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Background: Pseudomonas aeruginosa (P. aeruginosa) is the second-most common commensal bacterium in healthy conjunctival 
sacs. When the corneal epithelial barrier is damaged, P. aeruginosa in a healthy conjunctival sac can cause infectious keratitis, which 
can result in the loss of vision. This study was designed to investigate the differentially expressed genes (DEGs) of P. aeruginosa 
isolates from eyes with keratitis and from healthy conjunctival sacs to predict their functions and pathways through Illumina high- 
throughput RNA sequencing (RNA-seq).
Methods: P. aeruginosa isolates from keratitis and healthy conjunctival sacs were obtained. The transcriptome profile of 
P. aeruginosa was characterized by a high throughput RNA-seq strategy using the Illumina HiSeq 2500 platform. The DEGs were 
analyzed with DESeq and validated through quantitative real-time polymerase chain reaction (PCR) and with experimental mice. GO 
enrichment and the KEGG pathway were also analyzed.
Results: In genome-wide transcriptional analysis, 557 genes (332 upregulated and 225 downregulated) were found to be differentially 
expressed (fold change ≥ 2, p ≤ 0.05) in the strains from keratitis. GO enrichment analysis suggested that DEGs tended to be associated 
with cellular and metabolic processes. KEGG pathway analysis revealed the DEGs were typically associated with the pathways of the 
bacterial secretion system and pyoverdine metabolism. Eleven DEGs were validated using quantitative reverse-transcription PCR and 
verified with experimental mice. The results were consistent with those obtained in RNA-seq.
Conclusion: The DEGs related to pilin, T2SS, T3SS, and pyoverdine metabolisms were significantly altered in the strains from 
keratitis. The findings may be helpful for further investigations on genes or pathways related to the pathogenesis of and therapeutic 
targets for P. aeruginosa keratitis.
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Introduction
Pseudomonas aeruginosa (P. aeruginosa) is the second-most common commensal bacterium in healthy conjunctival 
sacs1 and can easily contaminate the cornea. It produces a series of cell-associated and extracellular virulence factors, 
such as pili, flagella, elastase, exotoxin A, a type III secretion system (T3SS), and others, and it can invade or kill corneal 
cells and induce corneal destruction.2,3 When the corneal epithelial barrier is damaged by injury or contact lens wear, 
P. aeruginosa can cause infectious keratitis.4,5 P. aeruginosa keratitis is an invasive corneal infection and a leading cause 
of blindness worldwide.6–8 The pathogenesis of P. aeruginosa keratitis involves bacterial virulence and induces excessive 
inflammatory response in the host. Its resistance to antibiotics is increasing via intrinsic and acquired mechanisms,9–12 

and the treatment of P. aeruginosa keratitis remains a thorny problem in clinical practice. As the severity of keratitis and 
its sensitivity to medication depend on the virulence factors of the pathogen, additional insights into P. aeruginosa are 
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required. Therefore, it is important to investigate similarities and differences in characteristics among P. aeruginosa 
isolates from eyes with keratitis and those from healthy conjunctival sacs.

While genome analysis of P. aeruginosa strains (such as PAO1, PA19660, and PaeAG1) have been conducted,13–17 they have 
generally been limited to differences in phenotypic and genetic characterization. The advent of next-generation sequencing has 
made whole-genome, transcriptome, and even epigenomic sequencing of organisms possible. A comprehensive understanding of 
the transcriptome might contribute to the discovery of the functional elements of the genome and to hypotheses regarding 
potential mechanisms in physiological and pathological conditions.18 High-throughput RNA sequencing (RNA-seq) has become 
the standard technique to analyze transcriptomes and an alternative to transcriptomic technologies such as microarrays because of 
its advantages in covering a large dynamic range, possessing a high level of reproducibility, and requiring fewer RNA samples.18 

This tool has identified differences in gene expression between biological samples such as Escherichia coli, Salmonella typhi, 
and Helicobacter pylori.19–21 For example, Molina-Mora et al identified transcriptomic determinants of the response of ST-111 
P. aeruginosa AG1 to ciprofloxacin by employing RNA-seq.22 We previously used the technique to identify the gene 
characteristics of Staphylococcus aureus isolated from healthy conjunctival sacs and eyes with postoperative 
endophthalmitis.23 In the current study, we aimed to investigate the differentially expressed genes (DEGs) of P. aeruginosa 
isolates from keratitis and healthy conjunctival sacs by using Illumina high-throughput RNA-seq technology. We also performed 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of the DEGs and 
associated pathway genes involved in the pathogenesis of, and thus potential therapeutic targets against, P. aeruginosa keratitis.

Materials and Methods
Bacterial Isolates
Four P. aeruginosa isolates from P. aeruginosa keratitis and three P. aeruginosa isolates from healthy conjunctival sacs 
were obtained from the Clinical Laboratory of the Qingdao Eye Hospital of Shandong First Medical University 
(Qingdao, China). Four strains of P. aeruginosa were isolated from four infected corneas with P. aeruginosa keratitis 
(patient information provided in Table 1) by cornea scraping and cultured in the Laboratory. Three strains of commensal 
P. aeruginosa were isolated from the conjunctival sacs of three individuals with healthy eyes (Table 1) who had not used 
local mydriatic agents or antibiotic drops for 1 month prior to swab collection of the specimens. No conjunctival, facial, 
or systemic infections were found. All the samples were inoculated on blood agar plates (Auto Biotechnology, 
Zhengzhou, China) in triplicate and incubated for 24 h. Incubated specimens with a single-colony morphology were 
identified by an automatic microbiological identification and susceptibility analysis system (Beckman Coulter 
WalkAway-96 plus, CA, USA) using colorimetry and fluorescence to identify both gram-negative and gram-positive 
organisms through a variety of biochemical reactions. One single-colony morphology was selected to be cultured in 
10 mL of Luria-Bertani (LB) broth at 37°C and grown to a turbidity of 0.5 at 600 nm, with shaking at 160 × rpm. The 
bacterial cultures were centrifuged, washed, and collected for follow-up analysis. The bacterial preparation procedures 
were performed in accordance with a previously reported protocol.23

The study was approved by the Ethics Committee of Qingdao Eye Hospital of Shandong First Medical University 
(No. 2020-G-12). In accordance with the tenets of the Declaration of Helsinki, all enrolled patients provided written 
informed consent prior to undergoing the procedure.

Table 1 Characteristics of the Four Patients with Keratitis and Three Healthy Individuals

Number Age (Years) Sex Clinical Status Onset Time (Days) Isolates

1 46 Male Keratitis 6 P. aeruginosa
2 51 Male Keratitis 12 P. aeruginosa
3 48 Female Keratitis 11 P. aeruginosa
4 58 Male Keratitis 8 P. aeruginosa
5 62 Male – – P. aeruginosa
6 54 Female – – P. aeruginosa
7 57 Male – – P. aeruginosa
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RNA-Seq Library Construction and Sequencing
The bacterial collection was added with phenol water (Sinopharm Chemical Reagent Co., Shanghai, China) and shaken 
violently to be mixed. The centrifuge tube was incubated at 65°C with an oscillating metal bath at maximum speed for 
30–60 minutes, cooled on ice for 5 minutes, then centrifuged at 4°C for 10 minutes. The upper water phage was absorbed 
and added with 1/2 volume of TRK-1002 lysate (LC-Bio Technology CO., Ltd, Hangzhou, China). The concentration 
and purity of RNA were measured using an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). An 
RNA integrity number (RIN) >7.0 can be used to construct a cDNA library, and the cDNA library was prepared and 
sequenced by Lianchuan Bio (Hangzhou, China). Ribosomal RNA were removed from the total RNA by using a Ribo- 
Zero Magnetic Kit (Epicentre, Madison, WI, USA), and then the library was generated using an Illumina Truseq RNA 
Sample Preparation Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s recommendation. After 
digested into 200 nt fragments, double-stranded cDNAs were synthesized using uracil-N-glycosylase (UNG) to 
a cDNA cluster. The cDNAs were used to create the RNA-seq library by following the standard Illumina protocol 
(Lianchuan Bio, Hangzhou, China).

Analysis of RNA-Seq Data
The raw paired-end reads were trimmed and quality controlled by Trimmomatic with the default parameters (http://www. 
usadellab.org/cms/uploads/supplementary/Trimmomatic). Then, clean reads were separately aligned to the reference 
genome (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE209539) in orientation mode using Rockhopper 
(http://cs.wellesley.edu/~btjaden/Rockhopper/) software. Rockhopper is a comprehensive, user-friendly system for com-
putational analysis of bacterial RNA-seq data.24 As input, Rockhopper takes RNA sequencing reads generated by high- 
throughput sequencing technology. This software was used to calculate gene expression levels with the default 
parameters. To identify DEGs between the two samples, the expression level for each transcript was calculated using 
the fragments per kilobase of read per million mapped reads (RPKM) method.

DEG analysis of the P. aeruginosa isolates was performed by LC-Bio Technology CO., Ltd (Hangzhou, China) using 
edgeR (https://bioconductor.org/packages/release/bioc/html/edgeR.html). The false discovery rate was controlled by 
adjusting the p values using the Benjamini-Hochberg approach. Genes with an adjusted p value of <0.05 were considered 
DEGs. To obtain significant functions of the DEGs, a GO enrichment analysis was performed using the GO seq 
R package. Pathway analysis was performed using the KEGG pathway database (http://www.genome.jp/kegg).

Quantitative Reverse-Transcription Polymerase Chain Reaction
Eleven genes from the significantly enriched KEGG pathway were chosen for quantitative reverse-transcription poly-
merase chain reaction (qRT-PCR), which showed the same expression trend in all strains of the same group (|log2 fold 
change| > 2, adjusted p < 0.05) (Table 2). Mouse corneas (see below) infected with different P. aeruginosa isolates were 
excised, minced, and homogenized in 100 µL of PBS with a TissueLyser (TissueLyser II, Hilden, Germany). The total 
RNA samples were reversed to generate cDNA using a PrimeScript RT Reagent Kit. Realtime PCR was conducted using 
TB Green Premix EX Taq II (TaKaRa, Beijing, China) and Rotor-Gene Q systems (Qiagen, Hilden, North Rhine- 
Westphalia, Germany). The cycling conditions were 30s at 95°C followed by two-step cycles (5s at 95°C and 1 min at 
60°C). The quantified data were analyzed using the ΔΔ threshold cycle method with 16s rRNA as an internal control for 
P. aeruginosa. The primers are shown in Supplementary Table 1.

Animals
Female C57BL/6 mice (age, 8 weeks; weight, 20–25 g; amount, 90) were purchased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd., and housed in the animal center of Qingdao Eye Hospital of Shandong First Medical 
University. All procedures were performed in accordance with the Association for Research in Vision and 
Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. The study was conducted 
with the approval of the Ethics Committee of Qingdao Eye Hospital of Shandong First Medical University 
(No. 2020-G-12).
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Infection Procedure and Clinical Examination
Each experiment was repeated thrice, with five eyes used in each group. The mice were anesthetized with ether, and the 
cornea of the left eye was scratched to create three 1 mm incisions by using a sterile 25-gauge needle and inoculated with 
bacterial suspension containing 1×106 colony-forming units (CFU) of the P. aeruginosa isolates from the healthy 
conjunctival sac group. The procedures were performed in accordance with a previously reported protocol.4 The corneas 
were examined with a slit lamp at 24, 48, and 72 h after inoculation. The severity of the corneal disease was graded using 
a well-established scale.25 At 24, 48, and 72 h after inoculation, and the infected corneas were cut along the limbus under 
a microscope immediately after the mice were euthanized.

Determination of Bacterial Load
Each cornea was homogenized with a tissue homogenizer (TissueLyser II, Hilden, Germany) in sterile saline. Aliquots 
(100 mL) of serial dilutions were plated onto LB agar plates in triplicate and cultured at 37°C for 24 h. The bacterial 
colonies were counted and recorded as CFU per cornea.

Statistical Analysis
A statistical analysis qRT-PCR, clinical score, and bacterial load data was performed using SPSS 20.0 software (SPSS 
Software, Chicago, IL, USA). An unpaired, two-tailed Student’s t-test and the Mann–Whitney U-test were performed. 
Data obtained from at least three experiments are expressed as mean ± standard deviation (SD). Differences were 
considered statistically significant at p < 0.05 (*p < 0.05, **p < 0.01, and ***p < 0.001).

Results
DEGs Analysis
To investigate changes in the gene expressions of P. aeruginosa isolates from keratitis and healthy conjunctival sac 
groups, the DEGs were analyzed. Gene expression was considered differential, with a corrected p value of <0.05. A total 
of 557 DEGs were identified, of which 332 genes (59.6%) were upregulated and 225 genes (40.4%) downregulated in the 
keratitis group. Scatter and volcano plots were used to visualize the characteristics of the DEGs (Figure 1A and B).

GO Functional Analysis of DEGs
GO enrichment analysis was used to ascribe the three main categories of gene functions, namely biological process, 
molecular function, and cellular component. It was performed to analyze the functions of all the DEGs in the keratitis and 
healthy conjunctival sac groups by using Fisher’s exact test with p ≤ 0.05 as the threshold. Among 53 GO terms 
(Supplementary Table 2), 39 GO terms were classified as biological processes, 10 GO terms as molecular functions, and 

Table 2 Genes Validated by Quantitative RT-PCR

Number log2 Fold Change p value Description

Q010_02058 −2.005947844 2.54E-11 Pyoverdine non-ribosomal peptide synthase/polyketide synthase Pvd L
Q010_02099 −3.203126088 9.38E-21 Acyl-homoserine lactone acylase Pvd Q
Q010_06256 12.08248173 0.009316769 Type II secretion system protein Gsp H
Q010_06248 4.012695607 3.58E-10 Type II secretion system protein Gsp E
Q010_03784 9.014665152 4.60E-104 Type 4b pilus Flp major pilin

Q010_01891 13.25174128 6.65E-10 Type 1 fimbrial protein

Q010_02816 2.997495685 0.000126626 Translocation protein in type III secretion
Q010_02805 2.453935282 2.00E-07 CesD/SycD/LcrH family type III secretion system chaperone

Q010_02806 2.274800987 1.48E-06 Type III secretion protein
Q010_03570 18.56935871 4.56E-94 Type III secretion system effector cytotoxin Exo U
Q010_02802 2.272453438 9.77E-17 Exo S synthesis protein C
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4 GO terms as cellular components. As shown in Figure 2 and Supplementary Table 2, for biological processes, the top 
two GO terms were “peptide transport (GO:0015833)” and “amide transport (GO:0042886)”. “Oxidoreductase activity, 
acting on paired donors, with incorporation or reduction of molecular oxygen, NAD(P)H as one donor, and incorporation 
of two atoms of oxygen into one donor (GO:0016708)” and “5-carboxymethyl-2-hydroxymuconate delta-isomerase 
activity (GO:0008704)” were the top two GO terms for molecular functions, and “extracellular region (GO:0005576)”, 
“cell projection (GO:0042995)”, and “type II protein secretion system complex (GO:0015627)” were the top three GO 
terms for cellular components. Moreover, the genes (“protein secretion by the type III secretion system, GO:0030254” 
and “type III protein secretion system complex, GO:0030257”) involved with the T3SS were the more significantly 
changed DEGs, indicating that the T3SS may play an important role in the pathogenesis of P. aeruginosa-induced 
keratitis.

KEGG Pathway Analysis of DEGs
To investigate the pathways involved in the P. aeruginosa isolates, a KEGG pathway analysis was performed for the 
keratitis group, which was compared with the healthy conjunctival sac group. A total of 59 pathways are shown in 
Figure 3. The bacterial secretion system was the most significantly enriched upregulated pathway, indicating that 
compared with P. aeruginosa in healthy conjunctival sacs, the activity of P. aeruginosa secretion function in keratitis 
was significantly enhanced. The most significantly enriched downregulated pathways were the pyoverdine metabolic and 
biosynthetic processes, indicating that iron metabolism in P. aeruginosa during keratitis was relatively weakened.

Validation of DEGs with qRT Polymerase Chain Reaction
To validate the RNA-seq results, qRT-PCR was performed using the same extracted total RNA as in the RNA-seq 
analysis for each of the seven samples. A total of 11 genes (|log2 fold change| > 2; adjusted p < 0.05) from the 
significantly enriched KEGG pathway were validated. The 11 genes exhibited the same expression trend in all strains of 
the same group (Table 2). Of the 11 validated genes, 9 were upregulated and involved with the bacterial secretion system 
and pilin of the significantly enriched KEGG pathway, and 2 genes were downregulated and involved with the 
pyoverdine metabolic process of the significantly enriched KEGG pathway in the keratitis group, as indicated by the 
RNA-seq results. Of the nine upregulated genes, two were involved with the T2SS and two with pilin and thus involved 
with motility of Pseudomonas, whereas the other five were involved with the T3SS, which is an important pathogenic 
virulence factor of P. aeruginosa. In our validated results, the expression levels of the nine genes involved with the 

Figure 1 DEGs in the P. aeruginosa isolates from keratitis and healthy conjunctival sacs. Scatter plot (A) and volcano plot (B) of the upregulated and downregulated DEGs 
were shown. Genes with a corrected p value of less than 0.05 found with DEseq were assigned as differentially expressed.
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Figure 2 GO enrichment analysis of DEGs in the keratitis group compared with the healthy conjunctival sacs group. The top 30 enriched GO terms were shown. Enriched 
GO terms with a corrected p value of less than 0.05 were considered significantly enriched.

Figure 3 KEGG pathways of DEGs in the keratitis group compared with the healthy conjunctival sacs group. The top 30 upregulated (A) and the top 29 downregulated (B) 
KEGG pathways of the DEGs were shown. Enriched pathways with an adjusted p value of less than 0.05 were considered significantly enriched.
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bacterial secretion system and pilin were significantly upregulated, and those of the two genes involved with the 
pyoverdine metabolic process were significantly downregulated in the keratitis group compared with the healthy 
conjunctival sac group. The results were consistent with the RNA-seq results, indicating the reliability of the latter (*p 
< 0.05, **p < 0.01, and ***p < 0.001; Figure 4).

Changes of the DEGs of P. aeruginosa Isolates from Eye with Healthy Conjunctival Sac 
to Keratitis
To further verify the changes of DEGs of P. aeruginosa isolates from eyes with a healthy conjunctival sac to keratitis, 
isolates from healthy sacs were incubated and inoculated onto the surface of murine scarified corneas with 1.0×106 CFU, 
and infectious keratitis was induced. The expression of DEGs of P. aeruginosa in infectious keratitis and that of 
P. aeruginosa before inoculation was detected. Representative photographs (Figure 5A) showed that the corneas treated 
with P. aeruginosa isolates from the healthy conjunctival sac showed slight corneal opacification at 24 h and were nearly 
perforated at 72 h after bacterial inoculation. The gradual increase in clinical scores also indicated that the destruction of 
infected corneas was aggravated gradually (Figure 5B). The bacterial load of infected corneas at 24 and 72 h after 
inoculation was also measured (Figure 5C). The expression of the 11 DEGs chosen from the significantly enriched 
KEGG pathway (Figure 5D) from murine infectious keratitis at 48 h after inoculation and healthy conjunctival sacs was 
detected. The results showed that two DEGs involved with the pyoverdine metabolism were downregulated, and nine 
DEGs involved with the bacterial secretion system and pilin were upregulated, which was consistent with the RNA-seq 
results. The results also indicated changes in the DEGs of P. aeruginosa isolates from eyes with a healthy conjunctival 
sac to keratitis.

Discussion
P. aeruginosa-colonized healthy conjunctival sacs can contaminate the ocular surface and lead to keratitis when the 
corneal epithelium is damaged. To understand the pathogenesis of keratitis, the relationship between P. aeruginosa 
isolated from healthy conjunctival sacs and that isolated from eyes with keratitis must be investigated. In the present 
study, we found 557 DEGs between the P. aeruginosa isolates from keratitis and healthy conjunctival sac groups. Our 
results indicated dramatic changes in the bacterial secretion system and iron metabolic system-related genes. To the best 

Figure 4 Validation of DEGs using real-time PCR. A total of 11 genes (log2 fold change >2 and adjusted p <0.05) from the significantly enriched KEGG pathway were chosen 
to be validated. The mRNA expression of pyoverdine metabolism-related genes (A), T2SS- and pili-related genes (B), and T3SS-related genes (C) were shown. Each genes 
were validated in all the P. aeruginosa isolates and the results showed as mean ± standard deviation of all P. aeruginosa isolates from keratitis or the healthy conjunctival sac 
group. (*p<0.05, **p<0.01, ***p<0.001, n = 3). (Control: healthy conjunctival sac).
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of our knowledge, this is the first study using RNA-seq to investigate the relationship between commensal and keratitis- 
causing strains.

The GO functional annotation of the transcripts in the current study revealed that both upregulated and downregulated 
genes were related to the metabolic process. The results of enrichment analysis indicated that the terms of peptide 
transport and amide transport were significantly enriched in the biological process. By analyzing these involved genes, 
we found that most of the DEGs presented an upregulated trend. Specifically, the GO terms “protein secretion by the type 
III secretion system” and “type III protein secretion system complex” were associated with the T3SS and were 
significantly upregulated in the keratitis group. This indicated that the T3SS may play an important role in the 
pathogenesis of P. aeruginosa-induced keratitis and may be speculated as an attractive antibiotic target for treatment.

The results of KEGG pathway enrichment analysis indicated that pathways of the bacterial secretion system, 
pyoverdine metabolic, and biosynthetic processes enriched more DEGs. Gram-negative bacteria employ secretion 
systems to translocate proteinaceous effectors from the cytoplasm to the extracellular milieu, thereby interacting with 
the surrounding environment or microniche.26 In the present study, more DEGs were enriched in the T3SS, indicating 
that the T3SS most significantly changed the secretion status of P. aeruginosa in the keratitis group and was associated 

Figure 5 Changes of the DEGs of P. aeruginosa isolates from eye with healthy conjunctival sac to keratitis. Representative slit lamp microscopy images at 24, 48, 72 h (A), 
clinical scores (B), and bacterial load (C) at 24 and 72 h after bacterial inoculation (1, 2, 3: healthy conjunctival sac number), and qRT-PCR results of DEGs of P. aeruginosa 
from murine infectious keratitis at 48 h after bacterial inoculation and healthy conjunctival sac (D) are shown (*p < 0.05, **p < 0.01, ***p < 0.001, n = 5). (Control: healthy 
conjunctival sac).
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with the destruction to the cornea caused by P. aeruginosa. The pathways of pyoverdine metabolic and biosynthetic 
processes are involved in iron ion metabolism. Iron is an essential micronutrient for the growth and proliferation of all 
organisms, including pathogenic bacteria, and plays a pivotal role in colonization and subsequent pathogenesis.27 Iron 
limitation is a vital host defense mechanism against bacteria.

Various P. aeruginosa virulence factors are involved in the pathogenic process of corneal infection. Most play needless 
roles, but some are required for full virulence.28,29 The T2SS consists of an assembly of 12 to 15 Gsp proteins responsible 
for transporting a variety of virulence factors across the outer membrane in several pathogenic bacteria. It is a key virulence 
factor in P. aeruginosa. Many diverse effectors and toxins depend on the T2SS for secretion. Such substrates are involved in 
adhesion, biofilm formation, nutrient acquisition, colonization, and invasion.30 Pilin is a virulent protein on the surface of 
P. aeruginosa. The twitching motility produced by the extension and retraction of type IV pili assists bacterial adherence 
onto the corneal epithelium and enables bacterial infiltration into the corneal stroma, which is required for the pathogenic 
process of gram-negative bacteria.31,32 This mechanism also helps bacteria effectively escape from the surface when 
needed.33 Twitching motility mutants show a lack of virulence in vivo.34 A mutant of P. aeruginosa was shown to have 
a twitching motility defect and to exhibit decreased corneal colonization in mice,30 which suggests that type IV pili play an 
important role in corneal infection. A previous report demonstrated that 90% of 63 keratitis isolates showed better twitching 
motility than the PA14 strain.35 In gram-negative bacteria, type IV pilus assembly and T2SS polymerize inner membrane 
proteins called major pilins and pseudopilins, respectively, into thin filaments. Four minor pilins are required in both 
systems for efficient fiber assembly.30 In our results (Figures 4B and 5), compared with P. aeruginosa isolated from healthy 
conjunctival sacs, that isolated from eyes with keratitis was also found to carry more T2SS and type IV pilus genes, to be 
more virulent, and to induce more severe corneal infections.

The T3SS is a well-recognized major virulence determinant in P. aeruginosa. It conveys toxins to host cells and plays 
an important role in inducing host infection. It includes a pore-forming protein, needle-like devices, and effector proteins. 
The four effector toxins of T3SS that are involved in virulence are ExoS, ExoU, ExoT, and ExoY.36 ExoS and ExoT 
encode for bifunctional enzymes that comprise a GTPase activating domain and an ADP ribosyltransferase domain. 
ExoU encodes for a cytotoxin phospholipase A2, and ExoY encodes for adenylate cyclase. P. aeruginosa employs the 
T3SS for immune evasion and persistence determinants, such as Psl exopolysaccharide, to form tenacious biofilms.37,38 

ExoS and ExoT are closely related and have been shown to block reactive oxygen species (ROS) production, induce 
neutrophil apoptosis, and inhibit neutrophil phagocytosis.39,40 The presence of ExoU is associated with increased 
cytotoxicity. ExoU+ isolates were previously reported to mediate pathogenicity in an experimental model of keratitis 
and to induce cell lysis in macrophages and epithelial cells. The T3SS has been associated with increased mortality and 
persistence in patients with acute lung infections.41 In keratitis, the adenosine diphosphate ribosyl transferase activities of 
Exo S and T mediate the subversion of the host immune response to promote bacterial survival and the development of 
corneal disease.42 In our study, we also found that the gene expression of T3SS (shown in Figure 4C) was significantly 
more upregulated in the keratitis group than in the healthy conjunctival sac group, confirming previous reports.42 The 
results indicated that it could be associated with the destruction caused by P. aeruginosa to the cornea.

Iron is indispensable in the in vivo growth of all human pathogens. The growth of P. aeruginosa is also regulated by 
iron and the quorum sensing system. Iron restriction in host fluids for proteins such as lactoferrin and transferrin is a vital 
defense mechanism against bacteria.43 Pyoverdines play an essential role in the iron metabolic process and is a critical 
virulence determinant of P. aeruginosa during acute infections. One pyoverdine uptakes iron and releases PvdS to 
regulate several virulence factors and the production machinery for pyoverdine itself.44 Another pyoverdine removes iron 
and causes mitochondrial damage.45 While Wiens et al46 observed that pyoverdine production contributed to 
P. aeruginosa biofilm formation, another study found no evidence that pyoverdine production had an effect on biofilm 
formation in various clinical and environmental isolates.47 During infection, pyoverdines contribute to the growth and 
virulence of P. aeruginosa by providing iron, a process hosts assiduously try to prevent. The expression of the acyl- 
homoserine lactone acylase PvdQ and that of pyoverdine non-ribosomal peptide synthase/polyketide synthase 
PvdL genes in our study were downregulated in the keratitis group (Figure 4A), perhaps due to host regulation.

This study has several limitations. First, we collected only four P. aeruginosa isolates from eyes with keratitis because 
the positivity rate in bacterial culture was not high. Second, gene regulation was studied in laboratory growth media, 
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which may exhibit substantially different gene regulation than that in bacteria in the host environment. Third, several of 
the genes we identified as possibly contributing to the pathogenesis of keratitis may need to be validated in future studies. 
Fourth, P. aeruginosa is not a clonal bacterium, and there are variations in genome size within the group. Therefore, the 
use of a reference genome is not always the best option for Pseudomonas genome analysis. It is possible that a de novo 
genome assembly can offer new DEGs that correspond to exclusive genes in the isolate (that are relevant for biological 
observation) but are absent in the reference genome.22,48 Therefore, paying closer attention to and analyzing the genomes 
of clinical isolates remains necessary.

In conclusion, DEGs related to the pilin, T2SS, T3SS, and pyoverdine metabolisms significantly changed in the 
pathogenesis of P. aeruginosa of healthy conjunctival sacs to induced keratitis. This indicates that the virulence factors 
corresponding to these DEGs may play key roles in inducing keratitis by commensal P. aeruginosa in a healthy 
conjunctival sac. The development of novel measures against these virulence factors may play a better role in the 
prevention and treatment of P. aeruginosa keratitis in clinical practice.
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