
Pseudomonas aeruginosa (P. aeruginosa) is a ubiquitous 
Gram-negative bacterium associated with microbial keratitis 
and one of the most destructive of all opportunistic patho-
gens. P. aeruginosa keratitis (PA keratitis) progresses rapidly 
and is characterized by the infiltration of inflammatory cells 
and tissue destruction, which can lead to corneal perforation 
[1]. Recent reports confirm that contact lens wear is the most 
common risk factor for keratitis and that the most commonly 
isolated organism is P. aeruginosa [2-4], even in patients who 
follow routine disinfection procedures [5]. In 2002, it was 
reported that 25,000–30,000 contact lens wearers developed 
microbial keratitis annually in the United States [6] and that 
up to 39% of these cases are caused by P. aeruginosa [7,8]. 
Although relatively rare, bacterial keratitis remains a serious 
complication of contact lens wear. Currently, there are at least 
34 million contact lens users in the United States and 140 
million worldwide [9].

In addition to the effect on the cornea, other sight-threat-
ening problems such as development of cataracts have also 
been reportedly linked to PA keratitis [10]. This was attrib-
uted to the host’s inflammatory response and possibly the 
influence of the bacterial toxins and toxicity from antibiotic 
and topical steroid treatment [10]. Secondary glaucoma can 
also be a sequela of bacterial keratitis.

The pathogenesis of PA keratitis is a complex process 
that is not completely understood. It depends on the inter-
action between the bacterium and the host as well as the 
virulence of the bacterium. The latter is multifactorial and 
involves different components, including pili, flagella, outer 
membrane proteins, and lipopolysaccharides, in addition to 
several secreted products such as exotoxins and proteases. 
Cytotoxins include ExoU and ExoS [11,12] that belong to the 
type III secretion system. Proteases include elastase B (LasB) 
[13,14], alkaline protease (AprA), protease IV (PrpL) [15], and 
P. aeruginosa small protease (Pasp). The current treatment 
for PA keratitis consists of multiple antibiotics that are used 
simultaneously with frequent dosing and which must be intro-
duced rapidly following the onset of symptoms to minimize 
corneal damage [16]. However, such shotgun therapy results 
in corneal toxicity [17,18] and selection of antibiotic-resistant 
bacterial strains [19,20], leading to failure of treatment [21]. 
Because of the increasing number of contact lens wearers [9], 
and an increase in antibiotic-resistant bacteria including P. 
aeruginosa [22], a better understanding of the mechanism(s) 
is critical for developing improved therapeutic strategies. 
Therefore, identification of novel virulence factors used to 
initiate and maintain infection will provide additional insights 
into the pathophysiology of the disease.

In this study, using liquid chromatography followed by 
tandem mass spectrometry (LC-MS/MS), we sought to iden-
tify the proteomic profile of a clinical isolate of P. aeruginosa 
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obtained from an active human ulcerative keratitis and 
compared it to the non-clinical laboratory strain ATCC 10145 
[23]. The goal of this study was to identify missing or upregu-
lated proteins in the clinical isolate of P. aeruginosa that may 
potentially contribute to its virulence.

METHODS

Bacterial strains and growth conditions: P. aeruginosa ATCC 
10145 [23] (American Type Culture Collection, Manassas, 
VA) and a clinical isolate of P. aeruginosa (obtained from 
active ulcerative keratitis) were used and grown under the 
same conditions. Strains were cultured in triplicate in 50 ml 
of salt modified Luria-Bertani (LB) broth and grown to 
stationary phase (OD600 nm approximately 1.0) with incubation 
at 37 °C and shaking at 250 × rpm. Cultures were harvested 
and washed three times with PBS (10 mM sodium phosphate, 
150 mM sodium chloride, pH 7.4±0.2). Cells were collected 
by centrifugation at 6,000 ×g for 10 min at 4 °C. The resulting 
bacterial cell pellets were frozen and stored at −80 °C until 
processing.

Antibiotic susceptibility: All assays were performed in tripli-
cate at least three times on at least three different occasions. 
Antibiotic sensitivity tests for the two bacterial strains were 
performed using the Kirby Bauer disk diffusion method on 
LB agar. The antibiotics tested were Gentamicin (10 μg), 
moxifloxacin (5 μg), levofloxacin (5 μg), ciprofloxacin (5 
μg), ceftazidime (30 μg), vancomycin (30 μg), ampicillin (30 
μg), kanamycin (30 μg), penicillin/streptomycin (pen/strep; 
10 μg), tetracycline μg), and chloramphenicol (30 μg). All 
antibiotics were purchased from Thermo Fisher Scientific, 
Waltham, MA, except Moxifloxacin which was purchased 
from Cardinal Health Medical, Dublin, OH.

Motility assays: Twitching and swimming motility assays 
were performed using standard methods. Swimming motility 
was assayed by spotting a single colony onto a 0.3% LB agar 
plate and incubating for 24 h at 37 °C. Twitching motility 
was assayed by stabbing a colony into the bottom of a 10 ml 
1% LB agar plate and incubating for 24 h at 37 °C. In both 
cases, motility was measured by the diameter of the resulting 
growth zones. Biofilm formation was measured as previously 
described [24] using a 1:100 dilution of an overnight LB broth 
culture in fresh LB medium. Briefly, 100 l of culture was 
added to each well of a flat-bottom MicroTest tissue culture 
plate (BD, Franklin Lakes, NJ) and incubated in a moist envi-
ronment at 37 °C for 24 h. The bacterial suspensions were 
then removed, and the wells were rinsed three times with 
H2O. Wells were stained with 200 μl 0.5% crystal violet for 
3 h before dissolving in 200 μl 30% (v/v) acetic acid. Absor-
bance was read at 550 nm.

Virulence assay: General virulence of the two strains was 
determined by their ability to produce pyocyanin, pyorubin, 
and pyoverdine on King’s A and B agar as previously 
described [25] with some modifications. Briefly, isolated 
colonies of ATCC 10145 and the clinical strain were grown 
on King’s A at 37 °C overnight in the dark followed by incu-
bation at room temperature for 48 h. Five (5) ml of H2O was 
added to each plate. The plates were shaken gently for 30 
min. The 100 slurry, containing cells, was removed, and the 
agar was cut into small pieces and collected in 50 ml tubes. 
Ten ml of chloroform was added to each 12.5 g of agar and 
vortexed. Pyorubin was measured from the chloroform phase 
at 520 nm, whereas pyocyanin was extracted using 0.2 N HCl. 
The concentration of pyocyanin (mg/ml) was determined by 
multiplying the OD492 by 17.072 [26]. For pyoverdine, 5 µl 
of overnight grown cultures of ATCC 10145 and the clinical 
strain was spotted in the center of King’s B agar followed 
by incubation overnight at 37 °C. The amount of pyoverdine 
produced was determined by measuring the diameter of the 
growth zone visualized under an ultraviolet (UV) light.

Contact lens adhesion assay: The ability of ATCC 10145 and 
the clinical strain to adhere to contact lenses was determined 
as previously described [27]. Briefly, isolated colonies of 
ATCC 10145 and the clinical strain were grown overnight 
on LB broth at 37 °C. Before the cells were collected, the 
cultures were adjusted to optical density (OD) = 0.1 at 550 
nm. Cells were removed with centrifugation and washed 
three times with PBS. Cells were adjusted to OD 0.1 at 595 
nm and incubated with the contact lenses (Acuvue 2, Johnson 
& Johnson) for 2 h at 37 °C with shaking at 120 rpm. Adhered 
cells were then removed from the contact lenses by stirring 
for 10 s, serially diluted in PBS, and plated on LB agar plates. 
Colony-forming units (CFU/ml) were then determined the 
next day.

Sample preparation and liquid chromatography/tandem 
mass spectrometry: Samples were prepared as previously 
described with some minor modifications [28]. Briefly, cells 
(25 ml) were pelleted and resuspended in 500 μl of 0.2 M 
Tris-HCl pH 8, 1 M sucrose, and 1 mM EDTA. One hundred 
microliters of lysozyme (Sigma-Aldrich; 5 mg/ml in dH2O) 
was added, and the cells were vortexed and incubated for 
5 min at room temperature. Two milliliters of distilled 
water was added to cells and incubated again for 20 min at 
room temperature until spheroblast formation was observed 
under the microscope. Then 3 mL of 50 mM Tris-HCl pH 
8, 2% (w/v) Triton X-100, 10 mM MgCl2, and 50 μl DNase I 
(Applichem; 1 mg/ ml in dH2O) were added and mixed until 
the suspension was clear. Suspensions were then processed 
individually as described previously [29,30]. Samples were 
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prepared for in-gel digest by mixing 150 μg of protein with 
100 µl acrylamide/bis (30%T/2.67%C), 10 µl of 10% sodium 
hydroxide (NaOH), 10 µl of 10% ammonium persulfate, and 
5 µl of N,N,N′,N′-Tetramethylethylenediamine (TEMED) in 
the lid of a microcentrifuge tube. Gel pieces were transferred 
into the tubes, fixed in 1 ml of 40% methanol, 7% acetic acid 
for 30 min, washed twice with water, twice with 50% acetoni-
trile, and once with 50 mM ammonium bicarbonate in aceto-
nitrile, once with 100 mM ammonium bicarbonate in 50% 
acetonitrile, and then dried under vacuum using a SpeedVac. 
Two hundred microliters of 100 mM ammonium bicarbonate 
(pH 8.0) containing 1.0 µg trypsin (Promega; Madison, WI) 
was added to each gel piece and incubated overnight at 37 °C. 
Peptides in each gel piece were extracted with three washes 
of 70% acitonitrile and 0.1% formic acid. The extracts were 
then dried. Twenty microliters of 6 M guanidine-HCl in 5 
mM potassium phosphate and 1 mM dithiothreitol (DTT; pH 
6.5) was added to each dried sample and sonicated. Peptides 
were then extracted using a Dionex 15 cm × 75 μm id Acclaim 
Pepmap C18, 2 μm, 100 A° reversed-phase capillary chroma-
tography column (Thermo Scientific, Sunnyvale, CA), and 
subjected to nanospray LC-MS/MS analysis. The microelec-
trospray ion source was operated at 2.5 kV. The digests were 
analyzed using the data-dependent multitask capability of 
the instrument acquiring full-scan mass spectra to determine 
peptide molecular weights and product ion spectra to deter-
mine amino acid sequence in successive instrument scans. 
This mode of analysis produces approximately 15,000 colli-
sionally induced dissociation (CID) spectra of ions ranging 
in abundance over several orders of magnitude. Data were 
analyzed using all CID spectra collected in the experiment 
to search all P. aeruginosa databases.

Data analysis: Relative protein abundances were determined 
with spectral counting. Quantitative comparisons of normal-
ized scan counts were performed for all proteins detected by 
at least two unique peptides in at least two replicates from 
either the clinical isolate or the ATCC 10145 group. Proteins 
that were detected with one peptide were eliminated. A 
normalized p value for each protein was calculated using 
the G test as previously described [31]. The p values were 
adjusted according to the Holm-Sidak method of correction 
for multiple comparisons. Proteins with an adjusted p value 
<0.05 were considered significant. Additionally, proteins 
were eliminated from the list, despite their statistical signifi-
cance, if the normalized log ratio of the scan counts did not 
represent at least a twofold increase or decrease in the treated 
group relative to control. These methods for comparative 
analysis of proteomic data sets have been successfully used 
in our laboratory as previously described [30,32].

Statistical analysis: The Mann–Whitney U test was used to 
determine the significance in strain capability to adhere to 
contact lenses; the G test followed by the Holm-Sidak test 
was used to determine the significance in protein abundance 
between the two strains. P<0.05 was considered statistically 
significant, no variance, no SEM in proteomics.

RESULTS

Phenotypic assays:

Antibiotic susceptibility—Both strains showed 100% 
resistance to ampicillin, kanamycin, pen/strep, and vanco-
mycin. ATCC 10145 strain was more sensitive to moxi-
floxacin than the clinical strain (2.7±0.1 cm versus 1.8±0.05 
cm) and more resistant to tetracycline and gentamycin when 
compared to the clinical strain that showed an intermediate 
resistance to tetracycline and was susceptible to gentamycin. 
Both strains were susceptible to levofloxacin, ceftazidime, 
and tobramycin.

On the agar surfaces, both strains showed spreading, 
yellow colonies, and the clinical isolate colonies were larger (2 
mm) and softer than the ATCC 10145 colonies (1 mm). Swim-
ming motility was higher in the clinical strain compared to 
ATCC 10145 strain (Figure 1); whereas twitching was higher 
in the ATCC 10145 strain compared to the clinical strain. 
Biofilm formation was four times higher in the clinical strain 
compared to the ATCC 10145 strain (Figure 1).

For the virulence assays, the clinical strain produced 
hemolysin, pyoverdine, and small amounts of pyorubin but 
no pyocyanin, while the ATCC 10145 strain produced hemo-
lysin, pyocyanin, and similar amounts of pyorubin but no 
pyoverdine (Figure 1). When assayed for the ability to adhere 
to contact lenses, the clinical strain had greater adherence 
capability than that of ATCC 10145 (p = 0.025; Figure 2).

Liquid chromatography/ tandem mass spectrometry: A total 
of 687 proteins were detected in both strains (Appendix 1). 
One-hundred thirty-three (133) proteins were significantly 
altered in the corneal strain compared to the ATCC 10145 
strain, 13 were detected at higher levels (Table 1), with the 
top ones being flagellin B (FlgB, 14 fold, p = 0), hypothetical 
protein PA14_33310 (6.8-fold, p = 0.013), hypothetical protein 
PA3691 (8.9-fold, p =0.000038), and lipotoxin F (LptF, about 
threefold, p = 0.000002). Sixteen were detected at lower 
levels; the top proteins included a putative ClpA/B protease 
ATP binding subunit (16-fold, p=0), dihydrolipoamide 
dehydrogenase (14-fold, p = 0), phosphate ABC transporter 
substrate-binding protein (14-fold, p =0), and several hypo-
thetical proteins. Fifty-five proteins were detected only in the 
clinical strain and not in the ATCC 10145 strain with two 
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Figure 1. Bar graphs showing 
pyoverdine, hemolysin, and swim-
ming motility (A), biofilm forma-
tion after 24 h incubation at 37 °C 
(B), and pyocyanin and pyorubin 
production (C) by ATCC 10145 
and the clinical strain. Error bars 
indicate the standard deviation. The 
bars represent the average of three 
to five replicates per group.
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non-ribosomal peptide synthetases (NRPSs) the most abun-
dant (NCBI reference sequences # 218891724 and 386058801). 
These proteins were the fourth and fifth most abundant 
proteins, respectively, in the clinical strain proteome and 
the first and second, respectively, in the proteins that were 
present in the clinical strain but missing in the ATCC 10145 
strain.

DISCUSSION

In this paper, we discuss the proteomic profile of a clinical 
strain of P. aeruginosa isolated from an active corneal ulcer of 
a contact lens wearer compared to that of the laboratory strain 
ATCC 10145. Using stringent filtering criteria described 
previously [30,32], 133 proteins were significantly altered: 
13 were upregulated in the clinical strain, and 55 proteins 
were not detected in ATCC 10145. The upregulated proteins 
are associated with virulence and play roles in pathogenesis, 
which indicates that the clinical strain is more virulent than 
the laboratory strain ATCC 10145. The clinical strain also 
produced more hemolysin and pyoverdine, was able to form 
biofilm four times higher, and had a higher swimming ability 
than ATCC 10145 strain. The strain ATCC 10145 produced 
hemolysin at relatively lower levels than the clinical strain 
and did not produce pyoverdine. Hemolysin, pyoverdine 
production, biofilm formation, and swimming motility all 
play major roles in virulence [33-39]. Both strains were resis-
tant to most of the antibiotics tested, and the strain ATCC 
10145 had higher twitching motility compared to that of the 
clinical strain (data not shown). When tested for their ability 
to adhere to contact lenses, the clinical strain had a greater 

adherence capability than that of ATCC 10145. This indicates 
that the clinical strain expresses adhesion proteins that the 
strain ATCC 10145 may not; some are described below.

Among the proteins that were detected at higher levels 
was flagellin B (the major structural protein of f lagella, 
FlgB). FlgB was 21-fold higher in the clinical strain compared 
to ATCC 10145. Changes in flagellar expression are associ-
ated with decreased virulence in several animal models of 
bacterial pathogenesis, including P. aeruginosa in corneal 
[40] and lung infections [41-43]. Upregulation of FlgB in the 
clinical strain indicates that flagellin is a virulence factor 
used by P. aeruginosa in keratitis.

Lipotoxin F (LptF) was also one of the most abundant 
proteins in the clinical strain, and was detected threefold 
higher compared to the ATCC 10145 strain. Lipotoxins have 
been shown to stimulate inflammatory responses in cystic 
fibrosis (CF) [44,45]. LptF is an outer membrane protein 
[46] that is upregulated in mucoid cells that cause chronic 
infection in CF [44,45,47,48] and has been suggested to 
have roles in establishing mucoid biofilms. Upregulation 
of LptF in this study indicates the mucoidity of the clinical 
strain and the increased virulence of this strain compared 
to the ATCC 10145 strain. Similar to P. aeruginosa strains 
infecting patients with CF, P. aeruginosa in keratitis may 
also go through the process of conversion to mucoidy where 
they mutate into a mucoid, exopolysaccharide alginate-
overproducing form [49]. Other upregulated proteins included 
several hypothetical proteins that had similarities to several 
lipoproteins. Some of these had conserved known domains 

Figure 2. A bar graph showing the 
adhesion of ATCC 10145 and the 
clinical strain to contact lenses. 
Error bars indicate the standard 
deviation. The bars represent the 
average of three replicates per 
group.
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such as the Clustered Regularly Interspaced Short Palin-
dromic Repeats (CRSPR)/Cas domain that belongs to the 
CRISPR/Cas system-associated Repair Associated Myste-
rious Proteins (RAMP) superfamily protein (hypothetical 
protein PA14_33310). CRISPR loci are composed of short 
DNA repeat sequences separated by stretches of variable 
spacer sequences [50]. The loci are located near clusters of 
CRISPR-associated (cas) genes that, together with the RNA 
transcribed from the CRISPR loci, mediate resistance to 
viruses, conjugative plasmids, and transposable elements 
[51,52]. CRISPR regions are considered part of the accessory 
genome of P. aeruginosa present in some strains and not 
in others [53]. CRISPR loci have been described in clinical 
isolates of P. aeruginosa obtained from the eye, among other 
clinical strains tested [54], but no studies have investigated 
the role of CRISPR in keratitis. Other conserved domains 
detected include gluconate and ATP binding sites (hypothet-
ical protein PA14_47120), alkylhydroperoxidase (PA2331), 
and the bacterial OsmY and nodulation (BON) superfamily. 
Proteins containing these conserved domains could be also 
be used by P. aeruginosa as virulence factors in keratitis.

The remaining upregulated proteins consist of organic 
solvent tolerant protein (OstA) for resistance to organic 
solvents and antibiotics [55], polyhydroxyalkanoate synthesis 
protein (PhaF), and dehydrocarnitine CoA transferase subunit 
B. The latter is required for cartinine metabolism. Carnitine 
is a quaternary amine compound prevalent in animal tissues, 
and a potential carbon, nitrogen, and energy source for 
pathogens during infection [56,57], which could be the case 
in keratitis. Other proteins included 3-hydroxybutyrate dehy-
drogenase (PHB), which is used as intracellular carbon source 
by bacteria when oxygen, phosphorus, or nitrogen is limited 
in the environment [58,59] and osmotically inducible protein 
OsmC. The OsmC homolog was initially identified in Esch-
erichia coli as a protein responding to osmotic stress [60] and 
has been shown to share structural and functional similarity 
to organic hydroperoxide reductase (Ohr) [61]. Expression of 
these proteins at high levels by the clinical strain indicates its 
high resistance to the outside environment, including infec-
tion by viruses, H2O2, antibiotics, and osmotic stress, making 
it more virulent than the ATCC 10145 strain. These could all 
be mechanisms of virulence that P. aeruginosa uses in its 
infection of the cornea.

In addition to these upregulated proteins that all appear 
to play roles in bacterial virulence, 55 proteins were detected 
in the clinical strain but not in ATCC 10145. Among the 
proteins that were highly abundant in the clinical strain, 
and were not detected in the ATCC 10145 strain, were two 
putative NRPSs (NCBI reference sequences # 218891724 

and 386058801). These proteins were the fourth and fifth 
most abundant proteins, respectively, in the clinical strain 
proteome and first and second, respectively, in the proteins 
that were present in the clinical strain but missing in the 
ATCC 10145 strain. These proteins have a 99% similarity 
to a protein designated AmbE from PA2302. The latter is 
part of a gene cluster responsible for the production of the 
secondary metabolite l-2-amino-4-methoxy-trans-3-butenoic 
acid (AMB) [62]. AMB, a potent toxin produced by P. aeru-
ginosa [63], was originally isolated from a fermentation broth 
of P. aeruginosa ATCC 7700 [64] in P. aeruginosa PAO1, and 
is synthesized by the gene cluster ambABCDE [62]. Interest-
ingly, AmbC and AmbB were detected in the clinical strain in 
this study and not in the ATCC 10145 strain, suggesting that 
in addition to the known virulence factors, the clinical strain 
used in this study expresses genes and proteins responsible 
for the biosynthesis of AMB. It is possible that P. aeruginosa 
uses this NRPS as a virulence factor to synthesize and secrete 
AMB to invade the cornea in keratitis. Further studies are 
necessary to confirm this hypothesis.

Members from the quinolone signaling (PQS) system 
PqsB, C, and D were also detected in the clinical strain and not 
in the ATCC 10145 strain. The PQS system has been shown 
to be produced by P. aeruginosa under stressful conditions 
to survive and to have antioxidant activity [65]. This system 
controls the rhl quorum-sensing system [66] that controls 
the cell density. The latter controls the secretion of several 
virulence factors suggesting that the PQS system could be 
regulating the secretion of virulence factors in keratitis.

Elongation factors (EFs) Ts and G were also detected at 
higher levels in the corneal strain and were missing in ATCC 
10145. These proteins, along with EF-Tu and EF-P, belong 
to the superfamily of GTPase switch proteins and promote 
the elongation phase of protein synthesis [67]. Elongation 
factor proteins have been shown to be critical for bacterial 
virulence [68], including P. aeruginosa in keratitis. Other 
proteins that were detected at higher levels in the clinical 
strain and were not detected in ATCC 10145 included hypo-
thetical proteins that had similarities to the yeast N-terminal 
acetyltransferase, which plays a role in cell division, acyl 
CoA dehydrogenase (PA2330), fimbrial proteins (PilA), 
outer membrane proteins (porin), and siderophore synthesis 
(pyochelin synthetase), all of which have been shown to 
contribute to bacterial virulence [69-75], some of which must 
be investigated in keratitis.

In conclusion, in this study we used a proteomic approach 
to quantitatively compare the proteomes of a P. aeruginosa 
strain obtained from an infected eye and the laboratory strain 
ATCC 10145. The protein profile of each strain reflects its 
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adaptation to its niche. The upregulated proteins in the clin-
ical strain were associated with virulence, suggesting that this 
strain is highly virulent and produces a plethora of virulence 
factors to invade and establish its infection in the cornea, 
whereas the upregulated proteins in ATCC 10145 were associ-
ated with the citric acid (TCA) cycle, pyruvate metabolism, 
and acetate utilization. Although ATCC 10145 also expresses 
some virulence factors, these factors were detected at lower 
levels than those in the clinical strain. Identification of the 
proteins in PA keratitis will aid in the elucidation of novel 
virulence factors, thus contributing to the development of 
novel intervention strategies to reduce the burden of P. aeru-
ginosa infections in contact lens wearers.

APPENDIX 1. PROTEINS DETECTED IN THE 
CLINICAL STRAIN AND ATCC10145 STRAIN 
BY LC-MS/MS ALONG WITH THEIR REFSEQ 
ACCESSION NUMBER, SCAN COUNT, FOLD 
CHANGE AND P VALUES, SORTED BASED 
ON THEIR SCAN COUNT FROM HIGHEST TO 
LOWEST.

To access the data, click or select the words “Appendix 1.” 
Abbreviations: RefSeq: reference sequence, SC: scan count, 
NLOG-FoldR: normalized log ratio, Np: normalized p value, 
Adj-NP: adjusted normalized p value *Normalized ratios are 
calculated from the ratio of the scans (clinical/ATCC10145) 
adjusted to the ratio of the total scans for all proteins detected 
in each group.
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