition, which requires DNA gyrase (41).
Depending on the bacterial species, polyamines can either inhibit
or enhance DNA gyrase activity (13). Thus, it is possible that
intracellular polyamine accumulation could inhibit DMS3vir
replication by affecting DNA gyrase activity in P aeruginosa.

Our results indicate a critical role for Gac/Rsm signaling in reg-
ulating intracellular polyamine levels in P aeruginosa. The Gac/Rsm
pathway contains two major RNA-binding proteins, RsmA and
RsmN (Fig. 34) (22, 42). The RsmA regulon includes genes encod-
ing two periplasmic polyamine-binding proteins (PA2711 and
PA0295) and the acetylpolyamine aminohydrolase PA1409 (42).
Polyamine catabolism genes are also in the RsmN regulon; the
5'-CANGGAYG motif recognized by RsmN is present in the pol-
yamine metabolism genes spuA, speC, pauB3, pauA5, and pauC (22).

Intracellular  polyamine accumulation was triggered by
DMS3vir phage infection and linear DNA, which is analogous to
how some phage defense systems detect phage infection. For exam-
ple, the DrmAB complex of defence island system associated with
restriction—modification (DISARM) systems binds to linear DNA
substrates with a 5’-overhang, allowing this defense system to
detect infection by a wide range of phage species (29). How linear
DNA induces intracellular polyamine accumulation is not known
but may involve DNA-binding protein(s) analogous to DrmAB
that discriminate DNA targets based on structure as opposed to
sequence.

Our results indicate that elevated intracellular polyamine levels
and phage infection transcriptionally up-regulate phage defense
systems. Consistent with our observations, polyamines are known
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to modulate the activity of several restriction endonucleases (43,
44) and that polyamines strongly increase the fidelity of
the Escherichia coli CRISPR Cas1-Cas2 integrase, which has the
effect of decreasing off-target spacer acquisition (45). Acquisition
of immunity against certain phages may also affect polyamine
accumulation in P aeruginosa. For example, a recent study com-
pared the transcriptomes of uninfected and DMS3vir-infected
P aeruginosa (46). The P aeruginosa strain used in that study
encodes two CRISPR spacers that target DMS3vir, giving cells
preexisting immunity to infection (47). In DMS3vir-immune
strains, DMS3vir infection caused polyamine catabolism genes to
be significantly up-regulated, which contrasts with our observa-
tions where DMS3vir infection down-regulated polyamine catab-
olism genes. While there are many possible explanations (e.g., the
presence versus absence of exogenous putrescine), it is possible
that polyamine catabolism is differentially regulated in immune
versus naive hosts that do not have preexisting immunity against
DMS3vir.

We observed the strongest phage resistance phenotypes in cul-
tures supplemented with exogenous putrescine. We hypothesize
that exogenous polyamine concentrations in phage-infected cul-
tures do not reach sufficiently high levels to inhibit phage repli-
cation until after the majority of bacteria have been lysed. The
release of polyamines by dead kin cells may increase the chance
that a subpopulation of cells survive infection, which is consistent
with the observed outgrowth in wild-type cultures infected by
DMS3vir.

Intracellular polyamine accumulation inhibited the replication
of most but not all phages tested. The N4-like phages evaded
inhibition by polyamines by preventing intracellular polyamine
accumulation. Previous work demonstrates that multiple N4-like
phage species encode proteins that bind to enzymes related to
P, aeruginosa polyamine metabolism in bacterial two-hybrid assays
(48, 49). Collectively, these observations suggest that N4-like
phages modulate host polyamine metabolism to escape inhibition
by intracellular polyamine accumulation.

The ability to detect danger signals is a fundamental feature of
innate immune systems. Our data support a model where
P aeruginosa senses polyamines and linear DNA as danger signals
to make threat assessments of cellular injury. Future studies deter-
mining the precise mechanisms by which linear DNA is detected,
how Gac/Rsm signaling regulates intracellular polyamine levels,
and whether other molecules serve as bacterial danger signals will
provide valuable insights into bacterial immune systems. Our
results also highlight danger sensing as a shared behavior across
biological kingdoms, which may reveal generalizable principles of
cellular responses to viral infection and cellular injury.

Methods

Bacterial and Phage Strains, Growth Conditions, Plasmids, and Primers.
Bacterial strains, phages, plasmids, and their sources are listed in Table 1. Deletion
mutants were constructed using allelic exchange and Gateway technology, as
described previously (50). Primer sequences are listed in Table 2. Unless indicated
otherwise, bacteria were grown in LB at 37 °C with shaking and supplemented
with antibiotics (Sigma) or 0.1% arabinose when appropriate. Unless otherwise
noted, antibiotics were used at the following concentrations: gentamicin (10 or
30 pg mL™"), ampicillin (100 pg mL™"), and carbenicillin (300 pg mL™").

Cell Lysate and Polyamine Agar Plate Preparation. P aeruginosa PAO1 cells
were pelleted, washed in phosphate buffered saline (PBS), and resuspended in
fresh lysogeny broth (LB). Bacteria were then lysed by infecting with DMS3vir
(MOI 1) or sonication. Cell debris was removed by centrifugation and any viri-
ons removed by filtering through a 100 kDa molecular weight cutoff (MWCO)
membrane. Agar plates were prepared by adding agar powder (1.5% w/vol) to the
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Table 1.

Bacterial strains, phage, and plasmids used in this study

Strain Description Source
E. coli

DH5« Plasmid maintenance/propagation New England Biolabs
S17 Apir-positive strain used for conjugation New England Biolabs
P. aeruginosa

PAO1 Wild type (51)
PAO1 AretS Clean deletion of retS from PAO1 (25)
PAO1 AgacS Clean deletion of gacS from PAO1 (52)
PAO1 ArsmY/Z Clean deletion of rsmY and rsmZ from PAO1 This study
PAO1 AretS/rsmY/Z Clean deletion of rsmY and rsmZ from PAO1 AretS This study
Bacteriophage

Pfa Inoviridae (53)
JBD26 Siphoviridae (54)
CMS1 Podoviridae (51)
DMS3vir Siphoviridae (10)

=3 Myoviridae (35)
Plasmids

pl-Scel I-Scel nuclease cloned into pHERD30T This study
pCut I-Scel cut site cloned into pUCP18 This study
PEmMpty puUCP18 (56)
PEX18Gm Allelic exchange suicide vector (57)

bacterial lysate. Polyamines [Putrescine dihydrochloride (MP Biomedicals) and
spermidine trihydrochloride (Sigma)] were added to sterile molten LB agar (1.5%)
at the indicated final concentrations. Molten agar was mixed until polyamine
powder was fully dissolved and then poured to make polyamine-supplemented
agar plates.

Plaque Assays. Plaque assays were performed using lawns of the indicated
strains grown on the indicated plates. Phages in filtered supernatants were serially
diluted 10 in PBS and spotted onto lawns of the indicated strain. Plaques were
imaged after 18 h of growth at 37 °C.

Growth Curves. Overnight cultures were diluted to an OD,qq of 0.05 in 96-well
plates containing LB and, if necessary, the appropriate antibiotics, cell lysate, or
polyamines. After 3 h of growth, strains were infected with the indicated phage
and growth measurements resumed. 0Dy, was measured using a CLARIOstar
(BMG Labtech) plate reader at 37 °C with shaking prior to each measurement.

qPCR Measurement of DMS3vir Genome Copy Number. Whole genomic
DNA was extracted from PAO1 pellets that had been frozen at —80 °C. DNA was
purified using the Monarch Genomic DNA kit per the manufacturer’s protocol.

Table 2. Primers used in this study

Name Sequence 5’ -3’
ArsmY-out F CGGCGAGCGGAACTATTACA
ArsmY-out R AGGCGGAACTGAACCACATG
ArsmZ-out F CCAGGCGATTTTCTCCGAAGA
ArsmZ-out R GCCAAAAACGCTCGGTGAAT
DMS3 gPCR F TCGACTCGGAACAGCAGAAC
DMS3 gPCRR TAGAACATCCACTGCGCCAG
pl-Scel F GCGGAATTCatgcatatgaaaaac
pl-Scel R GCGTCTAGAttatttcaggaaagtt
pCut F AACAGCGGATCGTTCTGG
pCutR CAACTTGAAGTCCTTGATCG
M13 R CAGGAAACAGCTATGAC

PNAS 2023 Vol.120 No.9 e2216430120

Primers for qPCR were created for DMS3vir-26, a hypothetical protein (DMS3
qPCRFand R, Table 2). All samples, standards, and controls were run in triplicate
in 10 pl reactions using SYBR SsoAdvanced Universal Green Supermix, 1 ng
genomic DNA/reaction, and gene-specific primers (300 nM final concentration).
Samples were run on a CFX Connect Real-Time System (Bio-Rad) using cycle con-
ditions: 98 °Cfor 1 min followed by 45 cycles of 98 °Cfor 15sand 60 °Cfor 30s,
followed by a melt curve from 65 °Cto 98 °C by 0.5 °C steps. Data were captured
with CFX Maestro and were organized in Excel and analyzed and visualized in
Prism 9. A standard curve with a linear regression trendline was created and
the log copy number for each condition was calculated. A one-way ANOVA with
Tukey's multiple comparison test was performed in Prism on log-transformed
data to compare the mean copy number at each time point with those of each
condition and strain.

Polyamine Measurements. Polyamines were measured using the Total
Polyamine Assay Kit (MAK349, Sigma).A 100 pLaliquot of the indicated bacterial
cultures was collected, centrifuged, washed with 1x PBS, and resuspended in
PBS. Bacteria were lysed with 1:10 vol/vol chloroform, vortexed, and incubated at
room temperature for 2 h.The solution was centrifuged, and the top aqueous layer
was collected. Following the manufacturer's instructions, 1.0 pL of the collected
sample was mixed with the Total Polyamine Assay Kit reagents, incubated at 37 °C
for 30 min, and read using a CLARIOStar plate reader using end point fluorescence
(Agy = 535 nm/A,,, = 587 nm). Polyamine concentrations were determined by
comparing values to a standard curve constructed from known concentrations
of putrescine. Values were then normalized to 0D,y measurements taken from
the original bacterial cultures.

RNA Purification and RNA-seq. Total RNA was extracted from the indicated
strains and conditions 2 h post phage infection using TRIzol. The integrity of the
total cellular RNA was evaluated using RNA tape of Agilent TapeStation 2200
before library preparation. All RNA samples were of high integrity with a RIN
score of 7.0 or more. rRNA was first depleted from 500 ng of each sample using
MICROBExpress Kit (AM1905, Fisher) following the manufacture’s instruction. The
rRNA-depleted total RNA was subjected to library preparation using NEBNext®
Ultra™ Il RNA Library Prep Kit (E7700, New England Biolabs) and barcoded with
NEBNext Multiplex Oligos for lllumina (E7730, New England Biolabs) following
the manufacturer's instructions. The libraries were pooled with equal amounts of
moles, further sequenced using MiSeq Reagent V3 (MS-102-3003, Illumina) for
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pair-ended, 600-bp reads, and demultiplexed using the build-in bcl2fastq code in
llumina sequence analysis pipeline. Raw sequencing reads have been deposited
as part of BioProject PRINA806967 in the NCBI SRA database.

RNA-seq Data Analysis. Quality control analyses of RNA-seq datasets included
clustered correlation matrix of gene expression levels and multidimensional
scaling analyses (S/ Appendix, Fig. S11). One of the replicates (LB, replicate 4)
was identified as an outlier and removed from the further analyses. RNA-seq
reads were aligned to the reference P aeruginosa PAO1 genome (GenBank:
GCA_000006765.1), mapped to genomic features, and counted using Rsubread
package v1.28.1 (58). In viral challenge assays, the DMS3 phage genome
(GenBank: DQ631426.1) was concatenated with PAOT genome and treated as a
single genomic feature. Count tables produced with Rsubread were normalized
and tested for differential expression using edgeR v3.34.1 (59) (Dataset S1).
Genes with >twofold expression change and a false discovery rate (FDR) below
0.05 were considered significantly differential. Functional classification and Gene
Ontology (GO) enrichment analysis were performed using PANTHER classification
system (http://www.pantherdb.org/) (60). RNA-seq analysis results were plotted
with ggplot2 and pheatmap packages in R.
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