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ABSTRACT In Pseudomonas aeruginosa, the complex multisensing regulatory net-
works RetS-GacS/GacA have been demonstrated to play key roles in controlling the
switch between planktonic and sessile lifestyles. However, whether this multisensing
system is involved in the regulation of phage infection has not been investigated.
Here, we provide a link between the sensors RetS/GacS and infection of phages
vB_Pae_QDWS and vB_Pae_W3. Our data suggest that the sensors kinases RetS and
GacS in Pseudomonas aeruginosa play opposite regulatory functions on phage infec-
tion. Mutation in retS increased phage resistance. Cellular levels of RsmY and RsmZ
increased in PaAretS and were positively correlated with phage resistance. Further
analysis demonstrated that RetS regulated phage infection by affecting the type IV
pilus (T4P)-mediated adsorption. The regulation of RetS on phage infection depends
on the GacS/GacA two-component system and is likely a dynamic process in
response to environmental signals. The findings offer additional support for the rapid
emergence of phage resistance.

IMPORTANCE Our knowledge on the molecular mechanisms behind bacterium-phage
interactions remains limited. Our study reported that the complex multisensing regu-
latory networks RetS-GacS/GacA of Pseudomonas aeruginosa PAOT1 play key roles in
controlling phage infection. The main observation was that the mutation in RetS
could result in increased phage resistance by reducing the type IV pilus-mediated
phage adsorption. The bacterial defense strategy is generally applicable to various
phages since many P. aeruginosa phages can use type IV pilus as their receptors.
The results also suggest that the phage infection is likely to be regulated dynami-
cally, which depends on the environmental stimuli. Reduction of the signals that
RetS favors would increase phage resistance. Our study is particularly remarkable for
uncovering a signal transduction system that was involved in phage infection, which
may help in filling some knowledge gaps in this field.

KEYWORDS GacS/GacA two-component system, Pseudomonas aeruginosa, RetS,
adsorption, phage

hages are the most abundant entities in nature and highly effective bacterial pred-

ators that specifically infect and lyse bacterial cells. Phage therapy is gradually
becoming a reality in clinical, veterinary, and agricultural settings for preventing and
controlling bacterial infections, as antibiotic abuse has led to an explosion in bacterial
resistance (1-3). Although phage biocontrol is a promising alternative to antibiotics, oo R A A Saiaty o
the emergence of phage resistance imposed difficulties in phage therapy. Microbiology. All Rights Reserved.

A range of bacterial defense mechanisms have been reported, including CRISPR- Address correspondence to Jingxue Wang,
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several host genes have also been shown to play roles in controlling phage infection. Ai::::tzd ueFersraur;/ry 2022
Mutations in genes associated with phage receptor synthesis, such as lipopolysaccha- Published 29 March 2022
ride (LPS), pili, and outer membrane proteins, may decrease phage adsorption and
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stop phage attacks (9, 10). Disruptions of the genes for Escherichia coli RNA polymerase
(11), E. coli thioredoxin (12), Pseudomonas aeruginosa small regulatory protein (SrpA)
(13), and Bacillus subtilis DNA polymerase (14) would affect the phage infection pro-
cess. Recently, some metabolic pathways that were modulated by quorum sensing
(QS) were shown to help bacteria to avoid phage infection (15-17). Mutations in QS-
related genes may also lead to changes in phage resistance. Although a number of
antiphage strategies have been shown, our knowledge on the mechanisms of phage
resistance is still limited, considering the enormous genetic diversity of both phages
and bacteria.

P. aeruginosa is a leading cause of health care-acquired infections, especially in
cystic fibrosis patients (18). The two-component system GacS-GacA has been reported
to play important roles in bacterial adaptability and infection (19). GacS is a mem-
brane-associated sensor histidine kinase (SK) which senses environmental signals,
working with its cognate response regulator (RR) GacA, which positively controls the
expression of two central regulatory noncoding RNAs, namely, RsmY and RsmZ. RsmY
and RsmZ have been proposed as key players in regulating genes required for infec-
tion (20, 21). However, GacS is reciprocally regulated by the sensor histidine kinase
RetS. When RetS senses signals, it will interfere with the initial autophosphorylation of
GacS and inhibit the GacS-GacA two-component system (22, 23). RetS and GacS signal-
ing converge on the master virulence regulator GacA, influencing levels of RsmY and
RsmZ. To date, the sensor kinases RetS and GacS have been studied widely and
reported to control the transition between acute and chronic infection (24).

A wide range of virulence factors have been reported to be controlled by RetS and
GacS regulons, including motility and biofilm production. Flagella and pili are closely
related to bacterial motility, and they often act as receptors for phages (25, 26). The for-
mation of biofilm can provide potential physical and chemical barriers that protect
bacteria against phage infection (27). More importantly, bacteria commonly use two-
component systems to sense the environmental changes for survival. Phage predation,
as environmental stresses, can also affect microbial communities (15). Thus, we specu-
late that there is a close correlation between sensor kinases RetS and GacS and phage
infection.

The aim of the current study was to clarify the effects of two sensor kinases from
P. aeruginosa PAO1, namely, RetS and GacS, on phage infection. Our findings revealed
that the multisensing regulatory networks RetS-GacS/GacA regulate phage infection
processes, which offer additional support for the rapid emergence of phage resistance.
This work will help in providing important implications for minimizing the develop-
ment of phage resistance by changing the environmental factors.

RESULTS

Characterization of P. aeruginosa phages vB_Pae_QDWS and vB_Pae_W3. Two
Pseudomonas phages were isolated from sewage using double-layer agar plates and
named vB_Pae_QDWS and vB_Pae_W3. The phage vB_Pae_QDWS formed large pla-
ques of approximately 6 mm in diameter, while vB_Pae_W3 produced small plaques
(Fig. 1A). General genome characteristics of the phage isolates are summarized
in Table 1. ORF39 (holin) and ORF40 (endolysin) were identified as the host lysis system
of phage vB_Pae_W3. And phage vB_Pae_QDWS contained ORF49 (holin) and ORF50
(endolysin) for lysis. Since no lysogeny module or lysogens were found based on gene
functional annotation analysis, the two phages vB_Pae_QDWS and vB_Pae_W3 are lytic.
Both phage vB_Pae_QDWS and vB_Pae_W3 did not have antibiotic resistance genes and
virulence genes. Phage vB_Pae_WS3 shared the auxiliary metabolic genes (AMGs) that
encode FAD/FMN-containing dehydrogenase (ORF4), pyrophosphatase (mazG, ORF16),
and dCMP deaminase (DCD, ORF34). No AMGs were found in phage vB_Pae_QDWS.
Phylogenetic analysis based on the capsid protein amino acid sequences revealed that
vB_Pae_QDWS is most closely related to Phikmvvirus, Krylovirinae, and Autographiviridae
and phage vB_Pae_W3 is most closely related to Septimatrevirus and Siphoviridae (Fig. 1B).
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FIG 1 Characterization of phages vB_Pae_QDWS and vB_Pae_W3. (A) Plaque morphology of phages
vB_Pae_QDWS and vB_Pae_WS3. (B) A phylogenetic tree was constructed based on the amino acid
sequence of the capsid protein. (C) The phylogenetic analysis was based on genome sequences.
ClustalW alignments were used to generate neighbor-joining trees with 1,000 bootstrap replicates.

The same result was also seen in the phylogenetic tree based on the whole-genome
sequence, although the closest phage was different (Fig. 1C).

Effects of RetS and GacS on phage resistance. The deletion of retS genes
increased resistance against phages vB_Pae_QDWS and vB_Pae_W3 compared with
the wild-type strain PAO1. The deletion of gacS genes, however, decreased phage re-
sistance as the transparency of plaques increased (Fig. 2A). When there were no
phages, a similar growth rate was observed in PAO1 and PaAgacs, but a slight growth
delay occurred in PaAretS (Fig. 2B). Phages vB_Pae_QDWS and vB_Pae_W3 significantly
inhibited the growth of PaAgacs, as the cell counts reduced significantly compared
with PAO1. However, an increase in bacterial count was observed in the PaAretS group
following phage vB_Pae_QDWS or vB_Pae_WS3 treatment (Fig. 2C), which indicated
PaAretS is more resistant to phages. By testing the efficiency of plating (EOP), we found
the EOP of phage vB_Pae_QDWS on PaAgacS was higher than that on PAO1, and the
same result was also found for phage vB_Pae_W3. Phages vB_Pae_QDWS and
vB_Pae_W3, however, were largely unsuccessful in infecting PaAretS, as the EOP signifi-
cantly decreased (Fig. 2D). Therefore, our data indicate that sensor kinases RetS and
GacS had an opposite effect on phage resistance.

Effects of the two small RNAs RsmY and RsmZ on phage resistance. The mkate
expression was significantly increased in PaAretS compared with that in PAO1 and
PaAgacS, which indicated higher rsmY and rsmZ expression in retS mutant (Fig. 3A). To
investigate whether PaAretS promoted phage resistance through RsmY and RsmZ, the
complementation plasmids pBBR5-rsmY and pBBR5-rsmZ were generated based on the

TABLE 1 General characteristics of Pseudomonas phages

Genome No.of GCcontent % Nucleotide identity

Family Phage size (bop) ORFs? (%) (% coverage)

Autographiviridae  vB_Pae_QDWS 43,170 53 62.3 93.94 (97) with vB_PaeP_
PAO1_1-15pyo

Siphoviridae vB_Pae_W3 43,014 59 53.8 98.78 (95) with TehO

90RFs, open reading frames.
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FIG 2 Phage resistance was regulated by RetS and GacS. (A) A total of 3 uL of serial dilutions of vB_Pae_QDWS and vB_Pae_W3
were spotted onto PAO1, PaAgacS, and PaAretS for lytic activity assays. (B) Growth curves of PAO1, PaAgacS, and PaAretS. (C) Cell
counts of PAO1, PaAgacS, and PaAretS infected with phage vB_Pae_QDWS or vB_Pae_W3 at an MOI of 1 were detected at
different time points. Different lowercase letters in column mean significant differences (P < 0.05) among different time points.
(D) Relative efficiency of plating (EOP) of phages vB_Pae_QDWS and vB_Pae_W3 on P. aeruginosa strains. The values were the
averages of three measures with standard deviation. Symbol * indicates the sample is different (0.01 < P < 0.05) from the control
PAO1, and symbol ** indicates the sample is significantly different (P < 0.01) from PAO1 (Student’s paired t test).

PaAgacS mutant. As expected, results of a spot assay showed that the complementa-
tion strains PaAgacS (p-rsmY) and PaAgacS (p-rsmZ) were more resistant to both phage
vB_Pae_QDWS and vB_Pae_W3 than the control PaAgacS with the empty plasmid
(Fig. 3B). In the CFU reduction assay, we found that the maximum reductions of
PaAgacS (p-rsmY) and PaAgacS (p-rsmZ) after a 120-min infection were 2.26 + 0.14
(mean = SEM) and 2.48 = 0.17 log,, CFU/mL, respectively, while the control PaAgac$
(pBBR5) was decreased by 2.88 *+ 0.27 after treatment with phage vB_Pae_QDWS.
When infected with phage vB_Pae_WS3 for 180 min, bacterial counts of PaAgacS (p-
rsmY) and PaAgacS (p-rsmZ) reduced by 3.84 = 0.11 and 3.16 = 0.19 log,, CFU/mL,
respectively, while the control PaAgacS (pBBR5) was decreased by 4.20 = 0.11 (Fig.
3C). Results of the EOP assay also suggested a reduction in EOP of the two phages on
the complementation strains, especially for PaAgacS (p-rsmZ) compared with the con-
trol group PaAgacS (pBBR5) (Fig. 3D). Thus, our results suggest that these two sRNAs,
namely, RsmY and RsmZ, play a role in the pathway by which RetS regulates the phage
resistance.

The mechanism of RetS and GacS regulating phage resistance. Compared with
PAOT1, PaAretS decreased twitching motility, but PaAgacS increased. When detecting
the levels of RsmY and RsmZ on twitching motility, we found that higher levels of
RsmY and RsmZ lead to a decrease in the twitching motility (Fig. 4A). Since type IV
pilus (T4P) are located on the surface of a wide variety of bacteria and are always
involved in mediating twitching motility (28), we speculated that RetS and GacS regu-
late phage resistance via affecting the function of T4P. Furthermore, we deleted the
pilB gene that is essential for T4P (29) and found both vB_Pae_QDWS and vB_Pae_W3
could not lyse PaApilB, but it could lyse PAO1 (Fig. 4A). A transmission electron micros-
copy (TEM) analysis showed that more phages, either vB_Pae_QDWS or vB_Pae_W3,
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FIG 3 RsmY/Z levels were closely associated with phage resistance. (A) P. aeruginosa PAO1, PaAgacS, and PaAretS cells containing
pBBR-P,,,.,-mkate or pBBR-P,,,-mkate grew in LB medium until an ODy,, of 1 and were collected for fluorescence assays. (B) A total
of 3 ulL of serial dilutions of vB_Pae_QDWS and vB_Pae_W3 were spotted onto PAO1 (pBBR5), PaAgacS (p-rsmY), and PaAgacs
(pBBR5-rsm2) for lytic activity assays. (C) Cell counts of PaAgacS (pBBR5)(®, red mark), PaAgacS (p-rsmY)(l, green mark), and PaAgacS
(p-rsmZ)(A, yellow mark) strains infected with phage vB_Pae_QDWS or vB_Pae_W3 at an MOI of 1 were detected at different time
points. (D) Relative efficiency of plating (EOP) of phage vB_Pae_QDWS and vB_Pae_W3 on P. aeruginosa strains. The values were the
averages of three measures with standard deviation. Symbol * indicates the sample is different (0.01 < P < 0.05) from the control
PaAgacS (pBBR5), and symbol ** indicates the sample is significantly different (P < 0.01) from PaAgacS (pBBR5) (Student’s paired t

test).

were distributed around the PaAgacS and PAO1 and almost no phages attached to the
surface of the host PaAretS (Fig. 4B). The reduction in adsorption rate was found in
PaAretS and PaApilB compared with PAO1, and PaAgacS showed the increased adsorp-
tion rate (Fig. 4C). Based on these results, we proposed that the impairment of T4P
mediated phage adsorption that posed the phage-resistant phenotypes of PaAretS.
However, results of quantitative reverse transcription-PCR (RT-qPCR) demonstrated
that no significant changes in the mRNA level of T4P-related genes were found (data
not shown), although the significant enhancement of T4P-mediated twitching motility
was found in PaAgacs, in addition to a reduction by PaAretS (Fig. 4A). Our finding is
consistent with a previous report that no entire or partial T4P-related gene clusters
were negatively regulated by the Gac system, which indicated that RetS and GacS con-
trolled the function of T4P most likely through a series of indirect and complex path-
ways or mechanisms (30).

DISCUSSION

Here, we present evidence that the sensor kinase RetS of P. aeruginosa PAO1 plays
an important role in regulating the resistance of both phages vB_Pae_QDWS and
vB_Pae_W3. RetS inhibits GacS activity, which controls the expression of the regulatory
RNAs RsmY and RsmZ (31). When introducing the mutation in the key genes of RetS or
reducing the amounts of signals that RetS favors, the GacS/GacA signaling pathway
can be activated, which would result in an enhanced production of RsmY and RsmZ
and promoting phage resistance. This increase in phage resistance is due largely to a
reduction in T4P-mediated adsorption (Fig. 4). A model whereby phage infection is
regulated by RetS-GacS/GacA pathway is proposed (Fig. 5).

The expression levels of the regulatory RNAs RsmY and RsmZ, which are controlled by
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FIG 4 RetS and GacS affected phage resistance by regulating phage adsorption. (A) The T4P-mediated twitching
motility was assayed in different P. aeruginosa strains. A total of 3 ulL of serial dilutions of vB_Pae_QDWS and
vB_Pae_W3 were spotted onto PAO1 and PaApilB strains for lytic activity assays. (B) Different P. aeruginosa strains
were mixed with phages vB_Pae_QDWS and vB_Pae_W3 at an MOI of 100 for 5 min and subjected to TEM
analysis. Phages adsorbed on the host surface were labeled (red boxes). (C) Adsorption assays of phages
vB_Pae_QDWS and vB_Pae_WS3 to different P. aeruginosa strains. The values were the averages of three measures
with standard deviation. Symbol ** indicates the sample is significantly different (P < 0.01) from the wide-type
PAO1 sample (Student’s paired t test).

RetS/GacS, corresponded positively with phage resistance. The significant elevation in
RsmY and RsmZ levels was seen in the AretS mutant (Fig. 3A). Overexpression of either
rsmY or rsmZ could override the negative effects of gacS mutation and increase phage re-
sistance (Fig. 3B). However, rsmY and rsmZ expression is essentially dependent on environ-
mental stimuli. The signals that favor the activation of RetS function to repress the expres-
sion of rsmY and rsmZ. Under normal growth conditions, the GacS-GacA signal pathway is
inhibited by RetS, as the levels of RsmY and RsmZ were very low (Fig. 3A), which indicated
that the RetS is active and RetS-dependent signals are ubiquitous. RetS is reported to sense
temperature changes (32). Mucin glycans, also act as signals through RetS that promote the
ability of RetS to directly inhibit GacS-GacA activity (33). Thus, it is possible for RetS to regu-
late phage infection dynamically in response to these environmental stimuli.

Mutation of retS decreased the T4P-mediated twitching motility of P. aeruginosa
PAO1 (Fig. 4A). The results are consistent with an retS mutant of P. aeruginosa PA103
that decreased the expression level of pili, which is associated with acute cytotoxicity
(34). PaAretS reduced the virulence and pathogenicity of P. aeruginosa but increased
phage resistance. P. aeruginosa is the dominant pathogen in chronic lung infections of
cystic fibrosis patients, and phages have also been abundant in cystic fibrosis lungs
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FIG 5 Schematic representation of RetS involved in the regulation of phage infection via modulating
the GacS/GacA two-component systems.

(35, 36). For P. aeruginosa, it is a relative cost-saving strategy to balance virulence and
survival in the microecosystem of the cystic fibrosis lungs.

Changes in the T4P-mediated phage adsorption is the main mechanism of RetS and
GacS regulating phage infection. Besides the phages vB_Pae_QDWS and vB_Pae_WS3 that
we reported, many other P. aeruginosa phages can also recognize and use T4P as their
receptors (25, 37). The mechanism we proposed whereby RetS regulates T4P-mediated
adsorption is likely a common strategy for P. aeruginosa PAO1 to defend against different
phages. Our findings will provide new ideas for phage therapy against P. aeruginosa
infection.

MATERIALS AND METHODS

Bacteria and phages. P. aeruginosa strains were cultured in lysogeny broth (LB) medium at 37°C
and stored in 20% glycerol at —80°C until use. Tetracycline (50 wg/mL) and gentamicin (50 wg/mL) were
added as required. Phages vB_Pae_QDWS and vB_Pae_W3 were isolated against the host bacterial strain
P. aeruginosa PAO1, from water samples collected from Qingdao, China. The phage suspension titer was
determined by the double-layer agar method using LB as the culture medium. After an incubation step
at 37°C for 12 h, the number of lysis plaques was counted.

Gene knockout and complementation. The deletions in P. ageruginosa PAO1 were determined
according to a published method (38). For complementation, the target genes were amplified by PCR and
cloned into linearized pBBRTMCS5 by using an In-Fusion cloning kit (Clontech, Mountain View, CA). The
resulting plasmids were then transferred into the PAOT1 strain via electroporation.

Reporter plasmid construction and fluorescence assays. The reporter plasmids pBBR5-P,.,.~
mKate and pBBR5-P,,, -mKate were constructed by placing the mkate gene after the rsmY/Z promoter
and inserting them into pBBRTMCS5 plasmid. The constructed plasmids were then transformed into
PAOT, PaAgacS, and PaAretS mutants for fluorescence assays.

The reporter strains were grown at 37°C with shaking in LB medium to an optical density at 600 nm
(ODgy) Of 1. Then, the cultures were transferred to a 96-well plate for mKate fluorescence measurement
by using the SynergyH1 microplate reader. The excitation wavelength was set at 588 nm, and the emis-
sion wavelength was set at 633 nm.

Transmission electron microscopy (TEM). P. aeruginosa cells were grown in LB broth to an ODy, of
2.5, harvested, and washed with phosphate-buffered saline (PBS). Then, high titers (1 x 10"" PFU/mL)
of phages were added to the P. aeruginosa cells with a multiplicity of infection (MOI) of 100. After 5 min of
adsorption, the bacterial particles and phage pellet were deposited on carbon-coated copper grids and
negatively stained with 2% phosphotungstic acid (pH 6.8). The samples were observed under a JEM-
1200EX transmission electron microscope (JEOL) at 100 kV.

Twitching motility assay. Twitching motility was tested as described previously (39). In brief, cells
from an overnight culture were stab-inoculated through the 1% LB agar layer. The plates were inocu-
lated at 37°C for 30 h. To measure the twitching motility zone, the agar was carefully removed, and the
motility zone was measured by staining the petri dish with 2% crystal violet for 1 h.

Adsorption rate assay. P. aeruginosa strains were inoculated in LB medium until they reached an
optical density at 600 nm (ODy,,) of about 1. Then, the cells were diluted 10-fold in LB and mixed with
the phage vB_Pae_QDWS and vB_Pae_W3 solutions at a multiplicity of infection (MOI) of 0.0025. The
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phage adsorptions for vB_Pae_QDWS and vB_Pae_W3 were performed at 37°C for 5 min and 10 min,
respectively. Finally, the cells were centrifuged at 10,000 rpm for 2 min at 4°C to obtain the free phages,
which were detected using a double-layer agar method. The adsorption rate was calculated by adsorp-
tion rate (%) = [(initial phage titer — phage titer in the supernatant)/(initial phage titer)] x 100.

Phage resistance assays. The phage resistance of P. aeruginosa strains was detected by spotting
3 ulL of the phage suspension with serial dilutions into the lawn of each strain using the double-layer
technique. Then, the samples were incubated at 37°C without shaking before examination.

The efficiency of plating (EOP) assay was performed according to a published method with some modifi-
cations (40). In brief, 3 uL of the phage suspension with serial dilutions were spotted into the lawn of each
P. aeruginosa strain. The plates were incubated for 7 h (for vB_Pae_QDWS) or 12 h (for vB_Pae_W3) at 37°C,
and the number of PFUs was counted. Finally, the relative EOP was calculated (average PFU on target bacte-
ria/average PFU on the control PAO1 bacteria). Each experiment was performed at least three independent
times.
The CFU reduction assay was determined as follows. Briefly, P. aeruginosa strains were inoculated in
LB medium until an OD,,, of about 1 was reached, and then they were cocultivated with the phage
vB_Pae_QDWS or vB_Pae_W3 at MOI of 1 at 37°C. The bacterial counts were determined at different
time points.
Real-time quantitative reverse transcription-PCR (RT-qPCR). For RT-qPCR, strains were grown in
LB medium until the OD,, reached 1, and then cells were collected for RNA extraction. RNA samples
were prepared by using the TRIzol RNA purification kit (12183555; Invitrogen). Total cDNA was synthe-
sized using the HiScript Il reverse transcriptase (Vazyme) reagent. RT-qPCR was performed using the
SYBR green real-time PCR master mix and the StepOnePlus real-time PCR system (ABI). rplS was selected
as the reference gene for normalization.
Genome sequencing and bioinformatics analysis. DNA sequencing of phages was performed by
Shanghai Biozeron Biotechnology Co., Ltd. (Shanghai, China). The genomes were submitted to the online
annotation tool RAST (http://rast.nmpdr.org) for genome-wide alignment quick annotation. BLASTP (https://
blast.ncbi.nlm.nih.gov/Blast.cgi), Gene Ontology (GO) (http://geneontology.org/), and Kyoto Encyclopedia of
Genes and Genomes (KEGG) (https://www.kegg.jp/) annotations were performed for the prediction of gene
and protein functions. The bioinformatics analysis was done as reported previously, with minor modifications
(41). Briefly, the alignment of phage capsid protein sequences from different phages were carried out using
ClustalW in MEGA 7.0 software (42), and then a phylogenetic analysis was performed by using neighbor-join-
ing with a pairwise deletion, p-distance distribution, and bootstrap analysis of 1,000 repeats as the
parameters.
Data availability. The complete genome sequence of phage vB_Pae_QDWS is available in GenBank
under accession number MZ687409, and the phage vB_Pae_WS3 is under OK094665. All data within the
paper are available from the authors upon request.
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