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Purpose: Pseudomonas aeruginosa is a common pathogen of infection in burn and trauma patients, and multi-drug resistant P. 
aeruginosa has become an increasingly important pathogen. Essential genes are key to the development of novel antibiotics. The 
PA0715 gene is a novel unidentified essential gene that has attracted our interest as a potential antibiotic target. Our study aims to 
determine the exact role of PA0715 in cell physiology and bacterial pathogenicity, providing important clues for antibiotic 
development.
Patients and Methods: The shuttle vector pHERD20T containing an arabinose inducible promoter was used to construct the 
CRISPRi system. Alterations in cellular physiology and bacterial pathogenicity of P. aeruginosa PAO1 after PA0715 inhibition were 
characterized. High-throughput RNA-seq was performed to gain more insight into the mechanisms by which PA0715 regulates the 
vital activity of P. aeruginosa.
Results: We found that down-regulation of PA0715 significantly reduced PAO1 growth rate, motility and chemotaxis, antibiotic 
resistance, pyocyanin and biofilm production. In addition, PA0715 inhibition reduced the pathogenicity of PAO1 to the greater galleria 
mellonella larvae. Transcriptional profiling identified 1757 genes including those related to amino acid, carbohydrate, ketone body and 
organic salt metabolism, whose expression was directly or indirectly controlled by PA0715. Unexpectedly, genes involved in oxidative 
phosphorylation also varied with PA0715 levels, and these findings support a hitherto unrecognized critical role for PA0715 in 
oxidative respiration in P. aeruginosa.
Conclusion: We identified PA0715 as a global regulator of the metabolic network that is indispensable for the survival and 
reproduction of P. aeruginosa. Our results provide a basis for future studies of potential antibiotic targets for P. aeruginosa and 
offer new ideas for P. aeruginosa infection control.
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Introduction
P. aeruginosa is an opportunistic gram-negative pathogen that often colonizes human skin, mucous membranes, 
respiratory tract, and gastrointestinal tract.1,2 Carbapenem antibiotics are the priority drug and last line of defense for 
P. aeruginosa infections. With the widespread use of carbapenem-based antimicrobials, chronic infections resulting from 
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the emergence of carbapenemase-producing bacteria have become a growing concern.3,4 Essential genes are involved in 
cell replication, transcription, translation, protein folding, oxidative respiration, and other important physiological 
activities.5,6 Bacterial essential genes represent an emerging set of targets that remain untested in modern antimicrobial 
drug discovery, which holds great promise for expanding the library of new drug targets.7 An in-depth investigation of P. 
aeruginosa essential genes can provide new antimicrobial drug targets. Reverse transcriptase is usually considered the 
core enzyme necessary for the reproduction of retroviruses. In contrast to viral reverse transcriptase, bacterial reverse 
transcriptase seems to be dispensable. However, a study by Millman et al cautions against the assumptions that this non- 
essential status will always extend to all reverse transcriptases.8 Their work on the biological function of retrons implied 
that reverse transcriptase unites ncRNA with one or two proteins that act as effectors to form a complex known as retrons, 
which is essential for bacterial resistance to phage invasion. More properties of retrons are yet to be elucidated, but 
reverse transcriptase is certainly indispensable in prokaryotes. Further research will provide new avenues for a broader 
understanding of the functions of reverse transcriptase.

Here, we selected the PA0715 gene in P. aeruginosa standard strain PAO1 as the subject of our study.Bioinformatics 
analysis indicated that the product of PA0715 contains a reverse transcriptase structural domain, suggesting that it may 
participate in the mobilome as part of a retrons or retrotransposon. In the P. aeruginosa genome, PA0715 is located 
within the pf4 prophage gene island. In general, during the co-evolution of bacteria and phages, lysogenic phages insert 
their nucleic acids into the host genome.9 These foreign nucleic acids are usually thought to survive as a selfish 
retrotransposable element and remain in a dormant state, waiting to be awakened.10 However, given the prevalence of 
this phenomenon, exogenous nucleic acids may also have occasional effects on the host. Using bioinformatic analysis, 
we found that the expression product of PA0715 was the only protein in PAO1 with a structural domain of reverse 
transcriptase; this uniqueness implies that it may have some indispensable function. Although the functional importance 
of prokaryotic reverse transcriptase is being increasingly recognized, accurate determination of its functions remains a 
technical challenge. Bacterial clustered regularly interspaced short palindromic repeats (CRISPR)-associated nuclease 
(CRISPR/Cas) eliminates exogenous nucleic acid infections by recognizing and trimming specific nucleic acid sequences 
of phages.11 This property was utilized to develop the CRISPR/Cas gene-editing technology, which comprises Cas 
enzymes that act as nucleases and sgRNAs that act as guides. The associated nuclease of the CRISPR/Cas9 system has 
been developed as a convenient, inexpensive and efficient tool for gene-editing owing to the fact that only one Cas9 
protein is required.12 However, Cas9 induces double-strand breaks (DSBs), and in addition to causing gene inactivation, 
it can also have unpredictable consequences. This is unacceptable in the study of essential prokaryotic genes. According 
to reports, compared with eukaryotes, in the absence of a recombinant template, most DSBs in the bacterial genome 
would be lethal due to the lack of non-homologous end joining (NHEJ).13,14

Qi et al mutated one amino acid site in each of the HNH and RuvC structural domains in Cas9, causing the mutated 
Cas9 to lose its ability to shear DNA. This resulted in what is known as catalytically dead Cas9 (dCas9).15 dCas9 can 
bind to specific DNA targets under the guidance of sgRNA and use the spatial site of the protein to block the binding and 
extension of RNA polymerase, thus blocking the transcription process and achieving the function of silencing gene 
expression. This technology, which silences rather than cuts genes to avoid damage to the DNA double-strand, is called 
CRISPR interference (CRISPRi). Studies in which CRISPRi was used to repress key genes in prokaryotes have been 
reported.16–19 For the genus Pseudomonas, Noirot-Gros employed CRISPRi to identify the genes involved in regulating 
biofilm biosynthesis in Pseudomonas fluorescens.20 We have previously established a CRISPRi method based on the 
CRISPR-dCas9 system in P. aeruginosa and successfully suppressed an essential gene.21 Here, we proceeded to disrupt 
the P. aeruginosa PA0715 gene using an identical CRISPRi system.The vector for CRISPRi was a pHERD20T plasmid 
containing an arabinose promoter. Arabinose induces the plasmid to express dcas9, which in turn silences the target gene, 
whereas glucose has the opposite effect.

In this study, we performed bacterial physiology-related phenotypic assays and transcriptome sequencing following 
suppression of the PA0715 expression in P. aeruginosa using CRISPRi technology. The effects of PA0715 on the growth 
and motility of P. aeruginosa were investigated using growth curves, motility, and chemotaxis assays. Pyocyanin, biofilm 
forming ability, and drug sensitivity assays were performed. Changes in bacterial morphology were observed via electron 
microscopy. The relationship between PA0715 and bacterial infectivity was evaluated using a galleria mellonella Larvae 
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infection model. Additionally, transcriptome sequencing was performed to investigate in-depth mechanisms via which 
PA0715 regulates the growth and motility of P. aeruginosa. Our research will help identify genetic targets for the 
screening and development of novel antibiotics.

Materials and Methods
Bacterial Strains, Vectors, and Culture Conditions
A comprehensive list of bacterial strains and plasmid vectors is presented in Table 1. The dcas9 gene was amplified using 
primers containing the cleavage site of restriction endonucleases at the 5′ end. The sgRNA expression sequence consists 
of a constitutive promoter J23119(SpeI), target and hairpin sequences, and a terminator. pHERD20T-dCas9 was 
generated by inserting the dcas9 gene into the pHERD20T vector. An araBAD promoter was present upstream of the 
insertion site. The sgRNA expression sequence was then cloned into the recombinant plasmid pHERD20T-dCas9, 
resulting in the formation of pHERD20T-dCas9-PA0715 sgRNA recombinant plasmid (pdsgRNA). DNA work was 
performed in strict compliance with standard protocols or manufacturer’s instructions for commercial products.

Unless otherwise stated, the bacteria involved in this study were cultured in LB medium (tryptone 10 g, yeast extract 
5 g and NaCl 5 g/L, pH 7.0, with or without 1.5% [wt/vol] agar) at 37 °C under aerobic conditions. LB medium 
contained 0.02% (wt/vol)arabinose or 1% (wt/vol)glucose respectively. Electrotransformation of P. aeruginosa PAO1 
with plasmid pdsgRNA was performed at optimum conditions following a previously described protocol with slight 
modifications.22–24 Briefly, a colony of P.aeruginosa PAO1 was inoculated in 3 mL LB medium and incubated for 16 h. 
Overnight cultures were centrifuged at 8000 rpm for 5 min, the cell precipitates were washed with thrice in 300 mmol/L 
sucrose, centrifuged again, and the supernatants were discarded. Subsequently, 200–300 ng plasmid DNA was mixed 
with the resuspended cells and the mixture was added to a 2 mm gap electro-cuvette for electronic shock(2.5 kV, 5 ms) 
(Bio-Rad Laboratories, Hercules, CA, USA).

Different control groups were set up to exclude the possibility of interference produced by arabinose and glucose to P. 
aeruginosa. The groups were as follows: PAO1-pdsgRNA-Ara (PAO1-pdsgRNA strain cultured in 0.02% arabinose 
medium); PAO1-pdsgRNA-Glu (PAO1-pdsgRNA strain cultured in 1% glucose medium); PAO1-Ara (wild-type PAO1 
strain cultured in 0.02% arabinose medium); PAO1-Glu (wild-type PAO1 strain cultured in 1% glucose medium); and 
PAO1 (wild-type PAO1 strain). Among them, PA0715 was inhibited in the PAO1-pdsgRNA-Ara group, while the other 
four groups served as controls.

Growth Curve Determination
Growth curve was prepared using a previously described method with slight modification.25,26 PAO1 culture was 
inoculated into 1 mL fresh LB broth at 37 °C with overnight shaking to reach the initial optical density of 0.01 at 600 
nm (OD600). Monitoring and recording the OD600 of each sample was monitored and recorded using an enzyme marker 
to determine the growth density of culture for up to 36 h. Each experiment was performed using a sterile 96-well 
U-bottom polystyrene microtiter plate(Wuxi NEST Biotechnology Co., Ltd).

Table 1 Bacterial Strains and Plasmids

Name Relevant Properties References or Origin

PAO1 P.aeruginosa wild-type strain Ref.68

JM109 E.coli competent cell Ref.69

pdCas9-bacteria Template plasmid providing dcas9 AddGene (Cat.44249)

pHERD20T Shuttle vector with PBADpromoter From Dr.Schweizer’s lab

pHERD20T-dCas9 dcas9 containing pHERD20T construct This study
pHERD20T-PA0715 sgRNA containing pHERD20T construct This study

pHERD20T-dcas9-PA0715 CRISPRi vector targeting PA0715 This study
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Motility and Chemotaxis Assays
Motility and chemotaxis (swimming, swarming, and twitching) were assessed as previously described, with minor 
modifications.27,28 Briefly, overnight bacterial cultures were diluted to 0.4 OD600 and incubated on swimming agar (0.5 g 
NaCl, 1 g tryptone, 0.3% [w/v] agar), colony agar (0.5 g NaCl, 1 g tryptone, 0.5 g glucose, 0.5% [w/v] agarose), and twitching 
agar (0.5 g NaCl, 1 g tryptone, 0.5 g yeast powder, 1% [w/v] agar). The culture temperature was 37°C. The incubation time 
was 24 h for swimming and swarming and 48 h for twitching.Diameters of the turbid circles of swimming and swarming areas 
were measured accordingly. For the twitching assay, the bottom of the plate was stained using 1% (w/v) crystal violet and then 
observed for rubbing row movement. All experiments were performed in triplicate.

Pyocyanin Assays
Pyocyanin was extracted and quantified as previously described.29–31 Briefly, 5 mL of cultures grown overnight were 
centrifuged at 8000 rpm for 5 min, and the supernatant was collected. Chloroform (3 mL) was added, vortexed, and 
shaken to mix well and then allowed to stand for 5 min before centrifugation at 6000 rpm for 5 min. The chloroform 
layer was then collected and mixed thoroughly with 1 mL of 0.2 M HCl. The upper inorganic phase was collected, and 
the absorbance was determined at 520 nm. All experiments was repeated thrice.

Biofilm Formation Capacity
Biofilm formation capacity was assessed using a previously described method with slight modification.32,33 Briefly, 
overnight cultures of PA01 were diluted 1:100 with LB broth and grown for an additional 3 h. Ten microliters of PAO1 
bacterial suspension (adjusted to an OD600 of 0.6) and 190 μL LB medium were transferred to 96-well flat-bottom 
microplates to make a final volume of 200 μL, and incubated at 37 °C for 72 h. Following incubation, the culture medium 
was removed. To exclude planktonic cells that might interfere with the interpretation of results, the bottom of the well 
plate was washed thrice with sterile 1× PBS buffer. After drying in an universal oven at 37 °C, the wells were stained 
with 200 μL of 2% m/v crystal violet for 20 min.The wells were washed with sterile water to completely remove the free 
dye; the well contents were resuspended in 200 μL of 95% ethanol, and their optical density was measured at 590 nm. 
Biofilm assay experiments were performed in triplicate. Cell viability assays in biofilm were performed as previously 
described, with modifications.34–36 Absorb PAO1 cultured in a medium containing arabinose or glucose for 72 hours, 
adjust the culture to the same absorbance at 600 nm using a microplate reader, and gradually dilute the bacterial solution 
by 10 times. The diluted bacterial solution was evenly coated on a solid LB plate, placed in a constant temperature 
incubator at 37°C, inverted, cultured for 24h, and the colonies were counted.

Scanning Electron Microscopy (SEM)
SEM samples of PAO1 were prepared according to a previously described method with appropriate modifications.37–39 In 
brief, PAO1 cells in logarithmic phase were centrifuged at 4000× g for 10 minutes. The supernatant was removed, and 
the bottom particles were washed three times with 0.1M PBS. Fix with 2.5% glutaraldehyde solution for 4h.Cells were 
dehydrated by graded ethanol method (30, 50, 70, 80, 90 and 100% × 3), and each step lasted for 10 minutes. Following 
dehydration, the samples were dried in liquid CO2 for a time set to 1 hour. Finally, the samples were covered with gold- 
palladium. Surface domains of PAO1 cells were observed under a scanning electron microscope with an accelerating 
voltage of 3 kV(SU8010, Hitachi, Japan).

Drug Sensitivity Detection
Antimicrobial susceptibility test was performed using minimum inhibitory concentration (MIC) assessment.40 The 
antimicrobial drug solutions to be tested (piperacillin, ciprofloxacin, amikacin, and azithromycin, all at a maximum 
concentration of 64 μg/mL and diluted in ½ LB broth at 7 gradients) were prepared in 96-well U-bottom polystyrene 
microplates. The OD600 of PAO1 suspension was adjusted to 0.6, and 1 μL of the bacterial solution to be tested was 
added to each well of the 96-well plate. The incubation time and temperature were set to 24 h and 37°C respectively. The 
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lowest concentration at which no significant bacterial growth was observed was recorded as the MIC value. Each drug 
treatment was replicated thrice.

Infection Model of Galleria Mellonella Larvae in vivo
Infection experiments were performed by injection as described by Seed and Dennis.41 G. mellonella larvae were 
purchased from Huiyude Biotechnology Co. (Tianjin, China). Each larva was five week-old after hatching, weighed 
approximately 5g, and was approximately 2 cm long. Larvae were stored in wood chips at 4 °C before use. Overnight 
PAO1 culture (5 µL) which diluted to 1×103 CFU/mL was injected into the leftmost foreleg of larvae using a 10-µL 
syringe (Anting Microsampler Factory, Shanghai, China). The injected larvae were incubated at 37 °C, and survival was 
assessed at 12, 24, 36, 48, 60, and 72 h post-injection.

Reverse Transcription-Quantitative PCR (RT-qPCR)
T3SS and QS system-related genes were selected, including exoS, pcrv, lasI, lasR, rhlI, and rhlR. Primers for the above- 
mentioned genes, PA0715 gene and internal reference gene (16S RNA), are listed in Table 2 (Table 2 contains the sgRNA 
template sequence targeting PA0715). Total RNA was extracted from the cell pellet of overnight PAO1 cultures and 
converted to cDNA using an RNAprep Pure Cell/Bacteria Kit and FastKing gDNA Dispelling RT SuperMix (TIANGEN 
BIOTECH, Beijing, China) according to the manufacturer’s instructions. The final volume for the experiment contained the 
following reaction mixture: 2× ChamQ Universal SYBR qPCR Master Mix 10 μL, 10 μM forward primer 0.4 μL, 10 μM 
reverse primer 0.4 μL, and cDNA 2 μL; ddH2O was added to bring the reaction mixture to 20 μL. The PCR program 
consisted of 39 cycles: 95 °C for 30s, 95 °C for 3–10s, 60 °C for 10–30s, 95 °C for 15s, 60 °C for 60s, and 95 °C for 15s. 
Three biological replicates were set up, and each sample was tested in triplicate.

Transcriptome Sequencing
Total RNA was extracted, and mRNA was enriched by removing the rRNA using a Ribo-zero kit (Novogene 
Bioinformatics Technology Co., Ltd., Beijing, China). The mRNA was broken into short fragments and a six-base 

Table 2 Primers Used for RT-PCR and CRISPRi System

Gene Primer Sequence Amplicon Size (bp)

exos_F GAGCGAGGTCAGCAGAGTATC 149

exos_R ATGCCGGTGTAGAGACCAA

pcrv_F CAGCGATGAGTACCCCTTC 100
pcrv_R TCTCGTTGACCTTGTCGTTC

lasI_F GTTTCGCCATCAACTCTGG 145

lasI_R CATCATCTTCTCCACGCCTAC
lasR_F AGGACAGCCAGGACTACGA 153

lasR_R TAGATGGACGGTTCCCAGA

rhlI_F CTCTGAATCGCTGGAAGGG 149
rhlI_R GTTTGCGGATGGTCGAACT

rhlR_F CGAGTTGCTGACCCAGAAG 140

rhlR_R CTCAGGATGATGGCGATTT 137
PA0715F ATGTACAGAGGGAAGCAGAGTT

PA0715R TTATTTAGAAACCGATGATACGC 129

16s_F TACACATTGGCGGTCGTCT
16s_R GCCTCGGTTTCCACGTAGT

sgRNA template GCAAAAAAAAGATCTTCTAAGTTTTAGAGCTAGAAATAGC 

AAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGC 
ACCGAGTCGGTGC

Note: The 20mer sequence targeting PA0715 is in bold. 
Abbreviation: sgRNA, scaffold sequence is underlined.
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random primer was added to synthesize the cDNA strand. The purified double-stranded cDNA was degraded to degrade 
the second strand using USERase. Purified double-stranded cDNA was end-repaired and ligated to the sequence, then 
fragment size selection was performed using AMPure XP beads(Novogene Bioinformatics Technology Co., Ltd.). PCR 
amplification was finally performed, and the PCR products were purified with AMPure XP beads to obtain the final 
library and sequenced using the HiSeq/MiSeq platform. The raw transcriptome data have been uploaded to NCBI’s SRA 
database under the accession number PRJNA824013.

Statistical Analysis
Statistical analysis and graphing of the data in experiments were carried out by GraphPad Prism 5.0 or SPSS 17.0 
software. Data are represented as means ± standard errors of the means (SEMs). A t-test was used to determine the 
significance of results in the binding assay. A p-value of 0.05 or less was considered significant.

Results
Design and Construction of an Arabinose-Inducible CRISPRi System Targeting PA0715
The schematic design and construction of the CRISPRi system are shown in Figure 1. An ideal sgRNA target should 
satisfy the following three principles.21 First, an NGG motif (PAM sequence) should be present and located at 5′ of the 
20-nt target sequence. Second, the target site should be close to the ATG region (start codon coding sequence). Third, the 
selected sequence remains unique and specific in the PAO1 genome. A sgRNA expression sequence and the dcas9 gene 

Figure 1 An arabinose-inducible CRISPRi system for tunable repression of PA0715 expression in P. aeruginosa. 
Notes: In the presence of glucose, the arabinose promoter does not work properly, resulting in the suppression of downstream dcas9 gene expression when the target 
gene is normally expressed. Conversely, in the presence of arabinose, the arabinose promoter is activated, initiating the dcas9 gene expression product and eventually 
interfering with the normal expression of the target gene. 
Abbreviation: RNAP, RNA polymerase.
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were inserted into the pHERD20T plasmid vector. The key point is that the dcas9 gene is located downstream of the 
PBAD promoter. pHERD20T is an arabinose-inducible vector based on pUCP20T that supports replication in 
P. aeruginosa and shares characteristics of the pUCP vector family.42 However, in comparison with that of the latter, 
the advantage of the pHERD20T vector is that the gene inserted into the plasmid remains in a low expression state when 
the PBAD promoter is not induced. In the presence of arabinose, dcas9 exhibited moderate levels of expression. dcas9 
expression, however, was reduced to considerably low levels or even completely inhibited in the absence of arabinose or 
the presence of glucose. The kinetics of arabinose induction and glucose repression effects are rapid. Rather than 
changing the altered temperature, this system, which can be turned on and off quickly and efficiently, allowed us to study 
important aspects of P. aeruginosa gene function in a simple way.

Bioinformatics Analysis of PA0715 and Related Products
Knowing the location and position of PA0715 in the genome is essential to understand the importance of this gene. In 
PAO1, PA0715 is located at 785969–786925 (+ strand). Bioinformatics analysis of the gene products is shown in 
Figure 2. Sixteen reverse transcriptases, which have been characterized were selected along with PA0715 proteins to 
construct an evolutionary tree. The evolutionary tree showed that the PA0715 product is a member of a superfamily of 
reverse transcriptases (Figure 2A). According to NCBI predictions, the protein product of gene PA0715, as expected, has 
a highly conserved reverse transcriptase structural domain between amino acid residues 40–255. In addition, the presence 
of a highly conserved nucleic acid-binding site and an NTP binding site in the structural domain of the protein indicates 
its reverse transcription capability (Figure 2B). A comparison of the PA0715 protein sequence with a group II intron 
reverse transcriptase showed strong similarity in the tertiary structure of the formed protein. Similarly to the latter, the 
PA0715 product forms binding sites for 2′-deoxyadenosine 5′-triphosphate and magnesium ion ligands at the same 
positions, which is suggested by the conserved residues of both enzymes (Figure 2C). The WebLogo Sequence Marker 
provides multiple sequence comparisons for 17 reverse transcriptases, including PA0715, quickly reveals important 
features of the comparisons, and produces highly accurate and rich sequence similarity descriptions for indistinguishable 
sequences.43 Taking advantage of this feature, we found that most of the amino acid residues of these proteins are highly 
conserved. In particular, residues bound to nucleic acids showed complete identity (Figure 2D).

PA0715-Mediated Regulation of PAO1 Population Growth is Limited
The inhibition efficiency of CRISPRi targeting PA0715 and the growth curve and motility and chemotaxis of PA0715 
after being inhibited are shown in Figure 3. We first confirmed that the CRISPRi system is able to work properly and 
effectively repress target genes. Detection of the expression product of PA0715 revealed that the PAO1-pdsgRNA-Ara 
group was inhibited by more than 93% compared to the expression of the four control groups (Figure 3A), indicating that 
the CRISPRi system was effective in repressing the target genes. The growth curve of PA0715-silent mutants and control 
is shown in Figure 3B. Measurement of bacterial absorbance over time showed that the logarithmic phase of control 
strains was smoother, and that it entered the late logarithmic phase earlier. The decrease of absorbance of the strain which 
PA0715 was inhibited reached the stabilization phase was also fully aligned with expectations. We observed that the 
growth curve of the PA0715-inhibited strains was slightly lower than that of the control strains during the logarithmic 
growth period and stabilization period; however, this difference was not statistically significant. There was insufficient 
evidence that PA0715 could affect PAO1 during the logarithmic growth period.Taken together, we conclude that PA0715 
has a limited ability to regulate PAO1 growth and reproduction is limited.

PA0715 is Required for Motility and Chemotaxis
We examined whether PA0715 participates in flagella and pili formation. Flagella or type IV pili were characterized by 
different motility and chemotaxis in different environments, including swimming, swarming, and twitching.44 Swimming 
is the motion of individual bacterial cells in a liquid environment or an environment with high water content, driven by 
flagella, and is an individual behavior.45 Swarming is a method by which bacteria move in a semi-solid environment in a 
coordinated manner between colonies, which requires the participation of flagella, pili, and rhamnolipid surfactants.46 In 
addition, bacterial cells rely on the extension and contraction of type IV pili to move on surfaces with less water content, 
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a process known as twitching.46 The swimming, swarming, and twitching characteristics of PAO1 were examined to 
investigate whether the flagella and pili of P. aeruginosa were affected by PA0715. The results revealed that all three 
forms of motility and chemotaxis were significantly reduced in the PA0715-silenced strain compared with those in the 
wild-type strain (Figure 3C and D), indicating that PA0715 positively affects motility and chemotaxis in P. aeruginosa.

Figure 2 PA0715 and its putative expression product. 
Notes: (A) The phylogenetic tree of the 17 proteins was constructed with the PA0715 product as its center. (B) The structural domain located at amino acids 40–255 is a 
member of the reverse transcriptase family, suggesting that PA0715 may be an RNA-directed DNA polymerase that catalyzes the synthesis of DNA single strands from RNA 
templates. The domain prediction of PA0715 product is based on “CDD tools” of “Conserved Domains” under NCBI database. (C) Structural comparison of the product of 
the PA0715 gene with known reverse transcriptase family proteins. The structural prediction of two kinds of protein is based on SWISS-MODEL database. (D) A stack 
represents each amino acid site in the sequence. The total height of the stack symbolizes the conservativeness of the amino acids at that position.
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Figure 3 Effect of PA0715 suppression on the proliferation and activity of PAO1 strains. 
Notes: (A) The inhibition efficiency of CRISPRi targeting PA0715 was verified by qRT-PCR. (B) Growth curves of the strains under different conditions. (C) Swimming, 
swarming and twitching of different strains in culture medium. Reduced swimming viability was manifested by a decrease in the size of the circular colonies. Swarming 
motility is characterized by the formation of characteristic irregular branches. The size of the twitching zone was observed to exhibit irregular patterns after staining with 
Coomassie Blue. (D) Maximum diameter of PAO1 strains in (C) that formed different shapes of motility zones on different media. n = 3,*p < 0.05,**p < 0.01, ***p < 0.001 vs 
the PAO1-pdsgRNA-Ara group using Student’s t-test. a:PAO1-pdsgRNA-Ara(PA0715-silent mutants); b:PAO1-pdsgRNA-Glu(control1); c:PAO1-Ara(control2); d:PAO1-Glu 
(control3); e:PAO1(control4).
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Pyocyanin Production in P. Aeruginosa PAO1 is Influenced by PA0715
Pyocyanin and biofilm production of PAO1 after PA0715 was inhibited is shown in Figure 4. PAO1 was cultured in a 
defined medium, and the resulting chlorophyll was produced with considerable variation. After 48 h of incubation, 
PA0715 inhibition resulted in a considerable decrease in pyocyanin production in strain PAO1 when compared to that in 
the four controls (Figure 4A). However, the effect of glucose on production of pyocyanin should be recognized. 
Pyocyanin production was higher in the strains grown in media containing glucose than in those grown under other 
conditions. Nevertheless, we can conclude that PA0715 affects pyocyanin production. The QS system, phenolic resin 
production gene (phzA-G), phzM, and oxidation state in P. aeruginosa affect pyocyanin production and endow the 
culture medium with a blue-green color.47–49 These results suggest that PA0715 is required for pyocyanin production in 
PAO1.

PA0715 Inhibition Reduces Biofilm Formation Capacity
PA0715-silent mutants exhibited reduced PAO1 motility, less pyocyanin production, and oxidative phosphorylation- 
related genes downregulation. Flagella-mediated swimming, type IV pili-mediated rubbing, pyocyanin, and oxidative 
phosphorylation are known to be involved in biofilm formation.33,50 Therefore, we assumed that biofilm formation by 
this strain was also reduced. To verify this hypothesis, we investigated the role of PA0715 in biofilm formation. In control 
experiments, P. aeruginosa cells were grown in glucose medium, and a thick, chitinous biofilm was observed. The 

Figure 4 Changes in pyocyanin production and biofilm formation due to PA0715 inhibition. 
Notes: (A) Quantification of pyocyanin in the supernatant of PAO1 strain cultures after chloroform and 0.2 M HCL extraction. (B) Production of biofilm formed by the 
PAO1 strain on a solid surface determined by crystalline violet staining of the biofilm. (C) The crystalline violet in (B) was dissolved in 95% ethanol, and the absorbance was 
measured at 590 nm. The OD590 value represents the absolute amount of biofilm formation. (D) Quantification of live bacteria in biofilms. Live bacteria were quantified by 
detecting colony-forming units of PAO1 with the same OD value. n =3, *p < 0.05,**p < 0.01, ***p < 0.001, nsp > 0.05 vs the PAO1-pdsgRNA-Ara group using Student’s t-test.
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biofilm formed by control strains was clear and complete in appearance, characteristic of normal biofilm morphology. 
However, the biofilm morphology of PA0715-silent mutants observed at the bottom of the 96-well plate was significantly 
altered, and the biofilm formed by bacterial cells was significantly disrupted and unstable (Figure 4B). We then quantified 
the biofilms. After biofilm dissolution in 95% ethanol, compared with that in the control group, the absorbance of cells in 
the PA0715-inhibited group decreased significantly (Figure 4C). Biofilm formation may be due to the number of live 
bacteria in PAO1 in addition to the interference of PA0715. Therefore, we quantified the live bacteria in the biofilms. The 
number of viable bacteria in PA0715-inhibited PAO1 was lower than that in the control group, but there was no 
statistically significant difference (Figure 4D). Excluding the influence of cell vitality, PA0715 can distinctly reduce 
the formation of biofilm.Based on these results, we concluded that PA0715 inhibition effectively inhibits biofilm 
formation, eliminating the basis of P. aeruginosa pathogenicity.

PA0715 is Essential for Antibiotic Resistance in P. aeruginosa PAO1
Bacterial resistance is determined primarily by upstream regulation of whether and to what extent antibiotic resistance 
genes are expressed. The biofilm defects caused by the silencing of PA0715 suggested that it might promote a weakened 
PAO1 resistance to antibiotics. Therefore, we examined the susceptibility of PAO1 to piperacillin, ciprofloxacin, 
amikacin, and azithromycin, representative of penicillin antibiotics, third-generation quinolones antibacterial drugs, 
aminoglycoside antibiotics, and macrolide antibiotics, respectively. The MIC of these antibiotics was quantitatively 
evaluated for control and silent strains (Table 3). PA0715-silent mutants exhibited significantly lower MICs to ceftazi-
dime, piperacillin, ciprofloxacin, and amikacin than those of the control strains, suggesting that PA0715 is a key factor in 
the resistance of P. aeruginosa to antibiotics. P. aeruginosa is highly resistant to azithromycin. In this study, it was 
unexpectedly observed that PAO1 became more sensitive to azithromycin after the inhibition of PA0715 expression. 
Transcriptome analysis suggested that 24 genes associated with antibiotic resistance and susceptibility were significantly 
regulated after PA0715 repression, consistent with our antibiotic sensitivity assay results (Table 4). This provides new 
therapeutic clues for the clinical management of P. aeruginosa infections.

PA0715 Affects the Cellular Morphology of P. aeruginosa
As shown in Figure 5, the morphological changes in PAO1 cells were revealed by SEM evaluation. No clear evidence of 
an increased number of damaged cells was found in the samples in which PA0715 expression was inhibited compared to 
that in the control strain. This suggested that inhibition of PA0715 expression had no effect on the morphology of PAO1 
cells. It should be noted, however, that none of the samples exhibited completely normal bacterial morphology. A tiny 
minority of cells exhibited rough, wrinkled, or defective cell surfaces rather than fully smooth and regular surfaces, 
which may be attributed to the fact that the SEM-captured images were of bacterial cultures nearing the later stage of the 
logarithmic growth period.

PA0715 is Required for Full Virulence of P. aeruginosa PAO1 in vivo
Figure 6 demonstrates the effect of PA0715 on bacterial virulence.Silencing PA0715 reduced biofilm formation, motility 
and the key virulence factor pyocyanin in P. aeruginosa. This correlation suggests that PA0715 may contribute to the 

Table 3 MIC of the Four Antibiotics Against PAO1 Strains Under Different Conditions (μg/mL)

Group Antibiotic

Piperacillin Ciprofloxacin Amikacin Azithromycin

PAO1-pdsgRNA-Ara 1.00±0 1.00±0 2.00±0 16.00±0
PAO1-pdsgRNA-Glu 2.67±1.15 2.00±0 4.00±0 26.67±9.24

PAO1-Ara 2.67±1.15 2.00±0 4.00±0 32.00±0

PAO1-Glu 2.00±0 2.00±0 4.00±0 32.00±0
PAO1 2.00±0 2.00±0 4.00±0 32.00±0
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Table 4 Expression of Part Genes Related to Motility and Attach-Ment, Biofilm Formation, Antibiotic Resistance and Susceptibility 
and Oxidative Phosphorylation

Group Gene Information log2FC Regulated

Locus Tag Name Product Description

Motility & 
Attachment

PA0169 siaD SiaD −1.2431 Down
PA0171 Hypothetical protein −1.3318 Down

PA0355 pfpI Protease PfpI 2.086 Up
PA0409 pilH Twitching motility protein PilH −1.0361 Down

PA0411 pilJ Twitching motility protein PilJ −1.3454 Down

PA0413 chpA Component of chemotactic signal transduction system −1.0834 Down
PA1077 flgB Flagellar basal-body rod protein FlgB −1.0371 Down

PA1079 flgD Flagellar basal-body rod modification protein FlgD −1.4416 Down

PA1080 flgE Flagellar hook protein FlgE −1.3099 Down
PA1086 flgK Flagellar hook-associated protein 1 FlgK −1.0796 Down

PA1105 fliJ Flagellar protein FliJ −1.3324 Down

PA1441 Putative flagellar hook-length control protein FliK −1.0931 Down
PA1822 fimL Hypothetical protein −1.471 Down

PA2132 cupA5 Chaperone CupA5 1.4719 Up

PA2570 lecA LecA 1.4361 Up
PA2760 oprQ OprQ −2.1088 Down

PA2950 fabV FabV −2.0351 Down

PA2960 pilZ Type 4 fimbrial biogenesis protein PilZ −1.1296 Down
PA3361 lecB Fucose-binding lectin PA-IIL 1.6038 Up

PA3805 pilF Type 4 fimbrial biogenesis protein PilF 1.9476 Up

PA4081 cupB6 Fimbrial subunit CupB6 1.0227 Up
PA4083 cupB4 Chaperone CupB4 1.4787 Up

PA4084 cupB3 Usher CupB3 1.4436 Up

PA4086 cupB1 Probable fimbrial subunit CupB1 −1.2698 Down
PA4299 tadD TadD 1.2683 Up

PA4303 tadZ TadZ 1.2009 Up

PA4306 flp Type IVb pilin, Flp 2.6609 Up
PA4525 pilA Type 4 fimbrial precursor PilA −1.1976 Down

PA4550 fimU Type 4 fimbrial biogenesis protein FimU −1.1031 Down

PA4554 pilY1 Type 4 fimbrial biogenesis protein PilY1 −1.0597 Down
PA4648 cupE1 Pilin subunit CupE1 1.1321 Up

PA4651 cupE4 Pilin assembly chaperone CupE4 1.7491 Up

PA4781 Cyclic di-GMP phosphodiesterase 1.6598 Up
PA5040 pilQ Type 4 fimbrial biogenesis outer membrane protein PilQ 

precursor

−1.249 Down

PA5042 pilO Type 4 fimbrial biogenesis protein PilO −1.2061 Down
PA5043 pilN Type 4 fimbrial biogenesis protein PilN −1.3842 Down

Biofilm formation PA0074 PpkA Serine/threonine protein kinase PpkA −1.2001 Down
PA0075 PppA PppA −1.3664 Down

PA0077 IcmF1 Type VI secretion protein IcmF −1.671 Down
PA0079 TssK1 TssK1 −1.4831 Down

PA0083 tssB1 TssB1 −2.6603 Down

PA0084 tssC1 TssC1 −2.6989 Down
PA0085 hcp1 Protein secretion apparatus assemblyprotein −2.7623 Down

PA0089 tssG1 TssG1 −1.1614 Down

PA0090 clpV1 Secretion protein ClpV1 −1.8983 Down
PA0169 SiaD SiaD −1.2431 Down

(Continued)
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Table 4 (Continued). 

Group Gene Information log2FC Regulated

Locus Tag Name Product Description

PA0409 pilH Twitching motility protein PilH −1.0361 Down
PA0411 pilJ Twitching motility protein PilJ −1.3454 Down
PA0413 chpA Component of chemotactic signal −1.0834 Down

transduction system

PA1002 phnB Anthranilate synthase component II 1.1975 Up
PA1130 rhlC Rhamnosyltransferase 2 1.5539 Up

PA1432 lasI Autoinducer synthesis protein LasI −2.1275 Down

PA1976 ercS’ ErcS’ 1.2085 Up
PA2242 pslL Hypothetical protein −1.1509 Down

PA2366 HsiC3 Uricase 1.6771 Up

PA2370 HsiH3 Hypothetical protein 2.1688 Up
PA2371 ClpV3 ClpA/B-type protease 1.8949 Up

PA2570 LecA PA-I galactophilic lectin 1.4361 Up

PA3062 pelC Pellicle/biofilm biosynthesis outer 1.7047 Up
Membrane protein PelC

PA3063 pelB Pellicle/biofilm biosynthesis protein PelB 1.4383 Up

PA3478 rhlB Rhamnosyltransferase subunit B 2.0555 Up
PA3479 rhlA Rhamnosyltransferase subunit A 2.3069 Up

PA3542 alg44 Alginate biosynthesis protein Alg44 1.4137 Up

PA4969 cpdA cAMP phosphodiesterase −1.0595 Down

Antibiotic 

resistance and 
susceptibil-ity

PA0058 dsbM DsbM 1.2641 Up
PA0189 opdI Porin 1.546 Up

PA0355 pfpI Protease PfpI 2.086 Up

PA0425 mexA Multidrug resistance protein MexA −1.2947 Down
PA0426 mexB Multidrug resistance protein MexB −1.8305 Down

PA0427 oprM Outer membrane protein OprM −1.7523 Down

PA0706 cat Chloramphenicol acetyltransferase −1.322 Down
PA0958 oprD Porin D −1.6397 Down

PA1959 bacA Bacitracin resistance protein −1.358 Down

PA2055 Probable major facilitator superfamily 1.249 Up
(MFS)transporter

PA2615 ftsK Cell division protein FtsK −1.0865 Down

PA2649 nuoN NADH dehydrogenase I chain N −2.2875 Down
PA2760 oprQ OprQ −2.1088 Down

PA3553 arnC ArnC 1.175 Up

PA3721 nalC Transcriptional regulator NalC 1.3367 Up
PA4003 pbpA Penicillin-binding protein 2 −1.3627 Down

PA4144 opmK Probable outer membrane protein precursor 1.2711 Up

PA4218 ampP Transporter AmpP 1.3347 up
PA4219 ampO AmpO 1.0902 Up

PA4375 mexW Multidrug efflux protein −1.3139 Down

PA4599 mexC Resistance-Nodulation-Cell Division −1.2176 Down
(RND) multidrug efflux membrane

Fusion protein

PA4974 opmH MexC precursor −1.1742 Down
PA5003 Hypothetical outer membrane protein −1.4108 Down

PA5045 ponA Mig-14-like protein −1.2727 Down

Penicillin-binding protein 1A

(Continued)
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overall virulence of the bacteria. To assess the extent to which PA0715 affects bacterial virulence, we used Galleria 
mellonella larvae, a model system for testing infectious bacterial virulence.51,52 The larvae were injected with 5 μL of 
diluted culture containing 1×103 strains. Larval survival was assessed at 12, 24, 48, 60, and 72 h post-injection 
(Figure 6A). At 12 h post-infection, the survival rate of larvae injected with the silent mutant was 90%, whereas that 

Table 4 (Continued). 

Group Gene Information log2FC Regulated

Locus Tag Name Product Description

Oxidative 

phosphoryl-ation

PA0113 Protoheme IX farnesyltransferase 1.3348 Up

PA0518 nirM Cytochrome C-551 −3.7335 Down
PA1552 ccoQ1 Cytochrome C oxidase CcoQ −2.1484 Down

PA1553 ccoO1 Cytochrome C oxidase II −2.7259 Down

PA1554 ccoN1 Cytochrome C oxidase I −2.1067 Down
PA1555 ccoQ2 Cytochrome C oxidase CcoQ −1.9622 Down

PA1556 ccoO2 Cytochrome C oxidase II −1.7737 Down

PA1557 ccoN2 Cytochrome C oxidase I −2.4616 Down
PA1581 sdhC Succinate dehydrogenase C −1.2053 Down

PA1582 sdhD Succinate dehydrogenase D −1.8333 Down

PA1583 sdhA Flavoprotein subunit −2.0604 Down
PA1584 sdhB Iron-sulfur subunit −1.9499 Down

PA2638 nuoB NADH-quinone oxidoreductase −1.2566 Down

Subunit B
PA2639 nuoD NADH:-quinone oxidoreductase −1.595 Down

Subunit C/D

PA2640 nuoE NADH-quinone oxidoreductase −1.4195 Down
Subunit E

PA2641 nuoF NADH dehydrogenase I subunit F −1.4948 Down

PA2642 nuoG NADH-quinone oxidoreductase −1.7562 Down
subunit G

PA2643 nuoH NADH-quinone oxidoreductase −1.802 Down

Subunit H
PA2644 nuoI NADH-quinone oxidoreductase subunit I −1.4802 Down

PA2645 nuoJ NADH-quinone oxidoreductase subunit J −1.63 Down

PA2647 nuoL NADH-quinone oxidoreductase subunit L −1.8441 Down
PA2648 nuoM NADH-quinone oxidoreductase −2.0544 Down

Subunit M

PA2649 nuoN NADH-quinone oxidoreductase −2.2875 Down
Subunit N

PA3930 cioA Cyanide insensitive terminal oxidase 1.0101 Up

PA4031 ppa Inorganic pyrophosphatase −2.5991 Down
PA4133 cbb3-type cytochrome C oxidase subunit −1.8227 Down

PA4429 Cytochrome C1 −2.4747 Down

PA4430 Cytochrome b −2.6121 Down
PA4431 Iron-sulfur protein I −1.8517 Down

PA5553 atpC ATP synthase subunit epsilon −2.2008 Down

PA5554 atpD ATP synthase subunit beta −2.7363 Down
PA5555 atpG ATP synthase subunit gamma −2.9278 Down

PA5556 atpA ATP synthase subunit alpha −2.6943 Down

PA5557 atpH ATP synthase subunit delta −2.7906 Down
PA5558 atpF ATP synthase subunit B −2.6157 Down

PA5559 atpE ATP synthase subunit C −2.8342 Down

PA5560 atpB ATP synthase subunit A −2.6357 Down
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of larvae injected with the control strain was less than 50%. However, 48 h post-infection, all larvae injected with the 
control strain died, while the survival rate of larvae injected with the silent mutant remained at 40%. After 72 h of 
infection, the survival rate of PA0715-silent mutants group maintained 30%, and the surviving larvae had good vitality. In 
order to describe the survival of the larvae more clearly, we showed the whole body after 12 h and 48 h of infection 
(Figure 6B). These data demonstrate the important role of PA0715 in P. aeruginosa virulence.

PA0715 as a Global Regulator That Influencs Metabolism Signaling Pathways
Our work on bacterial phenotypes demonstrates the key contribution of PA0715 to the free-living and rapid reproduction 
of P. aeruginosa. Based on these unexpected findings, this gene is assumed to have additional functions. To characterize 
the extent to which PA0715 suppression affects overall gene expression in PAO1, we performed transcriptome sequen-
cing(SRA accession number:PRJNA824013). The effect of PA0715 on PAO1 expression profile is shown in Figure 7.We 
first analyzed the differentially expressed genes (DEGs) that were repressed or not repressed by PA0715. DEGs were 
defined as the genes with > 2-fold change in expression. Gene expression differences reflect the effect of PA0715 on 
these genes as well as the indirect effects on downstream proteins and metabolites. The transcript levels of a total of 1757 
genes were significantly altered in PAO1 cells with PA0715 silencing compared to that of the control strains.A total of 
857 genes were downregulated, whereas 900 were upregulated. The volcano plot in Figure 7A shows the significance of 
differential gene expression with fold changes.

Differential genes were functionally classified using the Gene Ontology (GO) database. GO annotation comprises 
three branches, namely biological processes, molecular functions, and cellular components. GO annotation enables 
researchers to query and use gene annotation information at different levels. GO enrichment analysis further assists the 
understanding of biological functions, processes, and subcellular localization associated with DEGs. GO enrichment 
revealed that P. aeruginosa, regulated by PA0715, exhibited enriched cellular components and biological processes 
(Figure 7B). Enrichment analysis with the ontology term “biological process” revealed associations of 857 upregulated 

Figure 5 SEMimages of PA0715 being or not being inhibited by PAO1 cells. 
Notes: The surface of PAO1 cells of all samples showed relatively normal morphology, but a few cells showed depression and roughness. The arrows show the depression and 
roughness on the cell surface. Scale bar: 5 μm. (A) PAO1-pdsgRNA-Ara(PA0715-silent mutants); (B) PAO1-pdsgRNA-Glu(control1); (C) PAO1-Ara(control2); (D) PAO1-Glu 
(control3); (E) PAO1(control4).
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genes with oxidation-reduction processes, transmembrane transport, and lipid metabolism. For the “molecular function” 
ontological terminology, the main GO terms represented included coenzyme-binding agents, oxidoreductase activity, and 
cofactor binding-related pathways. Unexpectedly, none of the upregulated genes were associated with cellular compo-
nents (Figure 7C). Therefore, we were more interested in the downregulated genes. Among the 900 downregulated genes, 
most were associated with the organic nitrogen complex biotin, cellular metabolic process, and cellular process pathways, 
which represent an important regulatory role of PA0715 in bacterial metabolism (Figure 7D). All aforementioned 
enrichment pathways are mainly involved in important physiological processes such as metabolism, environmental 
information processing, and genetic information processing of cellular processes.

To identify additional signal transduction pathways, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 
analysis was conducted. KEGG focuses on signaling pathways and can enrich DEGs to various pathways. Different gene 
products coordinate with one another to perform biological functions, and pathway annotation analysis of DEGs can help to 
further decipher gene functions. The analysis of whether DEGs are over-presented in a pathway is known as pathway 
enrichment analysis of DEGs. Figure 8 shows the KEGG annotation and enrichment analysis of the significantly different 
DEGs.All DEGs were assigned to 20 major pathways (Figure 8A). Nine hundred upregulated genes were assigned to the 
KEGG pathway (Figure 8B). Amino acid metabolism, especially valine, leucine, and isoleucine degradation pathways, 
enriched the most differentially expressed genes and showed high significance levels.Ketone body synthesis and degrada-
tion pathways exhibited the highest enrichment factor values among these enrichment pathways. Notably, amino acids and 

Figure 6 Survival of Galleria mellonella inoculated with PA0715-suppressed or control strains. 
Notes: (A) Survival curve graphs of the G. mellonella at a strain concentration of 103 CFU/mL. (B) Survival corresponding to the 12th and 48th hour of infection. Larvae first 
exhibit melanization at the injection site during infection that gradually spreads throughout the body until death. Ten larvae per group were used for the infection tests. a: 
PAO1-pdsgRNA-Ara(PA0715-silent mutants); b:PAO1-pdsgRNA-Glu(control1); c:PAO1-Ara(control2); d:PAO1-Glu(control3); e:PAO1(control4).
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ketone bodies are important substrates or end products of protein and fat metabolism, respectively.53–57 In addition, 
metabolism of propanoate, butanoate, starch and sucrose metabolism were identified as important enrichment pathways. 
Gene enrichment suggested that PA0715 may interfere with the metabolic processes of proteins, lipids, sugars, and organic 
salts in P. aeruginosa. Furthermore, among all downregulated genes, the oxidative phosphorylation pathway was the most 
enriched (Table 4), followed by protein export, purine metabolism, and the citric acid cycle (Figure 8C). The type III 
secretion system (T3SS) in P. aeruginosa aids in enhancing virulence upon eukaryotic host infection, whereas the quorum- 
sensing system(QS) mediates a variety of biological effects, including bacterial biofilm formation, toxin production, 
antibiotic resistance, and motility regulation. RT-qPCR of six important regulatory genes from T3SS (exoS and pcrv) 
and QS (lasI, lasR, rhlI, and rhlR) systems were selected to validate the transcriptome sequencing results to improve the 
reliability of analysis and verify the effect of PA0715 on these systems. All selected differential genes showed the same 
expression pattern trend between RNA-seq and RT-qPCR results (Figure 8D). These data suggest that PA0715 may regulate 
respiration and important biochemical metabolic processes to participate in important bacterial functions.

To understand the PA0715-mediated regulation of P. aeruginosa, a complete transcriptome analysis was performed; 
however, this method does not explain how PA0715 regulates P. aeruginosa activities. A list of down- and up-regulated 

Figure 7 Volcano map of genes regulated by PA0715, and functional classification based on the Gene Ontology (GO) database (http://www.geneontology.org). 
Notes: (A) Volcano plots of significantly differentially expressed genes are shown. The abscissa in the volcano map represents the logarithm of gene differential expression 
multiple in PA0715 strain when PA0715 was inhibited or not. The vertical axis represents the negative logarithm of the false discovery rate of each gene. Each dot represents 
a gene, with red dots representing upregulated genes, green dots representing downregulated genes, and blue dots representing unchanged genes. (B) Functional 
classification of all PA0715-dependent genes according to the GO database. (C) Functional classification of PA0715-dependent upregulated genes according to the GO 
database. (D) Functional classification of PA0715-dependent downregulated genes according to the GO database. The bar chart for each category of enrichment pathways 
gives the absolute number of all significantly different genes up- or downregulated by PA0715.
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genes associated with motility chemotaxis, biofilm formation, and drug resistance phenotypes is presented in Table 4; 
most of these substantially variable genes engage in important metabolic processes in bacteria. Screening for DEGs 
associated with characteristic phenotypes helps in understanding the regulatory role that PA0715 plays in P. aeruginosa. 
PA0715 silencing caused differential expression of 36 genes associated with motility chemotaxis, 28 genes associated 
with biofilm formation, and 24 genes associated with antibiotic resistance and susceptibility; most of the genes promoting 
these processes showed a downregulated expression pattern, which was consistent with our phenotypic results. 
Interestingly, PA0715 silencing resulted in the most pronounced and enriched set of downregulated genes associated 
with the oxidative phosphorylation pathway. This change led us to speculate that PA0715 silencing reduces oxidative 
phosphorylation and hampers aerobic cellular respiration, ultimately limiting cell growth, motility chemotaxis, and 
biofilm formation. The results for growth, motility, and biofilm formation were consistent with these speculations. 
However, we did not screen for genes that were up- or downregulated in relation to pyocyanin and bacterial virulence, 
which could be attributed to the compromised activities of enzymes involved in the above-mentioned processes. This 

Figure 8 KEGG functional annotation and RT-qPCR validation of differential genes in PAO1 strains with or without PA0715 being repressed. 
Notes: (A) KEGG functional classification of all significantly differential genes. (B) Functional classification of the 900 upregulated differential genes. (C) Functional 
classification of the 857 downregulated differential genes. The bubble color indicates the significance of the enriched KEGG pathway. Enrichment factor indicates the ratio of 
the number of differential genes annotated as KEGG pathway categories to the number of all genes annotated as that category. (D) Six significant genes were used to validate 
the accuracy of RNA-seq results.
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conjecture is reasonable, since in cell signaling and metabolic pathways, in addition to the number of upstream 
molecules, their activity can also effectively alter downstream products. Similarly, no genes related to the cell membrane 
and cell wall synthesis processes were screened for up- or downregulation, which may explain why cell morphology was 
unaffected by PA0715.

Discussion
In the present study, we report the adoption of CRISPRi induction to silence a gene of unknown function in P. aeruginosa 
PAO1. We show that PA0715—whose product is predicted to be a reverse transcriptase—has specific implications for P. 
aeruginosa. The quantity and quality of PAO1 were significantly affected after the inhibition of PA0715 expression. This 
alteration may be comprehensive. The bacterial growth curve was affected by PA0715 silencing, indicating a limited 
offspring propagation rate of offspring.However, it is important to emphasize that this limitation is not unlimited. PA0715 
is not a distinct pathway that allows P. aeruginosa to acquire the ability to proliferate. In fact, PA0715 blocks a pathway 
involved in promoting cell division, and P. aeruginosa is still able to continue proliferation via various other pathways. A 
significant decrease in swimming, swarming, and twitching motility was observed after PA0715 inhibition. This 
represents a low expression of surface flagella and pili, low adhesion and hydrophobicity, and a defective chemotaxis 
response leading to reduced motility. This implies that PA0715 shows a modified expression of regulatory genes involved 
in initiating motility and chemotaxis formation. The effect of PA0715 on bacterial cell structure may be limited to the 
bacterial flagella and pili rather than altering the cell wall and cell membrane.SEM results showed that the normal 
morphology of the bacterial surface was not disrupted after PA0715 inhibition, while the cell wall and cell membrane 
were the basis for the bacteria to avoid rupture and maintain their cell shape.58–60 Pyocyanin, biofilm, and drug resistance 
are three inseparable phenotypes in P. aeruginosa.61,62 The capacity to produce the phenazine electrochemically-active 
metabolite pyocyanin allows P. aeruginosa to participate in various important biological activities, including maintaining 
bacterial cellular fitness, biofilm formation, and acting virulently within host tissues.63–65 Biofilm is an integral 
organizational structure of the bacterial community, representing the participation of microorganisms in various life 
processes as a community rather than as individuals. Exogenous antibiotics are often unable to completely kill bacteria 
because of the biofilm.66 P. aeruginosa easily converts to multi-drug resistant strains and can be insensitive to various 
antibiotics belonging to different classes, especially carbapenems, aminoglycosides, and fluoroquinolones.67 Our study 
found that PAO1 strains were more sensitive to these three classes of antibiotics after PA0715 inhibition, which prompted 
us to use this gene as a target for developing new drugs. In parallel, synergistic interactions between drug resistance and 
biofilms are more biologically relevant in bacteria. Therefore, how the relative expression patterns of these three 
phenotypes are affected by PA0715 remain to be determined. However, we were able to determine the effect of 
PA0715 on the P. aeruginosa virulence factor using G. mellonella larvae infection model.

The remaining key question is how PA0715 participates in regulating such a wide range of life activity processes in P. 
aeruginosa. Collectively, two hypotheses were considered. The first one is that PA0715 acts as a reverse transcriptase to 
synthesize several types of DNA strands, and its abundance provides different signaling pathways. Secondly, reverse 
transcriptase acts as an integral physiological process in P. aeruginosa. The latter hypothesis is supported by transcrip-
tome sequencing results. Analysis of the KEGG pathway database indicated that the oxidative phosphorylation pathway 
was most enriched among all downregulated genes. In view of the importance of the oxidative respiratory chain in 
participating in microbial substance metabolism and energy conversion, the discovery that PA0715 regulates oxidative 
phosphorylation opens up interesting possibilities for the function of reverse transcriptase. Furthermore, considering that 
the inhibition of PA0715 has an all-encompassing effect on P. aeruginosa, we speculated that a direct method of 
disrupting the oxidative respiratory chain might have a similar effect. Therefore, we hypothesized that PA0715 acts 
through an extremely important oxidative pathway in P. aeruginosa and influences metabolism. Although reverse 
transcription and oxidative phosphorylation are two seemingly unrelated processes, this possibility is valid without 
considering unpredictable signaling pathways.

Our research shows that the regulation of P. aeruginosa by PA0715 is complex and involves processes of substance 
metabolism and oxidative respiration that are essential for cell survival. This complex regulatory network allows P. 
aeruginosa to respond to changes occurring in the external environment, thereby enabling cells to maintain essential life 
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activities. Given that this study was limited to the standard strain PAO1, extending and deepening our findings and 
investigate the significance of reverse transcriptase in different clinical isolates for bacterial physiology and clinical 
therapy is important to better develop inhibitors of reverse transcriptase such as antibodies or antibiotics.

Conclusions
The analysis of bacterial phenotype and transcriptome using the efficient gene silencing technology CRISPRi allowed us to 
predict the essential functions of P. aeruginosa PA0715 in an unbiased manner. We accurately determined the involvement of this 
gene in motility, adhesion, population sensing, cell death, cytoplasmic division, and pyocyanin and drug resistance and 
demonstrated the role of regulatory virulence factors in in vivo experiments. Our observations reinforce the link between reverse 
transcriptase and basic bacterial life activities. Crucially, PA0715 silencing increased the susceptibility of PAO1 to several 
common antibiotics, which provides a new research target and directions to treat P. aeruginosa infections.However, the catalog of 
downstream pathways potentially affected by PA0715 silencing is far from complete. Further work is certainly required to 
understand the complete mechanistic basis of our observed effects. It should still be emphasized, however, that the functional 
characterization of PA0715 as a previously unrecognized reverse transcriptase suggests that reverse transcription is to a large 
extent not only a complement of the central dogma but also a treasure trove representing new insights into the treatment of 
bacterial infections.
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