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Bacteriophage protein Dap1 regulates 
evasion of antiphage immunity and 
Pseudomonas aeruginosa virulence 
impacting phage therapy in mice

Shuai Le    1,2,8, Leilei Wei3,4,8, Jing Wang1,2,8, Fang Tian4, Qian Yang5, Jingru Zhao5, 
Zhuojun Zhong1,2, Jiazhen Liu1,2, Xuesong He    6, Qiu Zhong3, Shuguang Lu1,2 & 
Haihua Liang    4,7 

Bacteriophages have evolved diverse strategies to overcome host defence 
mechanisms and to redirect host metabolism to ensure successful 
propagation. Here we identify a phage protein named Dap1 from 
Pseudomonas aeruginosa phage PaoP5 that both modulates bacterial host 
behaviour and contributes to phage fitness. We show that expression of Dap1 
in P. aeruginosa reduces bacterial motility and promotes biofilm formation 
through interference with DipA, a c-di-GMP phosphodiesterase, which causes 
an increase in c-di-GMP levels that trigger phenotypic changes. Results also 
show that deletion of dap1 in PaoP5 significantly reduces genome packaging. 
In this case, Dap1 directly binds to phage HNH endonuclease, prohibiting host 
Lon-mediated HNH degradation and promoting phage genome packaging. 
Moreover, PaoP5Δdap1 fails to rescue P. aeruginosa-infected mice, implying 
the significance of dap1 in phage therapy. Overall, these results highlight 
remarkable dual functionality in a phage protein, enabling the modulation of 
host behaviours and ensuring phage fitness.

The arms race between bacteria and bacteriophages (phages) has  
led to the evolution of diverse antiphage elements1–3, such as CRISPR- 
Cas systems and restriction-modification systems (RM)4. Phages  
usually rely on diverse counterstrategies to evade these antiviral  
systems5,6, including anti-CRISPR proteins7 and anti-restriction  
endonuclease proteins8. Moreover, the prokaryotic antiphage  
defence mechanisms are much more complex than previously  
perceived, and many prokaryotic defence systems and antidefence 
mechanisms are still unknown9. Thus, studies on phage and bacterial 

genes may reveal numerous biological mechanisms involved in phage–
host interactions.

Phage-resistance genes are diverse, comprising nucleases, 
helicases, proteases and kinases10. The nucleases from the RM and 
CRISPR-Cas systems that cleave phage DNA have been investigated 
extensively11. In contrast, the role of proteases in phage defence is 
poorly studied. Proteases are commonly identified in phage defence 
systems12–16. However, whether these proteases directly cleave phage 
protein to defend against phage infection is yet to be determined.
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biosynthesis, quorum sensing and biofilm formation (Extended Data 
Fig. 2a,b and Supplementary Table 1). In addition, the reliability of the 
RNA-seq data was validated by quantitative PCR with reverse transcrip-
tion (RT–qPCR) (Extended Data Fig. 2c).

Dap1 interacts with DipA to regulate host behaviours
Notably, RNA-seq data showed that siaC and siaD, which are required 
for biofilm formation29, were significantly upregulated in PAO1/p-dap1 
strain (Supplementary Table 1). Thus, we next investigated whether 
Dap1 affects P. aeruginosa biofilm formation. Our data revealed 
that biofilm formation of P. aeruginosa expressing dap1 is in an 
isopropyl-β-d-thiogalactopyranoside (IPTG) dose-dependent manner, 
while IPTG did not affect biofilm formation of PAO1 carrying vector con-
trol (Extended Data Fig. 3a). A COMSTAT analysis also showed that the 
PAO1/p-dap1 strain significantly increased biofilm biomass compared 
with PAO1 expressing the empty vector (Fig. 1d). These data indicate 
that Dap1 is able to regulate bacterial virulence. As bacterial motility 
and biofilm formation are inversely regulated by the second messen-
ger signalling molecule cyclic-di-GMP (c-di-GMP)30, we hypothesized 
that Dap1 controls these two phenotypes by regulating the intracel-
lular c-di-GMP levels via its binding to diguanylate cyclase (DGC) or 
phosphodiesterase (PDE). To test this hypothesis, we used a bacte-
rial adenylate cyclase two-hybrid (BACTH) assay to detect potential 
protein-binding partner(s) for Dap1 (Supplementary Tables 1 and 2, and 
Extended Data Fig. 3b). We found that the expression of DipA, RocR or 
ProE in combination with Dap1 resulted in a high level of β-galactosidase 
activity (Fig. 1e and Extended Data Fig. 4a). We further validated the 
interactions using co-immunoprecipitation (CO-IP) assay and found 
that Dap1 only co-eluted with DipA (PA5017) (Fig. 1f) but not with RocR 
(PA3947) or ProE (PA5295) (Extended Data Fig. 4b,c), indicating that 
the altered bacterial behaviours resulting from Dap1 expression are 
mediated through its interaction with DipA.

DipA is a c-di-GMP phosphodiesterase. The inactivation of dipA 
causes an increase in the cellular c-di-GMP level and inhibits flagellum 
motor switching and swimming31. Similar to the expression of dap1 in 
PAO1, biofilm formation was enhanced while bacterial swimming and 
swarming motility was decreased in the ΔdipA mutant compared with 
the wild-type parent strain (Fig. 1c and Extended Data Fig. 4d). Given 
that Dap1 interacts with DipA, we reasoned that the expression of dap1 
in P. aeruginosa should alter the intracellular c-di-GMP levels. To this 
end, c-di-GMP levels were measured in PAO1/p-dap1 and PAO1 harbour-
ing the empty vector using the p-cdrA-lux reporter fusion, which is 
responsive to intracellular levels of c-di-GMP in P. aeruginosa32. Expres-
sion of dap1 in PAO1 exhibited significantly higher levels of c-di-GMP 
compared with the PAO1 expressing the empty vector (Extended Data 
Fig. 5a), which is consistent with western-blot analysis showing that 
the protein production of CdrA was much higher in PAO1/p-dap1 than 
in the PAO1/pME control strain (Extended Data Fig. 5b). The result was 
further validated using liquid chromatography mass spectrometry 
(LC–MS) (Fig. 1g). As expected, the expression of dap1 did not alter 

On the other hand, given that phages strictly rely on the host cell 
for propagation, they have evolved different strategies to redirect the 
bacterial metabolism to establish an efficient infection cycle17,18, such as 
interfering with RNA transcription, DNA replication, protein translation 
and cell division pathways in bacteria19. The phage proteins that could 
manipulate host behaviour are mainly expressed in the early stages of 
infection, and studies of phage-inspired antibacterial strategies could 
provide new targets for developing antimicrobial drugs18,20.

Tens of thousands of complete phage genomes have been 
sequenced, and over two-thirds of phage genes are functionally  
unknown, many of which could potentially encode important 
functions to manipulate the host and overcome bacterial defence 
mechanisms21–24. Pseudomonas aeruginosa phage PaoP5 has a lin-
ear double-stranded DNA (dsDNA) genome with 176 predicted 
protein-encoding genes, while the function of over 80.7% of these 
open reading frames (ORFs) is uncharacterized. Interestingly, many of 
these hypothetical proteins are relatively conserved and share over 90% 
identity with the corresponding genes in other PAK_P1-like P. aeruginosa 
phages isolated from Asia, Europe and Africa25. This finding suggests 
that these genes might be essential for phage survival under specific 
conditions and some of them may encode antidefence mechanisms  
or host-takeover strategies.

In this study, we tried to systematically study the function of 
hypothetical proteins in P. aeruginosa phage PaoP5 and identified a 
dual-functional phage protein that simultaneously regulates bacterial 
virulence and protects phage from bacterial defence.

Results
Phage protein Dap1 inhibits bacterial motility
We tried to identify genes in phage PaoP5, which has a relatively broad 
host range (Extended Data Fig. 1a), that inhibit bacterial motility but do 
not affect bacterial growth (Fig. 1a), as bacterial motility and biofilm 
are important virulent factors for P. aeruginosa26–28. Thus, we investi-
gated the biological activities of 60 hypothetical orfs from PaoP5 (Sup-
plementary Tables 1 and 2). The expression of orf002, orf157, orf160, 
orf163, orf164, orf165 or orf176 in PAO1 triggered a striking growth defect 
(Extended Data Fig. 1b), indicating that these gene products are poten-
tially toxic to P. aeruginosa. Interestingly, among the other 53 non-toxic 
genes, overexpression of orf003 (hereafter referred to as Dap1, Defence 
antiphage protein 1) significantly inhibited bacterial swimming and 
swarming (Fig. 1b) without affecting bacterial growth (Extended 
Data Fig. 1b), indicating the target of Dap1 should be a bacterial  
motility-associated protein.

RNA sequencing (RNA-seq) was used to gain insight into how 
Dap1 affects bacterial motility. Expression of dap1 led to differential 
regulation of 166 genes during exponential growth. Among these, 
52 genes were upregulated and 114 genes were downregulated in the 
PAO1/p-dap1 strain (DEGs) (>2-fold change and P < 0.05) (Fig. 1c). The 
most enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways of the differentially expressed genes (DEGs) are phenazine 

Fig. 1 | Phage protein Dap1 regulates P. aeruginosa virulence by interacting 
with c-di-GMP phosphodiesterase DipA. a, Schematic of the experimental 
procedure used to identify the phage genes that regulate P. aeruginosa motility. The 
early-expressed phage genes were individually cloned into the inducible plasmid 
pME6032 and transformed into PAO1. Subsequently, the bacterial growth and 
motility for each constructed strain were observed under conditions supplemented 
with 0.05 mM IPTG. b, Representative swimming and swarming plates of the 
indicated strains. c, Volcano plot of the DEGs between PAO1/pME and PAO1/p-dap1 
strains analysed by RNA-seq. Green dots and orange dots represent upregulated 
and downregulated genes, respectively, in PAO1/p-dap1 compared with the 
PAO1/pME control. P values were assessed by two-sided Fisher’s exact test and 
adjusted for multiple hypothesis testing using the Benjamini–Hochberg correction;  
genes with P < 0.05 were considered statistically significant. d, Representative 
fluorescence confocal microscope images of 36 h biofilms of P. aeruginosa 
PAO1/pME and PAO1/p-dap1. The biomass of the strains was measured in μm3 μm−2. 

e, The bacterial two-hybrid assay indicates that Dap1 interacts with DipA. 
Interactions were visualized by a drop test on LB agar plates supplemented with 
X-gal and quantified by measuring the β-galactosidase activity, which is indicated in 
Miller units. C+ and C− represent the positive and negative controls, respectively.  
f, Co-IP of eGFP or dap1-eGFP with dipA-Flag. Either dipA-Flag and eGFP or dipA-Flag 
and dap1-eGFP were co-expressed in E. coli, and the initial samples (input) and 
retained proteins (pull-down) were analysed by western blot against eGFP or Flag 
antibody. Data are representative of 3 independent replications. g, Quantification 
of intracellular c-di-GMP levels in the indicated strains by LC–MS. h, Expression of 
dap1 reduced the virulence of P. aeruginosa. 7-week-old BABL/c female mice were 
intranasally challenged with PAO1/pUCP24 (vector control) or PAO1/pUCP-dap1 at 
2 × 107 c.f.u.s in 100 μl of PBS, and moribund mice were euthanized for survival data. 
Data represent mean ± s.d. (d, n = 4; e and g, n = 3; h, n = 5); d, two-sided Student´s 
t-test; e and g, one-way analysis of variance (ANOVA) with Dunnett’s multiple 
comparisons test; h, Kaplan–Meier (log-rank test).
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the intracellular c-di-GMP levels and bacterial behaviours of the ΔdipA 
strain (Fig. 1b and Extended Data Fig. 4d).

The inhibited bacterial motility in the PAO1/p-dap1 strain led us to 
investigate the role of phage Dap1 protein in PAO1 pathogenesis using 
a well-established mouse model of acute infection. Survival studies 
showed that 80% of PAO1/pUCP-infected mice died within 2 days, while 
all the PAO1/pUCP-dap1-infected mice demonstrated 100% survival  
by day 5 (Fig. 1h). Collectively, these data suggest that expression of 
the phage protein Dap1 inhibits the pathogenicity of P. aeruginosa.

Knockout of dap1 impairs the fitness of phage
We then investigated the potential role of Dap1 in phage fitness. First, 
we used RT–qPCR to confirm that dap1 is an early-expressed gene 
(Extended Data Fig. 6a). Next, the dap1 gene in PaoP5 was deleted using 
the CRISPR-Cas9 system and knockout of orf014 and orf153 served 
as controls. Interestingly, PaoP5Δdap1 formed tiny plaques, while 
PaoP5Δorf14 and PaoP5Δorf153 formed large plaques similar to the 
wild-type (WT) phage (Fig. 2a). Moreover, the expression of dap1 in PAO1 
could restore the large plaques of PaoP5Δdap1, while the efficiency of 
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plating (EOP) of PaoP5Δdap1 in PAO1/p-dap1 is similar to that in PAO1/
EV (Fig. 2b). This indicates that dap1 is important for phage fitness.

The phage life cycle starts from initial adsorption, whereas 
PaoP5Δdap1 and WT phage both bound to the host efficiently (P > 0.05), 
thus host binding is not the reason for the difference between phages 
(Fig. 2c). Next, we evaluated the burst size of the two phages because 
plaque size is associated with burst size33. The one-step growth 
curve experiment showed that PaoP5Δdap1 generated fewer prog-
enies than PaoP5 (Fig. 2d). The burst sizes of PaoP5 and PaoP5Δdap1 
were ~104.95 ± 17.14 plaque-forming units (p.f.u.s) per cell and 
14.52 ± 3.62 p.f.u.s per cell (Fig. 2e), respectively. Thus, the number of 
progenies produced by PaoP5Δdap1 is only ~13.83% of that produced 
by the wild-type phage PaoP5.

Since Dap1 inhibits DipA, we thus infer that DipA might constrain 
the replication of PaoP5Δdap1. However, the small plaque formation 
phenotype of PaoP5Δdap1 could not be rescued when it infected ΔdipA 
(Extended Data Fig. 6b), suggesting that the phage fitness conferred by 
Dap1 is independent of DipA even though Dap1 inhibits DipA.

DNA packaging in PaoP5Δdap1 is reduced
Since dap1 is an early-expressed gene that promotes phage productivity, 
this led us to hypothesize that an unidentified antiphage defence system 
in PAO1 might inhibit phage productivity, and Dap1 could overcome this 
antiphage system. Thus, we used proteomic approaches to characterize 

the impact of Dap1 on both phage proteins (Fig. 3a) and host proteins 
(Extended Data Fig. 7 and Supplementary Table 2). Two phage proteins 
(Orf049, Orf050) were downregulated in PaoP5Δdap1-infected PAO1. 
The abundance of Orf050 in PaoP5Δdap1-infected PAO1 was reduced 
to about one-tenth of the protein level in PaoP5-infected PAO1 (Fig. 3a). 
Orf50 is annotated as an HNH endonuclease, which is a vital component 
of phage DNA packaging machines and is required for the specific 
endonuclease activity of large terminase proteins34.

Interestingly, PaoP5Δdap1 was able to form large plaques when 
orf50, but not orf049, was overexpressed (Fig. 3b), suggesting the effect 
of a decreased level of HNH on the reduced packaging of PaoP5Δdap1. 
Consistent with a previous report34, electron micrographs of negatively 
stained phage lysates revealed numerous empty phage particles result-
ing from the absence of DNA packaging for phage PaoP5Δdap1 lysate, 
and the expression of either dap1 or hnh in PAO1 completely restored 
the DNA packaging efficiency to that of wild-type phage (Fig. 3c,d and 
Extended Data Fig. 8). These data indicate that when PaoP5Δdap1 infects 
PAO1, phage HNH endonuclease is significantly degraded, fewer cap-
sids are packaged with phage DNA and fewer progenies are generated.

Lon protease defends PAO1 against PaoP5Δdap1
These data indicate that Dap1 might protect HNH endonuclease 
from quick degradation. We hypothesized that the protease Lon of  
P. aeruginosa might be involved in degrading HNH endonuclease since 
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Fig. 2 | PaoP5Δdap1 forms small plaques and produces fewer progenies.  
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as controls show similar phage plaques as wild-type PaoP5. Each experiment 
was repeated 3 times independently with similar results. b, PaoP5Δdap1 mutant 
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assays comparing the plating efficiency of WT and mutant phages on PAO1  
and PAO1 containing p-dap1 vector. c, Both PaoP5Δdap1 and PaoP5 phages 

adsorbed to PAO1 efficiently. Data are mean ± s.d. of 4 biological replicates.  
NS, not significant, based on Student’s t-test. d, One-step growth curve showing 
that PaoP5Δdap1 produces fewer progenies than PaoP5. e, The burst size of 
PaoP5Δdap1 and PaoP5 are 14.52 ± 3.62 p.f.u.s per cell and 104.95 ± 17.14 p.f.u.s per 
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determined using a two-sided Student’s t-test.
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Lon was reported to cleave the proteins of prophages in E. coli35. To 
verify this hypothesis, PaoP5Δdap1 was used to infect wild-type PAO1 
or Δlon and our data showed that PaoP5Δdap1 formed larger plaques in 
Δlon than in PAO1 (Fig. 4a). Moreover, the electron micrographs demon-
strated that most progenies of PaoP5Δdap1 are packaged with DNA in 
Δlon (Fig. 4b,c). Then, PaoP5Δdap1-infected PAO1 or Δlon were analysed 
by 4D label-free high-throughput proteomic assay, which showed a 
significant effect of Lon on host proteins, and 697 host proteins were 
identified as differentially expressed proteins (DEPs) (Supplementary 
Table 3). Among the phage proteins, the HNH endonuclease (Orf050) 
abundance was significantly increased in the PaoP5Δdap1-infected Δlon 
than that in PaoP5Δdap1-infected PAO1 (Fig. 4d and Supplementary 
Table 3), indicating that without Lon, phage HNH endonuclease is not 
significantly degraded.

Our data suggest the functional role of P. aeruginosa Lon pro-
tease as a host-encoded phage-restriction protein. To test whether 
Lon is a common phage defence factor, we challenged PAO1 and Δlon 
against three other P. aeruginosa phages (Supplementary Table 1). We 
found that Lon could inhibit P. aeruginosa phage PaP_Se (GenBank: 
OL441337.1) (Supplementary Table 1), as the phage titre increased 
by ~100-fold in the absence of Lon (Fig. 4e). However, overexpres-
sion of dap1 could not increase the productivity of phage PaP_Se in 
PAO1, indicating that Lon might defend PAO1 against PaP_Se through 

other mechanisms that could not be overcome by phage Dap1. Overall, 
these data reveal the role of Lon protease in serving as a phage defence  
protein and inhibiting PaoP5Δdap1 and environmentally isolated  
phage PaP_Se.

Dap1 binds to HNH to prevent Lon-mediated HNH degradation
Since Lon protease reduced the abundance of HNH endonuclease, we 
performed an in vitro assay36,37 and found that HNH endonuclease was 
degraded in the presence of both Lon protease and kinase (Fig. 5a).

Next, we attempted to determine whether Dap1 might directly bind 
to Lon to inhibit the protease activity38,39. Neither bacterial two-hybrid 
(Fig. 5b) nor Co-IP assays (Fig. 5c) revealed a direct interaction between 
Dap1 and Lon. This is not unexpected. As Lon is a vital protease39, if 
Dap1 directly binds to Lon and interferes with its function, we would 
expect a growth defect in PAO1 overexpressing dap1, which is not the  
case (Extended Data Fig. 1b). Thus, our data indicate that Dap1 does 
not bind to Lon to inhibit its protease activity. We then proposed that 
Dap1 might bind to HNH endonuclease to prevent Lon-mediated HNH 
degradation. As expected, both the BACTH (Fig. 5b) and pull-down 
assays (Fig. 5d) detected the binding of Dap1 to HNH, and the in vitro 
protein degradation assays showed that Lon degraded Dap1; however, 
when Dap1 was premixed with HNH, the degradation of the Dap1–
HNH mixture was reduced (Fig. 5e). Collectively, the biochemical and 
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hnh increased the rate to 78.67% ± 4.11% or 63.33% ± 3.44%, respectively. A total 
of 150 particles were counted for the presence or absence of the genome. Data 
represent mean ± s.d. (n = 3) and statistical significance was determined using 
one-way ANOVA with Dunnett’s multiple comparisons test.
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genetic studies indicate that Dap1 binds to HNH to protect it from 
Lon-mediated degradation.

Dap1 is essential for the efficacy of phage therapy
To further characterize the impact of dap1 on phage fitness, we per-
formed a competition assay and found the relative abundance of PaoP5 
and PaoP5Δdap1 to be 94.67% ± 2.62% and 3.33% ± 2.62%, respectively 
(Fig. 6a). Moreover, PaoP5Δdap1 was outcompeted by two other envi-
ronmentally isolated phages (PaP8 and JG004) (Fig. 6a). Together, this 
result suggests that PaoP5Δdap1 is at a significant disadvantage when 

competing with other phages that infect the same host, indicating 
that dap1 is critical for the survival of PaoP5-like phages in the natural 
environment.

We further tested the impact of Dap1 on phage therapy using the 
mouse model. A single dose of phage PaoP5 at a multiplicity of infection 
(MOI) of 10 rescued 100% of P. aeruginosa intraperitoneally infected 
mice (Fig. 6b). However, when the P. aeruginosa intraperitoneally 
infected mice were treated with a single dose of phage PaoP5Δdap1, 
all the mice died within 7 days, although the mice exhibited delayed 
time-to-death (Fig. 6b).
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Fig. 4 | Lon protease decreases the abundance of HNH endonuclease and 
inhibits phage genome packaging of PaoP5Δdap1. a, PaoP5Δdap1 forms 
large plaques on Δlon but forms tiny plaques in Δlon/p-lon. b, Representative 
transmission electron micrographs of negatively stained phages produced in 
PAO1 and Δlon. Red arrows, the empty capsids; white arrows, the phages in which 
the genome is packaged. c, Phages were cultured in the indicated strains, and the 
percentage of capsids packaged with genomes was calculated from 3 biological 
repeats. A total of 150 particles were counted for the presence or absence of 

the genome. Data represent mean ± s.d. (n = 3) and statistical significance 
was determined using one-way ANOVA with Dunnett’s multiple comparisons 
test. d, Volcano plot of the DEPs for PaoP5Δdap1 infected with either PAO1 or 
Δlon analysed by LC–MS/MS. Green and red dots, upregulated; orange dots, 
downregulated. e, The EOP of phage PaP_Se increased ~100-fold when lon was 
deleted, but overexpression of dap1 did not increase the EOP of PaP_Se. In 
contrast, the EOP of phage PaP8 and JG004 on PAO1 and Δlon were similar.  
Each experiment was repeated 3 times independently with similar results.
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To further evaluate the efficacy of PaoP5Δdap1 and PaoP5, we 
examined the phage titre and bacterial c.f.u.s in the liver after phage 
therapy40. As shown in Extended Data Fig. 9a, significantly more phages 
were detected in the liver in the PaoP5-treated, PAO1-infected mice. The 
titre peaks at 8 h (~1.75 × 108 p.f.u.s g−1) and the bacterial c.f.u.s in the 
liver were cleared within 96 h. In contrast, PaoP5Δdap1 titres decreased 
rapidly, reaching undetectable levels by 72 h and the bacterial c.f.u.s in 
the liver continued to increase post infection (Extended Data Fig. 9b).

To assess whether phage resistance was the cause of failed 
treatment with PaoP5Δdap1, 200 colonies isolated from the dead 
mice were evaluated for phage resistance (Extended Data Fig. 9c). 
Overall, 41% of these strains were phage-sensitive P. aeruginosa, 39% 

were phage-resistant P. aeruginosa, while the other phage-resistant 
strains are gut commensal bacteria, such as Enterobacter hormaechei 
and Escherichia coli, which might translocate to the liver after sys-
temic bacterial co-infections (Extended Data Fig. 9c)41,42. Therefore, 
phage-resistant mutants were observed in the PaoP5Δdap1-treated 
mice, which might also have contributed to the death of the mice. These 
data indicate that dap1 is essential for the efficacy of phage therapy, 
and self-replication to produce enough progenies to infect and clear 
bacteria quickly is critical for successful phage therapy.

Next, we searched the homologous genes in the National Center 
for Biotechnology Information (NCBI) to investigate the prevalence 
of dap1 and hnh genes among P. aeruginosa phages. Among the  
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degradation. a, Representative images of SDS–PAGE gels of in vitro degradation 
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two-hybrid assay indicates that Dap1 interacts with the HNH endonuclease but 
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785 sequenced Pseudomonas phages as of October 2023, 50 carried 
homologous genes of dap1, and the 48 dap1-like phage genes with a 
minimal identity of 90% were clustered into three clades according to 
the phylogenetic relationships (Fig. 6c). Specifically, dap1 is relatively 
conserved among the PAK_P1-like phages, and over 40% (25 out of 62) 

of PAK_P1-like phages encode homologous genes of dap1. As to the 
hnh genes, 99 HNH endonucleases with a minimal identity of 30% to 
ORF050 were predicted by BLAST and were clustered into 7 clades 
(Fig. 6d). These bioinformatics analyses indicated that dap1-like genes 
are conserved among a subgroup of P. aeruginosa phages.
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Fig. 6 | Dap1 is essential for the fitness of phage and the efficacy of phage 
therapy. a, Competition assay between PaoP5Δdap1 and the WT phages. Three 
biological repeats were performed. b, Survival of 7-week-old BALB/c mice (n = 5) 
following intraperitoneal injection with PAO1 and phage PaoP5Δdap1 or PaoP5 
at an MOI of 10, 1 and 0.1. c, Phylogenetic tree of Dap1 homologues with minimal 
identity of 90%. The phylogenetic tree was generated using neighbour-joining 
analysis by MEGA 7. Evolutionary distances were computed using the p-distance 

method, and the black line represents the number of substitutions per site.  
d, Phylogenetic tree of the HNH homologues in the phage genomes generated 
using neighbour-joining analysis by MEGA 7. Evolutionary distances were 
computed using the p-distance method. The black line represents the number 
of substitutions per site, and the green dashed line indicates each strain or 
bacteriophage. Different coloured shadings represent different clades, which are 
mainly for aesthetic purposes.
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Discussion
Phages are absolute parasites that rely heavily on bacteria for repro-
duction. Thus, phages have numerous strategies to modulate host 
metabolism17,18. However, phage proteins affecting bacterial virulence 
are not well investigated and these targets might lead to the develop-
ment of antivirulence therapies43–46. In this study, we systematically 
investigated the impact of PaoP5 lytic phage proteins on bacterial 
host PAO1. In addition to the 7 lethal phage proteins whose overex-
pression led to drastic bacterial growth inhibition, we identified Dap1 
which enhanced the intracellular c-di-GMP level by binding to bacterial 
c-di-GMP phosphodiesterase DipA and interfering with its function, 
leading to the inhibition of bacterial swimming/swarming motility and 
enhancing biofilm formation (Fig. 1b,c). Notably, the inhibition of DipA 
by phage Dap1 significantly attenuated bacterial virulence in a mouse 
model of acute infection (Fig. 1h), indicating that phage may modulate 
host pathogenesis via its encoded function. Therefore, these findings 
might serve as a model for developing small-molecule or peptide-based 
antivirulence compounds for P. aeruginosa.

While the function of Dap1 in helping lytic phage evade the Lon 
protease-mediated antiphage immunity by binding to HNH is of bio-
logical relevance (Fig. 6a), the biological significance of the interaction 
between Dap1 and DipA is less clear. Since the phage is non-motile, the 
reduced movement of the infected bacteria might reduce the chance 
of encountering other phages and therefore ensure that the preyed 
bacteria are not shared by other phages47, conferring an advantage for 
PaoP5. Thus, the increased c-di-GMP level resulting from Dap1 function 
might increase phage fitness via yet-to-be-determined mechanisms. 
Overall, the significance of DipA and Dap1 interaction on phage is  
not clear yet, and further study is warranted48.

Our study also identified Lon protease as an element in antiphage 
defence. The role of proteases in antiphage defence is poorly  
studied10,49. Several proteases in phage defence systems function  
by activating effectors that induce the death of the phage-infected 
bacteria15,16. Our data demonstrated that Lon protease could efficiently 
cleave phage HNH endonuclease to inhibit genome packaging of 
PaoP5Δdap1, thus serving as an antiphage element. We further dem-
onstrated that phage-encoded Dap1 may serve as a countermeasure 
to evade Lon protease-mediated antiphage defence (Extended Data 
Fig. 10). Several lytic phage proteins have been reported to bind to pro-
teases and inhibit the proteolysis function of proteases38,39. However, 
the benefits of phages inhibiting host protease are not well investi-
gated. We showed that rather than directly binding to Lon protein to 
inhibit its proteolytic function (Fig. 5c), Dap1 binds to phage HNH to 
alleviate the Lon-mediated protein degradation (Fig. 5e).

By protecting HNH endonuclease from Lon-mediated degrada-
tion, Dap1 ensures effective DNA packaging and generation of a high 
number of phage particles during PaoP5 infection of PAO1. The ability 
to produce large numbers of progeny by lytic phage may not only 
offer a competitive advantage in natural environments as demon-
strated by our competition assay but is also critical in achieving high 
efficacy when being used for phage therapy (Fig. 6b). Furthermore, 
the well-conserved dap1 gene among 50 PaoP5-like phages isolated 
from different countries supports our hypothesis that this gene may 
indeed be important in conferring fitness advantage in the natural 
environment.

Phages are promising alternatives to treat clinical bacterial infec-
tions50,51. For phage therapy, we tend to use phage cocktails or combine 
phage with antibiotics to improve the efficacy of phage therapy52,53. 
Moreover, we tend to choose phages that induce large plaque forma-
tion and have high lysis efficiency. However, the genetic determinants 
that lead to these characteristics have not been well studied. Here we 
demonstrate that dap1 is a genetic factor that is important for confer-
ring high phage lysis efficiency, and PaoP5 forms large plaques on 
some clinical strains while PaoP5Δdap1 forms small plaques (Extended 
Data Fig. 9d).

Moreover, Dap1 could also enhance the success rate of phage 
therapy. We found that (1) PaoP5Δdap1 is less efficient in treating 
infections (Fig. 6b), (2) PaoP5Δdap1-treated mice had lower liver phage 
titre than PaoP5-treated mice and (3) the bacteria were not effectively 
cleared in PaoP5Δdap1-treated mice. We also detected the appearance 
of phage-resistant P. aeruginosa mutants that might also have contrib-
uted to the death of the mice (Extended Data Fig. 9c). Thus, the phage 
resistance mechanism and its impact on antibiotic resistance patterns 
deserve further investigation. These data indicate that efficient replica-
tion of phage to release enough progenies is essential for the success of 
phage therapy and prove that efficient self-replication is an advantage 
and critical factor for the success of phage therapy.

In conclusion, this study reveals the remarkable dual-functional 
feature of phage protein Dap1 that could target both host protein  
DipA and phage protein HNH—two unrelated proteins that function 
in bacteria and phage, respectively. Our finding also highlights the 
immense evolution pressure on phages to control host function and 
overrun the host-encoded phage defence systems to persist and 
co-exist with their bacterial hosts within natural niches.

Methods
Bacterial strains, phages and culture conditions
The bacterial strains, phages and plasmids utilized in this study are 
documented in Supplementary Table 1. The strains of E. coli and  
P. aeruginosa were cultivated on Lysogeny Broth (LB) medium at 37 °C 
with 220 r.p.m. shaking. The following concentrations of antibiotics 
were used when necessary: for E. coli, carbenicillin at 100 μg ml−1, kana-
mycin at 50 μg ml−1, tetracycline at 10 μg ml−1; for P. aeruginosa PAO1, 
carbenicillin at 300 μg ml−1, tetracycline at 100 μg ml−1 and gentamicin 
at 50 μg ml−1. Bacteriophages were cultivated with host bacteria in LB 
medium at 37 °C.

Plaque and EOP assay
The phage plaque assay was conducted according to a previously  
published protocol54. In brief, 200 μl of bacterial culture in the log 
phase (optical density at 600 nm (OD600) of 0.6) was combined with 
100 μl of diluted phages (~100 p.f.u.s) and 4 ml of 0.4% LB agar. This 
mixture was subsequently overlaid onto LB agar plates and cultured 
overnight at 37 °C until the formation of plaques occurred. The EOP of 
phages on various bacteria was determined as previously described55 
(Supplementary Table 1). LB agar (4 ml, 0.4%) was combined with 200 μl 
of log-phase bacterial culture (OD600 of 0.6) and poured onto the LB 
agar plates. Volumes of 2 μl of serial 10-fold dilutions of a phage solu-
tion were spotted on the double-layer agar plates and then incubated 
for 18 h at 37 °C until plaques formed. The host range of PaoP5 among 
233 clinical P. aeruginosa strains was tested using plaque assay56. A 
volume of 200 μl of bacterial culture in the log phase (OD600 of 0.6) 
was combined with 4 ml of 0.4% LB agar and overlaid onto LB agar 
plates. Then, 5 μl of phage PaoP5 was spotted on the plates and cultured 
overnight at 37 °C. The formation of clear plaques indicates that the 
strain is sensitive to PaoP5.

Overexpression of genes in P. aeruginosa
To express the phage gene orf003 in the PAO1 strain, a DNA fragment 
was generated by PCR using the orf003-F and orf003-R primer pair, as 
outlined in Supplementary Table 2. The PCR products were digested 
using the restriction enzymes EcoRI and HindIII. Subsequently, the 
resulting digested fragment was ligated with the EcoRI/HindIII-digested 
pME6032 vector, yielding p-dap1. The resultant plasmid p-dap1 was 
then introduced into the PAO1 strain. The colonies that grew on the 
plate containing tetracycline were transferred into culture condi-
tions supplemented with 1.0 mM IPTG to induce the expression  
of the cloned genes. The other 59 genes of PaoP5 were cloned using 
the identical methodology with the corresponding primers listed in 
Supplementary Table 2.
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The arabinose-inducible pHERD20T-orf050 plasmid was con-
structed using the Gibson assembly method. The orf050 gene was 
amplified by PCR using the pHERD-orf050-F and pHERD-050-R primer 
pair. The PCR product was ligated with the pHERD20T vector. Subse-
quently, the resultant plasmid was introduced into the PAO1 strain by 
electroporation. The colonies were formed on a plate supplemented 
with gentamicin. A 0.2% concentration of arabinose was used to induce 
the expression of orf050. PAO1/p-orf049 was constructed using the 
same approach, employing the primers described in Supplementary 
Table 2. The plasmid pUCP24-dap1 was constructed as described above.

Knockout of dipA in P. aeruginosa
A SacB-based approach was used to knockout dipA in PAO1, as previ-
ously mentioned57. The upstream (1,061 base pairs) and downstream 
(1,051 base pairs) fragments of the intended deletion was amplified 
by PCR using the primer pairs dipA-up-F/dipA-up-R (BamHI/XbaI) and 
dipA-down-F/dipA-down-R (XbaI/HindIII), respectively (Supplemen-
tary Table 2). The two PCR products were digested using the restric-
tion enzymes BamHI/XbaI and XbaI/HindIII and then cloned into the 
same enzyme-digested gene replacement vector pEX18Amp, yielding 
pEX18Ap-dipA. The resultant plasmids were electroporated into PAO1 
with selection for carbenicillin resistance. Subsequently, colonies 
exhibiting carbenicillin susceptibility and sucrose resistance were 
collected on LB agar plates containing 300 μg ml−1 carbenicillin and 
10% sucrose. This dual phenotype implies a double-crossover event 
and consequently indicates gene replacement occurrence. The dipA 
deletion was verified by PCR.

Bacterial growth curves
The bacterial cultures were grown overnight and diluted at a ratio of 
1:100 in fresh medium. Subsequently, 100 μl of the cultures supple-
mented with tetracycline (100 μg ml−1) and IPTG (1.0 mM) were care-
fully deposited into 96-well plates. The plates were then placed in an  
incubator set at 37 °C and subjected to gentle shaking at 100 r.p.m.  
The OD600 was determined for each well using a microplate 
spectrophotometer (Thermo Scientific) at regular intervals of 2 h for a 
total duration of 24 h. A total of 3 biological replicates were conducted.

Development of biofilm in flow chamber
The biofilm fluorescence microscopy experiment was performed 
as previously reported58. Briefly, bacterial strains were cultivated in 
LB medium for 36 h at 37 °C in flow chambers. Subsequently, SYTO9 
(Thermo Fisher) was used to stain the total biofilm, which was then 
subjected to confocal microscopy imaging (LSM780, Carl Zeiss).

Static biofilm assay
The biofilms were analysed using crystal violet staining as previously 
described59. Briefly, log-phase bacterial cultures were diluted 1:100 
in LB medium. Aliquots (2.0 ml) were incubated in 10 ml borosilicate 
tubes for 18 h at 25 °C. Biofilms were stained with 0.1% crystal violet 
for 30 min and tubes were washed with water to remove unbound dye. 
The remaining crystal violet was dissolved in 2.0 ml of 95% ethanol and 
this solution was measured at a wavelength of 595 nm (OD595) using a 
SpectraMax M3 multimode microplate reader.

Swimming and swarming motility assays
The motility assays were carried out as previously described57. The 
swimming medium consisted of 0.8% nutritional broth, 0.5% glucose 
and 0.5% agar, while the swarming medium was composed of 1% tryp-
tone, 0.5% NaCl and 0.3% agar. Subsequently, 2.0 μl of overnight bacte-
rial cultures was spotted onto agar plates and incubated at 37 °C for 16 h.

RNA-seq and data analysis
The PAO1/EV and PAO1/p-dap1 strains were cultured in LB medium at 
37 °C until OD600 reached ~0.6. Total RNA was immediately extracted 

using TRIzol reagent according to manufacturer instructions  
(Invitrogen). The Ribo-Zero rRNA removal kit was employed to elimi-
nate ribosomal RNA. Following this step, complementary DNA libraries  
were constructed, and the resulting libraries were subjected to 
sequencing using an Illumina HiSeq 2500 sequencer. Each sample in 
the RNA-seq assay was sequenced three times. RNA-seq reads were 
mapped to the P. aeruginosa genomes (NC_002516.2) provided by 
NCBI using Bowtie2 and only the uniquely mapped reads were kept for 
subsequent analyses. DEGs were identified using DESeq2 (Benjamini–
Hochberg-adjusted P < 0.05 and |log2(fold change)| > 1)60. The data have 
been uploaded to BioProject under accession number PRJNA1020646.

RT–qPCR
To validate the RNA-seq data, PAO1 and PAO1/p-dap1 samples were 
prepared as described above. To validate the expression of dap1, 10 ml 
of bacterial PAO1 culture (OD600 = 0.6) was infected with phage at  
an MOI of 10 and the culture was grown at 37 °C with shaking. For  
RNA extraction, 1 ml of the culture was taken at given time points  
(1 and 10 min). Three biological repeats were performed.

RNA extraction was performed as previously described61. Briefly, 
total RNA was extracted from each sample using an RNAprep Pure Cell/
Bacteria kit (TIANGEN), rRNA was removed and cDNA was generated 
using the PrimerScriptTM RT reagent kit with gDNA eraser (Takara). 
RT–qPCR was performed using 2X Universal SYBR Green Fast qPCR Mix 
(ABclone). The primers used in this study are listed in Supplementary 
Table 1. The 16S rRNA gene was used as the reference gene for nor-
malization and the expression of each gene was compared using the 
delta-delta Ct method.

Bacterial two-hybrid assay
The bacterial two-hybrid analysis was carried out as previously 
described28. Forty-two genes were individually cloned into the BACTH 
plasmid pKT25 and dap1 was cloned into pUT18C with primer pairs 
(Supplementary Table 2). The pUT18C-zip and pKT25-zip strains were 
used as the positive control, while the non-fused T25 and T18 domains 
were used as the negative control. Subsequently, the corresponding 
pUT18C and pKT25 constructs were transformed into E. coli BTH101 
cells and then spread onto LB plates that were supplemented with 
50 μg ml−1 kanamycin, 100 μg ml−1 ampicillin, 1 mM IPTG and 40 μg ml−1 
5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside (X-gal). The plates 
were subjected to incubation at 30 °C for 2 days and blue colonies 
indicated positive interaction. The quantification of β-galactosidase 
activity was performed using Miller assays as previously described26.

Co-IP assay
E. coli cells containing dipA-Flag with either eGFP-tagged dap1 or eGFP 
were grown in LB medium supplemented with 0.5 mM IPTG. After reach-
ing the stationary phase, 30 ml of the bacterial cultures were collected 
and resuspended in IP lysis buffer (10 mM Tris-HCl (pH 7.5), 2 mM EDTA, 
1% NP-40 and 150 mM NaCl). In addition, protease and phosphatase 
inhibitors were added to the lysis buffer. Subsequently, each sample 
underwent lysis using sonication for 10 min at 4 °C. All supernatants 
were then gathered and subjected to filtration using a 0.22 μm filter. 
The lysates were subjected to incubation with Flag beads on a rotator 
for 4 h at 4 °C and the beads were washed five times using IP buffer, fol-
lowed by denaturation in 1X SDS loading buffer. Proteins were separated 
using SDS–PAGE and subsequently subjected to immunoblotting using 
monoclonal antibodies against eGFP and Flag. The Co-IP experiments 
involving the interaction between Dap1 with RocR, ProE, Lon and HNH 
endonucleases were conducted following the same methodology. 
Antibody-related information is listed in Supplementary Data 4.

Quantification of c-di-GMP by LC–MS
Extraction of c-di-GMP from P. aeruginosa cells was performed as 
previously described62,63 with minor modification. Briefly, 10 ml of 
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bacterial suspension was centrifuged at 8,000 g and 4 °C for 2 min. The 
pellet was transferred and resuspended in 5 ml of phosphate-buffered 
saline (PBS). After centrifugation, the pellet was washed twice and 
resuspended in 5 ml of extraction buffer (methanol:acetonitrile:water 
at 2:2:1). The suspension was flash frozen in liquid nitrogen and thawed 
before vortexing until no visible bacteria remained. The suspension 
was then sonicated for 5 min at low temperature. The resulting liquid 
was centrifuged at 12,000 g and 4 °C for 30 min and the supernatant 
was freeze dried to a powder using a CentriVap benchtop vacuum con-
centrator at 4 °C. The powder was resuspended in 200 µl of extraction 
buffer and centrifuged at 12,000 g and 4 °C for 10 min. The supernatant 
was transferred to a mass spectrometry sample tube for analysis. Iden-
tification and relative quantification of c-di-GMP were performed using 
a triple quadrupole mass spectrometer (Q-Exactive, Thermo Fisher). 
Standards were dissolved in water and separated on a C18 column using 
a binary pump system with solvent A consisting of water containing 
0.1% (v/v) formic acid and eluent B consisting of acetonitrile contain-
ing 0.1% (v/v) formic acid. The gradient started at 10% eluent B and was 
held for 10 min at a flow rate of 0.3 ml min−1. The column temperature 
was maintained at 30 °C and the autosampler temperature was set at 
4 °C. Data were analysed using Xcalibur (v.4.0) and Trace Finder (v.4.1). 
The c-di-GMP levels were normalized to total protein per ml of culture. 
Data represent averages of three independent cultures.

Mouse infection and phage therapy experiment
The Animal Research Ethics Committee of the Army Medical University 
reviewed, approved and supervised the protocols for animal research 
(permit number: AMUWEC20230178, AMUWEC20230470). The mice 
were purchased from Hunan SJA Laboratory Animal Company and 
housed under specific pathogen-free conditions; the housing envi-
ronment had controlled temperature (20–26 °C), humidity (40–70%) 
and lighting conditions (12 h light and 12 h dark cycle), and no animal 
was excluded from the analyses. For the mouse infection experiment, 
PAO1/pUCP24 and PAO1/pUCP-dap1 strains were grown in LB medium 
at 37 °C until the early stationary phase. Cells were collected and resus-
pended in PBS to OD600 of 0.6. Of each strain, 100 μl (~2 × 107 c.f.u.s), or 
100 μl of PBS (negative control), was intraperitoneally inoculated into 
7-week-old BALB/c female mice, and mice were monitored every 24 h 
for 120 h (5 days), with each group comprising 10 mice. At 5 days after 
infection, mice that survived the initial challenge were euthanized.

For the phage therapy experiment, 7-week-old BALB/c female mice 
were intraperitoneally inoculated with 50 μl of bacteria (~6 × 107 c.f.u.s) 
or 50 μl of PBS (negative control). After 2 h, 50 μl of phage PaoP5 or 
PaoP5Δdap1 (~6 × 108 p.f.u.s, ~6 × 107 p.f.u.s or ~6 × 106 p.f.u.s) was intra-
peritoneally inoculated into the infected mice. Each group included 5 
mice, which were observed for 7 days. At 7 days after infection, mice 
that survived the initial challenge were euthanized.

To quantify the phage and bacteria in the liver, we determined 
the phage and bacterial counts for up to 96 h because phage will not 
be detectable after 4 days39. Thirty-two mice were treated with PaoP5, 
and 80 mice were treated with PaoP5Δdap1 because some of the mice 
died during the experiment and only the surviving mice were selected 
to quantify the bacteria and phage. Four mice from each group were 
euthanized by cervical dislocation at 1, 4, 8, 12, 24, 48, 72 and 96 h after 
phage administration. The liver tissue was homogenized as described 
previously40. To determine the phage titre, the homogenized liver tissue 
was centrifuged at 10,000 × g for 10 min and the phage titre in the super-
natant was determined using the EOP assay as previously described40. 
For bacterial count, 100 μl of 10-fold serially diluted tissue sample was 
spread on LB agar plates in duplicates and incubated at 37 °C for 16 h.

The bacterial colonies isolated from the liver of the dead mice at 
48 h after phage PaoP5Δdap1 therapy were tested for phage sensitivity  
using plaque assay. 16S rDNA sequencing was used to identify the 
species of the 30 phage-resistant colonies isolated from the liver of 
the dead mice.

Knockout of phage genes using the CRISPR-Cas9 system
The CRISPR-Cas9 plasmid pPTCS was applied to knock out phage genes 
as previously described64. To delete dap1 in phage PaoP5, the spacer was 
generated by annealing primers 003-G2-F/R (Supplementary Table 2) 
and ligated into the Eco31I-digested pPTCS plasmid. To construct the 
recombination template, primers Δ003-LA-F/R and Δ003-RA-F/R were 
used to amplify a 301 and 260 bp fragment before and after the dap1 
gene, respectively, and ligated into the multiple cloning site of pTCPLS 
by Gibson assembly. The resultant plasmid was then transferred into 
PAO1 to generate PAO1/pTCPLS-Δg003G2D, infected with 105 p.f.u.s 
of phages, and survivors selected using a plaque assay. The mutant 
phage was verified by PCR, followed by Sanger sequencing. Knockout 
of orf014 or orf153 in phage PaoP5 was performed with similar technol-
ogy, with primers listed in Supplementary Table 2.

Bacteriophage adsorption assay
A phage adsorption assay was performed as previously described65. 
At an MOI of 0.01, the phage PaoP5Δdap1 or PaoP5 was mixed with 
P. aeruginosa PAO1 (OD600 of 0.6). The mixture was centrifuged after 
being cultured for 10 min at 37 °C. Then, the phage titres in the original 
phage solution (t1) and the supernatant (t2) were ascertained using 
the double-agar plating tests. The formula for calculating the phage 
adsorption rate was (t1−t2)/t1. Statistical significance was determined 
using Student’s t-test on three biological replicates.

One-step growth curve of phages
The one-step growth curve of PaoP5 and PaoP5Δdap1 was determined 
as previously described33. Briefly, phage was combined with 1 ml of 
log-phase bacteria at an MOI of 0.01, and the mixture was incubated 
for 10 min at 37 °C. Following a 1 min 10,000 × g centrifugation of the 
combination, the pellet was resuspended in 100 ml of LB liquid medium 
and kept at 37 °C for 60 min. Every 10 min, 0.2 ml of the medium was 
moved to a fresh tube, which was then pelleted for 1 min at a speed of 
10,000 × g. The phage titre in the supernatant was then immediately 
determined using the EOP assay. The burst size was defined as the ratio 
of the total number of phages released at the end of a growth cycle 
(40 min) to the total number of infected bacteria. For each phage, the 
tests were performed in triplicate.

Proteomics and data analysis
A total volume of 5 ml of PAO1 cultures with an OD600 of 0.6 was com-
bined with either PaoP5Δdap1 or PaoP5 at an MOI of 10 for 10 min. In 
addition, 5 ml of ΔLon culture with an OD600 of 0.6 was subjected to 
infection by PaoP5Δdap1 at an MOI of 10 for 10 min. Subsequently, 
1 ml of the sample was subjected to centrifugation and the pellets were 
subjected to lysis using the SDT buffer (4% SDS, 100 mM Tris-HCl, 1 mM 
dithiothreitol, pH 7.6). Trypsin was used to break down the protein and 
C18 Cartridges (Empore TM SPE Cartridges C18 (standard density), 
Sigma) were then used to desalt the mixture. Following digestion, the 
peptides were concentrated by vacuum centrifugation and recon-
stituted in 40 μl of 0.1% v/v formic acid. The samples were analysed 
using LC–MS/MS. Protein sequences of the DEPs were searched using 
the NCBI BLAST+ client software and blasted against the online KEGG 
database (http://geneontology.org/) to map to pathways in KEGG.

TEM
The phage PaoP5Δdap1 or PaoP5 was cultured on various strains includ-
ing PAO1, PAO1/p-orf050, PAO1/p-dap1, Δlon or Δlon/p-lon. The phage 
lysate was examined using TEM following established protocol66. The 
phage lysate was dropped onto carbon-coated copper grids for 10 min 
and subjected to negative staining using a 2% phosphotungstic acid 
solution for 30 s. Then, the phage particles were examined via TEM and 
the proportion of phages in which the capsids contained the genome 
was determined by calculating the average of over 50 particles from  
3 separate biological replicates.
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Protein expression and purification
To construct the pET28a-dap1, pET28a-hnh and pET28a-lon plasmids, 
the fragments of dap1, hnh and lon were amplified by PCR with the 
corresponding primers listed in Supplementary Table 2. Subsequently, 
the amplified fragment was digested with corresponding enzymes and 
ligated into pET28a vector. The resultant plasmids were introduced 
into E. coli BL21(DE3). After this, the strains were cultured in LB medium 
at 37 °C. When the OD600 reached 0.6–0.8, 0.5 mM IPTG was added to 
induce protein production. The cultures were incubated at 16 °C for 
an additional 20 h.

The cells were collected via centrifugation, resuspended in buffer 
A (20 mM tris-HCl (pH 8.0), 300 mM NaCl and 25 mM imidazole), lysed 
by high-pressure homogenization and centrifuged. The supernatant 
was applied to a 5 ml HisTrap HP column (Cytiva) and the target protein 
was eluted via AKTA purifier (GE Healthcare) using buffer B (20 mM 
tris-HCl (pH 8.0), 300 mM NaCl and 500 mM imidazole). The target 
protein was collected and applied to a HiLoad 16/600 Superdex 75 pg 
gel filtration column (Cytiva) equilibrated with buffer composed  
of 20 mM tris-HCl (pH 8.0), 200 mM NaCl and 2 mM dithiothreitol.  
The purified proteins were concentrated and stored at −80 °C.

Protein degradation assay
The HNH endonuclease degradation assay was performed as previously 
described36,37. Dap1 (100 μM) and HNH endonuclease (100 μM) were 
combined in a 1:1 ratio and left to react for 20 min on ice. Following this, 
the reactants were mixed with 30 μg of Lon in a 50 μl reaction buffer 
that contained 4 mM ATP, 50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 1 mM 
dithiothreitol, 80 μg ml−1 creatine phosphokinase (Sigma, C3755) and 
50 mM creatine phosphate (Sigma, 27920). The reaction mixture was 
incubated at 37 °C following the indicated time and a 10 μl aliquot was 
withdrawn. Subsequently, SDS–PAGE loading buffer was added to the 
mixture and the mixture heated for 15 min at 100 °C. The degradation 
of HNH was then observed using 12% SDS–PAGE. The analysis of HNH 
or Dap1 protein degradation was conducted as described above.

Phage competition assay
The procedure for carrying out the mutant phage fitness assay was 
previously reported23. To assess the fitness of mutant phages with 
other phages, 50 μl of wild-type phage (4.5 × 107 p.f.u.s ml−1) was mixed 
with 50 μl of PaoP5Δdap1 (4.5 × 107 p.f.u.s ml−1) and co-cultured with 
3 ml of PAO1 (1.5 × 108 c.f.u.s ml−1) for 6 h. Following a 1 min 10,000 × g 
centrifugation to pellet the bacteria from the phage lysates, the phage 
was transferred to a new tube supplemented with fresh bacterial cul-
ture at an MOI of 0.01 (second cycle of competition). Six transfers 
were performed. Next, using a plaque assay to quantify the relative 
abundance of PaoP5Δdap1 and WT phage in each transfer, 100 plaques 
were counted for each experiment, with small plaques being classified 
as PaoP5Δdap1 and large plaques as WT phages.

Phylogenetic analysis
The 785 Pseudomonas phage genomes were obtained from the NCBI in 
September 2023. The dap1-like genes and hnh homologous between the 
785 Pseudomonas phage genomes and the NCBI phage genome data-
base were identified using Blast. The phylogenetic tree was generated 
using the neighbour-joining method and 1,000 bootstrap replicates 
in the MEGA 7 programme67.

Statistical analyses
The statistical analysis employed in this study involved the utilization of 
the Student’s t-test to compare data from two distinct groups. A signifi-
cance level of P < 0.05 was adopted to determine statistical significance.

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

Data availability
The analysed data and raw RNA-seq readings of PAO1 expressing dap1 
were uploaded to the NCBI GEO (PRJNA1020646). The mass spectro
metry proteomics data have been deposited to the ProteomeXchange 
Consortium (http://proteomecentral.proteomexchange.org) via the 
iProX68 partner repository with the dataset identifier PXD046148.
The databases used in this study include P. aeruginosa PAO1  
genome (NC_002516.2), P. aeruginosa PA14 genome (NC_008463.1),  
P. aeruginosa phage PaoP5 genome (NC_029083.1), P. aeruginosa phage 
PaP_se genome (OL441337.1), P. aeruginosa phage JG004 (NC_019450.1) 
and P. aeruginosa phage PaP8 genome(OL754588.1). Source data are 
provided with this paper.
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Extended Data Fig. 1 | The host range of PaoP5 and the growth curve of the 
constructed strains that were determined in LB medium in the presence of 
0.05 mM IPTG. (a) PaoP5 efficiently lyses 54.1% of the 233 clinically isolated 
P. aeruginosa strains. (b) The biological activities of 60 hypothetical orfs from 
PaoP5 were investigated by expressing them individually from pME6032, a 
multicopy plasmid that could express the target gene when induced by IPTG. The 
growth of each constructed strain was monitored in LB medium supplemented 

with 0.05 mM IPTG in the 96-well plates. The OD600 was measured for each 
well using a Microplate Spectrophotometer every 2 h for 18 h. Expression of 
orf002, orf157, orf160, orf163, orf164, orf165, or orf176 in P. aeruginosa attenuated 
bacterial growth but orf003 (dap1), orf006, orf131, orf147, and orf166 did not. 
No significant difference was detected between the growth curve of the PAO1 
and PAO1/p-dap1 according to the Two-way Repeated Measures ANOVA analysis 
(P = 0.115). Error bars indicate the means ± SD of three independent experiments.
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Extended Data Fig. 2 | RNA-seq analysis between PAO1 and PAO1/p-dap1.  
(a) The GO enrichment of the differentially expressed genes in PAO1/EV and 
PAO1/p-dap1 strains, which is classified according to molecular function (MF), 
biological process (BP), and cellular component (CC), and the top 10 enriched 
GO was shown. P values were assessed by two-sided Fisher’s exact test and 
were adjusted for multiple hypothesis testing using the Benjamini–Hochberg 

correction; genes with p-values under a threshold of 0.05 were considered 
statistically significant. (b) The DEGs are classified based on the KEGG analysis, 
and the top 30 enriched pathways, including Quorum Sensing and biofilm 
formation, are displayed. (c) qRT-qPCR analysis of the indicated genes in PAO1/
EV and PAO1/p-dap1 strains. Data represent mean ± s.d. (n = 3). Statistical 
significance was determined using a two-sided Student’s t-test.
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Extended Data Fig. 3 | Impact of dap1 on biofilm formation and the bacterial 
two-hybrid results of Dap1 with 42 proteins. (a) The biofilm formation of 
PAO1/EV and PAO1/p-dap1 under LB conditions supplemented with different 
concentrations of IPTG was displayed with crystal violet staining and quantified 
with optical density measurement. Data represent mean ± s.d. (n = 3) and 
statistical significance was determined using a two-sided Student´s t-test.  
(b) Bacterial two-hybrid assay determined the interaction between Dap1 with  

42 c-di-GMP metabolic enzymes. The pUT18C is fused to Dap1 protein and the 
pKT25 is fused to the target proteins. Interactions were visualized by a drop 
test on LB agar plates supplemented with X-gal. The blue colonies showing the 
interaction between Dap1 and the indicated proteins. Strains containing the 
pKT25 and pUT18 vectors were used as a negative control (C-), and the interaction 
between pUT18C-zip and pKT25-zip was used as a positive control (C+).
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Extended Data Fig. 4 | Interactions of Dap1 with other proteins. (a) The 
bacterial two-hybrid assay indicated that Dap1 might interact with RocR and 
ProE. Interactions were visualized by a drop test on LB agar plates supplemented 
with X-gal, and quantified by measuring the β-galactosidase activity indicated 
in Miller Units. (b-c) Co-IP assays showing no interaction between Dap1 with 
either RocR (b) or ProE (c) Overnight cultures of E. coli harboring rocR-Flag (or 
proE-Flag) with either eGFP or dap1-eGFP were lysed. Cell-lysis supernatants 

were incubated with anti-Flag beads, and then proteins were detected by western 
blot with eGFP or Flag antibody. Each experiment was repeated three times 
independently with similar results. (d) The biofilm formation of the indicated 
strains was displayed with crystal violet staining and quantified with optical 
density measurement. Data in a and d represent mean ± s.d. (n = 3) and statistical 
significance was determined using a one-way ANOVA Dunnett’s multiple 
comparison test.
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Extended Data Fig. 5 | Expression of dap1 in PAO1 increased the transcript and 
protein level of CdrA. (a) Strains harboring the cdrA-lux and p-dap1 plasmids 
were cultivated in LB medium supplemented with 0.05 mM IPTG. The promoter 
activity of cdrA was detected at the indicated time. Error bars indicated the mean 

± s.d. of three biological replicates. (b) CdrA protein levels were measured in 
PAO1/EV and PAO1/p-dap1 strains. Bacteria were cultured to an OD600 of 0.6 and 
1.5. Equivalent samples were loaded onto SDS-PAGE and detected with an anti-
Flag antibody. α-RNA polymerase (RNAP) was used as a loading control.
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Extended Data Fig. 6 | DipA is an early expressed gene and deletion of dipA 
had no effect on phage plaque formation. (a) RT-qPCR analysis of dap1 and 
orf57 at 1 min, 10 min, 15 min and 30 min after phage infection. The highest level 
of dap1 transcript was detected 10 mins after phage infection, while the mRNA of 
the structural protein Orf57 was highly expressed 30 min after phage infection. 

(b) The same number of phage PaoP5Δdap1 was mixed with PAO1 or ΔdipA, and 
used double-layer agar plates to observe the plaque number and size. Data in a-b 
represent mean ± s.d. (n = 3) and statistical significance was determined using a 
one-way ANOVA Dunnett’s multiple comparison test.
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Extended Data Fig. 7 | The differentially expressed proteins detected 
by proteomics analysis. (a) The differentially expressed bacterial proteins 
(DEPs) of PaoP5 or PaoP5Δdap1 infected PAO1. Only 17 bacterial proteins were 
significantly changed during PaoP5 and PaoP5Δdap1 infection, including seven 
upregulated proteins and ten downregulated proteins. (b) Showing the KEGG 
enrichments of these DEPs between PaoP5 or PaoP5Δdap1. (c) The DEPs of 
PaoP5Δdap1 infected PAO1 and Δlon. P values were assessed by two-sided Fisher’s 

exact test and were adjusted for multiple hypothesis testing using the Benjamini–
Hochberg correction, proteins with p-values under a threshold of 0.05 were 
considered as statistically significant. (d) The DEPs between PaoP5Δdap1 
infected PAO1 and Δlon were classified according to the KEGG enrichment, and 
the top 20 KEGG catalogs, including two-component system, ABC transporters, 
and biofilm formation are displayed.
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Extended Data Fig. 8 | Representative transmission electron micrographs of phages. Representative transmission electron micrographs of negatively stained 
phages produced in PAO1, PAO1/p-dap1, Δlon, and Δlon/p-lon. The empty capsids are black, and phages with white heads are packaged with the genomes. Each 
experiment was repeated three times independently with similar results.
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Extended Data Fig. 9 | The phage and bacterial counts in the liver of the mice. 
Phage titer (a) and the bacterial CFU (b) detected in the liver of mice that were 
intraperitoneal injected with PAO1 and phage PaoP5Δdap1 or PaoP5 at an MOI of 
10. The maximum titer of PaoP5 was detected at 8 h post phage injection (~1.75 
× 108 PFU/gm). The phage titer gradually decreased after 24 h, and was cleared 
within 96 h. Meanwhile, the bacterial CFU in the liver decreased gradually and 
was cleared within 96 h. For the PaoP5Δdap1- treated, PAO1-infected mice, the 
phage titer continuously decreased to an undetectable level at 72 h, and the 
maximum titer of PaoP5Δdap1 in the liver (~5 × 106 PFU/gm) was much less than 
that of PaoP5-treated mice. a-b, Error bars indicated the mean ± s.d. (n = 4 mice). 
(c) Classification of the bacteria detected in the liver of the dead mice that were 

treated with PaoP5Δdap1. 4 mice that were dead 48 h after phage PaoP5Δdap1 
therapy were selected, and 50 colonies were isolated from the liver of each mouse 
and 200 colonies were assessed for phage resistance. 82 colonies were phage 
sensitive, and 118 colonies were phage resistant to both PaoP5 and PaoP5Δdap1. 
30 phage-resistant strains were sent for 16 s rDNA sequencing. Overall, 41% of 
these strains were phage-sensitive P. aeruginosa, 39% of the strains were phage-
resistant P. aeruginosa, while the other phage-resistant strains are gut commensal 
bacteria, including Enterobacter hormaechei, Proteus vulgaris, Escherichia coli, 
Enterobacter ludwigii, Enterobacter kobei and Enterobacter roggenkampii. (d) 
PaoP5 forms large plaques on some clinical strains while PaoP5Δdap1 forms small 
plaques, but both phages could not infect PA14.
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Extended Data Fig. 10 | Model of the mechanisms by which Dap1 regulates 
bacterial virulence and evades the Lon-mediated anti-phage defense.  
(a) Phage protein Dap1 interacting with DipA leads to an increase in the cellular 
c-di-GMP levels, which inhibits bacterial motility, promotes biofilm formation, 
and significantly attenuates the virulence of P. aeruginosa. (b) When PaoP5 

infects PAO1, phage protein Dap1 binds to HNH endonuclease to evade Lon-
mediated HNH degradation; thus, more progenies are packaged with genomic 
DNA. However, the HNH endonuclease is efficiently degraded by Lon in the 
absence of Dap1, which facilitates PaoP5Δdap1 to produce fewer progenies, and 
most capsids are empty.PA14.
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