
RecT Affects Prophage Lifestyle and Host Core Cellular
Processes in Pseudomonas aeruginosa

Xiang Long,a Hanhui Zhang,a Xiaolong Wang,a Daqing Mao,c Weihui Wu,d Yi Luoa,b

aCollege of Environmental Science and Engineering, Ministry of Education Key Laboratory of Pollution Processes and Environmental Criteria, Nankai University, Tianjin,
China
bState Key Laboratory of Pollution Control and Resource Reuse, School of the Environment, Nanjing University, Nanjing, China
cSchool of Medicine, Nankai University, Tianjin, China
dState Key Laboratory of Medicinal Chemical Biology, Key Laboratory of Molecular Microbiology and Technology of the Ministry of Education, College of Life Sciences,
Nankai University, Tianjin, China

ABSTRACT Pseudomonas aeruginosa is a notorious pathogen that causes various
nosocomial infections. Several prophage genes located on the chromosomes of
P. aeruginosa have been reported to contribute to bacterial pathogenesis via host
phenotype transformations, such as serotype conversion and antibiotic resistance.
However, our understanding of the molecular mechanism behind host phenotype
shifts induced by prophage genes remains largely unknown. Here, we report a sys-
tematic study around a hypothetical recombinase, Pg54 (RecT), located on a 48-kb
putative prophage (designated PP9W) of a clinical P. aeruginosa strain P9W. Using a
DrecT mutant (designated P9D), we found that RecT promoted prophage PP9W exci-
sion and gene transcription via the inhibition of the gene expression level of pg40,
which encodes a CI-like repressor protein. Further transcriptomic profiling and vari-
ous phenotypic tests showed that RecT modulated like a suppressor to some tran-
scription factors and vital genes of diverse cellular processes, providing multiple
advantages for the host, including cell growth, biofilm formation, and virulence. The
versatile functions of RecT hint at a strong impact of phage proteins on host P. aeru-
ginosa phenotypic flexibility.

IMPORTANCE Multidrug-resistant and metabolically versatile P. aeruginosa are difficult
to eradicate by anti-infective therapy and frequently lead to significant morbidity and
mortality. This study characterizes a putative recombinase (RecT) encoded by a pro-
phage of a clinical P. aeruginosa strain isolated from severely burned patients, altering
prophage lifestyle and host core cellular processes. It implies the potential role of
RecT in the coevolution arm race between bacteria and phage. The excised free
phages from the chromosome of host bacteria can be used as weapons against other
sensitive competitors in diverse environments, which may increase the lysogeny fre-
quency of different P. aeruginosa subgroups. Subsequent analyses revealed that RecT
both positively and negatively affects different phenotypic traits of the host. These
findings concerning RecT functions of host phenotypic flexibility improve our under-
standing of the association between phage recombinases and clinical P. aeruginosa,
providing new insight into mitigating the pathogen infection.
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P seudomonas aeruginosa is a Gram-negative opportunistic pathogen that can be
readily isolated from living sources and various environments (1). In recent decades,

P. aeruginosa has been predominant in nosocomial and severe infections with significant
morbidity and mortality (2). The mortality rate of burn patients infected with P. aerugi-
nosa is much higher than those noninfected due to the subsequent septic complications
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triggered by bacterial virulence and antibiotic resistance. Considering a certain propor-
tion of inevitable infections, how to reduce the cost of nosocomial diseases via restrain-
ing the antibiotic resistance and virulence of P. aeruginosa is the core problem for speci-
alized burn centers (3). The problematic anti-pseudomonas therapy failure is mainly
caused by comprehensive features of clinical strains, such as the intrinsic resistance to
multiple drugs, acquired resistance through mutations, versatile roles in severe infec-
tions, and carrying multidrug resistance plasmids (horizontal gene transfer) or prophages
(transduction and lysogenic conversion) (4).

Phages are viruses specific to bacteria that play a core role in bacterial abundance,
diversity, and metabolism. The replication of phages primarily includes lytic and lyso-
genic processes (5). In the lytic cycle, the phage replicates and releases new progeny
via host cell lysis (6). While in the lysogenic cycle, the phage genome integrates into
the host chromosome (prophage) or is maintained as a plasmid. Many different induc-
tion factors can lead to the excision of prophages, such as temperature, pH, or bacterial
growth rate (7). The temperate phages can replicate via the lytic or lysogenic cycle,
which seems to be in a dynamic balance (8). A study of 2,110 sequenced bacterial
genomes indicates that nearly half were lysogen with a highly variable number of pro-
phages (9). These cryptic prophages facilitate bacterial survival in adverse environ-
ments by providing various benefits (10). Some phage proteins play a crucial role in
diverse aspects resulting in clinical pathogen infection (11–13), including serotype con-
version, cell motility, host cell predation escape, virulence factors, cell competitive fit-
ness, acid, and antibiotic resistance (14–19).

RecT is a known single-strand annealing protein, which interacts with RecE (exonu-
clease VIII) to promote RecA-independent recombination and double-strand break
repair by a DNA strand invasion mechanism in Escherichia coli (20–23). Nevertheless,
the performance of “RecT” in P. aeruginosa is still unclear. Here, we identified a gene
pg54 that encodes a putative recombinase containing a RecT domain on the genome
of a prophage PP9W. The function of Pg54 (RecT) was investigated by reverse tran-
scription-quantitative real-time (RT-qPCR), electrophoretic mobility shift assay (EMSA),
transcriptome sequencing (RNA-seq), and a series of phenotypic tests between indicated
strains. Our data show that RecT affects prophage excision and gene transcription and
various cellular processes of the host by repressing several transcription factors
and essential genes. These findings are important to improving our understanding of
the association between phage proteins and clinical P. aeruginosa, highlighting the per-
spective to mitigate the pathogen infection.

RESULTS
Phage PP9W isolated from P. aeruginosa P9W can infect P8W. We isolated 5

P. aeruginosa strains (Table 1) from severely burned patients and used a spot assay to
investigate the ecological interactions between them (Table S1 in the supplemental
material). P8W and P9W were antagonism paired isolates, which were whole-genome
sequenced and further investigated in this study. An integrative active prophage hunt-
ing tool, Prophage Hunter (24), was used to identify the location and the number of
active prophages on the genomes of P8W and P9W. Compared to P8W, P9W harbors two
additional prophages, which were designated PP9W and PP9W2 (Fig. S1). To determine
their activities, we performed a growth-curve experiment and quantified the correspond-
ing number of free phages in the supernatant of P9W using P8W as the indicator strain.
The number of free phages was increased as the bacterial biomass of P9W (Fig. 1A). After
serial dilution, we selected the double agar whose PFU was around 30 to dig out the cen-
tral zone of plaques and used as PCR templates (Table 2). We found that both phage
PP9W and PP9W2 were active and mixed in the supernatant of P9W, and their proportions
were nearly half (Fig. 1B). The isolated excised phage PP9W from the plaques was further
whole-genome sequenced.

To characterize PP9W, we performed a growth inhibition experiment (25) at differ-
ent multiplicity of infection (MOI) to determine the inhibitory effect of PP9W on P8W
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(Fig. 1C). Here, the remarkable MOI was “1” since the final bacterial biomass of P8W (12 h)
significantly decreased when MOI increased from 0.1 to 1. However, no more obvious in-
hibitory effect was observed when more phage particles were added (MOI = 10).
Therefore, the MOI was set at 1 in the subsequent one-step growth curve experiment (26).
The typical triphasic curve showed the latent period was about 1.5 to 2 h, and the burst
size was approximately 109 (Fig. 1D). These data suggested that the excised active phage
PP9W of P9W leads to the lysis of P8W.

A recombinase RecT improves the host cell growth rate. Many phage proteins
have been reported to contribute to the phenotypic flexibility of P. aeruginosa (27).
Moreover, phage-encoded recombinases are crucial factors in a high evolution rate
among temperate phages with a remarkable level of horizontal gene transfer based on
genomic comparisons (28). We screened the coding sequences of the phage PP9W
(Fig. S2 to S3). We found that the pg54 gene encodes a putative recombinase contain-
ing a RecT domain (Fig. 2), which implied it might participate in DNA binding and met-
abolic process. An electrophoretic mobility shift assay (EMSA) demonstrated that RecT
could bind to both single-strand DNA (ssDNA) and double-strand DNA (dsDNA) in a
sequence-independent fashion (Fig. S4A to B). Similar results were obtained when dif-
ferent oligonucleotides (Table 2) were tested (data not shown). We further performed
a d-loop formation assay to identify DNA strand invasion mediated by RecT. Three light
bands showed that both three different ssDNA substrates (Table 2) homologous to the
plasmid pUC19 could initiate the formation of joint molecules when incubated with
the RecT protein (Fig. S4C). These results hinted that the Pg54 protein (RecT) is indeed
a recombinase of the phage PP9W.

TABLE 1 Bacterial strains, phages, and plasmids used in this study

Category Genotype or description Source
P. aeruginosa
P7 Wild type P. aeruginosa clinical isolate This work
P8W Wild type P. aeruginosa clinical isolate This work
P9W Wild type P. aeruginosa clinical isolate This work
P18 Wild type P. aeruginosa clinical isolate This work
P27 Wild type P. aeruginosa clinical isolate This work
P9D P9W DrecT This work

E. coli
DH5a F2 f 80 lacZDM15 D(lacZYA-argF) U169 endA1 recA1 endA1 hsdR17(rK

2, mK
1) supE44l2 thi-1 gyrA96 relA1 phoA TianGen

S17-1 RP4-2 Tc::Mu Km::Tn7 Tpr Smr Pro Res2 Mod1 TransGen
JM109 endA1 recA1 gyrA96 thi hsdR17(rk2, mk

1) relA1 supE44D(lac-proAB) [F’traD36 proAB laq lqZDM15] Biomed
BL21(DE3) F-ompT hsdSB(rB2, mB

2) gal dcm(DE3) Biomed
Phages
PP9W A excised prophage isolated from P9W This work
PP9W2 Another excised prophage isolated from P9W This work
PP9D The recT gene deletion derivative of PP9W This work

Plasmids
pEX18Tc Gene replacement vector; Tcr oriT1 sacB1 W. Wu
pEX18Tc::U1 D The recT gene knockout vector This work
pUCP18 Broad host range shuttle vector, Apr W. Wu
pCT2 The recT gene complementation vector This work
pUC19 Commonly used cloning vector; lac lacZ Apr NEB
pMD19 (Simple) A linearized T-vector for cloning promoter fragments, Apr TaKaRa
pEDS40 pg40 gene promoter cloned in pMD19 (Simple), Apr This work
pEDS50 pg50 gene promoter cloned in pMD19 (Simple), Apr This work
pEDS55 pg55 gene promoter cloned in pMD19 (Simple), Apr This work
pEDS57 pg57 gene promoter cloned in pMD19 (Simple), Apr This work
pEDS72 pg72 gene (IntR) promoter cloned in pMD19 (Simple), Apr This work
pET32a(1) Fusion vector for N-terminal His tag, Apr NovaGen
pET32a-T his-recT fusion in pET32a(1) vector, Apr This work
pEASY-T1 Cloning vector for ploting the standard curves, Apr Kanr TransGen
pEASY-I T-I fusion in pEASY-T1 vector, Apr Kanr This work
pEASY-A T-pg47 fusion in pEASY-T1 vector, Apr Kanr This work
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To further investigate the effect of RecT on host bacterial growth, we constructed the
recT gene deletion strain, P9D. The growth-curve experiment data showed that RecT
improves the cell growth of P9W compared to P9D (P , 0.001, Fig. 3A). Introduction of
the empty vector pUCP18 into P9W or P9D did not cause an additional growth burden
since no difference was observed in the indicated curves. Meanwhile, complementation
of the recT gene (on the plasmid pCT2, Table 2) in P9D restored its final biomass com-
pared to P9D/pUCP18 (P , 0.001). Further nonlinear curve fitting results suggested that
the maximum growth rate of P9W was significantly higher than P9D (P , 0.001),
although its latent period (29) was a little longer (P, 0.05, Fig. 3B). Similarly, a significant
difference of the maximum growth rate between P9D/pCT2 and P9D/pUCP18 was found
(P , 0.001). R package analysis also revealed a bigger maximum population size of P9W
than P9D and the same results for P9D/pCT2 in comparison with P9D/pUCp18
(P , 0.001, Fig. 3C). These results demonstrated that RecT improves the cell growth rate
of P9W.

Comprehensive effects of RecT on phage excision and gene expression. Prophage
excision has been shown to provide extra benefits for host bacteria and affect various
pathways (30–32). We then asked whether the deletion of recT would interfere with
the excision process of PP9W. Several primer pairs (Table 2) were applied to evaluate
the excision activity of PP9W (Fig. S5A). Both PP9W and PP9D (without recT) could
spontaneously excise from the bacterial chromosome and circularize (Fig. S5B). DNA

FIG 1 Characterization of phage PP9W isolated from the supernatant of P9W. (A) Growth curve of P9W during 12 h (the black triangle line) and LB is the
control group (the black square line). The number of free phages in the supernatant of P9W (the red dot line) is shown. (B) The ratio of PP9W/PP9W2 in
the supernatant of P9W was determined by plaque PCR. (C) Growth-inhibition curve of PP9W on P8W was monitored. Multiplicity of infection (MOI)
represents the initial PP9W/P8W dose ratio (the black dot line: P8W 1 PP9W, MOI = 0, the control group; the red dot line: MOI = 0.1; the blue dot line:
MOI = 1; the green dot line: MOI = 10). (D) One-step growth curve of phage PP9W during 6 h. P8W was used as the indicator strain and MOI = 1. The
experiments were independently replicated three times and triplicates of each sample were tested. Data were analyzed by one-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons (a , 0.05) to examine the mean differences between the end points of the data groups. ***, P , 0.001, by
Student's t test. Error bars show standard deviations.
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TABLE 2 Oligonucleotides used in this study

Primer name 59–39 sequence Source or function
recTU-Fa CCGGAATTCGGCGTACACCTCCTGAAGAT A 1-kb fragment upstream of the recT gene
recTU-R CGCGGATCCGCTGCTGTCTCCTTGTAACC
recTD-F CGCGGATCCCATGCCCAGCCGAACCATT A 1-kb fragment downstream of the recT gene
recTD-R CCCAAGCTTATGGCTCACTCCAGGTCGA
recTA-F GCGGTAGGTGTTCAGTTCG A 3-kb fragment includes recT
recTA-R TGAACGGCGAGCCTATCAG
recT-F CCGGAATTCCGGATTCACCACGAATACGG Cloning the recT gene into pUCP18
recT-R CGCGGATCCATGAGCGAACCCACCCAAC
PP9-1F CTTCTGGAACTGCCGACTACT Plaque PCR identification of the fragment of PP9W2
PP9-1R CGCTGGATTATCAACGTGAACA
PP9-2F CAACTGAGCTGAAGAAGGA Plaque PCR identification of the fragment of PP8-1 or PP9-2
PP9-2R ATCTTGAACAGGAACGACAT
PP8-2F CGCAACTGCATACATTCTGGT Plaque PCR identification of the fragment of PP8-2
PP8-2R AGTTCTTCGTCGTCCTCGTC
PP9-3F GTGGACAACGCTCAGAACAG Plaque PCR identification of the fragment of PP9W
PP9-3R AAGTGCGGCTGGCAGTAA
PP9-4F CATGGCAAGACCACTCTGAC Plaque PCR identification of the fragment of PP8-3 or PP9-4
PP9-4R TGACGACCACCTTCTTCCTT
PP9-5F TCCAATCAGAACCGCCTAGC Plaque PCR identification of the fragment of PP8-4 or PP9-5
PP9-5R CGCTTGCTCCGTTGATGGT
P9L-F CACGACAGGTTGAGGACGAT Linear form in P9W when PP9W is excised
P9L-R GCGAAGGTGCGGATCATCA
P9I-F AGCAGGCACGACAGGTTGA I fragment in P9W when PP9W is integrated
P9I-R CGTTCTTGCATCCTCCCTCTG
PP9C-F CGCTGAGATGGGCAGATATTG Circular form in phage PP9W
PP9C-R AATCCATCACATCGGGCATG
PP9T-F AACCCACCCAACTGGAGCA Identification of the existence of the recT gene
PP9T-R TTTCGCCCGTCTCGGTGTT
pg47-F GCATATCGGCGACAACATCA Cloning pg47 into pEASY-T1
pg47-R GATTCCAGGACTCGACAAGATC
rpoD-F CGTCCTCAGCGGCTATATCG Internal reference gene in RT-qPCR assay
rpoD-R TCTTCCTCGTCGTCCTTCTCT
pg10-F AGACGAACCAAGGACCACATT RT-qPCR assay for pg10
pg10-R CGGCATGGCACAGTATCATC
pg26-F CGAGGAGATGAAGGGCTTGT RT-qPCR assay for pg26
pg26-R CGGAGAGCGGTTGTGACTT
pg29-F GGTGTGGTTCTCGTTCTCC RT-qPCR assay for pg29
pg29-R GTTCCAGGTGATCCAGACTTC
pg30-F GACATCACATCCGCCATCCA RT-qPCR assay for pg30
pg30-R TCGAAGCCGCTGAGGTACT
pg40-F TGATGCCGACCAAGAAGTGA RT-qPCR assay for pg40
pg40-R GCCAAACGATACGACCGATAA
pg48-F TTCAGCAACGCGCAACTC RT-qPCR assay for pg48
pg48-R TCGTCGTCCTCCTGCTCTT
pg49-F GCGGTTCGGATGATTGAGG RT-qPCR assay for pg49
pg49-R TGTTCGTGCTCCTGAGTTCT
pg50-F AGCTCGACGACCTGGTGAT RT-qPCR assay for pg50
pg50-R CGCTTGATGGTCAGTGCCA
pg55-F CCGAACCATTGAAGAGCAGTT RT-qPCR assay for pg55
pg55-R GGACTCGCTGAGGAACATC
pg56-F ACAAGGATTGCCTGCTCATCAT RT-qPCR assay for pg56
pg56-R TCGCTGTCGTCTGCTGGTT
pg57-F CGCTGTTCGAGAAGGTGAAG RT-qPCR assay for pg57
pg57-R GCCGATTCCAGTTCCTCCT
pg66-F GGCAGTAGTAGAGGAATCCATC RT-qPCR assay for pg66
pg66-R CGTTACGCAGATACAGCACTA
fliM-F GCGGTGCTGGAGATGAACT RT-qPCR assay for fliM
fliM-R TCGTGGTCGGACTGGAAAC
pilB-F AGTCGTATCTCTGCTCGTCTC RT-qPCR assay for pilB
pilB-R TCCTTCTGGTCCTCCTCGTA
pctA-F ACAAAGAGCAGGTGATGAAGAC RT-qPCR assay for pctA
pctA-R GGATGGCGACGATGGAGAT

(Continued on next page)

The Functions of RecT in Pseudomonas aeruginosa Applied and Environmental Microbiology

September 2022 Volume 88 Issue 18 10.1128/aem.01068-22 5

https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.01068-22


sequencing confirmed that PP9W and PP9D share the same 59-bp attachment site
sequence (59-AAAACCCCGTAACCCGCGCCTTCCAAGCCCCTCCTTGTGTTTCCGCGACATTT
CCTTAT-39) with the identical L and C forms (Fig. S5C). To further explore the impacts
of RecT on the excision frequency of PP9W, we used a qPCR method (Fig. S6) to deter-
mine the relative copies of specific DNA fragments (33). In the mid-log phase, about a
1.9-fold increase of the excision frequency in P9W compared to that in P9D was
observed. At the same time, the complementation group restored its excision activity
by a nearly 1-fold increase (P , 0.01, Fig. 4A). These data indicated that RecT affects
the excision frequency rather than the excision process of the prophage.

Phylogenetic analysis revealed that the phage tail protein (Pg10) of PP9W is highly
homologous to D3 (coverage, 100%; identity, 97.47%; data not shown), which is a
Pseudomonas phage, using LPS (lipopolysaccharide) as a receptor in the adsorption
process. We then quantified the LPS content after adsorption, and there was no differ-
ence between the related groups (Fig. 4B). We measured the relative adsorption rate
based on the purified phage stocks. The adsorption rate of all the indicated groups
peaked at 15 min and remained stable after another 15 min. When P8W was infected
with PP9D, the adsorption rate was virtually the same as that of the control group
(P . 0.05, Fig. 4C). We also controlled the identical initial bacterial load of P9W and
P9D to count the free phages in the supernatant. The final contents of phages were
quite different (P , 0.01) due to the different excision frequencies of the prophages
(Fig. 4D). These results implied that RecT is probably essential for the efficient excision
of PP9W rather than the adsorption process.

After adsorption, the injected phage genome may initiate a series of processes, such
as transcription and translation, which consume the extra energy from the host. The
expression of the phage genes encoded structural proteins was assessed by the RT-qPCR
method (Fig. 5A to D). According to the one-step growth curve of PP9W (Fig. 1D), we
cocultured P8W with the indicated phages to investigate the expression dynamics of
these genes. In the first 45 min, the transcription levels of pg10 (encodes the phage tail
tip protein) and pg26 (encodes a head decoration protein) were continuously increasing.
The red line group (P8W 1 PP9D) was significantly weaker than the control and the
complementation group (the cyan line) at the same time (Fig. 5A and B). These results
could be attributed to phage structural protein synthesis. Terminase is required for the
maturation of l-phage DNA and the morphogenesis of the phage head (34). It might

TABLE 2 (Continued)

Primer name 59–39 sequence Source or function
rmd-F TGACTCAGCGTCTGTTCGT RT-qPCR assay for rmd
rmd-R GTGCCAAGGAGGTTGATCTG
mexT-F TCTGAACCTGCTGATCGTGTT RT-qPCR assay formexT
mexT-R ATGGCGGTGGAGATGGAATC
arnB-F CCTGGCACCTGTTCATCCT RT-qPCR assay for arnB
arnB-R GAGTTCCACTCGCTGTTGG
19.1Sb cggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccac 50-bp single-strand DNA of pUC19
19.2S gtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccg Reverse fragment to 19.1S
19.3S ttcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcact Another 50-bp single-strand DNA of pUC19
CIP-F ATTCATACGGCTGCCTCCAT The promoter region of pg40 for EMSA dsDNA binding assay
CIP-R CGCTGGTTGAGTCTGTCTGA
50P-F AGAACTCAGGAGCACGAACA The promoter region of pg50 for EMSA dsDNA binding assay
50P-R AGATTCACCACCAGGGTCTC
55P-F GTCAACGACTTCATCGAACCG The promoter region of pg55 for EMSA dsDNA binding assay
55P-R GGCTCGTCTCCATCGTCTTC
57P-F CGAAATCACCAATTTCCAAGGG The promoter region of pg57 for EMSA dsDNA binding assay
57P-R CCATAGCCACGCCATCAAG
59P-F ACCCTGCTGGACCTCTTCA The promoter region of pg59 for EMSA dsDNA binding assay
59P-R GCTGATGAACACGGCATCC
M13-47 CGCCAGGGTTTTCCCAGTCACGAC Amplification of the promoter regions
RV-M GAGCGGATAACAATTTCACACAGG
aThe underlined sequences represent the recognition sites of different restriction enzymes.
bThe primers 19.1S, 19.2S, and 19.3S are also used for EMSA ssDNA binding assay.
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explain the similar trends of pg29 (encodes the terminase, large subunit) and pg30 (enco-
des the terminase, small subunit) (Fig. 5C and D). These results indicated that RecT possi-
bly promotes the transcriptional activity of some functional phage genes when PP9W
infected P8W. Besides, we investigated the expression of most recT neighboring genes
(Fig. 2A). The curve trends were also obviously different between the red line and the
rest groups. Notably, pg55 (encodes a hypothetical protein) was upregulated in all the
time points, while the expression pattern of pg56 (encodes a cell division protein) was
contrasting (Fig. S7). Both of them were right downstream of the recT gene in PP9W.
These results might be explained by polarity on downstream transcripts since the knock-
out recT fragment contains a predicted promoter around 210 bp upstream of pg55 and
pg56.

To further explore whether the expression levels of recT and other prophage genes are
impacted by the growth phase. We sampled at 1 h (lag phase), 8 h (exponential phase),
and 20 h (stationary phase) in the lysogeny broth (LB) medium of P9W. The pg40 gene
encodes a CI-like repressor containing Cro/CI-type HTH and peptidase s24 domains (35).
Besides, pg47 is a single copy gene integrated on PP9W that was selected as the marker
gene to calculate the total copies (Fig. S6). As shown in Fig. 5E, the transcription level of
the host reference gene rpoD remained stable, while that of recT reduced with time. The
pg40 and pg47 gene expression levels negatively correlated with recT. Moreover, elevated
transcription levels of pg40 and pg47 in a specific period were observed in Fig. S7H and
Fig. 5F (P9D versus P9W). These results suggested that a high transcription level of recT

FIG 2 Characterization of the RecT protein. (A) Gene context of pg54 (recT) in the phage PP9W genome. Different colors represent diverse proteins, as
indicated above. Some related genes in the subsequent analysis are displayed. (B) A structure diagram of the Pg54 protein. RecT motif is indicated under
the gray arrow by WebLogo, in which larger letters represent higher conservative amino acid residues in multiple alignments. The secondary structure
analysis of RecT was performed using an online website tool, Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index).
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depends on the initial stage of host growth, which might repress the expression of pg40
and pg47 uncertainly.

RecT alters bacterial motility, chemotaxis, and biofilm formation. To further fig-
ure out the potential role of RecT in the phenotypic flexibility of host bacteria, we con-
ducted RNA-seq analysis to compare gene expression differences between P9D and
P9W. Differential expression gene (DEG; P9D versus P9W) data included 350 upregu-
lated and 239 downregulated genes (Data set S1), of which highly expressed genes
were classified into several terms by Gene Ontology annotation (Fig. 6A). We also clas-
sified these DEGs into 24 central metabolic pathways based on KEGG_B_class (Fig. 6B)
and further divided them into 11 crucial groups based on KEGG_C_class (Fig. 6C). Since
so many related pathways gene expression had been affected in P9D, we performed a
series of tests to verify the potential phenotypic variations.

Cell motility is involved in the competition for nutrients and survival space among
bacteria in different environments (36). Bacterial flagella have been reported to be
associated with swimming and swarming motilities, while type IV pili are required for
twitching motility (37). Our transcriptome data showed that more than 30 related
genes were significantly upregulated, such as fliM, pilM, and pilB. It was further verified
by motility assay, with an increased average migration zone diameter of P9D than P9W

FIG 3 Assays for cell growth in different strains. (A) Growth curves of P9W (black line), P9D (red line), P9D/pCT2 (green line, pCT2 carries recT), P9D/pUCP18
(blue line, pUCP18 is the empty vector), and P9W/pUCP18 (cyan line). Overnight cultured strains were inoculated into 200 ml fresh LB medium for each well of
96-well plates at a 1/1,000 dilution ratio. OD600nm value was measured at 5-min intervals for 20 h. (B) Nonlinear curve fitting results correspond to panel A. The
blank bar represents the latent time and the red line stands for mmax (maximum growth rate). (C) Maximum population size corresponding to panel A was
analyzed by R package (Growthcurve). The experiments were independently replicated three times and each sample was tested in triplicate. Error bars show
standard deviations. Data were analyzed by one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons (a , 0.05) to examine the mean
differences between the data groups. *, P , 0.05; ***, P , 0.001.
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in three specific categories. Similar results were obtained when P9D/pUCP18 compared
to P9D/pCT2 (P , 0.01 and P , 0.001, Fig. 7A). The subsequent RT-qPCR results of fliM
and pilB also identify the RNA-seq data (P , 0.05, Fig. S8A and B). These results sug-
gested that there is a limitation of RecT to the bacterial motility of P9W.

Chemotaxis is positively correlated with the number of chemoreceptors based on
genome analysis (38). Three paralogous receptors (PctA, PctB, and PctC) have been
reported to regulate P. aeruginosa PAO1 chemotaxis to proteinogenic amino acids and
chlorinated hydrocarbons (39). We evaluated several bacteria chemotaxis activity by
casein hydrolysates induction. The migrating cell number of P9D increased 1.7-fold
compared to that of P9W (P, 0.01). Meanwhile, a 1.3-fold increased migrating cell num-
ber of P9D/pUCP18 than P9D/pCT2 was observed (P , 0.001, Fig. 7B). Transcription lev-
els of numerous chemotaxis-related genes were upregulated in P9D, such as pctC, pctA,

FIG 4 RecT impacts the excision frequency of PP9W rather than the relative adsorption rate. (A) Excision frequency analysis in different strains. Each
sample was tested in sextuplicate. (B) LPS content quantification in different groups after adsorption with related phages. Each sample was tested in
quintuplicate. (C) Adsorption rate assay for PP9W (black line) and PP9D (red line) on P8W. The plasmid pCT2 carries the recT gene. P8W/pCT21PP9D
represents the complementation group (green line). (D) Evaluation of the impacts of recT on the excised phages in the supernatant of P9W. The black
border bar represents the bacterial biomass of different strains after growth for 12 h. The red border bar shows the corresponding number of free phages
in the supernatant. The experiments were independently replicated three times (A to D), and each sample was tested in triplicate (C and D). Error bars
show standard deviations. Data were analyzed by one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons (a , 0.05) to examine the
mean differences between the data groups. **, P , 0.01; ns, no significance.
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aer, and cttP (Fig. 6C), except for the only one downregulated gene PA4915 (encodes a
probable chemotaxis transducer). We also found that the transcription level of pctA in
P9D increased nearly 1.5-fold more than in P9W, while there was a 1.7-fold elevated tran-
scription level of pctA in P9D/pUCp18 than in P9D/pCT2 by RT-qPCR assay (P , 0.01, Fig.
S8C). These data indicated that RecT negatively influences the chemotaxis activity of
P9W since P9D cells migrated more rapidly and efficiently.

The regulation of biofilm formation in P. aeruginosa includes three most important
factors: quorum sensing (QS), cyclic diguanylate (c-di-GMP), and small RNAs (sRNAs) (40).
Apart from these factors, a two-component system, adhesins, motility, rhamnolipids, and
extracellular polymeric substances (EPS) also play a role in biofilm formation (41). The
transcriptome analysis showed that many related genes of P9D expressed significantly
differently, such as rhlR, lasR (QS system), flgM, algR, algZ (two-component system),
wspA, fleS, and fliM (motility). We thus quantify the extent of biofilm formation by a crys-
tal violet staining method. The biofilm biomass of P9D decreased by 38.8% (versus P9W),
and that of P9D/pUCp18 is decreased by 32.7% (versus P9D/pCT2), respectively, without
the presence of RecT (P, 0.001, Fig. 7C). To further observe the morphology differences,
we stained the inchoate biofilms of the indicated strains (16 h). The P9D group showed a
more dispersed bacterial distribution (Fig. 7E and F) and a thinner biofilm in the z axis
(P , 0.01, Fig. 7D) than P9W group. Similar results were observed when P9D/pUCP18
group compared to P9D/pCT2 group (Fig. 7D, G, and H). These results demonstrated
that RecT promotes the biofilm formation in P9W.

RecT impacts host catalase activity, antibiotic resistance, and virulence. The
SOS regulatory system was found to be involved in the repair of damaged DNA or DNA
replication inhibition, which is in response to reactive oxygen species (ROS) in E. coli (42).
Oxidation-reduction-related gene expression was significantly altered for 10 genes, of

FIG 5 RT-qPCR assay. (A to D) for different gene transcription curves of P8W or P8W/pCT2 infected with phage PP9W or PP9D (without recT). The black line
indicates the control group, and the red line represents the treatment group. P8W/pCT2 1 PP9D (cyan line) stands for the complementation group. (A)
pg10 encodes the phage tail tip protein. (B) pg26 encodes the head decoration protein. (C) pg29 encodes terminase large subunit. (D) pg30 encodes
terminase small subunit. (E) Gene expression levels of P9W in different growth phases. (lag phase: 1 h; exponential phase: 8 h; stationary phase: 20 h). The
dark gray bar indicates rpoD (the host reference gene). The blank bar stands for recT. The striate-filled bar represents pg40 (encodes a CI-like repressor
protein C). The light gray bar shows pg47 (encodes a protein containing a CsrA domain). (F) Absolute quantification of pg47 in different strains at lag phase
indicated by the corresponding bars above. The experiments were independently replicated three times, and each sample was tested in triplicate. Data
were analyzed by one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons (a , 0.05) to examine the mean differences between the data
groups. *, P , 0.05; **, P , 0.01; ***, P , 0.001. Error bars show standard deviations.
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which nine were upregulated, such as ahpB, folM, rmd, xdhA, and hmgA, except for the
only 1 downregulated gene, PA4515 (Fig. 6A). The catalase (CAT) activity of P9D increased
by 44.7% (versus P9W), while that of P9D/pUCP18 increased by 35.2% (versus P9D/pCT2,
P , 0.01, Fig. 8A). The transcription level of rmd in P9D increased almost 1.9-fold than
P9W. There was an about 1.5-fold enhanced expression level of rmd in P9D/pUCP18 com-
pared to P9D/pCT2 (P, 0.001, Fig. S8D). These data implied that RecT inhibits the catalase
activity of the host strain.

An increasing threat of chronic and hospital-acquired infections is associated with
the prevalence of multidrug-resistant (MDR) P. aeruginosa (43). All the P. aeruginosa
strains in this study were isolated from severely burned patients, and a routine test for
MIC was conducted (Table S2). RNA-seq data revealed seven drug resistance genes’
expression distinctly altered in P9D (Fig. 6B). We used a disk diffusion test, including 11
antibiotics to screen the possible targets (data not shown) and further reduced the MIC
variation range progressively in 96-well plates. Enhanced resistance of P9D to ciprofloxa-
cin (2-fold) and colistin sulfate (1.5-fold) was observed (versus P9W). Analogous to the
improved resistance of P9D/pUCP18 (versus P9D/pCT2) to ciprofloxacin (1.9-fold) and
colistin sulfate (1.3-fold), respectively (P , 0.01 and 0.001, Fig. 8B). These results were
consistent with the RT-qPCR tests ofmexT and arnB (P, 0.01, Fig. S8E and F), suggesting
that RecT blocks the multidrug resistance of P9W.

To further investigate the role of RecT in vivo, a Galleria mellonella killing assay was

FIG 6 Transcriptome analysis of the strain P9D compared to P9W. (A) x axis represents log2-transformed value of gene expression change folds, and y axis
represents the logarithm-transformed value of gene mean expression levels. Different colored triangles indicate various pathway genes with significant expression
differences. Gray dots represent other genes that do not belong to the above pathways. (B) Enrichment histogram of the genes belong to KEGG_B_class referred
to P. aeruginosa PAO1. Green color represents the genes significantly downregulated, while red color represents the genes significantly upregulated. (C) Genes
belonging to the different metabolic pathways in KEGG_C_class correspond to panel B.
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performed. In the absence of RecT, the survival rate of the P9D-infected group signifi-
cantly elevated by 28.3% (versus the P9W-infected group, P , 0.001), while that of the
P9D/pUCP18-infected group increased by 25% (versus the P9D/pCT2-infected group,
P , 0.01, Fig. 8C), respectively. The transcriptome analysis showed that the expression
of several bacterial infectious disease (KEGG_B_class) genes was dramatically changed
(Fig. 6B), which might explain the hypo toxicity of P9D in Galleria mellonella acute
infection model.

DISCUSSION

Many phage proteins have been shown to improve host growth rate, mediate spon-
taneous phage induction (SPI), and play crucial roles in bacterial physiological pheno-
types via various mechanisms (27). There are still difficulties in comprehensively defining
those functionally unclear genes in phage genomes due to the high variation of phages,
the limitations of classification based on alignment, and the reference phage sequences
in databases (44). In this study, the Pg54 protein (RecT) located on a prophage PP9W of
P. aeruginosa P9W is identified to function in prophage excision and gene transcription
and phenotypic traits of the host. Here, we proposed a schematic model of RecT func-
tions combined with some identified research findings (Fig. 9).

The lysogenic state of E. coli phage l is generally stable. However, spontaneous
phage induction (SPI) is readily implemented, attributed to two widely accepted hypoth-
eses (45). The first is the self-cleavage of the phage repressor CI stimulated by RecA nu-
cleoprotein filaments, which then activates the lytic promoters, leading to the prophage
excision (42). Another route is that RecA nucleoprotein filament triggers the autocatalytic
cleavage of LexA, resulting in the derepression of SOS genes expression and the forma-
tion of antirepressor. It finally promotes the inactivation of the repressor CI (46, 47). In
this study, a CI-like protein (48) is encoded by pg40 in prophage PP9W, whose expression
level was negatively correlated with recT in the RT-qPCR assay (Fig. 5E). In addition, we

FIG 7 Assays for bacterial motility, chemotaxis, and biofilm formation. (A) Motility measurement by the migration zone diameter on plates. (B) Chemotaxis
activity analysis of cell response to the induction by casein hydrolysates. (C) Microtiter dish biofilm formation assay, the extent of biofilm formation (24 h)
was measured using the dye crystal violet in 96-well plates. (D) Average thickness in biofilm formation of the indicated strains corresponding to panels E
to H. (E to H) Representative orthogonal image renderings of biofilm formation by the indicated strains grown at 37°C for 16 h. Different groups with an
appropriate mixture of the SYTO 9 and propidium iodide stained were then analyzed by a confocal laser scanning microscopy. (E) P9W. (F) P9D. (G) P9D/
pUCP18. (H) P9D/pCT2. The scale bar represents 10 mm. The experiments were independently replicated three times and each sample was tested in
triplicate. Error bars show standard deviations. Data were analyzed by one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons (a , 0.05)
to examine the mean differences between the data groups. **, P , 0.01; ***, P , 0.001.
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observed that the prophage excision frequency of P9D distinctly reduced compared to
that of P9W (Fig. 4A). These results indicated that the increased transcription level of
pg40might suppress the excision of the prophage in the absence of recT.

Phage lytic development and oxidative stress are two direct and indirect triggers of
the SOS response, a global regulatory system in response to DNA damage modulated by
LexA and RecA (49). Interestingly, numerous oxidation-reduction-related gene expres-
sion levels were significantly elevated in P9D (Fig. 6A). The catalase activity assay of P9D
(Fig. 8A) and related RT-qPCR data (Fig. S8D) further support the transcriptome results.
The oxidoreductase such as Rmd probably reduces the highly intracellular oxidative
stress and further alleviates the SOS response, eventually leading to the downregulated
prophage excision frequency (Fig. 9). To sum up, RecT likely promotes prophage excision
of the host cell by a dual inhibition analogous to RecA (Fig. 9). More experiments are
required to clarify the relationship between RecT and RecA in P. aeruginosa and reveal
the underlying mechanisms.

Many bacteria use swimming and swarming motility to achieve surface colonization
in liquid medium, which is associated with bacteria flagellum (50). Numerous flagella-
related genes were significantly upregulated by the transcriptome analysis (Fig. 6B
and C), such as flhA, flhF (flagellar biosynthesis protein), fliM (flagellar motor switch pro-
tein), fliE (flagellar hook-basal body complex protein), fliD (flagellar capping protein), fliC
(flagellin type B), flgB, flgF, and flgG (flagellar basal-body rod protein), etc. Twitching mo-
tility allows cells to move forward and backward on a moist surface at specific speeds,

FIG 8 Assessments of catalase activity, antibiotic resistance, and virulence of the indicated strains. (A) Catalase activity test by
a CAT enzyme activity kit with the microplate reader. (B) Antibiotic resistance analysis, ciprofloxacin (CIP), cefepime (FEP), and
colistin sulfate (CT). (C) Virulence evaluation by Galleia mellonella survival rate injected with the indicated strains after 24 h.
PBS stands for the control group (no treated). The experiments were independently replicated three times and each sample
was tested in triplicate (B and C) or sextuplicate (A). Data were analyzed by one-way analysis of variance (ANOVA) with
Tukey’s multiple comparisons (a , 0.05) to examine the mean differences between the data groups. **, P , 0.01; ***,
P , 0.001. Error bars show standard deviations.
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which is involved in polar pili (51). We found the increased transcription levels of some
pili-related genes, including pilB and pilM (type 4 fimbrial biogenesis protein). P9D
showed a noticeable enhancement in cell motility (Fig. 7A). The RNA-seq analysis indi-
cated the upregulation of chemotaxis-related gene expression in P9D, such as pctA, pctC
(chemotactic transducer), aer (aerotaxis receptor), and cttP (chemotactic transducer for
trichloroethylene). The subsequent chemotaxis test (Fig. 7B) and RT-qPCR assay results
(Fig. S8C) are consistent. These data revealed that RecT exhibits adverse effects on host
motility and chemotaxis by various factors (Fig. 9).

We found that the biofilm formation of P9D was significantly decreased (Fig. 7C to H).
Many factors might affect biofilm biosynthesis in P9D, such as a lower content of EPS
(owing to the lower excision frequency) and more vigorous cell motility (which leads to
a more dispersed planktonic state). Biofilms often derive several emergent features, one
of which is antibiotic resistance (52). However, the resistance of P9D to ciprofloxacin (flu-
oroquinolones) or colistin sulfate (lipopeptide antibiotics) was enhanced (Fig. 8B). It may
be attributed to the upregulation of mexT and arnB in RNA-seq (Fig. 6B) and RT-qPCR
assay (Fig. S8E and F). MexT is a regulator of the MexEF-OprN efflux pump in P. aerugi-
nosa, which can accelerate the excretion of intracellular fluoroquinolones (53). Addition
of the 4-amino-4-deoxy-L-arabinose (L-Ara4N) moiety to the phosphate group(s) of lipid
A can confer polymyxin resistance. The relevant aminotransferase is encoded by ArnB
(54). These results indicated that RecT perhaps plays multiple roles in biofilm formation
and antibiotic resistance via complicated mechanisms (Fig. 9).

Our results demonstrate that the inactivation of RecT (P9D) results in increases in
host cell motility (Fig. 7A), chemotaxis (Fig. 7B), catalase activity (Fig. 8A), and antibiot-
ics resistance (Fig. 8B). At the same time, it also leads to decreases in host growth rate
(Fig. 3B), prophage excision frequency (Fig. 4A), biofilm formation (Fig. 7C to H), and
virulence (Fig. 8C). In a nutshell, RecT probably acts as a suppressor to several crucial

FIG 9 Schematic of RecT’s role in modulation of prophage excision and omnifarious host core phenotypic traits. Solid lines show explicit regulatory
relationships that have been established previously. Dotted lines indicate cryptic hints (direct or indirect) that need further investigation. Arrowheads stand
for a specific extent of stimulation or enhancement, while bars represent inhibition of a sort. RecT is depicted in gradient-colored hexagon textboxes.
Related structural proteins or enzymes are depicted in gray circular textboxes. EPS, extracellular polymeric substances; SOS, stress response; IM, inner
membrane; OM, outer membrane.
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transcription factors and essential genes in host diverse core cellular processes (Fig. 9).
These data improve our understanding of bacteria-phage interplays, given that the
phage recombinase-like RecT plays a pivotal role in host phenotypic flexibility, which
may be speculated by the adaptive balance under continuous evolutionary pressure.
There are still many unclear molecular mechanisms underlying the complicated modu-
lation web of RecT. Further study is warranted to illustrate its detailed performance in
P. aeruginosa, and more attention should be paid to unclear prophage genes in many
other bacteria.

MATERIALS ANDMETHODS
Bacterial strains, phages, plasmids, and culture conditions. Bacterial strains, phages, and plasmids

used in this study are listed in Table 1. Primers utilized in this work are listed in Table 2. We routinely cul-
tured our strains in lysogeny broth (LB) medium at 37°C supplemented with appropriate antibiotics unless
otherwise stated.

Spot test for the interactions of five clinical P. aeruginosa isolates. One milliliter of the overnight
culture medium of five P. aeruginosa isolates was first centrifuged. The supernatant was stocked by ster-
ile disposable syringes with 0.22-mm filters. Cell pellets were resuspended in 0.9% sterile saline, and this
was repeated three times. Then, these pellets were used to adjust optical density at 600 nm (OD600nm) to
0.5, and we inoculated 100 ml of each strain with 3.5 ml of cooled soft top (0.75%) agar and poured the
mixture onto LB agar (1.5%) plates with gentle sloshing to produce an overlay of the indicator strain
lawn. Next, we pipetted 10-ml supernatant stocks of individual test strains and spotted them onto the
overlay agar, incubating them inverted at 37°C overnight when the spots were dried.

PCR conditions. All primers we used here were designed by Primer Premier 6 using P9W or PP9W
Genome as a reference (Table 2). Our PCR volume of 25 ml comprised 12.5 ml 2� Taq master mix, 11 ml
of deionized water, and 0.5 ml each of the primers (10 mM) and templates. PCR conditions generally
used in this work were 94°C for 5 min, followed by 34 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for
60 s/kb, followed by a final extension at 72°C for 7 min.

Counting the ratio of PP9W/PP9W2 in the supernatant of P9W. Three milliliters of overnight cul-
ture media of strain P9W was harvested by centrifugation. The pellet was washed twice and resuspended
in an equal volume of fresh LB medium. We then pipetted 200 ml to inoculate into 20 ml LB medium and
sampled 100 ml every hour to measure the OD600nm value for 12 h (triplicates of each sample were tested,
and LB was the control group). Meanwhile, we collected the related supernatant after centrifugation by
further filtration with a 0.22-mm filter. The P8W strain lawn was used as an indicator to quantify the num-
ber of plaques caused by free phages in the supernatant of P9W every hour. Through serial dilution, we
selected appropriate double agar (PFU around 30) to dig out the central zone of plaques and use as PCR
templates with two pair primers, which amplify specific fragments of PP9W and PP9W2, respectively
(Table 2). The ratio of PP9W/PP9W2 depends on the corresponding number of positive bands after gel
electrophoresis.

Prediction of the number and location of prophages in P8W and P9W. The number and location
of prophages in genomes of P8W and P9W were predicted by an online tool, Prophage Hunter (https://
pro-hunter.genomics.cn/). Then, we screened the potential active prophages by the scores and further
identified their activity in the supernatant of P8W and P9W by PCR using different paired primers listed
in Table 2. We found that the P8W chromosome likely integrated four active prophages and one more
for the P9W chromosome (data not shown). Spot assay and PCR results revealed that only PP9W and
PP9W2 could excise spontaneously. Moreover, PP8-1/PP9-2, PP8-3/PP9-4, and PP8-4/PP9-5 were three
predicted paired prophages, highly homologous to each other (.99%). Although PP8-2 seems to be a
specific prophage integrated into P8W, the corresponding fragment in P9W was indeed highly homolo-
gous to PP8-2 (.75%).

Growth inhibition experiment. Five milliliters of overnight culture medium of strain P8W was har-
vested by centrifugation. The pellet was washed twice and resuspended in 1 ml fresh LB medium. It was
further incubated with the phage PP9W at different MOI (0.1, 1, and 10). Then, the mixtures were sub-
jected to 50 ml fresh LB medium with violent shaking (180 rpm) at 37°C for 12 h. The optical densities of
samples were measured three times at a wavelength of 600 nm at 1-h intervals.

One-step growth experiment. Five milliliters of culture medium of P8W was incubated to an
OD600nm value at 0.4 to 0.6 and centrifuged. The pellet was resuspended in an equal volume of fresh LB
medium, and we used 100 ml to mix with 1 ml purified phage PP9W solution (1 � 107 PFU/ml). Then,
10 mM CaCl2 was also added according to the previous study (26). After adsorption for 15 min at 37°C,
the mixture was immediately subjected to 100 ml fresh LB medium. The culture was continuously incu-
bated at 37°C for 6 h, which we sampled (100 ml) every 30 min, and the phage titer was determined by a
double-layer agar plate method.

Construction of the recT gene deletion derivate. A homologous recombination method was used
to knock out the recT gene in P9W. In brief, we first amplified the upstream and downstream fragments
(about 1 kb) of the recT gene and ligated the molecules by T4 ligase. Then, the complex was amplified
and cloned into the plasmid pEX18Tc. The new fusion plasmid pEX18Tc::U1D was first transformed in
E. coli DH5a, then transformed in E. coli S17-1, and finally, introduced into the strain P9W by conjugation.
The recT gene mutant derivates were first screened by LB agar supplemented with 100 mg/liter tetracy-
cline and 50 mg/liter kanamycin. The second-round screening was conducted by LB agar supplemented
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with 7.5% sucrose. The result DrecT mutants (P9D) were identified by PCR and DNA sequencing. Bacteria
and plasmids used here are listed in Table 1, and primers are listed in Table 2.

Complementation test. The fragment of the recT gene was amplified and cloned into the plasmid
pUCP18, and we named the resultant plasmid pCT2. It was electroporated into the competent cells of
P9D. The complemented derivate was selected by LB agar supplemented with 100 mg/liter ampicillin
and further verified by PCR and DNA sequencing. The bacteria, plasmids, and primers used are listed in
Table 1 and 2.

Prophage excision frequency quantification. The frequency of prophage excision in different
strains was quantified by a modified quantitative PCR method (31). In brief, the number of total PP9W
copies was quantified rely on the single-copy reference gene pg47. The number of integrated PP9W cop-
ies was quantified using primer pair P9I-F/P9I-R (Table 2), which only results in PCR products when the
prophage is integrated. The binding efficiency of the primers used to quantify the excision frequency
was evaluated by various proportions of genomic DNA from wild-type versus DrecT mutant type (rang-
ing from 1/105 to 1/1010) as a template to generate the standard curves.

Lipopolysaccharide quantification. LPS of the related groups was extracted following the instruc-
tions of an LPS extraction kit (Abcam, ab239718). Briefly, bacteria were grown overnight in LB medium,
and 1 ml culture was resuspended in an equal volume of PBS. Then, it was mixed with related phages
for 15 min, centrifuged and resuspended in extraction buffer, sonicated, and incubated on ice for
10 min. After centrifugation, the supernatant was treated with proteinase K at 60°C for 1 h. Any unlysed
debris was removed by centrifugation. Total carbohydrate content (g/CFU) in the supernatant was quan-
tified following a total carbohydrate quantification assay (Abcam, ab155891).

Adsorption rate assay. A previously described method (55) was used with some modifications.
Briefly, the indicated overnight cultured cells were centrifuged (12,000 rpm, 3 min), washed twice, and
resuspended at a final concentration of 1 � 107 CFU/ml (determined by plate count) in fresh LB medium
supplemented with 10 mM CaCl2. We added purified phage stocks at a multiplicity of infection (MOI) of
1, and the mixture was incubated without shaking at 37°C for 30 min. At time intervals, an aliquot was
centrifuged (12,000 rpm, 3 min), and the number of free phages in the supernatant was determined by
the double-layer agar plate method. In contrast, the total phage particle count was determined directly
without centrifugation. The phage adsorption rate was quantified by (total 2 free)/total � 100%.

Purification of the RecT protein.We first cloned the recT gene fragment into the plasmid pET32a(1)
to produce a fusion plasmid pET32a-T and transformed it into E. coli BL21(DE3). The positive clones were
selected by antibiotic resistance agar plates (100 mg/liter ampicillin), PCR, and DNA sequencing validation.
Then, we inoculated the strain E. coli BL21(DE3)/pET32a-T and cultured it overnight. On the second day,
we pipetted a 1-ml bacteria solution and centrifuged (12,000 rpm, 3 min) and resuspended it in 1 ml fresh
LB medium three times. Then, 200ml of that solution was inoculated into 20 ml LB medium supplemented
with 100 mg/liter ampicillin. After 2 h, 1.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) was added to
induce the expression of recT, and the mixture was further grown for 3 h. Cells were harvested by centrifu-
gation, and we first used One Step Bacterial Active Protein Extraction kit (Sangon Biotech) to obtain solu-
ble proteins. Ni-NTA-Sefinose Column (Bio basic, Canada) was further used to extract the His-tagged RecT
protein according to the manufacturer’s protocol. Finally, a DeSalting Gravity Column (Sephadex) was
used to purify the target protein, and the concentration was measured by Implen Nano Photometer
(Version 3.1).

Electrophoretic mobility shift assay. We performed both ssDNA and dsDNA binding tests for the
RecT protein here. For ssDNA, we directly synthesized three different homologous fragments (50 bp) to
the plasmid pUC19 through Sangon Biotech (Table 2). As for dsDNA, we amplified several promoters of
the indicated genes (Table 2), which are close to the recT gene in PP9W. The PCR fragments (200 to
300 bp) were first cloned into pMD19 (Simple, TaKaRa), and the ligated fragments were again amplified
using the primers M13-47 and RV-M (Table 2). The electrophoretic mobility shift assay (EMSA) kit
(Molecular Probes) was used here. Briefly, we first mixed various concentrations of purified His-tagged
RecT protein (0 to 5.28 mM) with ssDNA (6.00 mM) or dsDNA (1.21 mM) in Component E (750 mM KCl,
0.5 mM dithiothreitol, 0.5 mM EDTA, 50 mM Tris, pH 7.4) at 25°C for 30 min. At the end of the incubation
period, we added 6� EMSA gel-loading solution (Component D) into reaction mixtures and mixed
gently but thoroughly. Finally, we separated the DNA-protein complexes by electrophoresis using a 5%
nondenaturing polyacrylamide gel. The gel was visualized with the Automatic Digital Gel Image Analysis
System (Tanon 1600R).

D-loop formation assay. The test was conducted as previously described (21) with minor modifica-
tions. Briefly, the reaction mixtures (30 ml) contained 2 mM single-stranded oligonucleotide, 25 mM
NaCl, 20 mM Tris-HCl (pH 7.5), 100 mg/ml BSA (bovine serum albumin), 0.5 mM DTT (dithiothreitol), and
2 mM purified RecT protein (Treated group, Fig. S4, lanes 3 to 5). The single-stranded oligonucleotide
was replaced by an equal volume of ddH2O in the control group (Fig. S4, lane 2). Mixtures were incu-
bated at room temperature for 20 min, and 15 mM supercoiled DNA (pUC19) was added. Mixtures were
further incubated at 37°C for 30 min. The final concentrations of 50 mM EDTA (pH 8.0), 0.2% SDS, and
0.5 mg/ml proteinase K were added to stop the reactions. Then, the incubation was continued at 37°C
for an additional 20 min, and the mixtures were finally separated by 0.8% agarose gel electrophoresis.

Growth curve experiment. Overnight cultured indicated strains were inoculated at a 1/1,000 dilu-
tion ratio using 96-well plates. Two hundred microliters of fresh LB medium was added to each well, and
each sample was tested in triplicate. An automatic microplate reader (BioScreen, Finland) was used to
quantify the OD600nm value at 5-min intervals for 20 h. The latent time and maximum growth rate were
analyzed by nonlinear curve fitting, while the maximum population size was analyzed by R package
(Growthcurve).
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Reverse transcription-quantitative real-time PCR. In part 1 (Fig. 5A to D), we incubated the strain
P8W or P8W/pCT2 with the phage PP9W or PP9D in 100 ml LB medium at an MOI of 1 according to
growth inhibition experiment results. We took multiple 1-ml samples every 15 min or 30 min that were
immediately subjected to total RNA extraction using a Total RNA Extraction kit (Promega). Then, 1 mg
total RNA was subjected to reverse transcription using the FastKing gDNA Dispelling RT SuperMix
(TianGen) according to the manufacturer’s protocol. The cDNA was finally subjected to RT-qPCR analysis,
and the RT-qPCR volume of 20 ml comprised 10 ml TB Green Premix Ex TaqII (TaKaRa Bio), 8.2 ml of
deionized water, 0.4 ml each of the primers (10 mM), and a 1-ml template. The RT-qPCR conditions in this
study were 94°C for 30 s; followed by 40 cycles of 94°C for 5 s, 57.4°C for 12 s, and 72°C for 12 s; followed
by 95°C for 30 s, 45°C for 30 s, and final melt curve at 60°C to 95°C (increment of 0.5°C) for 5 s. A typical
22DDC

T method was used to perform relative quantification (56). All samples were tested in triplicate,
and the primers used here are listed in Table 2.

In part 2 (Fig. 5F and Fig. S7), we incubated the strain P9W, P9D, and P9D/pcT2 directly in 100 ml LB
medium, and the remaining steps were the same as above. Particularly in Fig. 5E, we only incubated the
strain P9W and sampled at 1 h, 8 h, and 20 h.

RNA-seq analysis. P. aeruginosa P9W and P9D cells were grown to OD600nm of 0.8 and harvested by
centrifugation. The collected cells were immediately subjected to freezing in liquid nitrogen and deliv-
ered to Novogene (Beijing) in dry ice for transcriptome analysis. In brief, total RNA of each sample was
extracted and subsequently subjected to rRNA removal. Fragmentation was carried out using purified
mRNA before cDNA synthesis. The cDNA libraries were sequenced in triplicate on an Illumina Hiseq plat-
form, and paired-end reads were generated. Reference genome, P. aeruginosa P9W (CP081202.1), and
gene model annotation files were downloaded from the genome website directly. Both building index
of the reference genome and aligning clean reads to the reference genome were by Bowtie2-2.2.3 (57).
The total mapped reads number of the P9W sample was 25,665,718 (97.09%), while there was a total of
18,766,508 (96.96%) reads of the P9D sample. Differential expression analysis of two groups was per-
formed using the DESeq R package (1.18.0) (58). The resulting P values were adjusted using Benjamini
and Hochberg’s approach to controlling the false discovery rate (FDR). Genes with an adjusted P value
of ,0.05 found by DESeq were assigned as differentially expressed, in which the DEGs with FDR # 0.001
and fold change jlog2Ratioj $1 were considered significantly changed. The KEGG database (http://www
.genome.jp/kegg/) was used to classify the DEGs based on their functions (59). P. aeruginosa PAO1 was
selected as the reference genome to convert gene IDs (http://kobas.cbi.pku.edu.cn/kobas3/annotate/).

Cell motility assay. In the swimming test, bacteria were grown to an OD600nm of 0.5, and 1 ml of the
culture was dropped onto the semisolid medium containing 0.2% (wt/vol) agar, 1% (wt/vol) tryptone,
and 0.5% (wt/vol) NaCl as described previously (27). The diameter of the swimming zones was measured
when the plates were incubated at 37°C for 24 h. The swarming assay is similar to the above except for
another semisolid medium with 0.3% (wt/vol) agar. For twitching motility assay, bacteria were inocu-
lated onto 1% L-agar by stabbing isolated fresh colonies to the bottom layer. The plates were incubated
for 24 h at 37°C, then the agar was gently removed, and the biomass that adhered to the bottom was
stained with 1% crystal violet for 1 min, washed three times with water (60). The plates were further
dried inverted overnight, and the diameter of the stained zone was measured.

Chemotaxis evaluation.We first prepared a pipette tip filled with the 100ml indicated strain culture
(OD600nm = 0.5). Then, 1 ml 1% casein hydrolysates inducer was transferred into a 5-ml sterile syringe.
Then, the needle was dipped into the culture in the prepared pipette tip. After incubation at room tem-
perature for 30 min, the mixture in the syringe was plated onto LB agar to enumerate the migrating cell
numbers.

Biofilm formation assay. Overnight cultured bacteria were diluted at 1:100 and resuspended in
fresh LB medium, of which 100ml was spotted onto a glass bottom cell culture dish (15 mm, polystyrene
nonpyrogenic, sterile; Sigma, USA) and incubated at 37°C without shaking in dark for 16 h. Then, the
planktonic residual liquid was carefully removed, and the biomass adhered to the bottom dish was
stained with a mixture of SYTO 9/propidium iodide in dark for 30 min according to the Live/Dead Bac
Light Viability kit. After that, the excess dye was also removed and the dishes were subjected to image
analysis by a confocal laser scanning microscopy (LSM880, Zeiss). Both orthogonal images and the aver-
age thickness of the z axis were analyzed by an application program, Zen. In the microtiter dish biofilm
formation assay, we used a typical method described previously (61). Briefly, we first grew cultures of
the indicated strains overnight in LB medium, diluted the cultures at 1:100 into fresh M63 medium, and
then added 100 ml of the dilution to each well in a 96-well dish(six replicate wells per treatment). The
plates were incubated for 24 h at 37°C. Then, the planktonic cells were dumped out by turning the plate
over and washing three times. Next, 125 ml of 0.1% crystal violet (CV) solution was added to each well of
the plate and incubated at room temperature for 15 min. Then, the plate was rewashed three to four
times. Another 125 ml of 30% acetic acid solution was added to each well until the plate was dried and
incubated at room temperature for another 15 min. We finally transferred 100 ml of the solubilized CV to
a new dish and measured absorbance in a plate reader at 595 nm using 30% acetic acid solution as the
blank.

Catalase activity assay. A catalase activity detection kit (mbio) was used here. In brief, overnight
cultured bacterial cells were harvested by centrifugation and resuspended in PBS (1:100 diluted). About
5 � 106 cells were collected by centrifugation and removed from the supernatant. Then, 1 ml extracting
solution was added, followed by ultrasonic disruption, and the supernatant was placed onto the ice after
centrifugation (8,000 � g, 4°C, 10 min). The spectrophotometer was preheated for 30 min, the wave-
length was adjusted to 240 nm, and the distilled water was used for zero setting. CAT detection solution
was heated in the water bath for 10 min. Then, 1 ml CAT detection solution was added to a 1-ml quartz
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colorimetric dish, followed by a mix with a 35-ml sample for 5 s. The initial absorbance value A1 at
240 nm and the absorbance value A2 after 1 min were both measured immediately at room tempera-
ture. The catalase activity was determined by CAT (1 U = nmol/min/104 cell) = 1.356 � (A1 2 A2).

Antibiotics resistance experiment. According to the MIC of wild-type P. aeruginosa P9W (Table S2),
we first performed a disk diffusion test following the manufacturer’s instructions to screen the target
antibiotics. Further MIC in detail was determined by increasing amounts of ciprofloxacin, cefepime, and
colistin sulfate to the indicated strains in 96-well plates (100-ml volumes) gradually. Samples were incu-
bated at 37°C without shaking for 18 h (62) and measured an optical density at 600 nm.

Galleria mellonella acute infection model. Galleria mellonella killing assay was conducted following
a previous study (63). Briefly, overnight grown P. aeruginosa in LB medium at 37°C was diluted at 1:100
into fresh media at 37°C until OD600nm reached 0.6 to 0.8. Then, the cells were collected by centrifuga-
tion, washed twice, and resuspended to a final concentration of 1 � 105 CFU/ml (plate count) using
10 mM MgSO4. A microsyringe (10 ml; Hamilton, Germany) was used to squeeze a 10-ml volume diluted
strain solution or MgSO4 (aq) into Galleria mellonella, and the larvae were grown at 37°C without shaking
in dark for 24 h. Five experimental groups of Galleria mellonella are described as follows: (i) not treated;
(ii) injected with P9W; (iii) injected with P9D; (iv) injected with P9D/pUCP18; and (v) injected with P9D/
pCT2. Each group comprised 20 larvae and three replicates.

Statistical analysis. One-way ANOVA with Tukey’s multiple comparisons (a , 0.05) was used to
compare the mean differences between the data groups in this study.

Data availability. The whole-genome sequencing data of P8W and P9W were deposited at Sequence
Read Archive of NCBI with accession no. SRA: PRJNA753640 (https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA753640). The whole-genome sequencing data of PP9W have been made available at the National
Center for Biotechnology Information with GenBank no.: MZ773939.1 (https://www.ncbi.nlm.nih.gov/
nuccore/2095887126). The transcriptome data have been deposited at Sequence Read Archive of NCBI
with accession no. SRA: PRJNA774287 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA774287). Other
related data are available in this article or from the corresponding authors upon request.
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