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Polylysogeny, the harboring of multiple prophages within a single bacterial
genome, is common among bacterial pathogens and enhances virulence and
genome plasticity. Inoviruses (filamentous phages) are often present in mul-
tiple copies in major pathogens, leading to polylysogeny. Two highly similar
filamentous phages (Pf4 and Pf6) are integrated into the widely distributed
model Pseudomonas aeruginosa strain, and both prophages are activated
during biofilm formation. It remains unclear whether the two prophages
function competitively or cooperatively. Here, we show a crosstalk between
Pf4’s core region protein RepG4 (PA0717) and Pf6é’s accessory KKP (kinase-
kinase-phosphatase) toxin-antitoxin module that coordinates their propaga-
tion. RepG4, involved in Pf4 phage replication, triggers kinase-mediated
toxicity of KKP in a dose-dependent manner by degrading the phosphatase
antitoxin. This crosstalk serves as a molecular brake, preventing excessive Pf4
production and coordinating the release of both Pf4 and Pf6 phages during
biofilm maturation. Our findings provide valuable insights into the significance

of the tight regulation between phage core genes and accessory genes in
establishing a mutualistic interaction between co-resident prophages.

Bacteriophages and their hosts are engaged in a predator-prey rela-
tionship. Temperate phages can either remain quiescent as prophages,
replicating synchronously with the host chromosome, or enter a lytic
cycle, producing virions'. Previous analysis revealed that pathogens,
including Escherichia coli**, Salmonella**, Pseudomonas®, and Listeria’,
often carry multiple prophages, resulting in polylysogeny®’. The
diversity of prophages often encodes the evolutionary history of the
pathogen and reflects its adaptability to the promiscuous lifestyle’.
When a single prophage is activated under stress or specific environ-
mental conditions, it can modulate the activity of coexisting prophages,
either inducing their excision or suppressing their expression*'*", The
lysogeny-lysis conversion of prophage is commonly regulated by the
phage repressor and antirepressor'>”, Previous work demonstrated that
anti-repressors can act on non-cognate repressors, providing the basis
for a crosstalk that allows coordinating the induction of multiple

prophages in polylysogenic Salmonella*. Another regulatory module in
inter-prophage competition involves a transcription factor that directs
a small protein to inactivate the prophage repressor, leading to the
specific activation of its own prophage'.

Inoviruses, or filamentous phages, are widespread in various
environments and infect a diverse range of bacterial hosts, including
Vibrio cholera™"® and Pseudomonas aeruginosa™". Comparative
genomics revealed high inovirus prevalence in major pathogens and
these viruses are often present in multiple copies within the same host
cells™®?, Unlike temperate phages such as Lambda, which typically
trigger rapid host lysis upon activation, inoviruses establish a chronic
infection, persistently releasing viral progeny through a non-lytic
“budding” mechanism®. It remains unclear whether co-resident fila-
mentous prophages function competitively or cooperatively during
prophage activation in pathogens.
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Each prophage carries unique accessory genes, contributing to the
mosaic nature of bacterial genomes'®, Variations in genetic content,
integration sites, and life cycle strategies enable prophages to perform
specialized functions across diverse bacterial hosts, influencing a wide
array of phenotypic traits®. For instance, prophage-encoded virulence
factors facilitate bacterial colonization and survival'”. Prophages serve
as reservoirs for various defense systems and anti-defense systems,
including restriction modification systems*?, toxin-antitoxin (TA)
systems*? and anti-CRISPRs**”. Over the past few decades, several
strategies have emerged that these prophage-encoded defense systems
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Fig. 1| RepF4 controls Pf4 and RepFé6 controls Pf6 prophage genome repli-
cation. A Annotation of Pf4 and Pf6 prophage genomes in MPAOL. PAO717-PAO718-
PAO719 in Pf4 and Pf6 were shown in green and blue, respectively. KKP were shown
in purple. B The overlay of RepF4 structure (green) and RepF6 structure (blue)
predicted by AlphaFold Protein Structure Database. C Phages were collected from
biofilm effluents on Day 6. Serial dilutions were applied to lawns of APf4APf6 and
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use to specifically target lytic phage infections by attacking phage
structural proteins®®?, replication proteins®, and even inactivating
phage receptors on host cell surfaces to block adsorption®. In cases of
polylysogeny, co-residing prophages can shift their interactions from
competition to mutualism in response to external stressors, working
together to combat invaders”. However, the functioning of these
prophage-encoded defense systems during prophage induction in
polylysogenic pathogens remains largely unexplored.

In two sublines of P. aeruginosa, one strain (designed as PAO1)
contains only the Pf4 prophage, while a closely related strain (designed
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PFUs were calculated. Three independent cultures were used in C, and data were
shown as mean + SD. One-way ANOVA was used for comparisons with 95% con-
fidence intervals. No statistically significant difference was observed. Genome
sequencing of phages in the biofilm effluents of ArepF4 (D) or ArepFé6 (E) on day 6.
Genome sequencing of biofilm cells of ArepF4 (F) or ArepFé6 (G) on day 6. Source
data are provided as a Source Data file.
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as MPAOI) carries an additional Pf prophage, Pf6**2, Importantly, both
Pf prophages are activated during biofilm formation of MPAO1°. These
Pf phages play critical roles in mediating biofilm formation and viru-
lence in the lung®”****, and can also suppress mammalian immunity
by directly inhibiting phagocytosis and bacterial clearance®. There-
fore, the integration of Pf prophages and the activation of Pf phages
during biofilm development are critical for the pathogenic lifestyle of
P. aeruginosa.

The genomes of inoviruses are relatively small (<15 kb) and com-
prise a conserved core genome alongside a diverse accessory
genome®. The accessory genomes of inoviruses are enriched with
various defense genes, particularly TA systems®”. Notably, Pf4 and Pf6
exhibited a strikingly high degree of similarity in their core genomic
regions (>98% nucleotide identity), while diverging primarily in their
accessory TA genes®. In the accessory genome of Pf4 prophage, the
toxin PfiT and its upstream antitoxin PfiA form a type I TA pair, and the
deletion of pfiT stimulates the production of Pf4*. Another cluster in
the accessory genome of Pf4 prophage contains a non-coding RNA,
PhrD, and a reverse transcriptase PfrT that edits the Pf4 phage gen-
ome, facilitating the generation of superinfective (SI) form Pf4 under
biofilm conditions®. In the accessory genome of Pfé prophage, a
kinase-kinase-phosphatase (KKP) TA system regulates prophage acti-
vation via phosphorylating host silencer MvaU and also provides
defense against lytic phage infection®. Interestingly, the virus-to-host
ratio was consistently maintained at ~2:1, regardless of the presence of
one or both prophages in the host cells’. These findings suggest that
Pf4 and Pf6 establish a mutualistic relationship with their host. How-
ever, it remains unclear whether the two sister prophages function
competitively or cooperatively during Pf activation.

In this study, we investigated crosstalk between Pf4 and Pf6 pro-
phages, focusing on phage proteins in the core region and regulatory
elements. Contrary to expectations of dedicated crosstalk between
repressor and anti-repressor or replication initiation proteins, we dis-
covered that a Pf4 core region protein RepG4 (PA0717) triggers KKP TA
module toxicity in Pf6. This occurs via degradation of the antitoxin
PfpC of KKP, releasing the toxicity of PfkA and PfkB. This crosstalk
coordinates the release of both phages during biofilm formation,
contributing to the maintenance of polylysogeny and pathogenicity.

Results

Crosstalk between the replication initiator proteins of the two
prophages

The MPAOL strain studied here was obtained from C. Manoil lab at the
University of Washington in 2007, a lineage of PAOL1 that has been
utilized to create a widely used transposon mutant bank®. The core
genome region of Pf prophage is 8-9 kb. Pf4 and Pf6 share a highly
similar core region (PAO717-repF, with over 98% nucleotide identity)
(Fig. 1A; Table 1), encoding a ssDNA binding protein PA0720, five
structural proteins (PA0721-PAQ725), a zot-like assembly-export pro-
tein PAQ726, a toxic polypeptide PA0726.1 and a rolling cycle repli-
cation initiator protein RepF. The minor capsid protein pVII allows
exclusion of SI-Pf phages by interfering with type IV pilus (T4P) func-
tion, and minor capsid proteins plll and pVII provide host protection
against infection by several pilus-dependent lytic phages®“°.

To investigate the interaction between Pf4 and Pf6, we first
examined potential crosstalk between their respective rolling circle
replication (RCR) initiator proteins. Sequence alignment and predicted
structural modeling revealed high similarity between RepF4 (from
Pf4) and RepF6 (from Pf6), with 95.3% amino acid identity (Fig. 1B;
Supplementary Fig. 1). Both proteins contain two conserved motifs
essential for RCR: a metal-ion-binding HUH motif (His-hydrophobic-
His) and a catalytic YxxxY motif (containing two conserved
tyrosines)**? (Supplementary Fig. 1).

Since both phages were produced and released during biofilm
development®, we investigated whether these co-resident prophages

could utilize non-cognate RepF proteins for replication. We generated
mutant strains (Arepf4, ArepF6, and ArepF4ArepF6) with partial dele-
tions of the repF genes (encoding RepF proteins) in each prophage,
while preserving the flanking intF integrase genes. Phage production
was monitored in a flow-cell biofilm model using plaque assays on
biofilm effluents. To assess superinfection, we performed plaque assays
using a wide-type MPAOL strain and a APf4APf6 strain lacking both
prophages. Finally, qPCR using prophage-specific primers quantified the
relative abundances of Pf4 and Pf6 phages in the biofilm effluents.

Deletion of either repF4 or repF6 did not affect biofilm phage
production; however, deleting both genes completely abolished it
(Fig. 1C and Supplementary Fig. 2A). Whole-genome sequencing of
phage DNA (day 6, using a custom single-stranded DNA sequencing
method) revealed that only Pf4 phage was produced in ArepFé bio-
films, and only Pf6 phage in ArepF4 biofilms (Fig. 1D, E), demonstrating
a lack of RepF protein crosstalk in phage replication. This was further
confirmed by the observation that only Pf4 and Pf6 genes, respectively,
were replicated in the corresponding mutant biofilms (Fig. 1F, G and
Supplementary Fig. 2B, C). Therefore, each Pf prophage’s RepF protein
is dedicated to its own genome replication.

Phage repressors and antirepressors inhibit activation of their
cognate prophages

We next investigated potential crosstalk between phage antirepressors
and non-cognate repressors, a mechanism that often coordinates
prophage induction in polylysogens®. Pf4 and Pfé each possess their
own repressor/antirepressor pair. Pf4r and Pfér exhibit moderate amino
acid sequence similarity (51% identity; Supplementary Fig. 3A) and high
structural similarity (Fig. 2A). Phage production in planktonic cultures of
Apf4r and Apfér mutant strains was assessed. Deletion of either pf4r or
pfér resulted in phage production (Fig. 2B), predominantly Pf4 phage in
Apf4r and exclusively Pf6 phage in Apfér cells (Fig. 2B).

Our previous work demonstrated that XisF4 functions as both an
excisionase and activator in the Pf4 lifecycle™. A putative ORF (XisF6)
was identified in Pf6 at a similar genomic location but in the opposite
orientation to pfér, exhibiting low similarity to XisF4 (Fig. 2C and
Supplementary Fig. 3B). Consistent with our previous findings, xisF4
overexpression (using pHERD20T-xisF4) in planktonic MPAOL cells
resulted in abundant Pf4 phage production (Fig. 2D). In contrast, xisF6
overexpression did not produce detectable phage virions (plaque
assay) nor activate intF6 (Fig. 2D). To assess the impact of XisF on Pf
prophage genome excision and phage propagation during MPAO1
biofilm formation, we quantified the frequency of prophage excision
(attB/gyrB) and the copy number of RF of Pf (attP/gyrB) following XisF
overproduction. Consistent with previously reported”, XisF4 induced
Pf4 prophage excision, significantly increasing the levels of circular-
ized RF-Pf4 (Fig. 2D). In contrast, XisFé failed to induce Pf6 excision,
and no circularized Pfé6 was detected upon overexpression of XisF6
(Fig. 2D). Intriguingly, unlike Pf4 phages that predominantly package
circularized ssDNA genomes as either full-length (non-SI Pf4) or
reduced forms (SI Pf4), only a minimal amount of the circularized Pf6
genome (~0.01%) was detected in Pf6 phages released in day 6 biofilm
cells (Supplementary Fig. 3C, D). These findings suggest that Pf6 may
employ a replication strategy distinct from that of Pf4 during biofilm
development.

PAO717 of Pf4 (RepG4) in the core genome participates in the
synthesis of RF Pf4

The Pf core genome is conserved across both plasmid-like Pf1 phage
(in the PAK strain) and integrated prophages, including Pf5 (in the
PAl14 strain), Pf4 and Pf6. In these prophages, the genes PAO717,
PAO718, and PAO719 are situated between the phage antirepressor XisF
and the single-stranded DNA-binding protein PA0720, maintaining
consistent genomic organization (Supplementary Fig. 4A). Sequence
analysis demonstrated high amino acid similarity of PA0717, PAQO718,
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Table 1| Pf filamentous phage genes and relative function and interaction network

Pf4 locus Gene ID Gene name Pf6 locus Gene name Product/Function Regulation/ References
tag (MPAO1) in Pf4 in Pf4 tag (MPAO1) in Pf6 interaction
MP_4506 PAO714.1 phrD non-coding RNA RhIR 38,60
MP_4505 PAO715 pfrT reverse transcriptase involves in the 38
synthesis of S| Pf4 genome
MP_4504 PAO716 an ATPase with AAA domain 38
MP_4992 pfkA serine/threonine kinase, together MvaU 6
with pfkB function as the toxin of KKP
TA system
MP_4991 pfkB serine/threonine kinase, together Mvau 6
with pfkA function as the toxin of KKP
TA system
MP_4990 pfpC serine/threonine phosphatase, anti- 6
toxin of KKP TA system
MP_4503 PAO716.1 pfdr MP_4989 pfér repressor, maintenance of lysogeny  LasB, OxyR 12,19,61
MP_4502 PAQ716.2 XisF4 MP_4988 XisF6 excisionase and prophage activator 13
MP_4501 PAO717 repG4 MP_4987 repG6 unknown this study
MP_4500 PAO718 pflM MP_4986 pflM lysogeny maintenance 43
MP_4499 PAO719 MP_4985 unknown
MP_4498 PAO720 MP_4984 single-strand DNA binding protein
MP_4497 PAO721 pfsE(gVII) MP_4983 pfsE(gViI) minor capsid protein, superinfection  PilC, PilJ, PgsA 39,40,62
exclusion
MP_4496 PAO722 glxX MP_4982 glX minor capsid protein
MP_4495 PAO723 gviii MP_4981 gviii major capsid protein
MP_4494 PAO724 gl MP_4980 gl minor capsid protein PilJ, TolR, TolA 39
MP_4493 PAO725 gvi MP_4979 gvi minor capsid protein
MP_4492 PAO726 pftO4 MP_4978 pftO6 phage zot-like assembly-export 45
protein
MP_4491 PAO0726.1 pftP4 MP_4977 pftP6 unknown 45
MP_4490 PAO727 repF4 MP_4976 repF6 replication initiator protein UvrD, HU 6,46
MP_4489 PAO728 intF4 MP_4975 intF6 integrase
MP_4488 PAO728.1 PpfiA antitoxin of PfiTA TA system 37
MP_4487 PAO729 pfiT inhibition of Pf4, toxin of PfiTA TA 37

system

The core region of Pf4 and Pf6 is highlighted in bold format.

and PA0719 among Pf phages (Supplementary Fig. 4B), with PA0718
recently characterized as a lysogeny maintenance protein (renamed
PfIM)*’. PAO719 exhibits a conserved N-terminal domain but displays
divergent C-terminal regions among the prophages (Supplementary
Fig. 4B), suggesting potential functional or regulatory diversification.

We leveraged transcriptomic data from our prior study® and
found that these three genes (PA0717-PAO718-PA0719) are significantly
induced in biofilm cells and exhibit the highest expression levels
among the Pf4 genes®, while they remain silent in the planktonic state
when the Pf4 prophage is in a quiescent condition (Fig. 3A). To explore
the functions of these three genes, we constructed single gene dele-
tion as well as multiple-gene deletion mutants, followed by tests on
phage production. Our findings revealed that deleting PAO717 or the
combined deletion of PAO717, PAO718, and PAO7I9 (A171819) reduced
Pf phage production in biofilms (Fig. 3B, C). Recent studies demon-
strated that non-SI Pf4 phage production in early biofilm development
results from the de-repression of xisF4, a process mediated by KKP-
dependent dephosphorylation of MvaU®. Notably, the deletion of
PAO717 predominantly diminished the production of non-SI Pf4 pha-
ges generated during the early stages of flow-cell biofilm formation
(<day 5) (Fig. 3B, C).

To determine whether PAQ717 contributes to non-SlI Pf4 phage
production, we overexpressed xisF4 in planktonically cultured MPAOL
strains. As previously reported”, xisF4 overexpression triggered forma-
tion of the replicative form (RF) Pf4, leading to non-SI Pf4 production
with intact phage genomes. Consistent with prior findings, deletion of

repfF4 abolished XisF4-mediated Pf4 activation (Fig. 3D). Remarkably,
PAQ717 deletion alone eliminated RF Pf4 production (Fig. 3D-F), sug-
gesting that PAQ717 is likely involved in Pf4 prophage genome replica-
tion. To exclude potential crosstalk with Pf6, we repeated experiments
in a Pf6 prophage-deficient PAOL strain, and same results were obtained
(Supplementary Fig. 5). In contrast, deletions of PAO718 or PAO719 had
no effect on RF Pf4 synthesis. Based on its potentially functional role, we
propose renaming PAO717 as RepG, with RepG4 (Pf4-derived) and
RepG6 (Pfé-derived) denoting its prophage-specific isoforms. Intrigu-
ingly, RepG homologs across four Pf phages share a conserved arginine-
enriched motif (14-15 of 70 residues) in their C-terminal domains
(Supplementary Fig. 4B), a biochemical signature strongly associated
with DNA-protein interaction and transcriptional regulation*. The con-
served arginine-enriched motif underscores RepG’s potentially critical
role in Pf phage replication.

RepG4 activates the kinase-based toxicity of the KKP TA system
In our recent study, we demonstrated that the KKP module of Pf6 can
defend against infections by several lytic phages by activating the
kinase-based toxicity®. Specifically, KKP modules provide protection
against the E. coli lytic phage T4 by targeting the phage helicase loader
Gp59 protein®. The Pf phages released during biofilm development
can re-infect the host cells to cause cell death, we then tested whether
KKP can defend the re-infection of the Pf phages. Pf4 and Pf6 phages
in the biofilm effluents of the ArepF6 and ArepF4 strains were collected
for the plaque assays. Overexpression of the KKP module conferred
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Fig. 2 | Phage repressors and antirepressors specifically inhibit activation of
their cognate prophages. A The overlay of the predicted structures of Pf4r (green)
and Pfér (cyan) structures. B Phage titers of planktonic supernatant from MPAO1,
Apf4r and Apfér (upper left lane). Copy numbers of Pf4-attB and Pf6-attB (upper
right lane), Pf4-attP, Pf6-attP, indicated Pf4 genes and indicated Pf6 genes (lower
lane) were determined. C Overlay of the predicted XisF4 structure (green) and the
XisF6 structure (cyan). D Phage titers of planktonic supernatant from MPAO1

carrying pHERD20T (vector(p)), pHERD20T-xisF4 (p-xisF4) and pHERD20T-xisF6
(p-xisF6) (upper left lane). Copy numbers of Pf4-attB and Pf6-attB (upper right
lane), Pf4-attP, Pf6-attP, indicated Pf4 gene and indicated Pf6 gene (lower lane)
were determined. Three independent cultures were used, and data were shown as
mean + SD. Two-way ANOVA was used for comparisons with 95% confidence
intervals. p < 0.05was considered statistically significant. Source data are provided
as a Source Data file.

resistance against both Pf phages, though the observed protection
resulted in only a modest 2 to 3log reduction in phage titers
(Fig. 4A). This limited reduction may reflect the inherently attenuated
plaque-forming efficiency of Pf phages compared to canonical lytic
phages.

Each of the thirteen Pf4 core genes was co-expressed with the
KKP module using a two-plasmid system induced by IPTG and
L-arabinose, respectively. Six of them (PA0719, PAO721, PAO723, PAO724,
PA0726, and PA0726.1) performed strong toxicity alone, including four
membrane-anchored genes (PA0721, PAO723, PAO724, and PA0726.1)*,
a zot-like assembly-export gene PA0O726 and an unknown function gene
PAO719 (Fig. 4B; Supplementary Fig. 6A). Those proteins are incorpo-
rated into virions during assembly and release; therefore, they do not
accumulate to high levels. However, we found that only repG4 activated
KKP-mediated toxicity, while being slightly toxic when overexpressed

alone in planktonic cells (Fig. 4B; Supplementary Fig. 6B). Importantly,
co-expression of repG4 with K°"KP® (containing an inactive kinase with a
mutated GFI motif) was less toxic than that co-expressed with KKP
(Fig. 4C; Supplementary Fig. 6C). Critically, in vitro phosphatase assays
revealed that increasing molar ratios of RepG4 to PfpC suppressed PfpC
enzymatic activity (Fig. 4D; Supplementary Fig. 7A, B). Pull-down assays
confirmed direct interaction between His-tagged RepG4 and Flag-
tagged PfpC (Fig. 4E Supplementary Fig. 7C). This mechanism positions
RepG4 as a molecular switch regulating KKP-mediated host stress dur-
ing phage induction.

RepG4 triggers the degradation of PfpC antitoxin during Pf4
activation

Given the inherent instability typical of antitoxin components in TA
systems, we investigated whether Pf phage infection induces PfpC
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scriptomic data presented here were derived from the same dataset as that used in
our previously published work®). B Phage titers of biofilm effluents from 4-day
biofilms of MPAO1, APAO717, APAO718, APAO719, and A171819. C Phage titers in (B)
were calculated. Two independent cultures were used. D Phage titers of planktonic
effluents from MPAOL, APAO717, APAO718, APAO7I9, and ArepF4 carrying

pHERD20T-xisF4. E The frequency of Pf4 excision in (D) was quantified. F The
numbers of RF Pf4 molecules in (D) were quantified. Three independent cultures
were used in (E) and (F), representative images were shown in (D). Data in (E) and
(F) were shown as mean + SD. Two-way ANOVA was used for comparisons with 95%
confidence intervals. p < 0.05 was considered statistically significant. Source data
are provided as a Source Data file.

degradation to liberate the toxic activity of PfkA and PfkB. Purified
C-terminal His-tagged PfpC migrated as two distinct bands on SDS-
PAGE (Supplementary Fig. 8A). N-terminal sequencing and western
blotting identified these bands as full-length PfpC (-41kDa) and a
stable fragment, PfpCS (-35 kDa), lacking -44 C-terminal amino acids
that encompass a predicted disordered region® (Supplementary
Fig. 8B). Both isoforms remained stable over time at 4 °C in the pre-
sence of MPAOI1 lysate (Supplementary Fig. 8A). Notably, we pre-
viously demonstrated that C-terminally degraded PfpC retained its
ability to neutralize PfkA-PfkB toxicity when co-expressed with the
kinases®. To probe PfpC degradation dynamics, we incubated purified
C-terminal His-tagged PfpC with lysates from planktonically grown

MPAO1, Apf4r, and Apfeér strains. Western blot analysis revealed gra-
dual PfpC degradation in MPAOI1 lysate at 37 °C over time (Fig. 5A).
Interestingly, the degradation was accelerated in Apf4r lysate while
suppressed in Apfér lysate, implicating Pf4- and Pfé6-derived factors
have different roles in PfpC stability (Fig. 5A and Supplemen-
tary Fig. 8C).

Despite high sequence conservation in the Pf4 and Pf6 core gene
regions, we identified a notable 6-bp difference (5-ATGCGC-3’)
encompassing the repG4 start codon (ATG) that is absent in repG6
(Fig. 5B). Instead, both repG genes share an upstream GTG codon
preceded by putative ribosome binding sites (RBS) and we hypothe-
sized that repG6 may use this GTG as the start codon (Fig. 5B). To verify
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Fig. 4 | RepG4 activates the kinase-based toxicity of KKP. A Phage titers of Pf4
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were shown as mean + SD. E Pull-down assay between purified His-tagged RepG4
and Flag-tagged PfpC. Flag-tagged PfpC was shown as negative control. The term
“Induced” denotes unpurified protein samples generated under induction condi-
tions, whereas “Elute” refers to purified protein fractions obtained through
imidazole-mediated elution from affinity chromatography matrices. The experi-
ment in (E) was independently repeated twice, yielding similar results. Source data
are provided as a Source Data file.

translational initiation in repG6, we cloned its native promoter region
(-300 bp) and inserted an in-frame Flag-tag before the stop codon for
detection. Site-directed mutagenesis (GTG ~> TGA) abolished protein
production, confirming GTG as the functional start codon for repG6
(Fig. 5C and Supplementary Fig. 8D). In contrast, repG4 exclusively
used its upstream ATG-mutagenesis (ATG > TGA) eliminated protein
production, whereas modification of the GTG (GTG > TGA) only had
minor effect, likely due to its interference with RBS (Fig. 5C and Sup-
plementary Fig. 8D). Both proteins migrated at their predicted sizes
(RepG4: -8.5 kDa; RepGé6: ~8.75 kDa) when expressed from their native
regulatory elements (Supplementary Fig. 8D). These results demon-
strate distinct translational initiation mechanisms between these
homologous genes despite their conserved genomic contexts.

To elucidate the role of RepG4 in PfpC degradation, we incubated
PfpC with lysates from MPAOI cells overexpressing repG or from cells
carrying an empty vector. RepG4 efficiently triggered PfpC proteolysis,
whereas RepG6 suppressed PfpC proteolysis (Fig. SD and Supple-
mentary Fig. 8E, F), consistent with prior observations in Apf4r and
Apfeér lysates (Fig. 5A). Structural prediction analysis identified four
divergent residues between these two RepG homologs, including G26

(RepG4)/127 (RepG6) in aloop region and R49 (RepG4)/C50 (RepG6) in
an o-helix (Fig. SE-G). Notably, mutating RepG4’s R49 to C (mimicking
RepG6) completely abolished its degradation activity while G26l
mutant produced a phenotype identical to that of wild-type RepG4
(Fig. 5D and Supplementary Fig. 8F). Pull-down assays confirmed both
RepG4 and RepGé6 interact with Flag-tagged PfpC (Figs. 4E and 5H and
Supplementary Fig. 8G), suggesting their opposing effects stem from
post-binding regulation rather than binding affinity. Collectively, our
findings demonstrate that the crosstalk between the core gene repG4
of Pf4 and the accessory TA system of Pf6 coordinates the differential
activation of these sister prophages during biofilm development.
Moreover, we reveal that repG6, the core gene of Pf6, safeguards its
own prophage functional elements through site-specific mutations.
This interaction represents a sophisticated regulatory mechanism that
balances phage propagation with host survival (Fig. 6 and Supple-
mentary Fig. 9).

Discussion
Inoviruses are typically characterized by their small genomes and a
unique chronic infection cycle, releasing progeny virions without
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Fig. 5| RepG4, but not RepG6, triggers PfpC degradation. A Quantification of the
degradation of C-terminal His-tagged PfpC (-41 kDa) treated with MPAO1, Apf4r and
Apfeér lysates for different times at 37 °C. The band retention percentage was cal-
culated by Image] software (1.57f) and displayed below the corresponding band.
The samples derive from the same experiment, and the blots were processed in
parallel. B A schematic diagram indicates the intergenic region between excisio-
nase XisF and RepG. The predicted start codons of repG4 and repG6 were boxed in
gray. The predicted ribosome binding site (RBS) of RepG was lined in wavy. The
stop codons of xisF4 and xisF6 were bolded. C Western blotting to determine the
production of RepG4 and RepG6 using Flag antibody with pHERD20T-based con-
structs. D Quantification of the degradation of C-terminal His-tagged PfpC (-41kDa)
treated with MPAOI overexpressing repG variants lysates for different times at
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37°C. The band retention percentage was calculated by Image) software (1.57f) and
displayed below the corresponding band. The samples derive from the same
experiment, and the blots were processed in parallel. Nucleotide sequences
alignment (E), amino acid sequences alignment (F) and structure predicted by
Alphafold2 (G) between repG4 and repGeé. Different residues inside the two
homologs were highlighted in purple. H Pull-down assay between purified His-
tagged RepG6 and Flag-tagged PfpC. Flag-tagged PfpC was shown as a negative
control. The term “Induced” denotes unpurified protein samples generated under
induction conditions, whereas “Elute” refers to purified protein fractions obtained
through imidazole-mediated elution from affinity chromatography matrices. The
experiments in (A, C, D, and H) were independently repeated twice, yielding similar
results. Uncropped blots in Source Data.
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Fig. 6 | Model of the dynamic interplay between Pf4 and Pf6 in different host
states. We previously found that in planktonic (free-living) cells, the kinase activity
of the Pf6-encoded PfkA of the KKP TA module silences the Pf4 prophage in a
lysogenic state by phosphorylating the host protein MvaU°. When the host switches
to biofilm mode of growth, environmental cues/signaling pathways induce Pf6
activation, and the expression of PfpC increases, thereby dephosphorylating
Mval’. This results in Pf4 prophage excision and genome replication. Both Pf4 and
Pf6 phages are synthesized and released as the biofilm develops, providing

Switch box

protection for host cells against antibiotics and dehydration. With further biofilm
development, the Pf4-encoded reverse transcriptase (PfrT) synthesizes a reduced
and SI Pf4 genome™, In the SI Pf4, XisF4 co-opts the promoter of the ncRNA to
sustain high expression levels. In this study, we revealed that, if S| Pf4 reaches a very
high level, RepG4 can trigger the degradation of PfpC, liberating the joint toxicity of
PfkA-PfkB. The activation of the two kinases leads to host cell death to restrain
further Pf phage production in a process similar to Abi. Thus, a balanced host: virus
ratio is maintained.

causing host lysis™'®. However, studies of Pf phages in P. aeruginosa
biofilms reveal a more complex life cycle, particularly in strains har-
boring multiple, related prophages. Building on previous findings®*,
we demonstrate a dynamic interplay between Pf4 and Pf6 prophages in
P. aeruginosa under different growth conditions (Fig. 6 and Supple-
mentary Fig. 9). In planktonic cells, the Pf4 antirepressor/excisionase
gene (xisF4), regulated by host silencers MvaU/MvaT, prevents Pf4
activation®. The Pfé6-encoded PfkA kinase, part of the KKP TA module,
maintains Pf4 lysogeny by phosphorylating MvaU®. Biofilm formation
and associated stresses activate Pf6, upregulating pfpC expression,
which dephosphorylates MvaU, triggering Pf4 excision and
replication®. We recently reported that Pf4 phages released late in
biofilm development lose approximately one-quarter of their genome,
retaining only core genes; this process is regulated by the Pf4-encoded
reverse transcriptase PfrT®%. This genome reduction eliminates
repressor binding sites, converting non-SI Pf4 to SI Pf4, enabling re-
infection and host cell death®,

This study demonstrates that the core Pf4 protein RepG4 pro-
motes PfpC degradation, thereby unleashing the toxic activity of the
PfkA-PfkB kinase complex. This cascade induces host cell death and
restricts phage propagation, resembling an abortive infection
mechanism. Bioinformatics analyses suggest RepG homologs in Pfl
and Pf5 may similarly activate KKP-mediated toxicity, whereas RepG6
(the Pf6 counterpart) appears to stabilize PfpC. This dichotomous
regulation may enable discrimination between “self” (Pf6) and “non-
self” (Pf4/Pf1/Pf5) prophages in terms of KKP regulation during
prophage activation. Despite these antagonistic interactions, the sys-
tem ultimately maintains a symbiotic relationship that enhances bac-
terial fitness and virulence. Through mechanisms including biofilm

formation and immune evasion®, this phage-host interplay demon-
strates a complicated co-evolutionary adaptation where accessory
prophage genes confer mutual benefits to both phage and bacter-
ial host.

Despite sharing a highly similar core region, Pf4 and Pf6 employ
distinct replication strategies upon activation. Pf4 utilizes an RCR
mechanism, followed by prophage excision to generate circular, non-
SI genomes containing the full-length Pf4 prophage genome'®*,
Similar to CTX@ phages**%, Pf4 and CTX¢ replication rely on an
initiator protein (RepF4 and RstA, respectively) and the host-encoded
UvrD helicase, typically involved in DNA repair*®*®, In contrast to Pf4,
Pf6 activation appears to follow a distinct replication strategy.
Although Pf6 activation requires RepF6, we detected only minimal
circularized genomes and no significant increase in prophage excision
during biofilm-associated activation. Unlike XisF4, overexpression of
XisFé failed to induce either prophage excision or Pf6 activation,
suggesting that Pfé6 may replicate without relying on genome excision
in biofilms. Furthermore, we found previously that the Pf4-encoded
reverse transcriptase gene, pfrT, is involved in the synthesis of SI Pf4
phages and Pf6 phages during biofilm formation®®. Further investiga-
tion is needed to elucidate the precise replication mechanism of Pfé6
prophage in biofilm.

Prophages frequently harbor numerous antiphage defense ele-
ments, shown previously to provide protection against lytic phage
infection®**>2, These defense systems, often located within the
prophage accessory genome, are expressed even in the lysogenic
state’’. They can act as repressors of cognate prophages and defend
against competing lytic phages, thereby promoting host growth and
survival®. Under stress conditions, such as those associated with
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biofilm growth that can trigger prophage activation, these prophage-
encoded defense systems monitor prophage induction levels, inter-
acting with genes involved in phage replication and assembly to pre-
vent rapid phage virion proliferation®. Our study reveals a critical
surveillance mechanism involving key phage proteins and accessory
phage-encoded defense systems, coordinating phage-phage and host-
phage interactions in polylysogenic bacteria. The function of these Pf-
encoded defense systems in regulating prophage induction within
eukaryotic hosts warrants further investigation.

Methods

Bacterial strains, plasmids, and growth conditions

The bacterial strains, plasmids and all primers used in this study are
listed in Supplementary data 1 and Supplementary data 2 in Supple-
mentary file. The E. coli and P. aeruginosa MPAO1 wild-type and mutant
strains were grown in LB medium (Bertani, 1951), at 37 °C except where
indicated. Carbenicillin (100 pg/mL) was used to maintain pHERD20T-
based plasmids and pEX18Ap-based plasmids, chloramphenicol
(30 pg/mL) was used to maintain pTac-based plasmids and gentamycin
(30 ug/mL) was used to maintain pEX18Gm-based plasmids, which
were used to delete genes in MPAOL. 0.3% (w/v) L-arabinose was used
to induce the expression of target genes in pHERD20T-based plasmids.
1mM IPTG (isopropyl-p-D-thiogalactopyranoside) was used to induce
the expression of target genes in pTac-based plasmids.

Deletion of genes in the MPAO1 chromosome

The mutant strains were generated using a rapid method for the
generation of P. aeruginosa deletion mutants with modifications®.
Considering the co-transcription of PAO717-PAO718-PAO719, we
only mutated the start codon of each gene and inserted a gen-
tamycin sequence. Fragments were ligated into pEX18Gm/
pEX18Ap plasmid digested with EcoRI and Hindlll using one-step
ligation kit (Vazyme Biotechnology Corporation, Nanjing, China).
Then the ligated products were transferred into the diaminopi-
melic acid (DAP) auxotrophic RP4 conjugal donor E. coli strain
WM3064. The correct constructs were confirmed by both PCR
and sequencing. Then they were conjugated into MPAO1 cells.
Following this, the in-frame deletion mutants were generated via
homologous recombination using the sucrose resistance selec-
tion method. The mutations were verified using PCR and DNA
sequencing with the gene-LF/LR primer pair.

Biofilm growth and sample collection

A flow cell biofilm system cultured in M9 medium (47.8 mM Na,HPOy,,
22mM KH,PO,, 6.8 mM NH,CI, 18.7mM NaCl, 100 M CaCl,, 2mM
MgS0O, and 0.1% glucose) was conducted as previously described with
minor modification®. In details, 1 mL of fresh overnight cultures was
injected into the inlet of medical silicone catheters (with an inner dia-
meter of 3mm and a length of 400 mm, produced by Forbest Manu-
facturing Corporation, Shenzhen, China), taking care to prevent bubble
formation. Subsequently, the inoculated catheters were left static for 1h
to facilitate colonization of the bacteria on the inner surface of the
catheters. After this colonization period, a peristaltic pump was used to
initiate flow at a rate of 0.1 mL per minute for each channel. At specific
time points, phages were collected from the effluents, and biofilm cells
inside the catheters were obtained by cutting the catheters open. During
the experiment, fresh M9 medium was supplied daily, and the total
assay runtime varied between 4 and 6 days, depending on the specific
readout requirements. Phages in biofilm effluents were collected on
mentioned days by collecting 2 mL of newly flowed M9 culture. Sub-
sequently, the collected effluents were filtered through a 0.22-um pore
size filter (Millipore) and treated with 1ugmL™ DNase I (New England
Biolabs, MA, USA) at room temperature for 1.5h and stored at 4 °C>.
Biofilm cells in the inner surface of the medical catheter were collected
by cutting 1 cm section and stored at —-80 °C.

Quantification of Pf4 and Pf6 phages in effluents

Total phage titers in the effluents were quantified using the traditional
top-layer agar method®. In brief, the treated effluents were serially
diluted 10-fold in SM buffer, and a volume of 5pL medium of each
dilution was spotted on R-top layer media supplemented with the
MPAOL1 wild-type or APf4APf6 strains. Then the agar plates were
incubated at 37°C for 16 h. After that, the phage-forming units in
biofilm effluents were calculated by multiplying the number of coun-
table plaques on agar plates by the dilution fold and then by 200. The
ratio between Pf4 and Pf6 phages in biofilm effluents was determined
using a qPCR assay.

Quantitative PCR (qPCR) assay

The quantification of Pf4 and Pf6 genes in biofilms and planktonic cells
was determined using a qPCR-based method we established
previously®. For the quantification of Pf phages, a volume of 1 pL stored
effluent was treated with DNase I and then used as a PCR template, and
the MPAO1 chromosome-specific gene gyrB was used as a negative
control to exclude contamination of host genomic DNA. For the bio-
films and planktonic cells, genomic DNA was isolated using a TIANamp
Bacteria DNA Kit (Tiangen Biotech Co., Ltd., Beijing, China) following
the manufacturer’s instructions. During the DNA isolation process,
RNA was removed by adding 10 U/pL RNase A during cell lysis. A total
of 20 ng of DNA from each sample was utilized to quantify the copy
numbers of Pf genes. The fold change of Pf4 and Pf6 in each effluent/
cell sample was calculated based on their specific genes listed in
Supplementary data 2. For Pf4 phages, specific Pf4 primers (Pf4-attB,
Pf4-attP, xisF4, pfiA, and repF4) were used, which are not present in Pf6.
For Pf6 phages, specific Pf6 primers (Pf6-attB, Pf6-attP, intFé6, pfkA, and
repF6) were used, which are not present in Pf4.

Copy numbers of Pf4 and Pfé6 phages in biofilm cells

Total genomic DNA was isolated from biofilm cells using a TIA-
Namp Bacteria DNA Kit (Tiangen Biotech Co., Ltd., Beijing, China)
following the manufacturer’s instructions. To exclude RNA con-
tamination, the potential RNA was removed by adding 10 U pul™ of
RNase for 20 min at room temperature during the DNA isolation
process. Then 20 ng DNA of each sample was used as template. In
addition to pfid and intF6, Pf4-attP was used to determine the
copy number of Pf4 and Pf6-attP was used to determine the copy
number of Pf6 in the same cells.

Co-expression toxicity assay

Co-expression of KKP was performed using two-plasmid system
with pTac and pHERD20T promoters. For measurements of
colony-forming units (CFU), overnight cells were diluted to an
0D600 =of 0.1, and cells were cultured for 6 h in LB medium with
0.1mg mL™ carbenicillin and 0.03 mgmL™ chloramphenicol, fol-
lowed by being diluted serially and dropped onto the plate with
1mM IPTG and 0.3% L-arabinose. Plates with 0.1mgmL™ carbeni-
cillin and 0.03 mg mL™ chloramphenicol were used as a control.
Then, plates were incubated at 37 °C for 16 h.

Whole-genome sequencing of phages and resequencing of hosts
The experiments were conducted strictly following our previous
study™. In brief, whole bacterial genomic DNA and whole ssDNA gen-
ome of Pf phages in biofilm cells and effluents were isolated using a
TIANamp Bacteria DNA Kit and a TIANamp Virus DNA/RNA Kit (Tian-
gen, Beijing, China). Then the following double-stranded DNA gen-
erating from ssDNA, DNA library construction and sequencing are
carried out in GENEWIZ (Suzhou, China).

Plaque assay
Pf phages released from biofilms as reported previously were collected
at mentioned days®*”. A total of 1 mL of culture was centrifuged, and
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the supernatant was filtered through a 0.22-um filter (Millipore Millex
GP) to obtain the Pf phage solution. The filtered Pf phage was serially
diluted with LB, and 5 pL was dropped onto bacterial lawns. For the
overexpression strains, the overnight cultures were diluted to OD = 0.1
and cultured for 2h, then L-arabinose was added to induce the
expression of genes for 4 h. The double-layer agar plates for the plaque
assay were prepared as reported previously”.

Protein 3D structure prediction

Structure of Pfér (PDB ID: 6X6F) was based on the crystal structure in
PDB. The tertiary structures of RepF4, RepF6, XisF4, XisF6, Pf4r, RepG4
and RepG6 were predicted with AlphaFold2 (https://alphafold.com/)*®.
For structural alignment, structural figures were produced with
PyMOL (www.pymol.org).

Comparison of Pf phages

The Pf phages from different strains were compared by tBLASTx using
program Easyfig 2.2.5 win®. In brief, the amino acid sequences of dif-
ferent Pf phages were downloaded from NCBI in GenBank format, fol-
lowed by uploading to Easyfig 2.2.5 win and being aligned with tBLASTx.

Protein purifications

A 500 mL LB medium containing the indicated antibiotic was inocu-
lated with 3 mL overnight pre-culture and grown at 37 °C with shaking
(200 rpm). Inducer was added from ODggo=0.5 and culture were
incubated at 37 °C for 16 h. Overnight cell pellets were collected by
centrifugation (4500 x g for 30min) and resuspended using Buffer A
(500 mM Nacl, 40 mM Tris-HCI, 10 mM imidazole, pH 8.0), followed
by being lysed via ultrasonication, and the supernatant was collected.
Ni-NTA resin was used to bind the His-tagged protein, and proteins
were eluted with increasing concentrations of imidazole. The eluted
proteins were collected, dialyzed against buffer 200 mM NaCl, 20 mM
Tris-HCI, pH 8.0) and stored on ice.

Protein degradation assays

Purified proteins were incubated with the cell lysates for the indicated
times at 37°C/4°C. In detail, overnight cultures were diluted to
ODgop0=0.1 and cultured for 8 h. Then, the cell pellets were collected;
for overexpression cells, the overnight cultures were diluted to
ODgpo = 0.1 and cultured for 4 h and then L-arabinose was added to
induce target gene expression for 4 h. The cell pellets were resuspended
in lysis buffer (200 mM NaCl, 20 mM Tris-HCI, pH 8.0), followed by
ultrasonication and centrifugation to collect the supernatant. Equal-
volume aliquots of the lysate were then co-incubated with 0.1 pg/pL
PfpC for 0, 15, 30, and 60 min at 37 °C, followed by western blotting.

Western blotting

Proteins were separated on Tricine gels, transferred to PVDF mem-
branes (Millipore), and blocked with Fast Blocking Buffer (Yeasen,
#36122ES60, China). The membranes were incubated with primary
antibodies (His Tag Mouse Monoclonal Antibody, #AF2876, 1:3000,
Beyotime; Flag Tag Mouse Monoclonal Antibody, #AF2852, 1:3000,
Beyotime; RNA polymerase beta Antibody, #T57097M, 1:3000,
Abmart) at 4 °C overnight. After washing with 1x TBST (diluted from
10 x TBST, Yeasen #60145ES76), the membranes were probed with
Secondary Antibody (HRP-conjugated goat anti-mouse IgG(H +L),
#A0216; 1:3000, Beyotime; HRP-conjugated goat anti-rabbit IgG(H +
L), #A0208, 1:3000, Beyotime) for 1h at room temperature. Signals
were detected using an imaging system (Tanon 5200, China) and the
band retention percentage was calculated by Image] software (1.57f)
and displayed below the corresponding band.

Phosphatase activity assay
The phosphatase activity of PfpC was determined using the Beyotime
Alkaline Phosphatase Assay Kit (Nanjing, China) following the

manufacturer’s instructions. Purified PfpC was premixed with different
concentrations of PAO717 and incubated on ice for 30 min to allow the
formation of the complex. The reaction system includes 10 pL of
0.5 pg/pL PfpC (molar mass ~-12 pM) as the fixed component, supple-
mented with 1:1, 1:2, and 1:3 molar ratios of PA0717 (0.1 pg/pL; molar
mass ~12 pM). Then, the substrates were added into the reaction sys-
tem and incubated at 37 °C for 5 min. PfpC phosphatase activity was
expressed as nmol min" mg™ protein. Enzymatic activity was mea-
sured three times with the same sample.

Pull-down assay

Flag-tagged PfpC was cloned into pETDuet digested with Ndel and Xhol
to construct pETDuet-flag-pfpC, and it was then digested by Ncol and
Hindlll. Next, N-terminal 6xHis-tagged repG4 was introduced to obtain
pETDuet-His- repG4-Flag-PfpC. The plasmid was transformed into E. coli
strain Rosetta cells, and the cells were cultured at 37 °C. The over-
expression was induced by 0.5mM IPTG at 16 °C for 12h when the
ODgpo Vvalue reached 0.6-0.8. Then, the pull-downs with the cloned
genes were performed. Briefly, pellets were collected by centrifugation
at 4500 x g for 30 min at 4 °C. The cell pellet was resuspended using
Buffer A (250 mM NacCl, 40 mM Tris-HCI, 10 mM imidazole, pH 8.0) and
lysed via ultrasonication, and the supernatant was collected. Ni-NTA
resin was used to bind the His-tagged protein, and proteins were eluted
with increasing concentrations of imidazole. Rosetta/pETDuet-flag-pfpC
was included as a control. The Elute were then subjected to Tricine-SDS
PAGE and Western blotting using anti-His and anti-Flag tag antibodies.

Statistics and reproducibility

For all experiments, at least three independent biological replicates
were used unless otherwise noted. The experiments were indepen-
dently repeated twice, yielding similar results. Significance testing was
performed by an unpaired T-test for comparisons between two
groups, and a one-way analysis of variance (ANOVA) test with Tukey’s
correction for multiple comparisons. A p-value of <0.05 was con-
sidered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are provided within the
manuscript and its associated Supplementary Information. The raw
data for deep sequencing of phages and biofilm cells have been
deposited in the Sequence Read Archive (SRA) under BioProject
accession number PRJNA1113957. The raw transcriptomic data sup-
porting this study were deposited in GEO under accession number
GSE299861 and have been described in our prior work®. The mass
spectrometry proteomics data have been deposited to the Proteo-
meXchange (http://proteomecentral.proteomexchange.org) via the
PRIDE partner repository Project accession: PXD059573. Source data
are provided with this paper. There are no restrictions on data avail-
ability. Source data are provided with this paper.
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