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Abstract: Free-living amoebae (FLA) are prevalent in diverse environments, representing various
genera and species with different pathogenicity. FLA-induced infections, such as the highly fatal
amoebic encephalitis, with a mortality rate of 99%, primarily affect immunocompromised individuals
while others such as Acanthamoeba keratitis (AK) and cutaneous amebiasis may affect immunocompe-
tent individuals. Despite the prevalence of FLA, there is a lack of standardized guidelines for their
detection near human habitats. To date, no studies on the isolation and identification of FLA in envi-
ronmental soil samples in Warsaw have been published. The aim of this study was to determine the
presence of amoebae in soil samples collected from Warsaw parks and squares frequented by humans.
The isolated protozoa were genotyped. Additionally, their pathogenic potential was determined
through thermophilicity tests. A total of 23 soil samples were seeded on non-nutrient agar plates
(NNA) at 26 °C and monitored daily for FLA presence. From the total of 23 samples, 18 were positive
for FLA growth in NNA and PCR (78.2%). Acanthamoeba spp. was the most frequently isolated genus,
with a total of 13 positive samples (13/18; 72.2%), and the T4 genotype being the most common.
Moreover, Platyamoeba placida (3/18; 16.7%), Stenamoeba berchidia (1/18; 5.6%) and Allovahlkampfia sp.
(1/18; 5.6%), also potentially pathogenic amoebae, were isolated. To our knowledge, this is the first
report of FLA presence and characterization in the Warsaw area.

Keywords: Warsaw; soil; free-living amoebae; Acanthamoeba; T4 genotype

1. Introduction

Free-living amoebae (FLA), a polyphyletic group of heterotrophic protists, are pro-
tozoans with a worldwide distribution [1]. These organisms, known for their ubiquity
and opportunistic nature, inhabit various natural environments, including air, freshwater
bodies such as ponds, hot springs, lakes, and rivers, as well as saline environments, dust,
sediments, and soil [2-6]. Additionally, they have been identified in samples from artificial,
anthropogenic settings such as ventilation systems, public swimming pools, bottled mineral
water, contact lenses, dialysis units, and dental instruments [7,8]. Moreover, FLA have been
documented as part of the natural microbiota of certain fish, mammals, and reptiles [1].
While FLA play a significant role in environmental microbiota, comprehensive research
regarding their distribution remains insufficient. Taxonomically, FLA classification remains
under investigation, with current classifications relying on morphological, biochemical,
and molecular characteristics, thus categorizing pathogenic amoebae into two supergroups:
Amoebozoa and Excavata [9].

The life cycle of an amoeba typically comprises two discernible stages: the trophozoite,
characterized by active feeding and motility, and the highly resilient cyst stage that can
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survive in the environment under unfavorable conditions such as lack of food or extreme
pH, temperature, and salinity ranges [1,10].

As organisms of varying pathogenicity potential, FLA can pose a threat to human
health and life. Diseases caused by FLA are neglected, difficult to diagnose, problem-
atic to treat, and often fatal. Examples of such diseases include Acanthamoeba keratitis
(AK) and granulomatous amoebic encephalitis (GAE) caused by Acanthamoeba spp., pri-
mary amoebic meningoencephalitis (PAM) caused by Naegleria fowleri, balamuthia amoebic
encephalitis (BAE) caused by Balamuthia mandrillaris and pulmonary or cutaneous acan-
thamebiasis [1,11]. Moreover, FLA can act as biological vectors, so-called “Trojan horses”,
and can carry various Microsporidia and pathogenic amoeba-resisting bacteria (ARB) such
as Legionella pneumophila, Mycobacterium leprae, and Pseudomonas spp. Interactions between
FLA and microorganisms exhibit both mutualistic and parasitic dynamics. FLA facilitate
the dissemination of microorganisms in the environment, further supporting their growth,
as evidenced by studies on Legionella pneumophila. Bacteria expressing ARB can successfully
survive within both the trophozoite and cyst stages of FLA, possibly posing a threat to
human health [10,12-14].

Warsaw is a central European metropolis and the capital of Poland belonging to the
Mazovia Voivodeship, with a current population of over 1.8 million inhabitants. The city
covers an area of 517.2 square kilometers. It is the most densely populated city in Poland
(3600 people per square kilometer). Warsaw is located in the umber-transitional climate
zone with the influence of both continental and oceanic air masses throughout the year,
resulting in highly variable weather patterns in the region [15,16].

Infections caused by FLA may be fatal and life-threatening, especially for immuno-
compromised people represented by the growing population of individuals with AIDS,
organ transplant recipients, cancer, and diabetes patients, as well as pregnant women and
children. Despite being considered a rare disease, the global incidence of confirmed FLA in-
fections is steadily increasing. Given all the above, and knowing the challenges in accurate
diagnosis and effective treatment of FLA infections, coupled with ongoing climate warming
trends, research efforts should be undertaken to assess the risk of FLA infection from the
environment [3,17]. Therefore, the aim of this study was to determine the prevalence and
potential pathogenicity of FLA in the human environment in the Warsaw area.

2. Materials and Methods
2.1. Sampling Site

All 23 soil samples were taken from parks and squares in the urban agglomeration of
Warsaw (Figure 1). The sites for the collection of material for testing were chosen because
of the potentially increased risk of contact and, consequently, of FLA infection. These
locations are very popular among both residents and tourists. All samples were collected
directly from the ground surface using a sterile laboratory spatula into 15 mL sterile falcons
in September 2022. During their acquisition, the air temperature oscillated between 9 and
14 °C. The material obtained was stored at 4 °C until further processing in the laboratory.

List of sites from which soil samples were collected:

Zaslaw Malicki Park (WAWA)

Szczesliwicki Park (WAWB)

Olszyna Park (WAWC)

Kaskada Park (WAWD)

Krasinski Garden (WAWE)

Saski Garden (WAWF)

éwietokrzyski Park (WAWG)

Arkadia Park (WAWH)

Park named after the Home Army ‘Granat” Group (WAWI)
Pola Mokotowskie (2 samples) (WAW], WAWK)

Royal Lazienki Park (2 samples) (WAWL, WAWM)
Marshall Edward Rydz-Smigly Park (WAWN, WAWO)
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13. Stefan Wiechecki “Wiecha” Park (WAWP)

14. Praski Park (WAWR)

15. Skaryszewski Park (3 samples) (WAWS, WAWT, WAWU)
16. Edward Szymariski Park (WAWW, WAWX)

17.  Gorczewska Park (WAWY)

2? W Ves=

Figure 1. Geographical location of the samples.

2.2. FLA Culture

Isolation and cultivation of amoebae was performed at Parasitology Laboratory, De-
partment of Medical Biology, Medical University of Warsaw, Poland. Small amounts of
soil samples (about 1 g) were seeded onto an NNA medium at room temperature using a
sterile metal spatula. The seeding process was performed close to the flame of the burner,
to maintain sterile conditions and to minimize the risk of contamination of the substrate
with microorganisms present in the air. Each petri dish was labelled with a letter (corre-
sponding to the sampling location) and the date of the culture, and they were protected by
sealing with Parafilm. The plates were incubated at room temperature for 24-48 h, after
which the presence of FLA was assessed. If amoebae were suspected, a replicate was per-
formed. The process of creating replicates continued until pure, fungus-free monocultures
were obtained.

2.3. Thermophilicity

A small piece of agar was applied to the 6-well plate containing the NNA medium
with the bottom up from the plates containing the monocultures. All steps were performed
close to the flame of the burner. A total of three sets of plates were obtained, each con-
sisting of four six-well plates. The plates were left for two weeks at room temperature,
to obtain growth of amoebae throughout the substrate and to obtain the same or similar
developmental stage of the isolated FLA. Then, after microscopic verification of the growth
of the amoebae, set one was placed at 45 °C, set two at 37 °C, and set three was left at room
temperature as a control. The plates were incubated at their respective temperatures for
4 days.

2.4. DNA Extraction

Wizard® Genomic DNA Purification Kit was used to extract FLA DNA from amoeba-
positive samples. PAS solution was added to a Petri dish and the amoebae were then
scraped with a sterile laboratory scraper. The solution was then centrifuged for 10 min at
2500 RPM to obtain a pellet. DNA was isolated from these samples using the instructions
provided by the manufacturer under “Isolating Genomic DNA from Tissue Culture Cells
and Animal Tissue”.
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2.5. PCR and Molecular Characterisation of Isolates

PCR amplification of the 185 rRNA gene from the extracted DNA was carried out using
two universal primers listed in Table 1. The PCR reactions were performed in 40 cycles with
denaturation (95 °C, 30 s), annealing (55 °C, 30 s) and primer extension (72 °C, 1 min) for
FLA primers. However, in the case of Acanthamoeba spp. primers (JDP-1/2), the PCRs were
performed in 40 cycles with denaturation (95 °C, 30 s), annealing (50 °C, 30 s) and primer
extension (72 °C, 30 s) [10]. After the last cycles, the primer extension was maintained
for 7 min at 72 °C. PCR products were run on a 1% (w/v) agarose gel in 1XTAE (Tris
acetate-EDTA) buffer stained with ethidium bromide and analyzed under UV light using
the Gel Doc™ EZ Imager instrument (BIO-RAD). Sequencing of positive PCR products
was performed in the Laboratory of DNA Sequencing and Oligonucleotide Synthesis (IBB
PAS, Warsaw, Poland). Species identification was based on sequence homology analysis by
comparison with the available DNA sequences in the GenBank database.

Table 1. Primers used in the study.

Amplicon

/_nl o
Name 5'-3' Sequence Tm [°C] Length [bp] Source
FLA-F CGCGGTAATTCCAGCTCCAATAGC
55 ~800 [18]
FLA-R CAGGTTAAGGTCTCGTTCGTTAAC
JDP-1 GGCCCAGATCGTTTACCGTGAA
50 ~500 [19]

JDP-2 TCTCACAAGCTGCTAGGGGAGTCA

2.6. Phylogenetic Analysis

Phylogenetic analysis based on the partial 185 rRNA gene sequences was performed
on the Phylogeny.fr website (https://www.phylogeny.fr/phylogeny.cgi, accessed on 26
February 2024) [20]. After alignment with MUSCLE [21] v3.8.31, ambiguous regions were
removed with Gblocks (v0.91b) using the default parameters [22]. The phylogenetic tree
was reconstructed using the maximum likelihood method implemented in the PhyML
program (v3.1/3.0 aLRT), using the default parameters [23,24]. Graphical representation
and editing of the phylogenetic tree were performed with TreeDyn (v198.3.) [25].

3. Results
3.1. FLA Culture

Of the 23 soil samples analyzed, 18 showed the presence of FLA. The mother plates, as
well as the replicates formed from them, were assessed using an optical inverted microscope
(MW 50 OPTA-TECH, OPTA-TECH, Warsaw, Poland) at 400 x magnification. The presence
of FLA was visualized using an OPTA-TECH MI5FL 5 MP digital camera (OPTA-TECH,
Warsaw, Poland) at 400 x magnification (Figures 2-6).

3.2. Thermophilicity

In plates left at room temperature, no significant morphological changes were ob-
served, the amoebae covered the surface of the substrate more densely, and some tropho-
zoites encysted. The crawlers incubated at 37 °C had mostly transformed into cysts, which
were mainly present in groupings of a few/some. Few trophic forms were found, which
were characterized by smaller sizes compared to trophozoites in samples residing at room
temperature. When incubated at 45 °C, the number of amoebae present as trophozoites
was significantly reduced, they were distributed in close proximity to each other and were
characterized by smaller sizes compared to trophozoites present in samples incubated at
room temperature. Cysts were found in the majority of the samples, forming clusters, and
in three of the samples cysts were observed with walls formed into a characteristic star
shape. A summary of the results of the experiment is presented in Table 2.
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Figure 2. Petri dish containing monoxenic FLA cultures (A) and visualized FLA on NNA (B) (Sample
WAWA: Platyamoeba placida). Arrows indicate examples of trophozoites.

@A) | | ()

Figure 3. Petri dish containing monoxenic FLA cultures (A) and visualized FLA on NNA (B) (Sample
WAWO: Acanthamoeba sp.). Arrows indicate examples of trophozoites.
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Figure 4. Petri dish containing monoxenic FLA cultures (A) and visualized FLA on NNA (B) (Sample
WAWL: Allovahlkampfia sp.). Purple arrows indicate examples of cysts and blue arrows indicate

examples of trophozoites.

(A)

Figure 5. Petri dish containing monoxenic FLA cultures (A) and visualized FLA on NNA (B) (Sample
WAWE: Stenamoeba berchidia). Purple arrows indicate examples of cysts and blue arrows indicate

examples of trophozoites.
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(A)

(B)

Figure 6. Petri dish containing monoxenic FLA cultures (A) and visualized FLA on NNA (B) (Sample
WAWS: Acanthamoeba polyphaga). Arrows indicate examples of trophozoites.

Table 2. Summary of thermotolerance test results. T—trophozoite, C—cyst, “-”"—not detected, “.”

impossible to determine the number unequivocally, “ND”—no data (grey color indicates samples in

which an increase in the number of trophozoites was found after incubation at a given temperature).

Room Temperature 37°C 45°C
Sample
Before After Before After Before After
T=20 T=40 T=10 T=4 T=10 _
WAWA
- - - C=10 - -
T=50 T=10 T=20
WAWC
- C=60 - - - -
T=30 T=100 T=30 _ T=40 T=6
WAWE
_ _ R C =40 - C =40
T =60 T=14 T=20 - T=6 T=5
WAWF
C=80 C=330 C =240 C =240 C =350 C =260
T=30 T=20 T=20
WAWG
C =40 C=20 C=40 C=40 C =30 C=20
T =260 T=160 T=70 T =40 T=6 _
WAWI
C=30 - - C=10 C =40 C=70
T =80
WAWK
- C=50 -
T =150 T=6 T-10 T8
WAWL
C=170 C=220 C =150 C =210 C=90 C =140
T=1 T=20 - - - _
WAWM
C =40 C=120 C=20 C=70 C=20 C=20
WAWN ND
T =30 T =40 T=20 - T =30 -
WAWO
C=9 C=40 C=8 C =100 C =30 C=110
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Table 2. Cont.

Room Temperature 37°C 45°C
Sample Before After Before After Before After
T=30 T=40 T=20 - T=30 -
WAWO
CcC=9 C=40 C=8 C=100 C=30 C=110
T=10 T=10 T=5 T =20 T=10 -
WAWP
C=80 C=170 C=90 C=150 C =200 C=50
T=20 T=30 T=15 T=20 T=20 -
WAWR
C=90 C=190 C=20 C=230 C=100 C=20
T=9 T =40 T=10 T=8 - -
WAWS
C=1 C=40 C=40 C=20 C=80 C=60
T =100 T=50 T=20 T =40 -
WAWT
- - - - - C=3
WAWU ND
T =100 T=30 T=20 T=20 T=7 -
WAWW
C=120 C=250 C=40 C=120 C =100 C=40
T=20 T=7 T=40 T=2 T=40 -
WAWY
C=120 C=160 C =100 C=130 CcC=70 C=240

3.3. Molecular Characterisation of Isolates

From the total of 23 samples, 18 were positive for FLA growth in NNA and PCR
(78.2%) (Table 3). Acanthamoeba spp. were the most abundantly isolated species, with a
total of 13 samples (13/18; 72.2%), with the T4 genotype being the most common (12/13;
92.3%) followed by A. polyphaga (1/13; 7.7%). Additionally, we found Platyamoeba placida
(3/18; 16.7%), Stenamoeba berchidia (1/18; 5.6%) and Allovahlkampfia sp. (1/18; 5.6%).

Table 3. Report of the FLA species isolated from environmental soils of Warsaw parks (NNA: FLA
growth in non-nutrient agar culture; PCR: FLA detection by PCR using FLA or JDP primer pair; bp:
base pairs; Homology (%) related to NCBI DataBase sequence).

Sample Code NNA PCR Primers Isolated Species Seq Length (bp) Identity (%) ID BLASTn
WAWA + FLA Platyamoeba placida 850 >95% AY294150.1
WAWC + JDP Acanthamoeba sp. T4 426 >98% KP863877.1
WAWE + FLA Stenamoeba berchidia 856 >89% KF547922.1
WAWF + JDP Acanthamoeba sp. T4 430 >97% OM414934.1
WAWG + FLA Platyamoeba placida 842 >97% AY?294150.1
WAWI + JDP Acanthamoeba sp. T4 416 >89% MT893156.1
WAWK + JDP Acanthamoeba sp. T4 416 >99% KP863877.1
WAWL + FLA Allovahlkampfia sp. 837 >98% KF547914.1
WAWM + JDP Acanthamoeba sp. T4 426 >99% KJ094691.1
WAWN + FLA Platyamoeba placida 844 >97% AY294150.1

WAWO + Jjbpr Acanthamoeba sp. T4 420 >95% KP756958.1
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Sample Code NNA PCR Primers Isolated Species Seq Length (bp) Identity (%) ID BLASTn
WAWP + JDP Acanthamoeba sp. T4 424 >98% KJ094675.1
WAWR + JDP Acanthamoeba sp. T4 435 >98% LC373013.1
WAWS + JDP Acanthamoeba polyphaga 409 >98% AY026244.1
WAWT + JDP Acanthamoeba sp. T4 426 >99% KJ094691.1
WAWU + JDP Acanthamoeba sp. T4 434 >87% OM414922.1
WAWW + Jjpbpr Acanthamoeba sp. T4 421 >95% OP164621.1
WAWY + Jjbr Acanthamoeba sp. T4 430 >99% KJ094675.1

A total of 18 partial FLA 18S rRNA gene sequences obtained in this study were
deposited in the Genbank database. All deposited sequences showed homologies above
89% to DNA sequences present in this database (Table 3). The phylogenetic relationship was
inferred by using the maximum likelihood method based on the HKY85 model [23,24]. The
gamma shape parameter was estimated directly from the data (gamma = 4.596). Reliability
for the internal branch was assessed using the aLRT test (SH-Like). The tree with the
highest log likelihood (—1290.58646) is shown in Figure 7.

100 ~WAWL#
IKF547914. 1_Allovahlkampfia_sp.

AY294150.1_Platyamoeba_placida
% WAWG*
WAWN®*
WAWA#

82 l WAWE#*
KF347922.1_Stenamoeba_berchidia
AY026244.1_Acanthamoeba_polyphaga
WAWS*
r KP7569538.1_Acanthamoeba_genotype_T4
WAWM#*
WAWY#
WAWP*
97 F WAWCH
WAWK?#
WAWF*
96

WAWI#
WAWU#

WAWO*
s [~ WAWWS

L WAWR®

WAWT*

0.2

Figure 7. Phylogenetic tree showing the relationship of the 18 newly isolated Amoebozoa strains,
based on their partial 185 rRNA gene sequences. Branches with support value smaller than 50%
were collapsed. Bootstrap values are shown as % next to the branches. Leaf names with the strains
isolated in this study are marked with an asterisk (*). The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site (0.2). The GenBank accession numbers of the 185
rRNA sequences used to build the tree are as follow: Stenamoeba berchidia, KF547922.1; Acanthamoeba
polyphaga, AY026244.1; Allovahlkampfia sp, KF547914.1; Platyamoeba placida, AY294150.1; Acanthamoeba
genotype T4, KP756958.1.

4. Discussion

The above experimental study focuses on the detection and molecular characterization
of FLA strains isolated from soil samples. While diseases induced by amoebae are more
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commonly associated with tropical climates, occurrences, particularly concerning corneal
AK infections, have been documented also in temperate regions like Poland, Germany,
and Hungary [24-28]. Nevertheless, the absence of specific and effective diagnostic and
treatment regimens for FLA-related conditions prompts further research in this area. Envi-
ronmental research on FLA worldwide includes samples derived mainly from air, water,
and soil of both natural and man-made environments [2,4,7,10].

Researchers from Spain have also investigated the occurrence of FLA in soil. The
samples analyzed came from beaches, gardens, and agricultural fields on the island of
Santiago, part of the Cape Verde archipelago. In total, 26 soil samples were analyzed, with
17 of them containing FLA, representing 65.4% of all samples. Molecular analyses revealed
that the predominant genus of amoebae identified was Acanthamoeba, representing 82.4%
of the FLA detected. Similar results of FLA prevalence and characterization were obtained
also in our study [10].

In the densely populated Warsaw agglomeration, no research has been carried out
on the occurrence of amoebae in the environment so far. Our findings align with research
conducted in 2015 in Poznan, where amoebae belonging to the genus Acanthamoeba were
isolated from soil samples obtained from sandpits within the city’s playgrounds. However,
identification of the genus was conducted only through microscopic examination of trophic
forms and cysts observed. The potential pathogenicity was determined by infecting mice,
with intranasal inoculation, with a suspension containing isolated amoebae. Among the
13 sandpits examined, pathogenic amoebae were detected in 7, with the FLA exhibiting
the highest virulence identified in a sandpit situated near Lake Malta. These findings
underscore the importance of continued environmental surveillance and risk assessment to
safeguard public health, particularly in recreational areas frequented by children [29].

In a 2014 publication, Adamska et al. presented findings from their study conducted
in Poland, focusing on environmental water samples collected from various sources such
as rivers, lakes, and marine composting sites. The study revealed the detection of the
Acanthamoeba genus in 6.5% of the samples and the species H. vermiformis in 3.5% of the
samples. The study concluded that the most detected genotype of Acanthamoeba spp.
was T4, which is consistent with the results obtained in this study. Notably, the majority
of AK infections in Poland and globally have been associated with this genotype [30].
Similarly, a paper from 2015 authored by Leoriska-Duniec et al. investigated the presence
of FLA in 86 samples obtained from three distinct water bodies, including outdoor and
indoor swimming pools, firefighting reservoirs, fountains, and water networks. The
results identified the presence of Acanthamoeba genotypes T4, T6, and T16, as well as
H. vermiformis species. Both studies performed thermophilicity exams that confirmed
the potential pathogenicity of 10% and 8.1% of the isolates, respectively [31]. In 2013,
Cholewinski et al. published an article focusing on the isolation and assessment of the
pathogenicity of amoebae extracted from sand samples obtained from urban sandpits. The
study findings revealed the presence of pathogenic amoebae belonging to the Acanthamoeba
genus in 7 out of 13 samples [32].

In our study, the FLA identified predominantly align with the environmental origins of
the samples. We isolated Acanthamoeba spp., noting that the T4 genotype, commonly linked
to human infections, exhibits higher transmissibility and virulence [31,33]. Acanthamoeba sp.
T4 genotype was the most frequent isolated genus in our samples, with a total of 13 positive
samples (72.2%) of which 4 isolates (30.7%) showed increased temperature tolerance.
The increased thermotolerance of Acanthamoeba spp. correlates with their pathogenicity.
Therefore, the ability of Acanthamoeba spp. to grow at high temperatures may provide a
good indicator of the pathogenic potential of a given isolate. However, the mechanisms by
which pathogenic Acanthamoeba adapt to high temperatures and sustain metabolic activities
require further study [34]. Among other protozoa species identified, Platyamoeba placida
and Stenamoeba berchidia were also sporadically found by other authors [35]. Notably,
our research marks the first documentation of Allovahlkampfia spp. in soil samples from
Poland, a discovery that expands our understanding of FLA distribution. The isolation
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of Allovahlkampfia sp., hitherto known for its elusive presence and challenging treatment
profile, underscores its significance. Furthermore, we examined its thermophily profile,
which corroborates its potential pathogenicity, presenting a new dimension in studying
FLAs and their implications for public health [36,37].

The results obtained from the current study confirm the ubiquitous presence of free-
living amoebae in the soil. In our study, 44.5% of isolates showed increased thermophilic-
ity which contrasts with the studies performed by other authors, suggesting potential
pathogenicity and raising concerns regarding the development of these diseases.

5. Conclusions

The soil analyzed from the Warsaw area serves as a reservoir for FLA, confirming
their cosmopolitan nature. Acanthamoeba genus was found in most of the isolates with
the T4 genotype being the most frequently identified in human infection cases. Moreover,
44.5% of the isolated amoebae cultures exhibited growth at temperatures of 37 °C or above,
indicating potential pathogenicity. The presence of pathogenic amoebae in environments
close to humans, such as parks and squares, poses a significant threat to human health.
However, based on the immunological studies, we know that humans are exposed to
free-living amoebae regularly. We still do not fully understand why some people become
infected while others do not. There is still room for other free-living amoebae, which have
not yet been associated with human diseases, but may be in the future [38]. Therefore,
further research should be carried out to determine the epidemiological risk associated with
these pathogens and explore strategies for their eradication. Moreover, to our knowledge,
this is the first report of potentially pathogenic FLA isolated from soil samples in the
Warsaw area.

Author Contributions: Conceptualization, E.B.H.-R., M.C.-]., AR.L., AK.-B., G.O. and M.P,; Method-
ology, E.B.H.-R.,, M.C.-].,, K.P, ARL., AK.-B. and M.P,; Formal analysis, E.B.H.-R.,, M.C.-]., AK.-B.,
G.O. and M.P; Investigation, E.B.H.-R., M.C.-]., K.P. and A.K.-B.; Resources, E.B.H.-R., M.C.-]. and
A K.-B,; Data curation, E.B.H.-R., M.C.-]., K.P. and A K.-B.; Writing—original draft, E.B.H.-R., M.C.-].
and A K.-B.; Writing—review & editing, A.R.L., G.O. and M.P,; Visualization, E.B.H.-R. and M.C.-].;
Supervision, G.O. and M.P; Project administration, G.O. and M.P. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

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. Reyes-Batlle, M.; Todd, C.D.; Martin-Navarro, C.M.; Lépez-Arencibia, A.; Cabello-Vilchez, A.M.; Gonzalez, A.C.; Cérdoba-Lanus,
E.; Lindo, J.F.; Valladares, B.; Pifiero, ].E.; et al. Isolation and characterization of Acanthamoeba strains from soil samples in Gran
Canaria, Canary Islands, Spain. Parasitol. Res. 2014, 113, 1383-1388. [CrossRef] [PubMed]

3. Mahmoudi, M.R.; Maleki, M.; Zebardast, N.; Rahmati, B.; Ashrafi, K.; Sharifdini, M.; Karanis, P. Identification of Acanthamoeba
spp. from water and soil of public parks in the north of Iran. J. Water Health 2022, 20, 1604-1610. [CrossRef] [PubMed]

4. Barnhart, E.P; Kinsey, S.M.; Wright, P.R.; Caldwell, S.L.; Hill, V.; Kahler, A.; Mattioli, M.; Cornman, R.S.; Iwanowicz, D.; Eddy,
Z.; et al. Naegleria fowleri Detected in Grand Teton National Park Hot Springs. ACS ES T Water. 2024, 4, 628-637. [CrossRef]
[PubMed] [PubMed Central]

5. Ghaderifar, S.; Najafpoor, A.A.; Zarrinfar, H.; Esmaily, H.; Hajialilo, E. Isolation and identification of Acanthamoeba from pond

water of parks in a tropical and subtropical region in the Middle East, and its relation with physicochemical parameters. BMC
Microbiol. 2018, 18, 139. [CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.1111/j.1574-695X.2007.00232.x
https://www.ncbi.nlm.nih.gov/pubmed/17428307
https://doi.org/10.1007/s00436-014-3778-z
https://www.ncbi.nlm.nih.gov/pubmed/24449449
https://doi.org/10.2166/wh.2022.193
https://www.ncbi.nlm.nih.gov/pubmed/36308502
https://doi.org/10.1021/acsestwater.3c00650
https://www.ncbi.nlm.nih.gov/pubmed/38356928
https://www.ncbi.nlm.nih.gov/pmc/PMC10862551
https://doi.org/10.1186/s12866-018-1301-x
https://www.ncbi.nlm.nih.gov/pubmed/30340522
https://www.ncbi.nlm.nih.gov/pmc/PMC6195741

Pathogens 2024, 13, 895 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Abedi, B.; Azadi, D.; Hajihossein, R.; Khodashenas, S.; Ghaffari, K.; Mosayebi, M. Isolation and molecular identification of
Acanthamoeba spp. from hospital dust and soil of Khomein, Iran, as reservoir for nosocomial infection. Parasite Epidemiol. Control.
2021, 15, €00224. [CrossRef] [PubMed] [PubMed Central]

Gabr, N.S.; Mohamed, R.M.; Belal, U.S.; Abdel-Fatah, M.M.; Ahmed, R.F.; Abdel Gaber, N.A.T.; Abdel-Hafeez, E.H. Isolation and
Identification of Pathogenic Acanthamoeba Species from Air Conditioning Systems, Egypt. Jpn. |. Infect. Dis. 2021, 74, 180-186.
[CrossRef] [PubMed]

Trabelsi, H.; Dendana, F; Sellami, A.; Sellami, H.; Cheikhrouhou, F.; Neji, S.; Makni, F.; Ayadi, A. Pathogenic free-living amoebae:
Epidemiology and clinical review. Pathol. Biol. 2012, 60, 399-405. [CrossRef] [PubMed]

Adl, SM.; Simpson, A.G.B.; Farmer, M.A.; Andersen, R.A.; Anderson, O.R.; Barta, ].R.; Bowser, S.S.; Brugerolle, G.; Fensome,
R.A.; Fredericq, S.; et al. The new higher-level classification of eukaryotes with emphasis on the taxonomy of protists. J. Eukaryot.
Microbiol. 2005, 52, 399-451. [CrossRef]

Sousa-Ramos, D.; Reyes-Batlle, M.; Bellini, N.K.; Rodriguez-Expdsito, R.L.; Pifiero, ].E.; Lorenzo-Morales, J. Free-Living Amoebae
in Soil Samples from Santiago Island, Cape Verde. Microorganisms 2021, 9, 1460. [CrossRef] [PubMed] [PubMed Central]
Krol-Turminska, K.; Olender, A. Human infections caused by free-living amoebae. Ann. Agric. Environ. Med. 2017, 24, 254-260.
[CrossRef] [PubMed]

Winiecka-Krusnell, J.; Linder, E. Free-living amoebae protecting Legionella in water: The tip of an iceberg? Scand. J. Infect. Dis.
1999, 31, 383-385. [CrossRef] [PubMed]

Wheat, W.H.; Casali, A.L.; Thomas, V.; Spencer, ].S.; Lahiri, R.; Williams, D.L.; McDonnell, G.E.; Gonzalez-Juarrero, M.; Brennan,
PJ.; Jackson, M. Long-term survival and virulence of Mycobacterium leprae in amoebal cysts. PLoS Negl. Trop. Dis. 2014, 8, e3405.
[CrossRef] [PubMed] [PubMed Central]

Denet, E.; Coupat-Goutaland, B.; Nazaret, S.; Pélandakis, M.; Favre-Bonté, S. Diversity of free-living amoebae in soils and their
associated human opportunistic bacteria. Parasitol. Res. 2017, 116, 3151-3162. [CrossRef] [PubMed]

Statistical Review of Warsaw—Quarter 3/2023; Statistical Office: Warsaw, Poland, 2023; Volume 32.

Potencjat do Ksztattowania Warunkéw Klimatycznych—W tym Wymiany i Regeneracji Powietrza w Warszawie, Raport Przygo-
towat Zespot: ATMOTERM S.A., ATMOTERM Inzynieria Srodowiska Sp. z o.0., Instytut Meteorologii i Gospodarki Wodnej,
Politechnika Warszawska, Pracownia Urbanistyki KANON. 2017.

Tsyganov, A.N.; Nijs, I.; Beyens, L. Does climate warming stimulate or inhibit soil protist communities? A test on testate amoebae
in high-arctic tundra with free-air temperature increase. Protist 2011, 162, 237-248. [CrossRef] [PubMed]

Tsvetkova, N.; Schild, M.; Panaiotov, S.; Kurdova-Mintcheva, R.; Gottstein, B.; Walochnik, J.; Aspock, H.; Lucas, M.S.; Miiller, N.
The identification of free-living environmental isolates of amoebae from Bulgaria. Parasitol. Res. 2004, 92, 405-413. [CrossRef]
[PubMed]

Schroeder, ].M.; Booton, G.C.; Hay, ]J.; Niszl, .A.; Seal, D.V.; Markus, M.B.; Fuerst, P.A.; Byers, T.]. Use of subgenic 18S ribosomal
DNA PCR and sequencing for genus and genotype identification of acanthamoebae from humans with keratitis and from sewage
sludge. J. Clin. Microbiol. 2001, 39, 1903-1911. [CrossRef] [PubMed] [PubMed Central]

Dereeper, A.; Guignon, V.; Blanc, G.; Audic, S.; Buffet, S.; Chevenet, F.; Dufayard, J.F.; Guindon, S.; Lefort, V.; Lescot, M.; et al.
Phylogeny.fr: Robust phylogenetic analysis for the non-specialist. Nucleic Acids Res. 2008, 36, W465-W469. [CrossRef] [PubMed]
[PubMed Central]

Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32,
1792-1797. [CrossRef]

Castresana, J. Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis. Mol. Biol. Evol. 2000,
17, 540-552. [CrossRef]

Anisimova, M.; Gascuel, O. Approximate likelihood ratio test for branchs: A fast, accurate and powerful alternative. Syst. Biol.
2006, 55, 539-552. [CrossRef] [PubMed]

Guindon, S.; Gascuel, O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood. Syst. Biol.
2003, 52, 696-704. [CrossRef] [PubMed]

Chevenet, F; Brun, C.; Banuls, A.L.; Jacq, B.; Chisten, R. TreeDyn: Towards dynamic graphics and annotations for analyses of
trees. BMC Bioinform. 2006, 10, 439. [CrossRef] [PubMed]

Derda, M.; Solarczyk, P.; Cholewiniski, M.; Hadas, E. Genotypic characterization of amoeba isolated from Acanthamoeba keratitis
in Poland. Parasitol. Res. 2015, 114, 1233-1237. [CrossRef] [PubMed] [PubMed Central]

Daas, L.; Szentmary, N.; Eppig, T.; Langenbucher, A.; Hasenfus, A.; Roth, M.; Saeger, M.; Nolle, B.; Lippmann, B.; Bohringer,
D.; et al. Das Deutsche Akanthamobenkeratitis-Register: Erste Ergebnisse einer multizentrischen Erhebung [The German
Acanthamoeba keratitis register: Initial results of a multicenter study]. Der Ophthalmol. 2015, 112, 752-763; Erratum in Der
Ophthalmol. 2015, 112, 942. (In German) [CrossRef] [PubMed]

Orosz, E.; Kriskd, D.; Shi, L.; Sandor, G.L.; Kiss, H.J.; Seitz, B.; Nagy, Z.Z.; Szentmary, N. Clinical course of Acanthamoeba keratitis
by genotypes T4 and T8 in Hungary. Acta Microbiol. Et Immunol. Hung. 2019, 66, 289-300. [CrossRef] [PubMed]

Cholewinski, M.; Solarczyk, P.; Derda, M.; Wojtkowiak-Giera, A.; Hadas, E. Presence of potential pathogenic genotypes of
free-living amoebae isolated from sandboxes in children’s playgrounds. Folia Parasitol. 2015, 62, 064. [CrossRef] [PubMed]
Adamska, M.; Leonska-Duniec, A.; Lanocha, N.; Skotarczak, B. Thermophilic potentially pathogenic amoebae isolated from
natural water bodies in Poland and their molecular characterization. Acta Parasitol. 2014, 59, 433-441. [CrossRef] [PubMed]


https://doi.org/10.1016/j.parepi.2021.e00224
https://www.ncbi.nlm.nih.gov/pubmed/34584991
https://www.ncbi.nlm.nih.gov/pmc/PMC8456014
https://doi.org/10.7883/yoken.JJID.2020.049
https://www.ncbi.nlm.nih.gov/pubmed/32999181
https://doi.org/10.1016/j.patbio.2012.03.002
https://www.ncbi.nlm.nih.gov/pubmed/22520593
https://doi.org/10.1111/j.1550-7408.2005.00053.x
https://doi.org/10.3390/microorganisms9071460
https://www.ncbi.nlm.nih.gov/pubmed/34361894
https://www.ncbi.nlm.nih.gov/pmc/PMC8306126
https://doi.org/10.5604/12321966.1233568
https://www.ncbi.nlm.nih.gov/pubmed/28664704
https://doi.org/10.1080/00365549950163833
https://www.ncbi.nlm.nih.gov/pubmed/10528878
https://doi.org/10.1371/journal.pntd.0003405
https://www.ncbi.nlm.nih.gov/pubmed/25521850
https://www.ncbi.nlm.nih.gov/pmc/PMC4270725
https://doi.org/10.1007/s00436-017-5632-6
https://www.ncbi.nlm.nih.gov/pubmed/28988383
https://doi.org/10.1016/j.protis.2010.04.006
https://www.ncbi.nlm.nih.gov/pubmed/20708962
https://doi.org/10.1007/s00436-003-1052-x
https://www.ncbi.nlm.nih.gov/pubmed/14760525
https://doi.org/10.1128/JCM.39.5.1903-1911.2001
https://www.ncbi.nlm.nih.gov/pubmed/11326011
https://www.ncbi.nlm.nih.gov/pmc/PMC88046
https://doi.org/10.1093/nar/gkn180
https://www.ncbi.nlm.nih.gov/pubmed/18424797
https://www.ncbi.nlm.nih.gov/pmc/PMC2447785
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1080/10635150600755453
https://www.ncbi.nlm.nih.gov/pubmed/16785212
https://doi.org/10.1080/10635150390235520
https://www.ncbi.nlm.nih.gov/pubmed/14530136
https://doi.org/10.1186/1471-2105-7-439
https://www.ncbi.nlm.nih.gov/pubmed/17032440
https://doi.org/10.1007/s00436-015-4319-0
https://www.ncbi.nlm.nih.gov/pubmed/25604673
https://www.ncbi.nlm.nih.gov/pmc/PMC4336404
https://doi.org/10.1007/s00347-014-3225-7
https://www.ncbi.nlm.nih.gov/pubmed/25833754
https://doi.org/10.1556/030.66.2019.008
https://www.ncbi.nlm.nih.gov/pubmed/30835133
https://doi.org/10.14411/fp.2015.064
https://www.ncbi.nlm.nih.gov/pubmed/26725571
https://doi.org/10.2478/s11686-014-0266-7
https://www.ncbi.nlm.nih.gov/pubmed/25119357

Pathogens 2024, 13, 895 13 of 13

31.

32.

33.

34.

35.

36.

37.

38.

Leoniska-Duniec, A.; Skotarczak, B.; Adamska, M. Molecular identification of free-living amoebae isolated from artificial water
bodies located in Poland. Acta Protozool. 2015, 54, 77-84.

Cholewinski, M.; Hadas, E.; Derda, M.; Wojt, W.; Skrzypczak, L. Wystepowanie patogenicznych petzakéw wolno zyjacych z
rodzaju Acanthamoeba w piaskownicach miejskich (The occurrence of the pathogenic free-living amoeba from Acanthamoeba
genus in city’s sandboxes). Now. Lek. 2013, 82, 138-141.

Maciver, S.K.; Asif, M.; Simmen, M.W.; Lorenzo-Morales, ]. A systematic analysis of Acanthamoeba genotype frequency correlated
with source and pathogenicity: T4 is confirmed as a pathogen-rich genotype. Eur. ]. Protistol. 2013, 49, 217-221. [CrossRef]
[PubMed]

Lorenzo-Morales, J.; Khan, N.A.; Walochnik, . An update on Acanthamoeba keratitis: 75 diagnosis, pathogenesis and treatment.
Parasite 2015, 22, 10. [CrossRef] [PubMed]

Grimm, D.; Ludwig, W.F,; Brandt, B.C.; Michel, R.; Schleifer, K.H.; Hacker, J.; Steinert, M. Development of 185 rRNA-targeted
oligonucleotide probes for specific detection of Hartmannella and Naegleria in Legionella-positive environmental samples. Syst.
Appl. Microbiol. 2001, 24, 76-82. [CrossRef] [PubMed]

Tolba, M.E.; Huseein, E.A.; Farrag, H.M.; Mohamed Hel, D.; Kobayashi, S.; Suzuki, J.; Ali, T.A.; Sugano, S. Allovahlkampfia
spelaea Causing Keratitis in Humans. PLoS Negl. Trop. Dis. 2016, 10, e0004841. [CrossRef] [PubMed] [PubMed Central]
Nageeb, M.M.; Eldeek, H.E.M.; Attia, R.A.H.; Sakla, A.A.; Alkhalil, S.S.; Farrag, HM.M. Isolation and morphological and molecu-
lar characterization of waterborne free-living amoebae: Evidence of potentially pathogenic Acanthamoeba and Vahlkampfiidae
in Assiut, Upper Egypt. PLoS ONE. 2022, 17, e0267591. [CrossRef] [PubMed] [PubMed Central]

Stockman, L.J.; Wright, C.J.; Visvesvara, G.S.; Fields, B.S.; Beach, M.]. Prevalence of Acanthamoeba spp. and other free-living
amoebae in household water, Ohio, USA—1990-1992. Parasitol. Res. 2011, 108, 621-627. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ejop.2012.11.004
https://www.ncbi.nlm.nih.gov/pubmed/23290304
https://doi.org/10.1051/parasite/2015010
https://www.ncbi.nlm.nih.gov/pubmed/25687209
https://doi.org/10.1078/0723-2020-00017
https://www.ncbi.nlm.nih.gov/pubmed/11403402
https://doi.org/10.1371/journal.pntd.0004841
https://www.ncbi.nlm.nih.gov/pubmed/27415799
https://www.ncbi.nlm.nih.gov/pmc/PMC4945048
https://doi.org/10.1371/journal.pone.0267591
https://www.ncbi.nlm.nih.gov/pubmed/35802617
https://www.ncbi.nlm.nih.gov/pmc/PMC9269480
https://doi.org/10.1007/s00436-010-2120-7

	Introduction 
	Materials and Methods 
	Sampling Site 
	FLA Culture 
	Thermophilicity 
	DNA Extraction 
	PCR and Molecular Characterisation of Isolates 
	Phylogenetic Analysis 

	Results 
	FLA Culture 
	Thermophilicity 
	Molecular Characterisation of Isolates 

	Discussion 
	Conclusions 
	References

