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Abstract: Naegleria fowleri causes deadly primary amoebic meningoencephalitis (PAM) in humans.
Humans obtain the infection by inhaling water or dust contaminated with amebae into the nostrils,
wherefrom the pathogen migrates via the olfactory nerve to cause brain inflammation and necrosis.
Current PAM treatment is ineffective and toxic. Seeking new effective and less toxic drugs for
the environmental control of the amoeba population to reduce human exposure is logical for the
management of N. fowleri infection. On the basis of the concept of competitive exclusion, where
environmental microorganisms compete for resources by secreting factors detrimental to other
organisms, we tested cell-free culture supernatants (CFSs) of three bacteria isolated from a fresh
water canal, i.e., Pseudomonas aeruginosa, Pseudomonas otitidis, and Enterobacter cloacae, were tested
against N. fowleri. The CFSs inhibited growth and caused morphological changes in N. fowleri.
At low dose, N. fowleri trophozoites exposed to P. aeruginosa pyocyanin were seen to shrink and
become rounded, while at high dose, the trophozoites were fragmented. While the precise molecular
mechanisms of pyocyanin and products of P. otitidis and E. cloacae that also exert anti-N. fowleri
activity await clarification. Our findings suggest that P. aeruginosa pyocyanin may have a role in the
control of amphizoic N. fowleri in the environment.

Keywords: amphizoic Naegleria fowleri; competitive exclusion; primary amoebic meningoencephalitis
(PAM); Pseudomonas aeruginosa; pyocyanin; aquatic environment

1. Introduction

Naegleria fowleri is an amphizoic amoeba that inhabits fresh water and soil [1]. This
protozoan (colloquially “brain-eating amoeba”) is an etiological agent of primary amoebic
meningoencephalitis (PAM) or amoebic encephalitis/meningitis, which is a rare but usually
fatal-neurological disorder in humans [2]. Humans obtain the infection through choking
water containing N. fowleri trophozoites into the nostril during recreational activities such as
swimming, boating, rafting, or inhaling contaminated dust [1,3]. The amoeba then migrates
from the nasal cavity to the brain via the olfactory nerves and cribriform plate, thereby
accessing the subarachnoid space and brain, resulting in inflammation and extensive
necrosis [1,3]. Clinical manifestations of PAM include severe frontal headache, fever,
positive Brudzinski and Kernig signs, photophobia, confusion, seizures, and coma [4].
N. fowleri was first identified in the 1960s in Southern Australia where unchlorinated
warm water from a river was supplied to the town through an aboveground pipeline [5,6].
Recently, nearly 500 cases of PAM have been reported from different countries of Africa,
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America, Asia, Australia, Europe, and Oceania [7,8], including 12 cases reported in Thailand
since 1983 [9]. Onset of clinical signs and symptoms vary from 2–3 days to as long as
15 days [10]. Progression of PAM is usually rapid and unresponsive to treatment, leading
to death within a few days in more than 95% of cases [10–12]. Accurate diagnosis of
PAM is challenging due to clinical and brain-imaging similarities with other meningitides,
suggesting that this parasitic infection is likely to be underreported.

Aquatic environments, such as rivers, lakes, and hot springs, are well-known natural
reservoirs of N. fowleri [13,14]. Usually, environmental microorganisms that share overlap-
ping niches gain competitive advantages over other organisms and microbes. Microorgan-
isms compete for space and resources by secreting extracellular chemical substances that
inhibit other microorganisms [15], leading to competitive exclusion of rival species [16,17].
For example, Burkholderia thailandensis inhibits the growth of Bacillus subtilis by secreting
an antibiotic substance [18], while its growth is inhibited by its close relative B. pseudoma-
llei [19]. Environmental non-O1/non-O139 Vibrio cholerae inhibits the growth of the O1
pandemic strain by using contact-dependent type VI secretion system (T6SS) and secreting
the hemolysin A for aquatic niche competition [15]. Moreover, Pseudomonas aeruginosa, a
free-living bacterium, displays inhibitory activity against free-living amoeba (Acanthamoeba
spp.) [20,21], bacteria (Streptococcus pneumoniae, Escherichia coli, and Salmonella Typhi) [22],
and fungi (Candida spp. and Aspergillus fumigatus) [23]. These observations have important
ecological and clinical implications. Thus, it is logical to search for an anti-N. fowleri agent
produced by bacteria isolated from the natural aquatic habitat that might have potential
applications to control the pathogenic amoeba population.

2. Results and Discussion
2.1. Anti-N. fowleri Effect of the Cell-Free Culture Fluids of Aquatic Bacteria

On the basis of the concept of competitive exclusion by competitive interaction [16],
this study explored culture supernatants of aquatic bacteria that might contain substances
that are effective against the pathogenic N. fowleri. Three aquatic bacterial isolates were
randomly selected from the aquatic bacterial collection. As shown in Figure 1A, KP-01
cultured in Luria–Bertani (LB) medium at 37 ◦C overnight in LB broth produced a cell-free
supernatant (CFS) of blue-green hue with a fermented grape-like odor, while KP-14 and
KP-15 isolates did not cause the CFS color to change. After a 48 h-treatment of N. fowleri
by the CFSs, growth inhibition was found in a dose-dependent manner (Figure 1B–D).
The CFSs of KP-14 and KP-15 at 1.20 mg mL−1 and KP-01 at 2.40 mg mL−1 inhibited the
growth of N. fowleri by approximately 50% (Figure 1B–D). Using Probit analysis, the CFSs
of KP-01, KP-14, and KP-15 demonstrated N. fowleri inhibitory concentration 50 (IC50) at
1.6, 1.3, and 1.5 mg mL−1, respectively.

CFS of KP-01 isolate at 1.6 mg mL−1 exerted in vitro anti-N. fowleri activity during
testing in a T 25-cm2 flask. Viable N. fowleri treated with the KP-01 CFS was approximately
5 × 105 cells at 48 h-post-treatment, while viable trophozoite numbers in both LB and
Nelson’s media increased to 1.27 × 107 (25-fold difference; p < 0.001) (Figure 2A). These
results conformed to the data of the proliferation assay, in which the percent survival of the
amoebae after treatment with the KP-01 CFS was reduced significantly compared to the
LB medium treatment (p < 0.001) (Figure 2B). The trophozoites exposed to the KP-01 CFS
became rounded, small, and did not attach to the plastic surface of the flask (Figure 3). This
morphological change was similar to the trophozoites exposed to amphotericin B reported
previously [24]. The trophozoite subcellular organelles burst, which was seen as small
black particles in the culture medium. Attachment of the remained viable trophozoites
treated with the KP-01 CFS was not observed at 0 and 24 h after CFS removal and fresh
medium replacement at 48 h-post-treatment as shown in Figure S1. This event was also
found in the floating trophozoites after CFS removal. The floating trophozoites that were
treated with the KP-01 CFS were not able to attach to the plastic surface of the flask when
optimal condition was restored at 24 h (Figure S1). In contrast, the trophozoites exposed to
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LB and Nelson’s media were intact and revealed a normal amoeboid form approximately
10–30 µm in size (Figure 3).
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Figure 1. Anti-Naegleria fowleri activity of aquatic bacterial cell-free culture supernatants (CFSs).
N. fowleri (1 × 104 cells) in individual wells of a 96-well culture plate were treated with different
concentrations (0.15, 0.30, 0.60, 1.20, and 2.40 mg mL−1) of CFSs of aquatic bacteria, i.e., KP-01, KP-14,
and KP-15 isolates, for 48 h. (A) Appearance of the CFSs of KP-01 (left), KP-14 (middle), and KP-15
(right) collected at the stationary-phase of the bacterial cultures. Survival rates (%) of N. fowleri at 48
h post-treatment with different concentrations of the CFSs of KP-01 (B), KP-14 (C), and KP-15 (D).
Results are shown as mean ± standard deviation (SD) of the representative of three independent
experiments.

Growth of the N. fowleri treated with the CFSs of KP-14 and KP-15 was also inhibited,
as shown by the trypan blue exclusion method (Figure 2A) and cell proliferation assay
(Figure 2B). At 48 h post-treatment, the viable numbers of N. fowleri exposed to the CFSs
of KP-14 and KP-15 increased approximately six- and fourfold compared to the original
input number, respectively. In contrast, the control groups treated with LB and Nelson’s
media yielded 1.27× 107 trophozoites mL−1, a 25-fold increase from the beginning number
(Figure 2A). The percent survival of the amoebae treated with CFSs of KP-14 and KP-15
were statistically different from that of LB treatment (p < 0.001) (Figure 2B). The microscopic
appearance of the trophozoites treated with the CFSs of KP-14 and KP-15 were similarly
changed as for the KP-01 CFS-treated counterpart (Figure 3). It is to be noted that the
CFS of KP-01 was the most effective anti-N. fowleri among the three CFS preparations
(Figure 2A). The discovery that the CFSs from the three unknown bacteria each had differ-
ent appearances and demonstrated anti-N. fowleri activity to varying degrees persuaded us
to investigate the bacterial species.
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Figure 2. Effect of the aquatic bacterial CFSs on Naegleria fowleri cultivated in a T 25-cm2 flask.
Viable numbers of the amoebae were determined 48 h post-incubation with the bacterial CFSs
(1.60 mg mL−1), Luria–Bertani (LB) medium, and Nelson’s medium. (A) Numbers of viable N. fowleri
trophozoites at 48 h post-treatment with 1.6 mg mL−1 of CFSs of KP-01, KP-14, and KP-15 isolates.
(B) Percentage survival of N. fowleri trophozoites at 48 h post-treatment with 1.6 mg mL−1 of CFSs
of KP-01, KP-14, and KP-15 isolates. Results are shown as mean ± standard deviation (SD) of the
representative of three independent experiments. ∗, p < 0.05, and ∗∗∗, p < 0.001.
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Figure 3. Morphology of Naegleria fowleri trophozoites at different time intervals after treatments
with the bacterial CFSs. N. fowleri (5 × 105 cells) in T 25-cm2 flask were treated with 1.60 mg mL−1 of
CFSs of KP-01, KP-14, and KP-15, or LB or Nelson’s media alone. Morphological alterations were
observed daily using an Olympus IX70 Inverted Tissue Culture Microscope (Olympus, Tokyo, Japan)
at 200×magnification. Scale bars representing 100 µm size were set using Micro Capture Version 7.9.
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2.2. Identification of the Aquatic Bacteria That Produced Anti-N. fowleri Products

Gram’s staining and microscopic observation of the three aquatic isolates (KP-01,
KP-14, and KP-15) showed a Gram-negative rod appearance (Figure 4A). On LB agar,
the KP-01 formed blue-green flat colonies with a grape-like odor; colonies of the KP-14
were light-green and flat, whereas those of the KP-15 were opaque and convex (Figure 4B),
both without typical odor. All three bacteria grew aerobically on MacConkey agar as
non-lactose fermenters but could not grow on thiosulfate citrate bile salt sucrose (TCBS)
agar (data not shown), verifying the characteristics of Gram-negative bacteria beyond the
Vibrionaceae family. To identify the species of these aquatic bacteria, biochemical profiles
were determined using the Automated MicroScan system. The KP-01 biochemical profile,
shown in Table 1, was positive to citrate, acetate, arginine dihydrolase, maltose, nitrate,
oxidase, and oxidative fermentation (OF)/glucose tests. Thus, this bacterial isolate was
identified as Pseudomonas aeruginosa with 99.99% probability. The KP-14 gave positive
results for citrate, arginine dihydrolase, maltose, oxidase, and oxidative fermentation
(OF)/glucose tests, and was identified as Pseudomonas putida with 99.57% probability.
The KP-15 was found to be Enterobacter cloacae (78.94% probability) on the basis of the
positive results for glucose, raffinose, inositol, citrate, 1,2,4,5-tetrachlorobenzene (CL4),
sucrose, esculin, maltose, nitrate, sorbital, ornithine decarboxylase, Voges–Proskauer, ortho-
nitrophenyl-β-D-galactopyranoside (OPNG), and oxidative fermentation (OF)/glucose
tests. In addition, on the basis of nucleotide sequencing of the 16S ribosomal RNA (rRNA)
gene, we found that the KP-01 and KP-14 isolates clearly belonged to Pseudomonas spp.,
while the KP-15 isolate belonged to Enterobacter spp. (Figure 5). The KP-01 was closely
related to Pseudomonas aeruginosa (99.14% identity), while the KP-15 was closely related
to Enterobacter cloacae (100% identity). These results were supported with a bootstrap
value of 100%. However, the KP-14 was more related to Pseudomonas otitidis (99.71%
identity) than Pseudomonas putida, which was different to the result of biochemical profiling.
This could have been caused by a low discriminatory power of biochemical profiling
in species identification between P. putida and P. otitidis since their biochemical profiles
are closely similar. It was reported that phenotypic and genotypic characteristics within
the Pseudomonas genus are closely related, resulting in misidentification, especially P.
otitidis [25]. Ochman et al. reported that bacterial phenotypic characteristics including
Gram stain results, colony morphologies, and biochemical profiles are not static, present
with uncommon phenotypes compared to the reference strain, and can change with stress
or evolution [26]. Since limitation of biochemical profiling depends on the discriminatory
power and an update of databases, full or partial 16S rRNA gene sequencing has emerged
as a useful tool for identifying phenotypically aberrant microorganisms. It showed a more
objective, accurate, and reliable method for bacterial identification [27]. Therefore, the
KP-14 isolate is identified as P. otitidis but not P. putida in terms of this evidence.

Among several aquatic bacterial species that are Gram-negative, Escherichia coli, Xan-
thomonas maltophilia, Flavobacterium breve, and P. paucimobilis have been reported to support
growth of free-living amoebae [28]. P. aeruginosa was shown previously to exert a lethal
effect on Acanthamoeba spp. [20,21]. These data show for the first time that P. aeruginosa and
P. otitidis as well as E. cloacae have anti-N. fowleri activity.
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Figure 4. Light microscopic and colonial morphology of the three isolates of aquatic bacteria from
which CFSs showed anti-N. fowleri activity. (A) The bacterial shape and arrangement observed under
1000× magnification. Scale bars representing 5 µm in size were set using Micro Capture Version
7.9. They were all Gram-negative. (B) Bacterial colonial morphology and pigment production on LB
agar. KP-01 produced blue-green colonies; KP-14 and KP-15 revealed light-green and white colonies,
respectively.

Table 1. Biochemical profile of the three unknown aquatic bacteria (KP-01, KP-14, and KP-15).

Biochemical Tests KP-01 KP-14 KP-15

Glucose − − +
Raffinose − − +
Inositol − − +
Urease − − −
Lysine decarboxylase − − −
Tryptophan deaminase activity (TDA) − − −
Citrate + + +
1,2,4,5-Tetrachlorobenzene (CL4) − − +
Acetate + − −
Sucrose − − +
Rhamnose − − −
Hydrogen sulfide (H2S) − − −
Arginine dihydrolase + + −
Esculin − − +
Maltose + + +
Nitrate + − +
Sorbital − − +
Arabinose − − −
Indole − − −
Ornithine decarboxylase − − +
Voges–Proskauer − − +
Ortho-nitrophenyl-β-D-galactopyranoside (ONPG) − − +
Oxidase + + −
Oxidative fermentation (OF)/glucose + + +

Genus and Species Identification Pseudomonas
aeruginosa

Pseudomonas
putida

Enterobacter
cloacae

+, Positive; –, Negative.
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Figure 5. Phylogenetic tree showing the identity of partial 16S ribosomal RNA (rRNA) gene of three
aquatic bacteria to other species from a database using MEGA version 10.0. The 16S rRNA gene
sequences of three aquatic bacteria including KP-01 (MW498239), KP-14 (MW498240), and KP-15
(MW498241) (black alphabet) were phylogenetically analyzed in comparison to other Pseudomonas
spp. (purple, green, and blue writing) and Enterobacter cloacae (red writing) using the neighbor-joining
method of MEGA version 10.0. Bootstrap values for 1000 replicates are shown as a percentage at the
nodes of the tree. Bacillus subtilis is used as an outgroup. The bar indicates 2% sequence divergence.

2.3. Effect of Pyocyanin on N. fowleri

Saha et al. reported that almost 95% of antimicrobial inhibitory activity of P. aerug-
inosa is attributable to pyocyanin secretion [29]. Pyocyanin, chemically N-methyl-1-
hydroxyphenazine, is a blue-green phenazine compound produced by P. aeruginosa that
has antibiotic activity against multi-drug-resistant bacteria including Streptococcus pneu-
moniae, Escherichia coli, and Salmonella Typhi [22]. Pyocyanin also possesses anti-fungal
activity against Candida albicans and Aspergillus fumigatus [23]. The KP-01 P. aeruginosa
produced blue-green colored broth culture and colonies, indicating that the bacteria secrete
pyocyanin. Therefore, pyocyanin was the first P. aeruginosa candidate that we tested for
anti-N. fowleri.

N. fowleri trophozoite (1 × 104 cells) treated with various concentrations of pyocyanin
for 24 h revealed cytotoxicity in a dose-dependent manner, compared to N. fowleri treated
with medium alone or medium containing 1% DMSO, which was used as the pyocyanin
diluent (Figure 6A,B). The IC50 value of the pyocyanin was 23 µg mL−1 by Probit analysis.
Moreover, pyocyanin at 150 and 300 µg mL−1 were as cytotoxic to N. fowleri as 10 µg mL−1

amphotericin B (p > 0.05) (Figure 6A,B).
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Figure 6. Anti-Naegleria fowleri effect of pyocyanin. Viable N. fowleri trophozoites at 24 h-post expo-
sure with different concentrations of pyocyanin (4.6875, 9.375, 18.75, 37.5, 75, 150, and 300 µg mL−1),
Nelson’s medium, Nelson’s medium containing 1% DMSO, and amphotericin B (10 µg mL−1). (A)
Viable N. fowleri trophozoite number of 24 h post-treatment with pyocyanin as determined by trypan
blue exclusion method. (B) Percentage survival of N. fowleri trophozoites at 24 h post-treatment
with pyocyanin. Results are shown as mean ± standard deviation (SD) of the representative of three
independent experiments. ∗, p < 0.05; ∗∗, p < 0.01, and ∗∗∗, p < 0.001.

By inverted microscopy, N. fowleri trophozoites treated with 150 and 300 µg mL−1

pyocyanin or 10 µg mL−1 amphotericin B for 24 h showed similar morphology, i.e., the
trophozoites were fragmented and only the remnants were seen as small black particles
in the culture medium (Figure 7). The trophozoites exposed to pyocyanin at a smaller
dose, 75 µg mL−1, had a rounded and shrunken appearance in contrast to the trophozoites
exposed to medium containing 1% DMSO diluent that showed intact amoeboid form
(Figure 7). Reduction in size and rounded morphology of N. fowleri trophozoites after
exposure to amphotericin B for 24 h has been reported previously [30].

The results of this study indicate that pyocyanin, one of the P. aeruginosa virulence
factors, has anti-N. fowleri activity and verified the concept of competitive exclusion among
environmental microorganisms. Although the molecular mechanism of pyocyanin and
the nature of the products from P. otitidis and E. cloacae need further investigation, the P.
aeruginosa-derived pyocyanin has potential applications for environmental control of the
pathogenic free-living N. fowleri. However, the cytotoxicity of pyocyanin remains a concern
given its deleterious effects on cells in other body systems reported in vitro and in vivo
studies, including the urological [31], the respiratory [32], the cardiovascular [33], and the
central nervous systems [34].
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Figure 7. Microscopic morphology of pyocyanin-treated N. fowleri at different time intervals. N.
fowleri (1 × 104 cells) in 96-well plate were treated with different concentrations of pyocyanin (18.75,
75, and 300 µg mL−1). Medium containing 1% DMSO and amphotericin B (10 µg mL−1) were used
as negative and positive controls, respectively. Morphological alterations and cell numbers were
observed daily under 200×magnification.
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3. Materials and Methods
3.1. N. fowleri, Bacteria, and Culture Conditions

N. fowleri used in this study was a reference CDC VO 3081 strain from Dr. GS Visves-
vara at the Centers for Disease Control and Prevention (USCDC). The amoeba was axeni-
cally cultured in Nelson’s medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (GE Healthcare Lifesciences, Logan, UT, USA) at 37 ◦C in T 25-cm2 flask
(Corning, New York, NY, USA) in the secure facility of the Department of Parasitology,
Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok.

Three isolates of unidentified environmental bacteria, designated KP-01, KP-14, and
KP-15, were randomly selected from a culture stock of bacteria isolated from a fresh water
canal in Bangkok. These bacteria were grown in Luria–Bertani (LB) broth at 37 ◦C with
shaking aeration until the stationary phase of growth.

3.2. Chemical Agents

Amphotericin B was from Bharat Serums and Vaccines (Mumbai, India). Pyocyanin
was from Sigma-Aldrich (Rockville, MD, USA). Stock solutions of amphotericin B and
pyocyanin were prepared by dissolving the reagents in sterile distilled water and 1%
dimethyl sulfoxide (1% DMSO), respectively, to 5 mg mL−1, and sterilized by filtering
through a 0.22 µm pore-size filter (PALL, Fribourg, Switzerland). Working solutions were
prepared by diluting the stock solutions in Nelson’s medium to the desired concentrations.

3.3. Preparation of the Cell-Free Culture Supernatants of the Environmental Bacteria

The aquatic bacteria—KP-01, KP-14, and KP-15—were grown overnight in 5 mL LB
broth at 37 ◦C with agitation. The cultures were then centrifuged at 5000× g, 4 ◦C, for
20 min. Next, the supernatants were filtered through a 0.22 µm pore-size filter (PALL, Fri-
bourg, Switzerland) and concentrated using Concentrator Plus (Eppendorf AG, Hamburg,
Germany). Protein contents of the concentrated cell-free supernatants (CFSs) were deter-
mined using the SMARTTM BCA Protein Assay kit (Intronbio, Gyeonggi-do, South Korea).

3.4. N. fowleri Inhibition Assay

To evaluate the anti-N. fowleri activity of the bacterial CFSs, we harvested the amoebae
cultivated in the Nelson’s medium supplemented with 10% FBS at 37 ◦C to logarithmic
phase. The number of living trophozoites was counted using the trypan blue exclusion
method [35]. A total of 10,000 N. fowleri living cells in 200 µL of the Nelson’s medium
supplemented with 10% FBS, 100 U mL−1 penicillin, and 100 µg mL−1 streptomycin were
seeded to individual wells of a 96-well microplate, and incubated at 37 ◦C for 24 h. After
discarding the culture medium, we added various concentrations of the CFSs (200 µL of
0.15, 0.30, 0.60, 1.20, and 2.40 mg mL−1 per well; triplicate wells for each CFS concentration)
to the wells containing the amoebae. Amoebae wells with medium alone served as negative
inhibition control. The plate was kept at 37 ◦C for 48 h. Number of living amoebae in each
treatment was determined using the CellTiter 96 Non-Radioactive Cell Proliferation Assay
(Promega, Wisconsin, USA). Results are shown as mean ± standard deviation (SD) of the
representative of 3 independent experiments. The half-maximal inhibitory concentration
(IC50) of each bacterial CFS was calculated using Probit analysis [36].

3.5. Enumeration of N. fowleri Viable Cells and Cell Proliferation Assay

In order to confirm the anti-N. fowleri activity of the bacterial CFS and to clearly observe
the morphology of the treated amoebae, we prepared 5 × 105 N. fowleri trophozoites in
T25-cm2 flask containing 5 mL of the complete Nelson’s medium supplemented with 10%
FBS, 100 U mL−1 penicillin, and 100 µg mL−1 streptomycin, and incubated at 37 ◦C for
24 h. Each culture was treated with 1.60 mg mL−1 of the CFS, then incubated at 37 ◦C
for 48 h. LB broth and Nelson’s medium alone were used as the negative controls. Viable
trophozoite numbers were determined using the trypan blue exclusion method and the cell
proliferation assay, as described above. Total viable amoebae were calculated and shown
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as mean ± SD and percent of their survival. Morphology of the N. fowleri treated with the
bacterial CFSs and controls was observed daily under the Olympus IX70 Inverted Tissue
Culture Microscope (Olympus, Tokyo, Japan) and recorded by WiFi Microscope Digital
Camera Model MC4KW-G1 (Microscope X, JiangSu, China).

3.6. Identification of the KP-01, KP-14, and KP-15 Bacteria

The KP-01, KP-14, and KP-15 were subjected to Gram staining and then cultured
on different culture media including LB, MacConkey, and thiosulfate citrate bile salt
sucrose (TCBS) agar plates. To identify the bacterial species, we performed biochemical
profiling using the Automated MicroScan system (Siemens Healthcare Diagnostics, New
York, NY, USA) and nucleotide sequencing of 16S ribosomal RNA (rRNA) gene using
27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′)
primers [37]. DNA was extracted from the overnight cultures using the QIAamp DNA
Mini Kit (QIAGEN GmbH, Hilden, Germany). PCR reaction containing 1x AccuStart II
GelTrack PCR SuperMix (Quantabio, Beverly, MA, USA), 500 nM of each primer, and
50 ng of DNA template were subjected to thermal cycler; DNA template denaturation at
95 ◦C for 5 min; followed by 30 cycles of DNA denaturation at 94 ◦C for 1 min, primer
annealing at 55 ◦C for 2 min, and DNA extension at 72 ◦C for 2 min; and final extension at
72 ◦C for 5 min. PCR products (1466 bp) were extracted from agarose gel and submitted
for sequencing. The 16S rRNA gene sequences were deposited in GenBank (accession
nos. MW498239, MW498240, and MW498241 for KP-01, KP-14, and KP-15, respectively),
analyzed in terms of sequence similarity by the Basic Local Alignment Search Tool for
Nucleotide (BLASTN) [38], and phylogenetically analyzed using Molecular Evolutionary
Genetics Analysis (MEGA) software version 10.0 [39].

3.7. Anti-N. fowleri Activity of Pyocyanin

Fresh N. fowleri culture medium (200 µL) containing different concentrations of py-
ocyanin (Sigma-Aldrich, Rockville, MD, USA; 4.6875, 9.375, 18.75, 37.5, 75, 150, and
300 µg mL−1) was added to a 96-well plate containing 1 × 104 live N. fowleri tropho-
zoites. Medium alone was used as negative anti-amoeba controls; medium containing 1%
DMSO was used as diluent control, and medium containing 10 µg mL−1 amphotericin
B (200 µL) was used as positive anti-amoeba control. Percent of viable amoebae were
calculated: [(viable cell number of test sample/viable cell number of negative anti-amoeba
sample)] × 100. Then, the IC50 value of pyocyanin was calculated using the data of percent
amoeba survival and Probit analysis.

3.8. Statistical Analysis

Statistical analysis of data was performed using SPSS Statistics version 21 (SPSS,
Chicago, IL, USA). One-way ANOVA followed by the Tukey’s honestly significant differ-
ence (HSD) post hoc test for multiple comparison was used to compare the mean difference
between each treatment group. The results were considered significantly different when
p < 0.05 (∗), p < 0.01 (∗∗), and p < 0.001 (∗∗∗).

4. Conclusions

On the basis of the concept of competitive exclusion among microorganisms in envi-
ronmental niches, our study demonstrated for the first time that aquatic P. aeruginosa can
inhibit the amphizoic N. fowleri amoebae through production of pyocyanin. The pyocyanin
at low dose caused reduction in size and rounded morphology of amoebae, while the high
dose caused the trophozoite fragmentation. In addition, the cell-free culture supernatants
(CFSs) of P. otitidis and E. cloacae also showed the antiamoebic activity against N. fowleri. The
precise molecular mechanism of the pyocyanin and the products of P. otitidis and E. cloacae
that also exerted the anti-N. fowleri activity merit further investigation. Nevertheless, our
findings suggest the potential application of P. aeruginosa pyocyanin to control amphizoic
N. fowleri amoebae in environmental sources.



Pathogens 2021, 10, 142 12 of 13

Supplementary Materials: The following is available online at https://www.mdpi.com/2076-0817/
10/2/142/s1,: Figure S1: Attachment to the flask plastic surface of the remained viable trophozoites
and the floating trophozoites after CFS removal.

Author Contributions: Conceptualization, P.R. and W.C.; methodology, P.R.; investigation, P.R.,
N.W., H.S., and U.P.; resources, W.C. and U.P.; data curation, P.R.; writing—original draft preparation,
P.R.; writing—review and editing, P.R. and W.C.; supervision, W.C.; project administration, P.R.;
funding acquisition, P.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Research Grant for New Scholar (MRG), grant num-
ber MRG6280087, from Thailand Research Fund (TRF) and the Office of the Higher Education
Commission (OHEC), Thailand.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Nongnat Tongkrajang for her technical supports and Viruch
Junnoo for his technical assistance in culturing a pathogenic strain of N. fowleri.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Visvesvara, G.S.; Moura, H.; Schuster, F.L. Pathogenic and opportunistic free-living amoebae: Acanthamoeba spp., Balamuthia

mandrillaris, Naegleria fowleri, and Sappinia diploidea. FEMS Immunol. Med. Microbiol. 2007, 50, 1–26. [CrossRef] [PubMed]
2. Chang, S.L. Pathogenesis of pathogenic Naegleria amoeba. Folia Parasitol. 1979, 26, 195–200.
3. Martinez, A.J. Free-Living Amebas: Natural History, Prevention, Diagnosis, Pathology, and Treatment of Disease; CRC Press Inc.: Boca

Raton, FL, USA, 1985.
4. Grace, E.; Asbill, S.; Virga, K. Naegleria fowleri: Pathogenesis, diagnosis, and treatment options. Antimicrob. Agents Chemother.

2015, 59, 6677–6681. [CrossRef] [PubMed]
5. Fowler, M.; Carter, R.F. Acute pyogenic meningitis probably due to Acanthamoeba sp.: A preliminary report. Br. Med. J. 1965, 2,

740–742. [CrossRef] [PubMed]
6. Dorsch, M.M.; Cameron, A.S.; Robinson, B.S. The epidemiology and control of primary amoebic meningoencephalitis with

particular reference to South Australia. Trans. R. Soc. Trop. Med. Hyg. 1983, 77, 372–377. [CrossRef]
7. Gharpure, R.; Bliton, J.; Goodman, A.; Ali, I.K.M.; Yoder, J.; Cope, J.R. Epidemiology and clinical characteristics of primary amebic

meningoencephalitis caused by Naegleria fowleri: A global review. Clin. Infect. Dis 2020. [CrossRef]
8. Maciver, S.K.; Piñero, J.E.; Lorenzo-Morales, J. Is Naegleria fowleri an emerging parasite? Trends Parasitol. 2020, 36, 19–28. [CrossRef]
9. Wiwanitkit, V. Review of clinical presentations in Thai patients with primary amoebic meningoencephalitis. Med. Gen. Med. 2004,

6, 2.
10. Ma, P.; Visvesvara, G.S.; Martinez, A.J.; Theodore, F.H.; Daggett, M.; Sawyer, T.K. Naegleria and Acanthamoeba infection. Rev. Infect.

Dis. 1990, 12, 490–513. [CrossRef]
11. Chow, F.C.; Glaser, C.A. Emerging and reemerging neurologic infections. Neurohospitalist 2014, 4, e173–e184. [CrossRef]
12. Gautam, P.L. A rare case of survival from primary amebic meningoencephalitis. Indian J. Crit. Care Med. 2012, 16, 34–36. [PubMed]
13. Schuster, F.L.; Visvesvara, G.S. Opportunistic amoebae: Challenges in prophylaxis and treatment. Drug Resist. Updates 2004, 7,

e41–e51. [CrossRef] [PubMed]
14. Yoder, J.S.; Straif-Bourgeois, S.; Roy, S.L.; Moore, T.A.; Visvesvara, G.S.; Ratard, R.C.; Hill, V.R.; Wilson, J.D.; Linscott, A.J.;

Crager, R.; et al. Primary amebic meningoencephalitis deaths associated with sinus irrigation using contaminated tap water. Clin.
Infect. Dis. 2012, 55, e79–e85. [CrossRef] [PubMed]

15. Ruenchit, P.; Reamtong, R.; Siripanichgon, K.; Chaicumpa, W.; Diraphat, P. New facet of non-O1/non-O139 Vibrio cholerae
hemolysin A: A competitive factor in the ecological niche. FEMS Microbiol. Ecol. 2018, 94, fix113. [CrossRef]

16. Hibbing, M.E.; Fuqua, C.; Parsek, M.R.; Peterson, S.B. Bacterial competition: Surviving and thriving in the microbial jungle. Nat.
Rev. Microbiol. 2010, 8, 15–25. [CrossRef] [PubMed]

17. Bauer, M.A.; Kainz, K.; Carmona-Gutierrez, D.; Madeo, F. Microbial wars: Competition in ecological niches and within the
microbiome. Microbial. Cell 2018, 5, 215–219. [CrossRef]

18. Duerkop, B.A.; Varga, J.; Chandler, J.R.; Peterson, S.B.; Herman, J.P.; Churchill, M.E.; Parsek, M.R.; Nierman, W.C.; Greenberg, E.P.
Quorum-sensing control of antibiotic synthesis in Burkholderia thailandensis. J. Bacteriol. 2009, 191, 3909–3918. [CrossRef]

19. Ngamdee, W.; Tandhavanant, S.; Wikraiphat, C.; Reamtong, O.; Wuthiekanun, V.; Salje, J.; Low, D.A.; Peacock, S.J.; Chantratita, N.
Competition between Burkholderia pseudomallei and B. thailandensis. BMC Microbiol. 2015, 15, 56. [CrossRef]

20. Qureshi, M.N.; Perez, A.A.; Madayag, R.M.; Bottone, E.J. Inhibition of Acanthamoeba species by Pseudomonas aeruginosa: Rationale
for their selective exclusion in corneal ulcers and contact lens care systems. J. Clin. Microbiol. 1993, 31, 1908–1910. [CrossRef]

21. Matz, C.; Moreno, A.M.; Alhede, M.; Manefield, M.; Hauser, A.R.; Givskov, M.; Kjelleberg, S. Pseudomonas aeruginosa uses type III
secretion system to kill biofilm-associated amoebae. ISME J. 2008, 2, 843–852. [CrossRef]

https://www.mdpi.com/2076-0817/10/2/142/s1
https://www.mdpi.com/2076-0817/10/2/142/s1
http://doi.org/10.1111/j.1574-695X.2007.00232.x
http://www.ncbi.nlm.nih.gov/pubmed/17428307
http://doi.org/10.1128/AAC.01293-15
http://www.ncbi.nlm.nih.gov/pubmed/26259797
http://doi.org/10.1136/bmj.2.5464.734-a
http://www.ncbi.nlm.nih.gov/pubmed/5825411
http://doi.org/10.1016/0035-9203(83)90167-0
http://doi.org/10.1093/cid/ciaa520
http://doi.org/10.1016/j.pt.2019.10.008
http://doi.org/10.1093/clinids/12.3.490
http://doi.org/10.1177/1941874414540685
http://www.ncbi.nlm.nih.gov/pubmed/22557831
http://doi.org/10.1016/j.drup.2004.01.002
http://www.ncbi.nlm.nih.gov/pubmed/15072770
http://doi.org/10.1093/cid/cis626
http://www.ncbi.nlm.nih.gov/pubmed/22919000
http://doi.org/10.1093/femsec/fix113
http://doi.org/10.1038/nrmicro2259
http://www.ncbi.nlm.nih.gov/pubmed/19946288
http://doi.org/10.15698/mic2018.05.628
http://doi.org/10.1128/JB.00200-09
http://doi.org/10.1186/s12866-015-0395-7
http://doi.org/10.1128/JCM.31.7.1908-1910.1993
http://doi.org/10.1038/ismej.2008.47


Pathogens 2021, 10, 142 13 of 13

22. El-Sheekh, M.; El-Sabbagh, S.M.; Gharieb, M.M.; Hamza, W.T. Antimicrobial efficacy of pyocyanin produced by Pseudomonas
aeruginosa against multi-drug resistant microorganisms. Indian J. Biotechnol. 2014, 9, 498–504.

23. Kerr, J.R.; Taylor, G.W.; Rutman, A.; Høiby, N.; Cole, P.J.; Wilson, R. Pseudomonas aeruginosa pyocyanin and 1-hydroxyphenazine
inhibit fungal growth. J. Clin. Pathol. 1999, 52, 385–387. [CrossRef] [PubMed]

24. Tiewcharoen, S.; Junnu, V.; Chinabut, P. In vitro effect of antifungal drugs on pathogenic Naegleria spp. Southeast Asian J. Trop.
Med. Public Health 2002, 33, 38–41. [PubMed]

25. Clark, L.L.; Dajcs, J.J.; McLean, C.H.; Bartell, J.G.; Stroman, D.W. Pseudomonas otitidis sp. nov., isolated from patients with otic
infections. Int. J. Syst. Evol. Microbiol. 2006, 56, 709–714. [CrossRef] [PubMed]

26. Ochman, H.; Lerat, E.; Daubin, V. Examining bacterial species under the specter of gene transfer and exchange. Proc. Natl. Acad.
Sci. USA 2005, 102, 6595–6599. [CrossRef] [PubMed]

27. Petti, C.A.; Polage, C.R.; Schreckenberger, P. The role of 16S rRNA gene sequencing in identification of microorganisms
misidentified by conventional methods. J. Clin. Microbiol. 2005, 43, 6123–6125. [CrossRef]

28. Bottone, E.J.; Madayag, R.M.; Qureshi, M.N. Acanthaomeba keratitis: Synergy between amebic and bacterial cocontaminants in
cantact lens care systems as a prelude to infection. J. Clin. Microbiol. 1992, 30, 2447–2450. [CrossRef]

29. Saha, S.; Thavasi, R.; Jayalakshmi, S. Phenazine pigments from Pseudomonas aeruginosa and their application as antibacterial agent
and food colourants. Res. J. Microbiol. 2008, 3, 122–128.

30. Cárdenas-Zúñiga, R.; Silva-Olivares, A.; Villalba-Magdaleno, J.A.; Sánchez-Monroy, V.; Serrano-Luna, J.; Shibayama, M. Ampho-
tericin B induces apoptosis-like programmed cell death in Naegleria fowleri and Naegleria gruberi. Microbiology 2017, 163, 940–949.
[CrossRef]

31. McDermott, C.; Chess-Williams, R.; Grant, G.D.; Perkins, A.V.; McFarland, A.J.; Davey, A.K.; Anoopkumar-Dukie, S. Effects of
Pseudomonas aeruginosa virulence factor pyocyanin on human urothelial cell function and viability. J. Urol. 2012, 187, 1087–1093.
[CrossRef]

32. Lau, G.W.; Ran, H.; Kong, F.; Hassett, D.J.; Mavrodi, D. Pseudomonas aeruginosa pyocyanin is critical for lung infection in mice.
Infect. Immun. 2004, 72, 4275–4278. [CrossRef] [PubMed]

33. Hempenstall, A.; Grant, G.D.; Anoopkumar-Dukie, S.; Johnson, P.J. Pyocyanin inhibits both nitric oxide-dependent and indepen-
dent relaxation in porcine coronary arteries. Clin. Exp. Pharmacol. Physiol. 2015, 42, 186–191. [CrossRef] [PubMed]

34. McFarland, A.J.; Grant, G.D.; Perkins, A.V.; Flegg, C.; Davey, A.K.; Allsopp, T.J.; Renshaw, G.; Kavanagh, J.; McDermott, C.M.;
Anoopkumar-Dukie, S. Paradoxical role of 3-methyladenine in pyocyanin-induced toxicity in 1321N1 astrocytoma and SH-SY5Y
neuroblastoma cells. Int. J. Toxicol. 2013, 32, 209–218. [CrossRef] [PubMed]

35. Tiewcharoen, S.; Malainual, N.; Junna, V.; Chetanachan, P.; Rabablert, J. Cytopathogenesis of Naegleria fowleri Thai strains for
cultured human neuroblastoma cells. Parasitol. Res. 2008, 102, 997–1000. [CrossRef] [PubMed]

36. Postelnicu, T. Probit Analysis. In International Encyclopedia of Statistical Science; Lovric, M., Ed.; Springer: Berlin/Heidelberg,
Germany, 2011; pp. 1128–1131.

37. Pang, H.; Tan, Z.; Qin, G.; Wang, Y.; Li, Z.; Cai, Y. Phenotypic and phylogenetic analysis of lactic acid bacteria isolated from forage
crops and grasses in the Tibetan Plateau. J. Microbiol. 2012, 50, 63–71. [CrossRef] [PubMed]

38. Altschul, S.F.; Madden, T.L.; Schaffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI-BLAST: A new
generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389–3402. [CrossRef]

39. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

http://doi.org/10.1136/jcp.52.5.385
http://www.ncbi.nlm.nih.gov/pubmed/10560362
http://www.ncbi.nlm.nih.gov/pubmed/12118457
http://doi.org/10.1099/ijs.0.63753-0
http://www.ncbi.nlm.nih.gov/pubmed/16585681
http://doi.org/10.1073/pnas.0502035102
http://www.ncbi.nlm.nih.gov/pubmed/15851673
http://doi.org/10.1128/JCM.43.12.6123-6125.2005
http://doi.org/10.1128/JCM.30.9.2447-2450.1992
http://doi.org/10.1099/mic.0.000500
http://doi.org/10.1016/j.juro.2011.10.129
http://doi.org/10.1128/IAI.72.7.4275-4278.2004
http://www.ncbi.nlm.nih.gov/pubmed/15213173
http://doi.org/10.1111/1440-1681.12340
http://www.ncbi.nlm.nih.gov/pubmed/25399964
http://doi.org/10.1177/1091581813482146
http://www.ncbi.nlm.nih.gov/pubmed/23525265
http://doi.org/10.1007/s00436-007-0866-3
http://www.ncbi.nlm.nih.gov/pubmed/18214541
http://doi.org/10.1007/s12275-012-1284-5
http://www.ncbi.nlm.nih.gov/pubmed/22367939
http://doi.org/10.1093/nar/25.17.3389
http://doi.org/10.1093/molbev/msy096

	Introduction 
	Results and Discussion 
	Anti-N. fowleri Effect of the Cell-Free Culture Fluids of Aquatic Bacteria 
	Identification of the Aquatic Bacteria That Produced Anti-N. fowleri Products 
	Effect of Pyocyanin on N. fowleri 

	Materials and Methods 
	N. fowleri, Bacteria, and Culture Conditions 
	Chemical Agents 
	Preparation of the Cell-Free Culture Supernatants of the Environmental Bacteria 
	N. fowleri Inhibition Assay 
	Enumeration of N. fowleri Viable Cells and Cell Proliferation Assay 
	Identification of the KP-01, KP-14, and KP-15 Bacteria 
	Anti-N. fowleri Activity of Pyocyanin 
	Statistical Analysis 

	Conclusions 
	References

