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Introduction: Within the group of free-living amoebae (FLA), the genus
Naegleria stands out for including species adapted to high temperatures, such
as the facultative human parasite Naegleria fowleri, that can be found in various
terrestrial and aquatic environments. Characterizing and monitoring water
bodies is crucial for determining the presence of pathogenic microorganisms
and assessing the risk of infection. In this study, we propose an environmental
survey to identify physicochemical parameters related to the presence of
Naegleria in natural freshwater sources used for recreation in Costa Rica, as well
as people’'s knowledge, attitudes, and practices (KAP) profile in relation to the
infection by N. fowleri.

Materials and methods: Water and sediment samples were collected from 24
locations. Parameters such as temperature, pH, electrical conductivity, and
dissolved oxygen in water were measured. In sediment, analyses were performed
for metals, cations, and texture. Water samples were also filtered, cultured, and
subjected to molecular analyses to determine the presence of FLA. Additionally,
a KAP survey was conducted among 72 individuals during the fieldwork.
Results: FLA were isolated at 42 °C from 22 sites, 7 of which tested positive for
Naegleria. Although some parameters were statistically associated (p < 0.05) with
the presence of Naegleria, epidemiological association was not demonstrated.
From the KAP survey, 37.5% of participants had never heard about N. fowleri.
Average scores of 35.8% for knowledge, and 3.01 and 2.16 for attitudes and
practices were obtained, with 5 being the optimum value. Significant differences
(p < 0.05) between the level of knowledge by gender and geographic origin
were obtained.

Conclusion: This study represents a first monitoring effort to determine the
frequency of FLA in surface waters of Costa Rica, indicating the presence of
thermotolerant vahlkampfiid FLA in non-thermal freshwaters with the ability
to proliferate at high temperatures. The KAP survey revealed a low level of
knowledge and deficiencies in the management and prevention of PAM risk
among the population exposed to natural freshwater reservoirs. These findings
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must drive health promotion, communication, and education strategies in the
local population exposed to risky recreational activities.
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1 Introduction

Free-living amoebae (FLA) are microorganisms widely distributed
in nature; some of them are considered amphizoic, since they can also
cause infections (central nervous system, eyes or skin) in humans,
under certain circumstances (1, 2). The main FLA with pathogenic
potential belong to the genera Acanthamoeba, Naegleria, Sappinia, and
Balamuthia (3). Given their ubiquity, they can inhabit aquatic
environments such as rivers and lakes, which constitute a potential
source of infection for people who come into contact with these sites
(4, 5). One of the conditions caused by FLA is primary amoebic
meningoencephalitis (PAM), an infection provoked by the
thermophilic amoeba N. fowleri. This infection requires careful
management because of its very acute course and is fatal in most cases.
Furthermore, its diagnosis is not standardized, and there is no defined
treatment regimen. In general, it is a poorly understood disease that
is rarely suspected (5-9).

Despite the intrinsic difficulties in establishing epidemiological
indicators around this event, the global occurrence has attempted to
be elucidated in recent years: a total of 381 cases, 32 survivors and a
fatality rate of 92% have been recorded from 1962 to 2018, according
to the FLA surveillance system of the Centers for Disease Control and
Prevention and consultation in bibliographic sources (2). With the
same aim, in 2020, Maciver et al. (10) reported 431 cases from the
literature, many of them occurring as part of outbreaks, with a 95%
case fatality rate and only 21 cases successfully treated. This
discrepancy also exposes the problem of unsystematic record keeping,
which leads to erroneous counts and underestimations. Based on
known risk factors for PAM and deaths from unspecified neurological
infections, an estimate of possible underdiagnosed cases of PAM in
the USA was made, with 16 deaths annually from 1999 to 2010, which
fit the typical pattern of the clinical picture (11).

PAM has been reported in about 33 different countries and is most
frequently found in young males (mean age of 14 years old, with a
range from 1 month to 85 years old) (5). Among the main determinants
associated to cases described are aquatic activities (mainly swimming
and diving, recreational bathing, sports, nasal irrigation, splashing), as
well as exposure to water sources such as lakes, puddles, swimming
pools and, to a lesser extent, tap water, canals, ditches, rivers, hot
springs and other artificial water reservoirs (5). Consequently, the risk
of infection increases during recreational activities involving contact
with freshwater bodies, particularly when elevated water temperatures
are present. Such temperature increases may result from natural
factors, such as local climatic conditions or anthropogenic sources,
including thermal pollution from power plants (12-15). This indicates

Abbreviations: 95% Cl, 95% confidence intervals; FLA, free-living amoebae; FE,
female; GAM, Great metropolitan area; KAP, knowledge, attitudes and practices;
MA, male; PAM, primary amoebic meningoencephalitis; UCR, Universidad de
Costa Rica; VAHL, Vahlkampfiidae family.
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that monitoring water sources in which humans may come into contact
to pathogenic FLA is essential, given the risk posed by the amoeba’s
characteristics and the epidemiological evidence of its occurrence.

Knowledge, attitudes and practice (KAP) survey models have
been widely used in public health studies since they allow the
establishment of a starting line for designing health promotion
policies, prevention and educational programs, as well as measuring
the effectiveness of interventions, based on the findings of behavior,
barriers and the social response to certain phenomena (16). In
emerging events, such as the case of diseases caused by FLA,
establishing a basis for social understanding allows us to obtain
valuable information for preventive actions (17).

Furthermore, due to the environmental contribution to the
disease burden, an environmental surveillance system is necessary to
understand the distribution, abundance and frequency of N. fowleri
and other FLA in aquatic environments. This allows to guide
prioritization and intervention of decision makers. A meta-analysis of
data from 35 countries yielded a global prevalence of Naegleria spp.
and N. fowleri of 26.4 and 23.3%, respectively, in different water
sources (18). The characterization of the elements of the environment
and their role in the causal pathway to a phenomenon allows to
elucidate the exposure within the framework of environmental
epidemiology, as well as redirecting the focus to the understanding of
the exposure (not only to the effect), giving visibility to the context of
the conditions that determine the events (19).

Some researchers have proposed the development of surveys to
determine and monitor the presence of N. fowleri in the surface waters
of regions affected by cases of PAM (20, 21). Environmental condition
surveys have been conducted in several human-modified water
sources, such as pipes, artificial pools or wells, where potentially
pathogenic FLA have been found with no findings of N. fowleri (22—
26). Negative results have also been obtained for N. fowleri in natural
water bodies, but with a significant presence of other Naegleria species
(27-31). However, it has been possible to corroborate the presence of
the pathogenic amoeba in rivers of important cities such as El Cairo
(Egypt) (higher prevalence in summer and spring) (32) and Daejeon
(Korea) (33), in ponds in India (34), as well as in lakes (35-37) and
waters associated to recreation centers, such as swimming pools, hot
springs, rivers and ponds in tourist complexes (38, 39). Many
outstanding works of this type have included the determination of
biotic and abiotic parameters to correlate with the discovery of the
amoeba and provide more far-reaching information to understand the
phenomenon (1, 40).

During sampling of water or sediments from rivers or lakes,
measurements of temperature, pH, electrical conductivity, turbidity
and dissolved oxygen concentration have been performed. Although
a relationship between these measurements and the presence of
N. fowleri has not been established in many cases (33, 36, 37) even
those carried out in positive underground aquifers (38), there are
studies that reflect positive correlations with temperature (15, 41). The
role of some compounds in promoting amoeba development has also
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been proposed. For example, the addition of exogenous iron to the
culture medium has favored viability and growth, whereas iron
chelating agents have an inhibitory effect (42, 43). Manganese has also
been studied as a possible favorable element for the growth of amoeba
(44). Other elements tested as potential predictors of the presence of
N. fowleri in recreational waters, with highly variable results and
negative correlations, have been potassium, calcium, magnesium,
sulfate, chloride, sodium, ammonium, nitrate, bicarbonate ions, total
carbon and silicon dioxide (39).

In addition, other studies have found positive relationships
between the presence of the amoeba and turbidity in recreational
geothermal waters, which could be associated to the presence of
suspended sediment (39). Finally, the texture of sediments, which is
the relative composition of particles of different sizes in terms of sand,
silt, and clay, indicates the provenance and porosity (45), but also
correlates with microbial activity (46).

Given the ecological and behavioral component of the disease, the
objective of this work was to identify physicochemical parameters
related to the presence of FLA of the genus Naegleria capable of
growing at high temperatures in different natural recreational
freshwater sources in Costa Rica during 2023, as well as the profile of
visiting people regarding knowledge, attitudes and practices
concerning to N. fowleri infection.

2 Materials and methods
2.1 Sampling and study area

An environmental conditions survey was proposed as part of a
descriptive and analytical cross-sectional study of natural freshwater
bodies located in the Chorotega, Huetar Norte and Huetar Caribe
regions, epidemiologically linked to PAM cases in Costa Rica (47, 48).
According to Solano Quintero & Villalobos Flores (49), as in the
Regional Action Plans for Climate Change Adaptation of “Ministerio
de Ambiente y Energia (MINAE) (50-52), the Chorotega region has
areas of temperate climate and others of dry tropical climate, with
temperatures ranging between 21 °C and 36 °C, while the Huetar
Norte and Huetar Caribe regions exhibit a humid tropical climate and
average temperatures of 26 °C and 27 °C to 30 °C, respectively.

A minimum sampling frame of twenty sites was defined for
non-probability convenience sampling, identified by consulting the
Chambers of Tourism of the regions of interest. These water bodies
were recognized as tourist destinations with public access, free of
charge, or managed by a Community Development Association, and
their topography allowed for access. All the identified sampling sites
were visited, and the sample number was expanded using the snowball
method (53), which involved locating nearby sites that met the
selection criteria outlined above, resulting in a total of twenty-four
sites. Even when sampling method limits representativeness of results,
this work did not aimed inference for the whole country but to set a
precedent of a FLA monitoring approach. All sampling sites were
georeferenced using a mobile application with a global positioning
system: TcpGPS (Aplitop - Surveying & Civil Engineering Solutions,
Spain) (54). These data allowed the creation of a point shapefile for
representing the freshwaters location in QGIS 3.30.3 (55).

Four samples of water were taken from each water body, which
were later combined into a single composite sample representative of
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the site. Sediment sampling was carried out in the same manner.
Water samples were collected according to the procedures outlined in
the Standard Methods for the Examination of Water and Wastewater
2017 (56), with some adaptations from the methodology proposed by
Lares Villa et al. (38), including a depth of 30 cm. The sediment was
also removed and allowed to settle before sample collection in sterile
450 mL bags (LABPLAS Inc., Canada). The samples were transported
and stored at room temperature until they were processed in
the laboratory.

Sediment samples were collected (at 0-10 cm depth) and stored
in four sterile 50 mL plastic tubes (Boeckel & Co. GmbH & Co. KG,
Hamburg, Germany), according to the Sediment Sampling Guide and
Methodologies 2012 (57).

2.2 Isolation and identification of FLA

For FLA isolation and identification, the procedure described by
Retana Moreira et al. (48) was employed, with some modifications.
Briefly, the total final volume of each composite water sample (1.8 L)
was vacuum filtered through 0.45pm pore size nitrocellulose
membranes (Merck-KGaA, Darmstadt, Germany), and each filter was
plated onto 1.5% non-nutrient agar plates supplemented with
Escherichia coli. The plates were incubated at 42 °C for at least 7 days,
and growing amoebae were subcultured by transferring a small
amount of the culture media to fresh medium for selection and
propagation at 42 °C for 2-3 days. Then, the growing plates were
washed with 1.0 mL of cold, sterile phosphate-buffered saline solution,
and the washed material was transferred to 1.5mL tubes and
centrifuged at 3000 x g for 10 min. The supernatant obtained was
discarded, while the pellet was employed for molecular testing.

DNA extraction was performed using the pellet obtained from the
last step with the QTAamp DNA Mini Kit (Qiagen, Hilden, Germany),
following the manufacturer’s instructions. To ensure quality of DNA
samples, the products were quantified using a NanodropTM 2000
spectrophotometer (Thermo Fisher Scientific, MA, USA) and stored
at —20 °C until use.

The complete ITS region (ITS1, ITS2, and 5.8S) was amplified
according to De Jonckheere & Brown (58). For this purpose, specific
primers for Vahlkampfiidae, the taxonomic family of N. fowleri
(Vahl-F: 5-GTCTTCGTAGGTGAACCTGC-3’, Vahl-R: 5-CCGCT
TACTGATATGCTTAA-3’), and for genus Naegleria (ITSFW:
5’-AACCTGCGTAGGGATCATTT-3’, and ITSRV: 5-TTTCCTCC
CCTTATTAATAT-3") were employed. PCR and electrophoresis were
also performed as described by Retana Moreira et al. (25). Negative
controls (distilled water) and positive controls (DNA from the
N. fowleri Lee ATCC 30808 strain) were used.

2.3 Measurement of physicochemical
parameters

Physicochemical parameters including temperature, dissolved
solutes, pH and electrical conductivity were measured at each
sampling site using a YIERYI C-600 multiparameter meter (Shen
Zhen Yage Technology Co., China). Dissolved oxygen concentration
was also determined using a YIERYI JPB-70A analyzer (Shen Zhen
Yage Technology Co., China). Chemical analyses (calcium,
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magnesium, potassium, phosphorus, copper, iron, zinc, manganese,
carbon, and nitrogen), pH, electrical conductivity and texture of the
sediment were performed at Centro de Investigaciones
Agrondmicas from the Universidad de Costa Rica (UCR). All
determinations were performed in triplicate, except for sediment
texture analyses.

2.4 KAP exploratory survey on N. fowleri
infection and its risk

At the time of visit of each sampling site, tourists of legal age
(18 years and older) were selected to administer a questionnaire.
Prior to administering the questionnaire, participants were provided
with information about the study to obtain their consent to
participate. All data was collected anonymously. For this purpose, a
structured questionnaire was designed, featuring closed and
pre-coded questions, through which information was collected to
build the demographic and KAP profiles of people visiting each
sampled water body. Questions included information about the
clinical picture of PAM, knowledge about the risk and measures to
prevent an infection caused by N. fowleri. The work of Shakeel et al.
(59) is closely related to the object of study in this work, allowing us
to establish the foundation for this tool. However, in other topics
related to communicable diseases, there are also validated surveys
(60) that contribute to areas such as the one discussed here. A
sociology expert reviewed the instrument to assess and correct the
type and quality of the questions, as well as the clarity of the concepts.

Knowledge about amoeba, PAM, and ways to prevent the infection
were assessed by the number of correct answers on the topic (61).
Behavior, in terms of attitudes and practices toward the infection and
the risks of acquiring it in recreational settings, was measured using a
Likert scale, where a series of statements and possible responses were
posed: “totally agree/always,” “agree/most of the time yes,” “neither
agree nor disagree/sometimes yes, sometimes no,” “disagree/most of
the time no,” and “totally disagree/never;” which were scored from five
to one, respectively (62). Risk behavior was scored by dividing the
total score by the number of statements (63).

2.5 Statistical analysis

Descriptive statistics were employed to summarize, organize and
present the data. The Shapiro-Wilk normality test was used to assess
the distribution of quantitative variables and allowed the definition of
bivariate inferential statistics.

For environmental variables, the dependent variable was
Naegleria positivity at the sampled sites. In contrast, the independent
variables were the results of physicochemical determinations in water
(Student’s t-test, a=0.05) and
non-parametric (Wilcoxon Rank Sum test, o =0.05) tests were

and sediment. Parametric
applied to compare measures of central tendency between groups
defined by the dependent variable. To establish a model of explanatory
relationships for the dependent variable, a multivariate,
non-conditional logistic regression was employed, from which odds
ratios (OR) and their respective 95% confidence intervals (95% CI)
were obtained. The candidate variables to be integrated (including

data from sediment and water) into the model using the stepwise
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method were selected based on scientific evidence and the Hosmer-
Lemeshow criterion (p < 0.25) (64) following bivariate analysis. The
best-fitting model was selected according to the Akaike Information
Criterion (65).

To analyze the survey data, sociodemographic information was
classified by gender (female, FE; male, MA) and age group (variable
recategorized into two groups based on the numerical data of age,
focused on the groups proposed by Martin Ruiz (66): 18-39 years and
> 40 years, separating young adults from middle/mature adults).
Categories of geographic origin were also generated based on
non-resident foreign status declared during the survey, and in
accordance to the update of the Regional Plan for the Great
Metropolitan Area (GAM) 2013-2030 (N° 38,334-PLAN-MINAE-
MIVAH-MOPT-S-MAG) (67) to classify residents as being from the
GAM or not. Non-parametric statistics were also used to test the
association between the KAP variables (Spearman’s Rho test, a = 0.05)
and other categorical variables such as age group, gender (Wilcoxon
Rank Sum Test, o = 0.05), and geographic origin (Kruskal-Wallis test,
a = 0.05). For the knowledge attribute, the correct answer frequencies
were compared to the categories of the variables: geographic origin,
gender and age group (Pearsons Chi-square test, a = 0.05).

All analyses were performed using the statistical package STATA®
v. 14 (Stata Corp LLC, TX, USA) (68).

3 Results
3.1 Isolation and identification of FLA

Twenty-four water bodies were sampled between July and
November, 2023. Ninety-six water samples were collected, of which
56 (from 22 sampling sites) showed positive growth of FLA at
42 °C. The different morphotypes from each site were selected and
subcultured for identification by molecular methods.

PCR for the Vahlkampfiidae family was positive in isolates
obtained from 20 sampling sites (Table 1). PCR at the Naegleria genus
level revealed 11 positive subsamples from seven sampling sites (five
from the Huetar Norte Region, one from the Chorotega Region and
one from the Huetar Caribe Region), as shown in Figures 1, 2, for a
relative frequency of 29.2% (7/24) (95% CI: 11.0-47.4). For some of
these positive Naegleria samples, a band close to that of the N. fowleri
positive control was obtained (around 400 bp).

An analysis based on the positivity of the sites for Naegleria
(taxonomic genus) was proposed as an approximation of the presence
of potentially pathogenic FLA.

3.2 Physicochemical characterization of
water and sediments from freshwater
bodies

Water and sediment measurements from each water body are
detailed in Table 2. Sediment classification by textural class is
specified in Table 3. From these results, sandy was the most frequent
type of texture found. Regarding physicochemical parameters, only
the dissolved oxygen and phosphorus measurement data sets
followed a normal distribution, as indicated by the Shapiro-Wilk test
(p>0.05). No statistically significant associations were found
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TABLE 1 PCR detection of Vahlkampfiidae (VAHL) and Naegleria in
recreational freshwaters of three regions of Costa Rica.
Site
codification

VAHL-
PCR

Percentage (%)
of samples for

Naegleria-
PCR

each site (n = 4)
with FLA growth
at 42 °C

Chorotega region

CHO1 50 POS NEG
CHO2 50 POS NEG
CHO3 50 POS POS

Huetar Caribe region

HCA1 0 NA NA
HCA2 25 POS POS
HCA3 100 POS NEG
HCA4 100 NEG NEG
HCAS5 100 POS NEG

Huetar Norte region

HNO1 50 POS POS
HNO2 0 NA NA

HNO3 75 POS NEG
HNO4 100 POS NEG
HNO5 100 POS NEG
HNO6 50 NEG NEG
HNO7 100 POS NEG
HNO8 75 POS NEG
HNO9 75 POS NEG
HNO10 25 POS NEG
HNO11 75 POS POS
HNO12 25 POS NEG
HNO13 50 POS NEG
HNO14 50 POS POS
HNO15 25 POS POS
HNO16 50 POS POS

Relative frequency

(n=24)

91.7% 83.3% 29.2%

POS: positive, NEG: negative, NA: not applicable.

between quantitative variables and the presence of Naegleria
(p > 0.05), except for electrical conductivity and dissolved oxygen in
water, as well as copper determination and the percentage of clay in
the sediment.

3.3 Multivariate logistic regression model

With the variables included under the characteristics of this study,
an epidemiological model with the appropriate statistical fit was not
achieved to define factors that can be interpreted, using OR, as having
a greater or lesser influence on the likelihood of Naegleria presence in
freshwater bodies (Supplementary Table S1). In this sense, the
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epidemiological  association  measures did not show

statistical significance.

3.4 KAP exploratory survey on N. fowleri
infection and its risk

Surveys were administered at 20 of the 24 sampling sites to a total of
72 individuals: 45 women and 27 men, aged 18-62 and 18-66 years old,
respectively. The distribution by gender, age group and geographic origin
is shown in Table 4. Results revealed that 56.9% (41; 95% CI: 45.5-68.4)
did not specify a preferred month for visiting the sites for recreational
purposes; however, March and April were the most frequently mentioned
as specific months. Also, 77.8% (56; 95% CI: 68.2-87.4) reported
regularly visiting these types of sites for recreation at least once a year,
and 61.1% (44; 95% CI: 49.9-72.4) reported being non-local visitors to
the community where the freshwater body is located.

Regarding knowledge, it is noteworthy that 62.5% (95% CI: 51.3-
73.7) of respondents had heard of Naegleria fowleri, also known as the
“brain-eating amoeba,” while 37.5% (95% CI: 26.3-48.7) reported that
they had not. The percentage of correct responses (knowledge score) by
item is shown in Table 5. The Likert scaling for attitudes and practices
assessment by gender, age group and geographic origin is shown in
Figure 3. The absolute number of response types obtained per item is
shown consolidated in Supplementary Table S2. From these results, a
medium positive correlation was observed (Spearman’s rho
test = 0.3571; p = 0.002) between the knowledge score and the attitude
score. No statistically significant correlations were found between the
numerical variables A-P or C-P, nor were there any associations with the
categorical variables, except for the comparison of the median
knowledge scores between genders and geographic origin (p < 0.05).

4 Discussion

4.1 Presence of Naegleria in recreational
freshwaters and its environmental
determinants

FLA are ubiquitous microorganisms, present in a wide variety of
aquatic and terrestrial environments (1, 2). In this study, FLA capable
of growing at 42 °C were isolated from water samples from 22 sites
distributed throughout the Chorotega, Huetar Norte and Huetar
Caribe regions of Costa Rica. Furthermore, conventional PCR
determined that seven of these sites were positive for Naegleria.

The overall proportion of sites positive for Naegleria in this study
was 29.2% (7/24) (95% CI: 11.0-47.4), which is close to the results of
environmental conditions surveys where work has been carried out
with more than 100 water bodies (34); moreover, prevalences of 23.1%
of FLA, 34.6% of Naegleria spp. and 0.9% of N. fowleri have been
found (34). In another similar study, 23.1% of Naegleria spp. and 1.9%
of N. fowleri were reported (69). Specifically, for N. fowleri in the
Americas, there are reports of prevalences from 2.0% (95% CI:
0.2-7.0) (Brazil), 23.9% (95% CI: 10.0-40.8) (Mexico) and up to 24.1%
(95% CI: 15.0-34.4) (USA) (70). There are also global prevalence data
from sites like those included in this work, such as rivers with 19.7%
(95% CI: 10.3-30.9%) and lakes with 33.0% (95% CI: 12.6-56.7%) of
positivity (70).
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the three regions included in this study. M: molecular weight marker in base pairs (bp); C+: positive control (N. fowleri DNA).

Molecular identification of Naegleria (ITS region) in water samples. In this Figure, seven of the eleven positive samples are shown, representing two of
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TABLE 2 Physicochemical parameters measured in water and sediment, according to their molecular positivity for Naegleria.

Physicochemical Measure unit POS (n=7) NEG (n = 17) Total (n = 24)
parameter Mean Median Mean Median Mean Median
(SD) (IQR) (SD) (IQR) (D)) (IQR)
Matrix: water
Temperature °C 25.0 (2.0) 25.4(3.4) 26.0 (3.6) 24.1 (4.1) 257 (3.3) 25.0 (3.8)
Dissolved solutes ppm 343 (12.3) 28.0 (25.0) 121.1 (198.3) 51.0 (74.3) 95.8 (170.4) 442 (26.8)
Electrical conductivity ** pS/em 69.0 (24.1) 56.0 (49.3) 233.7 (372.3) 102.7 (149.3) 185.6 (320.0) 93.3 (54.4)
Dissolved oxygen * mg/dl 12.5 (1.4) 13.1 (2.4) 113 (1.2) 11.4 (1.3) 11.7 (1.4) 11.7 (1.8)
pH 7.1(0.4) 7.0 (0.9) 6.8 (0.3) 6.7 (0.2) 6.8 (0.4) 6.7 (0.4)
Matrix: sediment
pH 6.8 (0.4) 6.7 (0.2) 6.8 (0.9) 7.0 (0.5) 6.8 (0.8) 6.8 (0.6)
Ca 5.5(2.7) 45(3.1) 5.8 (3.8) 53(2.1) 5.7 (3.4) 53(2.1)
Mg cmol(+)/1 2.3 (1.0) 2.1(0.9) 2.8(2.9) 1.8(1.5) 2.7 (2.5) 2.0 (1.4)
K 0.2 (0.1) 0.2 (0.1) 0.4(0.2) 0.3 (0.3) 0.4 (0.2) 0.3(0.2)
33(1.1) 3.0 (2.0) 3.7(1.7) 3.0 (3.0) 3.6 (1.5) 3.0 (3.0)
Zn 1.1(1.0) 1.0 (1.6) 2.1(17) 1.9 (2.3) 1.8 (1.6) 1.2(24)
Cu #* mg/l 1.4(1.3) 1.0 (3.0) 3.6(3.1) 3.0 (1.6) 2.9 (2.9) 2.5(2.0)
Fe 29.1(17.4) 21.0 (33.0) 51.7 (62.4) 32.0 (49.0) 45.6 (53.8) 32.0 (38.8)
Mn 6.4 (4.9) 5.0 (10.0) 14.2 (26.5) 6.0 (9.0) 11.9 (22.5) 6.0 (8.2)
Electrical conductivity mS/cm 0.1 (0.0) 0.10 (0.0) 0.2(0.1) 0.1(0.1) 0.1(0.1) 0.1 (0.0)
Sand 93.7 (2.4) 95.0 (3.0) 87.1 (12.4) 91.0 (4.9) 89.0 (10.9) 92.0 (5.0)
Silt % 4.7(1.2) 5.0 (3.0) 6.7 (5.7) 4.0 (5.0) 6.1(4.9) 5.0 (3.8)
Clay ** 1.6 (1.8) 2.0 (2.0) 6.2 (8.0) 5.0 (4.0) 4.8 (7.1) 2.0 (3.8)

SD: standard deviation, IQR: interquartil range.

* T-test (p < 0.05), the difference in means is statistically significant. ** Wilcoxon Rank-Sum Test (p < 0.05), the difference in medians is statistically significant.

TABLE 3 Classification of sampled sediments according to texture types
and the site molecular positivity for Naegleria.

Texture POS NEG Total
class (n=7) (n=17) (n = 24)
Sandy 7 13 20
Loamy sand 0 2 2
Sandy loam 0 1 1
Clay loam 0 1 1

Regarding the determination of physicochemical parameters
traditionally associated to the presence of N. fowleri, temperature
oscillated around 25 °C, a result that is noteworthy since the majority
of samples were collected from natural, non-thermal water bodies.
According to the literature, although temperatures above 30 °C are
associated with a greater number of isolations of this amoeba, it has
also been reported that cystic forms can be found in the bottom
sediments of water bodies at temperatures as low as 12 °C (71).
Isolation has also been possible during periods of falling atmospheric
temperature with counts as high as 201 NMP/1 (37, 38).

In a study carried out in the Monjolinho River, Brazil,
thermotolerant amoebas such as N. australiensis and N. philippinensis
were isolated and identified from waters with temperatures between
17.8 °C and 20.9 °C (28); in Mexico, N. fowleri and N. australiensis
were found in irrigation canals at temperatures of 17 °C (72). For this
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reason, it is crucial to monitor waters over a wide range of temperatures
and to consider the effect of other covariates that may influence the
occurrence of the amoeba (40). Coincidentally, in this case, the
Naegleria-positive sites had temperatures below 28 °C. Another
remarkably stable water parameter was the pH, with values around
6.8, which falls within the range of previous findings or in vitro studies
using N. fowleri (40, 69, 73, 74).

Regarding measurements in the sediments at the sampling sites,
the data showed high variability, as indicated by the dispersion
measures, particularly in the determinations of cations, metals, silt
and clay. However, and in accordance to the literature reviewed, it is
essential to highlight that this is the first attempt to correlate sediment
parameters to the presence of Naegleria in water associated to this
sediment, based on the hypothesis that these amoebae persist in these
matrices rich in bacterial mats such as biofilms, which constitute a
food source (40, 75).

The importance of metals such as iron for N. fowleri has already
been proven (76). Iron seem to favor the presence of this amoeba,
since it has been found in layers of lakes rich in the metal, but it may
also contribute to its pathogenicity (77). Besides, Mach et al. (78)
demonstrated that, under conditions of low iron availability,
N. gruberi, a non-pathogenic amoeba related to N. fowleri, responds
with compensatory metabolic mechanisms. In this study, bioavailable
iron concentrations in sediments were the highest compared to the
other determinations at all sampling sites, so this variable may not
have made a difference in the distribution of Naegleria.
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TABLE 4 Frequencies of sociodemographic aspects of recreational freshwater visitors surveyed during sampling at 20 collection sites.

Sociodemographic

ofile component
profile compone Yes

45 (62.5%)

Have heard of Naegleria fowleri or its vernacular names

Total number of people
surveyed (n = 72)

[\ o}
27 (37.5%)

Gender (absolute frequency)

Female 32 13 45
Male 13 14 27
Gender (relative frequency, %)

Female 44.5 18.0 62.5
Male 18.0 19.5 37.5
Age group (absolute frequency)

18-39 years old 30 15 45
> 40 years old 15 12 27
Age group (relative frequency, %)

18-39 41.7 20.8 62.5
> 40 20.8 16.7 37.5
Geographic origin (absolute frequency)

GAM 22 9 31
No GAM 21 16 37
Foreign 2 2 4
Geographic origin (relative frequency, %)

GAM 30.5 12.5 43.0
No GAM 29.2 222 51.4
Foreign 2.8 2.8 5.6

GAM: Great metropolitan area, No GAM: outskirts of metropolitan area.

TABLE 5 Knowledge assessment of Naegleria fowleri infection in people visiting freshwater bodies for recreation.

Specific knowledge that the item

Disaggregation by

evaluates Gender * Age group Geographic origin *
18-39 >40 GAM No GAM Foreign

Route of entry into the body for acquiring the infection 30.6 35.5 222 35.5 222 38.7 24.3 25.0
Main clinical manifestations of the infection 36.1 44.4 222 355 37.0 54.8 24.3 0.0
Frequency of cases in the country 37.5 44.4 25.9 37.8 37.0 51.6 27.0 25.0
Severity of the infection in humans 44.4 57.8 222 46.7 40.7 58.1 35.1 25.0
Places where the infection is likely to be acquired 30.6 33.3 25.9 33.3 25.9 355 27.0 25.0
Overall/general score 35.8 43.1 23.7 37.8 326 47.7 27.6 20.0

p value <0.001%* 0.321 <0.001*

* 7% (p < 0.05), test of dependence between the correct answers and the categorical variable is statistically significant.

Since other species of the genus Naegleria share characteristics of
survival at high temperatures and/or pathogenicity, such as
N. lovaniensis, N. australiensis and N. italica (79, 80) and, as an
approximation of the possibility of the presence of N. fowleri in the
analysed water bodies, bivariate inferential statistical analyses were
performed between the multiple environmental data collected (as
independent variables) and Naegleria positivity, resulting in
statistically significant associations with electrical conductivity and
dissolved oxygen determinations in water. These results describe a
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higher concentration of dissolved oxygen in Naegleria-positive sites,
which contrasts with some literature that describes negative
correlations between N. fowleri abundance and dissolved oxygen.
Since this parameter is affected by water temperature, it should
be interpreted with caution (40).

Under conditions like those presented in our study, with a
majority of temperatures between 20 °C and 30 °C, other authors have
obtained positive correlations to dissolved oxygen in water (35, 81),
but not with electrical conductivity. Increases in electrical conductivity
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FIGURE 3

adults) and gender (MA: male, FE: female).

O FE: 3,14
O MA: 2,80
© 240:3,10
019-39:2,96
O Foreign: 2,05
© No GAM: 3,03
0 GAM: 3,12
(]
Unfavorable General score: Favorable
attitudes 1 2 3 3,01 4 5 attitudes
O FE: 2,07
O MA: 2,30
0 240:2,22
018-39:2,12
O Foreign: 2,33
© No GAM: 2,00
O GAM: 2,32
-]
Unsafe General score: Safe
practices 1 2 3 2,16 4 5 practices

Likert scale for assessing behavior related to the risk of Naegleria fowleri infection in recreational freshwater sites. The overall score obtained for
attitudes (A) and practices (B) is included, as well as the score for each component after disaggregation by category of geographic origin (GAM: Great
Metropolitan Area, No GAM: outskirts of metropolitan area, foreign), age group (18-39 years old: young adults, > 40 years old: middle and mature

can be associated to the presence of organic matter and anthropogenic
activities that raise the concentration of compounds such as
potassium, magnesium, calcium, carbonates and sulfates, so it can
be employed as an indicator of pollution (Baird C, Cann
M. Environmental Chemistry 5th Ed., 2012; as cited in: Bellini et al.
(28)) (82). However, findings correlating the presence of N. fowleri
have been variable (40). In this case, the parameter was significantly
lower in Naegleria-positive sites, so it may be considered a benefit due
to improved water quality.

There was also statistical significance in comparisons to copper
concentration and percentage of clay in the sediment (both parameters
were lower in the presence of Naegleria). Although copper is recognized
as a crucial element for biological processes in Naegleria spp., high
amounts have toxic effects; furthermore, when copper is deprived, these
FLA undergo metabolic adaptations (83, 84). On the other hand, 83.3%
of the analyzed sediments have a sandy texture, presenting very low
amounts of silt and clay. Naegleria positivity was only detected
in locations with sediments with this sandy particulate pattern.
According to Rodriguez-Zaragoza (85), texture controls the distribution
of FLA, as these, in turn, affect bacterial mineralization rates and require
substrates to adhere and perform this function. Results of a lower
percentage of clay in sediments and the presence of Naegleria spp.
coincide with previous results (46), which indicate greater microbial
activity (bacteria and protists) in surface sediments rich in sand and low
in clay. In a more recent work (86), greater bacterial abundance and
diversity were observed in clay soils irrigated with water from a
treatment plant. Interestingly, in this same study, the frequency of FLA,
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such as Acanthamoeba and B. mandrillaris, was much higher in soils
with a higher proportion of sand and silt than in clay soils.

Despite the associations found when comparing measures of
central tendency between groups, the epidemiological association
measures using OR were not significant. It should be noted that, while
the number of variables is significant, the number of records (n = 24)
limits the association and statistical power, since when dividing the
data into categories of the dependent variable, the frequency of
qualitative independent variables may be very low, or the dispersion
of the data set may more influence the quantitative variables. Thus, for
further investigations, larger datasets, recategorization and automatic
selection of variables (machine learning), and overfitting avoidance
techniques should be considered in order to achieve more suitable
predictions. This is consistent with previous works that have not
demonstrated the predictive potential of different compounds or
water quality parameters on the persistence of N. fowleri in natural
environments (39, 87, 88).

Beyond the presence of thermotolerant FLA and the risk they
represent as direct etiological agents, these organisms are considered
true reservoirs for bacteria and fungi, including pathogens such as
Cryptococcus neoformans, Legionella spp., Chlamydophila pneumoniae,
Mycobacterium spp., Listeria monocytogenes, Pseudomonas aeruginosa
and Francisella tularensis and emerging pathogens, such as
Parachlamydia acanthamoebae (89). From the One Health approach,
which recognizes the interconnection between human, animal and
environmental health, these amoeba-microbe interactions reveal an
important aspect where known and emerging pathogens can
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strengthen and spread by ubiquitous carriers. For these amoeba-
resistant organisms, this symbiotic relationship not only provides
protection from environmental conditions but also seems to improve
their survival by facilitating their dissemination in diverse habitats;
this clearly increases the possibility of transmission (90). Furthermore,
various studies have shown that the interaction between bacteria and
amoebae significantly impacts bacterial characteristics related to
virulence (91) and antibiotic resistance (92), among others. From the
amoeba perspective, this symbiotic relationship has been related with
increased pathogenicity (cytopathic effect) in in vitro models (93); it
has recently been reported that FLA harboring endosimbiont bacteria
produce more severe keratitis (94).

Water and aquatic environments might represent a double trouble in
this regard; for example, an isolation from tap water related to an
Acanthamoeba Keratitis case contained Pseudomonas aeruginosa (95). The
microbiome diversity and abundance of amoebae clinical isolates could
be driven by water as a multihabitat reservoir of microorganisms (96).
Recognizing the occurrence of these types of interactions and their
consequences calls for strengthening surveillance and monitoring
ecosystems where these interactions can occur (drinking water networks,
untreated water, recreational sites, wastewater treatment plants, among
others); this would allow the establishment of preventive measures that
anticipate the risk of infections associated with these organisms.

4.2 Human behavior component of PAM risk

Regarding the approach to the presence of N. fowleri at the studied
sites, it is worth highlighting the finding of Naegleria by PCR in
thermotolerant FLA (isolated and replicated at 42 °C). In this sense,
as human actions and conducts are determined by their awareness,
these results are complemented with the implementation of a tool to
describe the level of knowledge and behavioral characteristics of
recreational visitors to natural water reservoirs, about the risk of
N. fowleri infection.

A KAP survey was applied to 72 persons during water and sediment
sampling, with a higher proportion of individuals interviewed as
follows: 62.5% were women (vs. 37.5% men), 62.5% aged between 18
and 39 years old (vs. 37.5% of people aged 40 years old or older), 61.1%
reported not residing in the locality where the body of water is located
(vs. 38.9% of locals), with regular visitation at 77.8% (vs. 22.2% of first-
time visitors) and 56.9% with no particular preference for the time of
year in which they recreate in this type of water reservoirs.

The difference between people from the GAM (43.1%) and from
outside the GAM (51.4%) was smaller, but significant, compared to
non-resident foreigners in Costa Rica who were tourists at the
sampled sites (5.6%). There is limited background information on
surveys of this type associated with FLA infections. Studies have been
published on contact lens users, addressing some questions related to
the risk of amoebic keratitis, which confirm a good level of knowledge
about preventive hygiene practices (17, 61). Regarding PAM, there is
a publication on a knowledge interview applied to health sciences
students (59) and another KAP-type interview applied to health
personnel (97), both performed outside of Costa Rica.

In this case, the target population was different, including
recreational visitors to freshwater bodies. According to the literature
reviewed, the only study similar to ours was a KAP survey conducted
among the general population of Karachi, Pakistan (98), a place where
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PAM has been considered an event of great concern since 2008, as
varying numbers of deaths have been reported each year since then (99).
In the study presented here, only 37.5% of participants reported never
having heard of Naegleria fowleri, also known as the “brain-eating
amoeba,” indicating a lack of awareness among the population. It has
been observed that for other neglected parasitic infections, awareness
of the infection, its biology, prevention, and control measures is
insufficient (100). This aligns with the idea that life experiences can
contribute to a better sense of self-care and prevention; however, PAM
is a disease that, in addition to being highly lethal, is rare in the country,
and having experienced it firsthand is difficult in the Costa Rican context.

The knowledge score, operationalized as the percentage of correct
answers, shows an inadequate level of information management
related to the topic of interest, as none of the theoretical items exceeds
45.0%, and the overall score is 35.8%. Additionally, when analyzing
the disaggregation by gender and geographic origin, significant
differences were found, with higher knowledge scores for women and
people from the GAM. Reinforcing the idea, a KAP study on
schistosomiasis found that individuals who have suffered from or
know someone who has suffered from the disease, or have participated
in related health interventions, have higher KAP scores (101).

Regarding the differences between men and women, it should
be noted that women have had historically more comprehensive
health care; this can be explained by higher levels of health literacy
resulting from: (i) better exploration of the health system and, (ii)
traditional gender roles regarding family care based on expectations
that have required them to have a better knowledge base (102). In
agreement to the National Academies of Sciences, Engineering, and
Medicine (103), women use health services more than men, but they
also make more primary care visits, receive more diagnoses, screenings
and nutritional and sexual health support. However, men’s risk
perception can modulate their propensity to seek information,
according to Manierre (104).

On the other hand, the knowledge variable was significantly lower
in people from outside the GAM, which is associated with predominantly
rural areas of the country. Although it has been suggested that the
urban-rural disparity effect may be increased in developing countries
due to the availability of health resources and is not entirely due to
rurality per se (105), the urban-rural dichotomy disadvantages rural
areas with less access to health services, sources of health information
and fewer options for health providers, being, in turn, determined by
characteristics such as the economic income and education of these
populations (103, 106). It must be considered that the skills that a
population has to access and assimilate health education do not
necessarily translate into obtaining sufficient knowledge about a specific
disease and this gap is related to access to specialized information,
specialists in the area and personal experiences (105), which could occur
in the case of PAM because it is a relatively emerging phenomenon.

Regarding the attitudes and practices scores, the results show
unfavorable attitudes and risky practices with medium to high levels
(3.01/5.00 and 2.16/5.00, respectively). Although there were no
differences by gender or age group in practices or attitudes, putting
into perspective that the majority of participants were between 18 and
39 years old, it should be considered that the demographic group that
has been proposed as most exposed to PAM by epidemiology has been
young men (5, 107, 108), These individuals are presumed to be more
likely to engage in activities that facilitate the forced entry of water
through the nose, such as jumping, diving or splashing, which enable
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the invasion of the amoeba. They are also associated with spending
more time in the water, engaging in activities that stir up sediment that
may contain N. fowleri (108, 109). In this sense, the use of nose
protectors and keeping the head out of the water are well-established
and widely recognized preventive measures (110).

According to these results, the use of a nose clip during water
activities is the least implemented practice, and there was greater
variability in responses regarding the practice of diving or submerging
during water activities. One component that could explain the practices
score is the fact that people seem to associate the amoeba more with hot
springs. There is extensive evidence of cases related to water sources of
various origins and natures, including lakes, rivers, spas, canals, and
puddles, among others (107, 108, 111).

The attitudes with the variety of responses were those
concerned about getting sick and attending health centers when
experiencing symptoms related to the infection. It was expected
that people would develop better practices and attitudes as their
knowledge and understanding of PAM increased. However,
knowledge and practices do not always correlate, depending on
the context, as they may be mediated by determinants that limit
appropriate action, for example, when there is no access to
resources to implement preventive or health promotion practices
(112, 113).

The only mild correlation found in this study was between
knowledge and attitude, which can be associated with beliefs shaped
by an understanding of the phenomenon. This result is not surprising
given that the majority of people are aware of the existence of
N. fowleri, maybe as a result of the communications issued by the
Costa Rican Ministry of Health in 2020, when preventive actions
were suggested, such as banning trampolines, cleaning pools, and
posting signs to prevent and warn of the possible presence of
N. fowleri (114-116). The context of these communications was
focused on hot springs recreation centers; therefore, it is considered
that the message biased the population and made other potential
sources invisible (such as those included in this study, where the
presence of other thermotolerant FLA was demonstrated), and this
may influence the findings regarding practices and attitudes. Yoder
etal. (108) pointed out that warning signs in certain places can create
confusion and suggested that the lack of signage in other bodies of
water means they are free of the pathogen.

The conducted KAP survey identified population vulnerabilities
related to poor knowledge and risky behaviors that increase the risk of
acquiring N. fowleri infection. These findings are consistent with a
previous work published by Younus et al. (98), who reported 80.0% of
people had never heard of the pathogen, more than 95.0% of incorrect
answers when addressing knowledge and almost 100.0% who do not
avoid water activities during the summer or do not prevent water from
entering the nose in any way. Giving that these findings arise from a
context with 29.2% of Naegleria and 83.3% of thermotolerant FLA
presence, gaps highlighted by the KAP survey imply a misinformation
bias and, then, a potential increased risk of infection in settings that meet
the conditions to host possible pathogens. Together, these two approaches
allow the description of these water reservoirs as nosogenic territories.

The results of this study face limitations in terms of
representativeness due to the small sample size and the
non-probabilistic selection of sampling units. The sampling
framework for this type of surface water source is complex due to the
large number of water bodies in the country, their diverse geography,
varying access and differing visitation characteristics. Therefore, the
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findings are proposed as triggers for new hypotheses that can
eventually be confirmed through environmental monitoring strategies
designed with the support and support of health and environmental
authorities. Additionally, it is recommended that subsequent
exploratory studies consider the isolation of FLA from sediments.

The extent of the KAP survey also limits the findings due to the
number of respondents, but it allows for the establishment of a
baseline that has not been available until now. Furthermore, although
the questions were carefully formulated and reviewed prior to
implementation, there are information biases inherent to the
application of a survey that are difficult to control, so those that come
from people should be considered primarily, such as memory bias,
courtesy bias, affirmation bias and context bias, in response to external
pressures from the social environment in which people live or were at
the time of being surveyed.

5 Conclusion

In this study, thermotolerant FLA were isolated from 22 sampling
sites; 7 of them resulted positive for Naegleria. Additionally, although
some parameters were statistically associated with the presence of
Naegleria in those sites, an epidemiological association was not
demonstrated. This lack of a clear relationship of physicochemical
parameters to the presence of Naegleria could be related to the variability
of the measured parameters and the limited number of sites. However,
the findings of the proposed environmental conditions” survey
represent a significant improvement in our knowledge of the presence
of Naegleria and other Vahlkampfiid FLA capable of proliferating at
high temperatures in natural non-thermal surface water reservoirs in
Costa Rica and that could harbor other microorganisms of public health
interest. These results also serve as a starting point for systematizing the
monitoring of FLA in environments with close human contact.

From the KAP survey, 37.5% of participants had never heard about
N. fowleri, and significant differences between the level of knowledge by
gender and geographic origin were obtained. The KAP survey, a tool for
elucidating what is known, believed and implemented in the context of
the risk of N. fowleri infection, reinforces the importance and need for
more and better health education, as a sufficient level of knowledge is
not achieved, and the sample studied shows deficiencies in risk
management and prevention. The gaps must be closed through effective
communication and advertising strategies, utilizing both traditional
media and social networks, in strategic cooperation with academia,
healthcare providers, environmental health and water resource
authorities, and other organizations related to public health.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.
Ethics statement

Ethical approval was not required for the study involving humans
in accordance with the local legislation and institutional

requirements. Written informed consent to participate in this study
was not required from the participants or the participants' legal

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1675182
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Alvarado-Ocampo et al.

guardians/next of kin in accordance with the national legislation and
the institutional requirements.

Author contributions

JA-O: Conceptualization, Data curation, Formal analysis,
Funding acquisition, Investigation, Methodology, Software,
Validation, Writing — original draft, Writing - review & editing.
JRZ: Formal analysis, Supervision, Validation, Writing - review &
editing. JC: Formal analysis, Writing - review & editing. FCM: Data
curation, Investigation, Writing - review & editing. MRC: Data
curation, Investigation, Writing - review & editing. ABC: Formal
analysis, Writing - review & editing. EAS: Conceptualization,
Methodology,
Validation, Writing - review & editing. LRM: Conceptualization,

Formal analysis, Investigation, Supervision,
Formal analysis, Funding acquisition, Investigation, Methodology,
Project administration, Supervision, Validation, Writing - review

& editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work is part of a
research project selected to receive financial support from the
National Institutes of Health Fogarty International Center (grant
number D43TW011403) entitled “International Training Program in
Environmental Health over the Lifespan” (Claudio L and van Wendel
de Joode B, PIs), a grant assigned to the Icahn School of Medicine at
Mount Sinai and the Universidad Nacional of Costa Rica. The funder
did not have a specific role in the conceptualization, design, data
collection, analysis, publication or preparation of the manuscript.

Acknowledgments

The work was developed within the framework of project C-3513,
registered with Vicerrectoria de Investigaciéon of Universidad de

References

1. Griffin JL. The pathogenic Amoeboflagellate Naegleria fowleri? Environmental
isolations, competitors, ecologic interactions, and the flagellate-empty habitat
hypothesis. ] Protozool. (1983) 30:403. doi: 10.1111/j.1550-7408.1983.tb02939.x

2. Martinez AJ, Visvesvara GS. Free-living, amphizoic and opportunistic amebas.
Brain Pathology. (1997) 7:583-598. doi: 10.1111/j.1750-3639.1997.tb01076.x

3. Visvesvara GS, Moura H, Schuster FL. Pathogenic and opportunistic free-living
amoebae: Acanthamoeba spp., Balamuthia mandrillaris, Naegleria fowleri, and
Sappinia  diploidea. FEMS Immunol Med Microbiol. (2007) 50:1-26. doi:
10.1111/j.1574-695X.2007.00232.x

4. Heggie TW. Swimming with death: Naegleria fowleri infections in recreational
waters. Travel Med Infect Dis. (2010) 8:201-6. doi: 10.1016/j.tmaid.2010.06.001

5. Gharpure R, Gleason M, Salah Z, Blackstock AJ, Hess-Homeier D, Yoder JS, et al.
Epidemiology and clinical characteristics of primary amebic meningoencephalitis
caused by Naegleria fowleri: a global review In: Clinical Infectious Diseases, (2021).
27:¢19-e27. doi: 10.1093/cid/ciaa520

6. Butt CG. Primary amebic meningoencephalitis. N Engl ] Med. (1966) 274:1473-6.
doi: 10.1056/NEJM196606302742605

Frontiers in Public Health

12

10.3389/fpubh.2025.1675182

Costa Rica and affiliated to the Centro de Investigacién en
Enfermedades Tropicales (CIET). We also would like to thank Mr.
Denis Camareno for his technical lab support, Dr. Leonel Cérdoba-
Gamboa and Dr. Victor Castro-Gutiérrez for their advice.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2025.1675182/
full#supplementary-material

7. Visvesvara GS. Infections with free-living amebae. In: HH Garcia and HB
Tanowitz, del Brutto OH, editors. Handbook of clinical neurology. Amsterdam:
Elsevier B.V. (2013)

8. Giiémez A, Garcia E. Primary amoebic meningoencephalitis by Naegleria
fowleri: pathogenesis and treatments. Biomolecules. (2021) 11:11. doi:
10.3390/biom11091320

9. E G, S A, K V. Naegleria fowleri: pathogenesis, diagnosis, and treatment options.
Antimicrob Agents Chemother American Soc Microbiol. (2015) 59:6677-81. doi:
10.1128/AAC.01293-15

10. Maciver SK, Pifiero JE, Lorenzo-Morales J. Is Naegleria fowleri an emerging
parasite? Trends Parasitol. (2020) 36:19-28. doi: 10.1016/j.pt.2019.10.008

11. Matanock A, Mehal JM, Liu L, Blau DM, Cope JR. Estimation of undiagnosed

Naegleria fowleri primary amebic meningoencephalitis, United States. Emerg Infect Dis.
(2018) 24:¢68-¢75. doi: 10.1093/jpids/piul03

12. Van den Diressche E, Vandepitte J, Van Dijck PJ, De Jonckheere J, Van de Voorde
H. Primary amoebic meningoencephalitis after swimming in stream water. Lancet.
(1973) 302:P971. doi: 10.1016/s0140-6736(73)92634-2

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1675182
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1675182/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1675182/full#supplementary-material
https://doi.org/10.1111/j.1550-7408.1983.tb02939.x
https://doi.org/10.1111/j.1750-3639.1997.tb01076.x
https://doi.org/10.1111/j.1574-695X.2007.00232.x
https://doi.org/10.1016/j.tmaid.2010.06.001
https://doi.org/10.1093/cid/ciaa520
https://doi.org/10.1056/NEJM196606302742605
https://doi.org/10.3390/biom11091320
https://doi.org/10.1128/AAC.01293-15
https://doi.org/10.1016/j.pt.2019.10.008
https://doi.org/10.1093/jpids/piu103
https://doi.org/10.1016/s0140-6736(73)92634-2

Alvarado-Ocampo et al.

13. Lépez Jiménez MA, Monks S, Serrano A, Pulido Flores G, Gaytan Oyarzun JC,
Lépez Ortega M. Dinamica de las variables fisicoquimicas del sedimento de la laguna de
Tampamachoco, Veracruz, México. Revista Cientifica UDO Agricola. (2012) 12:965-972.
Available online at: https://dialnet.unirioja.es/servlet/articulo?codigo=6104332

14. Behets J, Declerck P, Delaedt Y, Verelst L, Ollevier E Survey for the presence of
specific free-living amoebae in cooling waters from Belgian power plants. Parasitol Res.
(2007) 100:1249. doi: 10.1007/s00436-006-0399-1

15. Sykora JL, Keleti G, Martinez AAJ. Occurrence and pathogenicity of Naegleria
fowleri in artificially heated waters. Appl Environ Microbiol. (1983) 45:974-9. doi:
10.1128/aem.45.3.974-979.1983

16. Andrade C, Menon V, Ameen S, Kumar Praharaj S. Designing and conducting
knowledge, attitude, and practice surveys in psychiatry: practical guidance. Indian J
Psychol Med. (2020) 42:5. doi: 10.1177/0253717620946111

17. Shaik R, Samanthula BS, Pulivarthi SK, Adusumilli PK. Knowledge, attitude and
practice of contact lens users among south Indian population. Indian ] Pharm Pract.
(2021) 14:239-44. doi: 10.5530/ijopp.14.4.50

18. Saberi R, Seifi Z, Dodangeh S, Najafi A, Abdollah Hosseini S, Anvari D, et al. A
systematic literature review and meta-analysis on the global prevalence of Naegleria spp.
in water sources. Transbound Emerg Dis. (2020) 67:2389-402. doi: 10.1111/tbed.13635

19. Méndez Paz E The role of environmental epidemiology in its disciplinary
development. Colomb Méd. (2011) 42:278-285. doi: 10.25100/cm.v42i3.873

20. Krishnamoorthi S, Sharma C, Mewara A, Khurana S. Environmental water
surveillance for free-living amoeba in North India. Indian ] Med Microbiol. (2022)
40:389. doi: 10.1016/j.jmmb.2022.05.002

21.Malik MW, Awan UA, Ahmed H, Missaghi B, Afzal MS. Environmental
surveillance of Naegleria fowleri: a way forward for control of primary amoebic
meningoencephalitis cases in Pakistan. Travel Med Infect Dis. (2022) 45:1-2. doi:
10.1016/j.tmaid.2021.102235

22. Rivera F, Ramirez P, Vilaclara G, Robles E, Medinat E. A survey of pathogenic and
free-living amoebae inhabiting swimming pool water in Mexico City. Environ Res.
(1983) 32:205-11. doi: 10.1016/0013-9351(83)90207-4

23. Baquero RA, Reyes-Batlle M, Nicola GG, Martin-Navarro CM, Lépez-Arencibia
A, Guillermo Esteban J, et al. Presence of potentially pathogenic free-living amoebae
strains from well water samples in Guinea-Bissau. Pathog Glob Health. (2014) 108:206.
doi: 10.1179/2047773214Y.0000000143

24. Lee DI, Park SH, Baek JH, Yoon JW, Jin SI, Han KE, et al. Identification of free-
living amoebas in tap water of buildings with storage tanks in Korea. Korean J Parasitol.
(2020) 58:191. doi: 10.3347/kjp.2020.58.2.191

25. Reyes-Batlle M, Gabriel ME, Rodriguez-Expésito R, Felgueiras E, Sifaoui I, Mourdo
Z, et al. Evaluation of the occurrence of pathogenic free-living amoeba and bacteria in
20 public indoor swimming pool facilities. Microbiol Open. (2021) 10:1. doi:
10.1002/mbo3.1159

26. Potgieter N, van der Loo C, Barnard TG. Co-existence of free-living amoebae and
potential human pathogenic bacteria isolated from rural household water storage
containers. Biology. (2021) 10:12. doi: 10.3390/biology10121228

27. Ettinger MR, Webb SR, Harris SA, McIninch SP, Garman GC, Brown BL.
Distribution of free-living amoebae in James River, Virginia, USA. Parasitol Res. (2002)
89:1. doi: 10.1007/s00436-002-0707-3

28. Bellini NK, da Fonseca ALM, Reyes-Batlle M, Lorenzo-Morales ], Rocha O,
Thiemann OH. Isolation of Naegleria spp. from a Brazilian water source. Pathogens.
(2020) 9:90. doi: 10.3390/pathogens9020090

29. Lares-Jiménez LF, Lares-Villa F. Aislamiento de amebas de vida libre en aguas
superficiales del Valle del Mayo, Sonora. Rev Latinoam Recurs Nat. (2009) 5:2. Available
online at: https://revista.itson.edu.mx/index.php/rlrn/article/view/167

30. Leiva B, Clasdotter E, Linder E, Winiecka-Krusnell J. Free-living Acanthamoeba
and Naegleria spp. amebae in water sources of Ledn, Nicaragua. Rev Biol Trop. (2008)
56:439-446. doi: 10.15517/rbt.v56i2.5598

31. Tanzifi A, Moghaddam Y, Dodangeh S, Daryani A, Sarvi S, Gholami §, et al.
Detection and molecular characterization of potentially patho-genic free-living amoebae
from recreational and public soils in Mazandaran, northern Iran. Iran ] Parasitol. (2021)
16:295-304. doi: 10.18502/ijpa.v16i2.6316

32. Al-Herrawy AZ, Gad MA. Isolation and molecular identification of Naegleria
fowleri from Nile River, Egypt. ] Egypt Public Health Assoc. (2015) 90:161-5. doi:
10.1097/01.EPX.0000475937.97216.03

33.Kim M]J, Lee GC, Kim K, Lee H, Kim MY, Seo DK, et al. Surveillance of
Acanthamoeba spp. and Naegleria fowleri in environmental water by using the duplex
real-time PCR. Korean ] Microbiol. (2018) 54:98-104. doi: 10.7845/kjm.2018.8012

34. Panda A, Khalil S, Mirdha BR, Singh Y, Kaushik S. Prevalence of Naegleria fowleri
in environmental samples from northern part of India. PLoS One. (2015) 10:10. doi:
10.1371/journal.pone.0137736

35. Kyle DE, Noblet I. Vertical distribution of potentially pathogenic free-living amoebae
in freshwater lakes. J Protozool. (1985) 32:1. doi: 10.1111/j.1550-7408.1985.tb03022.x

36. Jamerson M, Remmers K, Cabral G, Marciano-Cabral E. Survey for the presence
of Naegleria fowleri amebae in lake water used to cool reactors at a nuclear power
generating plant. Parasitol Res. (2009) 104:969-78. doi: 10.1007/s00436-008-1275-y

Frontiers in Public Health

10.3389/fpubh.2025.1675182

37. Sifuentes LY, Choate BL, Gerba CP, Bright KR. The occurrence of Naegleria fowleri
in recreational waters in Arizona. ] Environ Sci Health A Tox Hazard Subst Environ Eng.
(2014) 49:11. doi: 10.1080/10934529.2014.910342

38. Lares-Villa F, Hernandez-Pefa C. Concentration of Naegleria fowleri in natural
waters used for recreational purposes in Sonora, Mexico (November 2007-October
2008). Exp Parasitol. (2010) 126:33-6. doi: 10.1016/j.exppara.2010.04.011

39. Moussa M, de Jonckheere JE, Guerlotté J, Richard V, Bastaraud A, Romana M, et al.
Survey of Naegleria fowleri in geothermal recreational Waters of Guadeloupe (French
West Indies). PLoS One. (2013) 8:e54414. doi: 10.1371/journal.pone.0054414

40. Stahl LM, Olson JB. Environmental abiotic and biotic factors affecting the
distribution and abundance of Naegleria fowleri. FEMS Microbiol Ecol. (2021) 97:1-13.
doi: 10.1093/femsec/fiaa238

41.Zbikowska E, Kletkiewicz H, Walczak M, Burkowska A. Coexistence of
Legionella pneumophila bacteria and free-living amoebae in lakes serving as a cooling
system of a power plant. Water Air Soil Pollut. (2014) 225:2066. doi:
10.1007/s11270-014-2066-y

42. Newsome AL, Wilhelm WE. Effect of exogenous iron on the viability of pathogenic
Naegleria fowleri in serum. Experientia. (1981) 37:1160-2. doi: 10.1007/BF01989894

43. Newsome AL, Wilhelm WE. Inhibition of Naegleria fowleri by microbial iron-
chelating agents: ecological implications. Appl Environ Microbiol. (1983) 45:665-8. doi:
10.1128/aem.45.2.665-668.1983

44.Duma RJ. Study of pathogenic free-living amebas in freshwater in Virginia.
Environ Health Effects Res Ser. Washington, D.C.: U.S. Environmental Protection Agency
(1980). Available online at: https://cfpub.epa.gov/si/si_public_record_Report.
cfm?LAB=ORD&dirEntryID=30449

45. Last WM. Textural analysis of lake sediments In: WM Last and JP Smol, editors.
Tracking environmental change using Lake sediments Dordrecht: Kluwer Academic
Publishers (2001) 41-81.

46. Beloin RM, Sinclair JL, Ghiorse WC. Distribution and activity of microorganisms
in subsurface sediments of a pristine study site in Oklahoma. Microb Ecol. (1988)
16:85-97. doi: 10.1007/BF02097407

47. Abrahams-Sandi E, Retana-Moreira L, Castro-Castillo A, Reyes-Batlle M, Lorenzo-
Morales J. Fatal meningoencephalitis in child and isolation of Naegleria fowleri from hot
springs in Costa Rica. Emerg Infect Dis. (2015) 21:382-4. doi: 10.3201/eid2102.141576

48. Retana Moreira L, Zamora Rojas L, Grijalba Murillo, Molina Castro SE, Abrahams
Sandi E. Primary amebic meningoencephalitis related to groundwater in Costa Rica:
diagnostic confirmation of three cases and environmental investigation. Pathogens.
(2020) 9:8. doi: 10.3390/pathogens9080629

49. Solano Quintero J, Villalobos Flores R. Aspectos Fisiograficos aplicados a un
Bosquejo de Regionalizacion Geografico Climatico de Costa Rica. Top Meteor Oceanog.
(2001) 8:1. Available online at: https://www.ub.edu/geocrit/sn/sn-190.htm

50. Direccion de Cambio Climitico (MINAE), MIDEPLAN, Programa de las
Naciones Unidas para el Medio Ambiente & Centro Cientifico Tropical. MIDEPLAN
Programa de las Naciones Unidas para el Medio Ambiente Centro Cientifico Tropical
Plan de accién regional para la adaptacion al cambio climatico. 2022-2026 Chorotega.
San José (2022). Available online at: https://cambioclimatico.minae.go.cr/plan-a-
territorios-resilientes-ante-el-cambio-climatico/#1631137206400-c5c525e8-92c9

51. Direcciéon de Cambio Climéitico (MINAE), MIDEPLAN, Programa de las
Naciones Unidas para el Medio Ambiente & Centro Cientifico Tropical. MIDEPLAN
Programa de las Naciones Unidas para el Medio Ambiente Centro Cientifico Tropical
Plan de acci6n regional para la adaptacién al cambio climatico. 2022-2026 Huetar
Caribe. San José (2022). Available online at: https://cambioclimatico.minae.go.cr/plan-
a-territorios-resilientes-ante-el-cambio-climatico/#1631137206400-c5c525e8-92¢9

52. Direccién de Cambio Climatico (MINAE) MIDEPLAN Programa de las Naciones
Unidas para el Medio Ambiente Centro Cientifico Tropical 2022 Plan de accion regional
para la adaptacion al cambio climatico. 2022-2026 Huetar Norte. San José. (2022).
Available online at: https://cambioclimatico.minae.go.cr/plan-a-territorios-resilientes-
ante-el-cambio-climatico/#1631137206400-c5¢525e8-92¢9

53. Stratton SJ. Population sampling: probability and non-probability techniques.
Prehosp Disaster Med. (2023) 38:147. doi: 10.1017/S1049023X23000304

54. Aplitop - Land Surveying & Civil Engineering Solutions (2023) Software
topogrifico Para GPS TcpGPS 2.5 Available online at: https://www.aplitop.com/
software/tcp-gps

55. QGIS.org QGIS 3.30.3 Geographic information system QGIS association open
source geospatial foundation project (2023) Available online at: http://qgis.org

56. American Public Health Association In: RB Baird, AD Eaton and EW Rice, editors.
American Water Works Association, water environment federation. Standard methods
for the examination of water and wastewater. 23rd edn. Washington, D.C.: APHA-
AWWA-WEF (2017)

57. Kasich J, Taylor M, Nally SJ. Sediment sampling guide and methodologies. 3rd ed
Columbus: Ohio EPA (2012).

58. De Jonckheere JF, Brown S. The identification of vahlkampfiid amoebae by ITS
sequencing. Protist. (2005) 156:1. doi: 10.1016/j.protis.2004.11.001

59. Shakeel S, Iffat W, Khan M. Pharmacy students’ knowledge assessment of Naegleria
fowleri infection. Scientifica (Cairo). (2016) 2016:1-5. doi: 10.1155/2016/2498283

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1675182
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://dialnet.unirioja.es/servlet/articulo?codigo=6104332
https://doi.org/10.1007/s00436-006-0399-1
https://doi.org/10.1128/aem.45.3.974-979.1983
https://doi.org/10.1177/0253717620946111
https://doi.org/10.5530/ijopp.14.4.50
https://doi.org/10.1111/tbed.13635
https://doi.org/10.25100/cm.v42i3.873
https://doi.org/10.1016/j.ijmmb.2022.05.002
https://doi.org/10.1016/j.tmaid.2021.102235
https://doi.org/10.1016/0013-9351(83)90207-4
https://doi.org/10.1179/2047773214Y.0000000143
https://doi.org/10.3347/kjp.2020.58.2.191
https://doi.org/10.1002/mbo3.1159
https://doi.org/10.3390/biology10121228
https://doi.org/10.1007/s00436-002-0707-3
https://doi.org/10.3390/pathogens9020090
https://revista.itson.edu.mx/index.php/rlrn/article/view/167
https://doi.org/10.15517/rbt.v56i2.5598
https://doi.org/10.18502/ijpa.v16i2.6316
https://doi.org/10.1097/01.EPX.0000475937.97216.03
https://doi.org/10.7845/kjm.2018.8012
https://doi.org/10.1371/journal.pone.0137736
https://doi.org/10.1111/j.1550-7408.1985.tb03022.x
https://doi.org/10.1007/s00436-008-1275-y
https://doi.org/10.1080/10934529.2014.910342
https://doi.org/10.1016/j.exppara.2010.04.011
https://doi.org/10.1371/journal.pone.0054414
https://doi.org/10.1093/femsec/fiaa238
https://doi.org/10.1007/s11270-014-2066-y
https://doi.org/10.1007/BF01989894
https://doi.org/10.1128/aem.45.2.665-668.1983
https://cfpub.epa.gov/si/si_public_record_Report.cfm?LAB=ORD&dirEntryID=30449
https://cfpub.epa.gov/si/si_public_record_Report.cfm?LAB=ORD&dirEntryID=30449
https://doi.org/10.1007/BF02097407
https://doi.org/10.3201/eid2102.141576
https://doi.org/10.3390/pathogens9080629
https://www.ub.edu/geocrit/sn/sn-190.htm
https://cambioclimatico.minae.go.cr/plan-a-territorios-resilientes-ante-el-cambio-climatico/#1631137206400-c5c525e8-92c9
https://cambioclimatico.minae.go.cr/plan-a-territorios-resilientes-ante-el-cambio-climatico/#1631137206400-c5c525e8-92c9
https://cambioclimatico.minae.go.cr/plan-a-territorios-resilientes-ante-el-cambio-climatico/#1631137206400-c5c525e8-92c9
https://cambioclimatico.minae.go.cr/plan-a-territorios-resilientes-ante-el-cambio-climatico/#1631137206400-c5c525e8-92c9
https://cambioclimatico.minae.go.cr/plan-a-territorios-resilientes-ante-el-cambio-climatico/#1631137206400-c5c525e8-92c9
https://cambioclimatico.minae.go.cr/plan-a-territorios-resilientes-ante-el-cambio-climatico/#1631137206400-c5c525e8-92c9
https://doi.org/10.1017/S1049023X23000304
https://www.aplitop.com/software/tcp-gps
https://www.aplitop.com/software/tcp-gps
http://qgis.org
https://doi.org/10.1016/j.protis.2004.11.001
https://doi.org/10.1155/2016/2498283

Alvarado-Ocampo et al.

60. PanAmerican Health Organization. Programa regional de accion y demostracion
de alternativas sostenibles para el ontrol del vector de la malaria sin el uso de DDT en
América Central y México: Programa regional “salud de los pueblos indigenas de Las
Américas” Encuesta sobre Conocimientos, Actitudes y Practicas (CAP): Una
herramienta para el abordaje intercultural de la malaria. Panama: PAHO (2008).

61. Mahittikorn A, Kittichathanakul T'To-Im J, Nacapunchai D. Knowledge, behavior,
and free-living amoebae contamination of cosmetic contact lens among university
wearers in Thailand: a cross-sectional study. Eye Contact Lens. (2017) 43:2. doi:
10.1097/ICL.0000000000000246

62. Likert R. A technique for the measurement of attitudes. In: RS Woodworth, editor.
Arch Psychol. New York: Columiba University (1932) 22:140.

63. Hernandez Sampieri R, Mendoza Torres CP. Recoleccion de los datos en la ruta
cuantitativa In: Metodologia de la investigacion Las rutas cuantitativa, cualitativa y
mixta. Ciudad de México: McGraw-Hill (2018). 1-713.

64. Hosmer DW, Lemeshow S. Applied logistic regression. Second ed. New York: John
Wiley & Sons (2000).

65. Akaike H. Information theory and an extension of the maximum likelihood
principle In: BN Petrov and F Csaki, editors. 2nd international symposium on
information theory. Budapest, Hungary: Akadémia Kiad6 (1973). 267-81.

66. Martin Ruiz J-F. Los factores definitorios de los grandes grupos de edad de la
poblacion: tipos, subgrupos y umbrales. Geo Critica / Scripta Nova Revista electrénica
de geografia y ciencias sociales. (2005) 9:190. Available online at: https://www.scielo.org.
mx/scielo.php?script=sci_arttext&pid=51870-34532008000100001

67.Plan GAM 2013-2030 Actualizacién del Plan Regional de la Gran Area
Metropolitana. N° 38334-PLAN-MINAE-MIVAH-MOPT-S-MAG. (2014). Available
online at: http://www.pgrweb.go.cr/scij/Busqueda/Normativa/Normas/nrm_texto_
completo.aspx?param1=NRTC&nValor1=1&nValor2=77104&nValor3=96513&
strTipM=TC

68. StataCorp. Stata statistical software: Release 14. College Station, TX: StataCorp
LLC (2015).

69. Gunarathna N, Amarasinghe A, Wijesundara S, Iddawela D, Wickramasinghe S.
Isolation, molecular characterization and phylogeny of Naegleria species in water bodies
of North-Western Province, Sri Lanka. PLoS Omne. (2021) 16:€0248510. doi:
10.1371/journal.pone.0248510

70. Leal dos Santos D, Chatique BJM, Virginio VG, Cossa VC, Pettan-Brewer C,
Schrekker HS, et al. Occurrence of Naegleria fowleri and their implication for health - a
look under the one health approaches. Int ] Hyg Environ Health. (2022) 246:114053. doi:
10.1016/j.ijheh.2022.114053

71. Wellings FM, Amuso PT, Chang SL, Lewis AL. Isolation and identification of
pathogenic Naegleria from Florida lakes. Appl Environ Microbiol. (1977) 34:661-7. doi:
10.1128/aem.34.6.661-667.1977

72. Bonilla-Lemus P, Rojas-Hernandez S, Ramirez-Flores E, Castillo-Ramirez DA,
Monsalvo-Reyes AC, Ramirez-Flores MA, et al. Isolation and identification of Naegleria
species in irrigation channels for recreational use in Mexicali valley, Mexico. Pathogens.
(2020) 9:1-14. doi: 10.3390/pathogens9100820

73.John-Marsha DT, Howard J. Seasonal distribution of pathogenic free-living
amebae in Oklahoma waters. Parasitol Res. (1995) 81:193-201. doi: 10.1007/BF00937109

74. Lam C, He L, Marciano-Cabral F. The effect of different environmental conditions
on the viability of Naegleria fowleri amoebae. ] Eukaryot Microbiol. (2019) 66:752-6. doi:
10.1111/jeu.12719

75. Goudot S, Mathieu L, Herbelin P, Soreau S, Jorand FPA. Growth dynamic of
biofilm-associated Naegleria fowleri in freshwater on various materials. Front Microbiol.
(2024) 15:15. doi: 10.3389/fmicb.2024.1369665

76. Arbon D, Zenigkova K, Mach J, Grechnikova M, Malych R, Talacko P, et al.
Adaptive iron utilization compensates for the lack of an inducible uptake system in
Naegleria fowleri and represents a potential target for therapeutic intervention. PLoS
Negl Trop Dis. (2020) 14:e0007759. doi: 10.1371/journal.pntd.0007759

77. Maciver SK, McLaughlin PJ, Apps DK, Pifiero JE, Lorenzo-Morales J. Opinion:
Iron, climate change and the ‘brain eating Amoeba’ Naegleria fowleri. Protist. (2021)
172:1-13. doi: 10.1016/j.protis.2020.125791

78. Mach J, Bila ], Zeniskové K, Arbon D, Malych R, Glavanakovové M, et al. Iron
economy in Naegleria gruberi reflects its metabolic flexibility. Int J Parasitol. (2018)
48:719-27. doi: 10.1016/j.ijpara.2018.03.005

79. Shahin SA, Alarcon JH, Brosky HN, Lamori JG, Dada AC, Xue ], et al. Occurrence
of Naegleria fowleri and faecal indicators in sediments from Lake Pontchartrain,
Louisiana. ] Water Health. (2022) 20:657-69. doi: 10.2166/wh.2022.285

80. De Jockheere. What do we know by now about the genus Naegleria? Exp Parasitol.
(2014) 145:52-9. doi: 10.1016/j.exp.para.2014.07.011

81. Guzman-Fierros E, De Jonckheere J, Lares-Villa F. Identificacion de especies de
Naegleria en sitios recreativos en Hornos, Sonora. Rev Mex Biodivers. (2008) 79:1-5.
Available online at: https://www.scielo.org.mx/scielo.php?script=sci_arttext&pid
=51870-34532008000100001

82.Baird C, Cann M. Environmental chemistry. 5th ed. New York, NY, USA: W. H.
Freeman and Company (2012).

Frontiers in Public Health

14

10.3389/fpubh.2025.1675182

83. Grechnikova M, Zeniskova K, Malych R, Mach J, Sutak R. Copper detoxification
machinery of the brain-eating amoeba Naegleria fowleri involves copper-translocating
ATPase and the antioxidant system. Int ] Parasitol Drugs Drug Resist. (2020) 14:126. doi:
10.1016/1.ijpddr.2020.10.001

84. Zeniskov4 K, Grechnikova M, Sutak R. Copper metabolism in Naegleria gruberi
and its deadly relative Naegleria fowleri. Front Cell Dev Biol. (2022) 10:10. doi:
10.3389/fcell.2022.853463

85. Rodriguez-Zaragoza S. Ecology of free-living amoebae. Crit Rev Microbiol. (1994)
20:225-41. doi: 10.3109/10408419409114556

86. Obayomi O, Bernstein N, Edelstein M, Vonshak A, Ghazayarn L, Ben-Hur M, et al.
Importance of soil texture to the fate of pathogens introduced by irrigation with treated
wastewater. Sci Total Environ. (2019) 653:886-96. doi: 10.1016/j.scitotenv.2018.10.378

87. Laseke I, Korte ], Lamendella R, Kaneshiro ES, Marciano-Cabral F, Oerther DB.
Identification of Naegleria fowleri in warm ground water aquifers. ] Environ Qual. (2010)
39:147-53. doi: 10.2134/jeq2009.0062

88. Najafpoor AA, Zarrinfar H, Ghaderifar S, Alidadi H, Esmaily H, Hajialilo E, et al.
Naegleria species population found in pond water of parks in Mashhad City. Can the
physicochemical  factors affect it? MethodsX. (2018) 5:1427-30. doi:
10.1016/j.mex.2018.10.014

89.Greub G, Raoult D. Microorganisms resistant to free-living amoebae. Clin
Microbiol Rev. (2004) 17:413-33. doi: 10.1128/CMR.17.2.413-433.2004

90. Ali M, Rice CA, Byrne AW, Paré PE, Beauvais W. Modelling dynamics between
free-living amoebae and bacteria. Environ Microbiol. (2024) 26:e16623. doi:
10.1111/1462-2920.16623

91. Hoque MM, Noorian P, Espinoza-Vergara G, Manuneedhi Cholan P, Kim M,
Rahman MH, et al. Adaptation to an amoeba host drives selection of virulence-associated
traits in Vibrio cholerae. ISME J. (2022) 16:856. doi: 10.1038/s41396-021-01134-2

92. Nguyen BT, Chen QL, He JZ, Hu HW. Microbial regulation of natural antibiotic
resistance: understanding the protist-bacteria interactions for evolution of soil resistome.
Sci Total Environ. (2020) 705:1-10. doi: 10.1016/j.scitotenv.2019.135882

93. Fritsche TR, Sobek D, Gautom RK. Enhancement of in vitro cytopathogenicity by
Acanthamoeba spp. following acquisition of bacterial endosymbionts. FEMS Microbiol
Lett. (1998) 166:231. doi: 10.1111/§.1574-6968.1998.tb13895.x

94. Rayamajhee B, Sharma S, Willcox M, Henriquez FL, Rajagopal RN, Shrestha GS,
et al. Assessment of genotypes, endosymbionts and clinical characteristics of
Acanthamoeba recovered from ocular infection. BMC Infect Dis. (2022) 22:757. doi:
10.1186/512879-022-07741-4

95. Rayamajhee B, Willcox M, Henriquez FL, Shrestha GS, Yadav UN, Fazal A, et al.,
Clinical presentation, genotypic diversity, and intracellular bacteria in Acanthamoeba
keratitis patients treated at a referral eye hospital in Sydney, Australia. IJID Reg
(2025) 16. 16

96. Rayamajhee B, Willcox M, Sharma S, Mooney R, Petsoglou C, Badenoch PR, et al.
Zooming in on the intracelular microbiome composition of bacterivorous Acanthamoeba
isolates. ISME Commun. (2024) 4:1-15. doi: 10.1093/ismeco/ycae016

97.Mirza H, Mansoor A, Zil-E-Ali F, Shafiq Butt H, Arif M, Waseem HM. Young
doctors’ knowledge, attitudes, and practice regarding Naegleria fowleri in a local
tertiary care hospitals of Lahore. PJMHS. (2019) 13:90-98. doi:
10.1177/09727531231196996

98. Younus S, Fatima H, Rangwala BS, Munir A, Ahsan SM, Nacem W, et al. Knowledge,
attitude, and practices related to Naegleria fowleri among general population of Karachi,
Pakistan: a cross-sectional study. Ann Neurosci. (2023). Available online at: https://www.
researchgate.net/publication/332727492

99. Nadeem A, Malik IA, Afridi EK, Shariq E. Naegleria fowleri outbreak in Pakistan:
unveiling the crisis and path to recovery. Front Public Health. (2023) 11:1-13. doi:
10.3389/fpubh.2023.1266400

100. Riaz S, Ahmed H, Kiani S, Afzal M, Simsek S, Celik F, et al. Knowledge, attitudes
and practices related to neglected tropical diseases (schistosomiasis and fascioliasis) of
public health importance: a cross-sectional study. Front Vet Sci. (2023) 10:1088981. doi:
10.3389/fvets.2023.1088981

101. Santos AJD, Lima SVMA, Sousa AFL, Vasconcelos A, Santos IGA, Bezerra M,
et al. Knowledge, attitude and practices towards the prevention of schistosomiasis
Mansoni in an endemic area of Alagoas, Northeast Brazil. trop med. Infect Dis. (2023)
8:1. doi: 10.3390/tropicalmed8010034

102. Lee HY, Lee ], Kim NK. Gender differences in health literacy among Korean
adults: do women have a higher level of health literacy than men? Am J Mens Health.
(2015) 9:370. doi: 10.1177/1557988314545485

103. National Academies of Sciences, Engineering, and Medicine. Health-care
utilization as a proxy in disability determination, vol. 2. Washington (DC): National
Academies Press (US). Factors That Affect Health-Care Utilization (2018).

104. Manierre MJ. Gaps in knowledge: tracking and explaining gender differences in health
information seeking. Soc Sci Med. (2015) 128:151. doi: 10.1016/j.socscimed.2015.01.028

105. Aljassim N, Ostini R. Health literacy in rural and urban populations: a systematic
review. Patient Educ Couns. (2020) 103:2142-54. doi: 10.1016/j.pec.2020.06.007

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1675182
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1097/ICL.0000000000000246
https://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S1870-34532008000100001
https://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S1870-34532008000100001
http://www.pgrweb.go.cr/scij/Busqueda/Normativa/Normas/nrm_texto_completo.aspx?param1=NRTC&nValor1=1&nValor2=77104&nValor3=96513&strTipM=TC
http://www.pgrweb.go.cr/scij/Busqueda/Normativa/Normas/nrm_texto_completo.aspx?param1=NRTC&nValor1=1&nValor2=77104&nValor3=96513&strTipM=TC
http://www.pgrweb.go.cr/scij/Busqueda/Normativa/Normas/nrm_texto_completo.aspx?param1=NRTC&nValor1=1&nValor2=77104&nValor3=96513&strTipM=TC
https://doi.org/10.1371/journal.pone.0248510
https://doi.org/10.1016/j.ijheh.2022.114053
https://doi.org/10.1128/aem.34.6.661-667.1977
https://doi.org/10.3390/pathogens9100820
https://doi.org/10.1007/BF00937109
https://doi.org/10.1111/jeu.12719
https://doi.org/10.3389/fmicb.2024.1369665
https://doi.org/10.1371/journal.pntd.0007759
https://doi.org/10.1016/j.protis.2020.125791
https://doi.org/10.1016/j.ijpara.2018.03.005
https://doi.org/10.2166/wh.2022.285
https://doi.org/10.1016/j.exp.para.2014.07.011
https://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S1870-34532008000100001
https://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S1870-34532008000100001
https://doi.org/10.1016/j.ijpddr.2020.10.001
https://doi.org/10.3389/fcell.2022.853463
https://doi.org/10.3109/10408419409114556
https://doi.org/10.1016/j.scitotenv.2018.10.378
https://doi.org/10.2134/jeq2009.0062
https://doi.org/10.1016/j.mex.2018.10.014
https://doi.org/10.1128/CMR.17.2.413-433.2004
https://doi.org/10.1111/1462-2920.16623
https://doi.org/10.1038/s41396-021-01134-2
https://doi.org/10.1016/j.scitotenv.2019.135882
https://doi.org/10.1111/j.1574-6968.1998.tb13895.x
https://doi.org/10.1186/s12879-022-07741-4
https://doi.org/10.1093/ismeco/ycae016
https://doi.org/10.1177/09727531231196996
https://www.researchgate.net/publication/332727492
https://www.researchgate.net/publication/332727492
https://doi.org/10.3389/fpubh.2023.1266400
https://doi.org/10.3389/fvets.2023.1088981
https://doi.org/10.3390/tropicalmed8010034
https://doi.org/10.1177/1557988314545485
https://doi.org/10.1016/j.socscimed.2015.01.028
https://doi.org/10.1016/j.pec.2020.06.007

Alvarado-Ocampo et al.

106. Chen X, Orom H, Hay JL, Waters EA, Schofield E, Li Y, et al. Differences in rural
and urban health information access and use. ] Rural Health. (2019) 35:405-17. doi:
10.1111/jrh.12335

107. Ahmad Zamzuri M ‘Ammar I, Abd Majid FN, Mihat M, Ibrahim SS, Ismail
M, Abd Aziz S, et al. Systematic review of brain-eating amoeba: a
decade update. Int ] Environ Res Public Health. (2023) 20:1-12. doi:
10.3390/ijerph20043021

108. Yoder JS, Eddy BA, Visvesvara GS, Capewell L, Beach M]J. The epidemiology of
primary amoebic meningoencephalitis in the USA, 1962-2008. Epidemiol Infect. (2010)
138:968-75. doi: 10.1017/S0950268809991014

109. Schuster FL, Visvesvara GS. Free-living amoebae as opportunistic and non-
opportunistic pathogens of humans and animals. Int ] Parasitol. (2004) 34:1001-27. doi:
10.1016/j.ijpara.2004.06.004

110. Graciaa D, Cope J, Roberts V, Cikesh B, Kahler A, Vigar M, et al. Centers for
Disease Control and Prevention MMWR editorial and production staff (weekly)
MMWR editorial board outbreaks associated with untreated recreational water —
United States, 2000-2014. Report, vol. 67 (2018).

111. Gharpure R, Gleason M, Salah Z, Blackstock AJ, Hess-Homeier D, Yoder JS,
et al. Geographic range of recreational water-associated primary amebic

Frontiers in Public Health

15

10.3389/fpubh.2025.1675182

meningoencephalitis, United States, 1978-2018. Emerg Infect Dis. (2021) 27:271. doi:
10.3201/eid2701.202119

112. Launiala A. How much can a KAP survey tell us about people’s knowledge,
attitudes and practices? Some observations from medical anthropology research on
malaria in pregnancy in Malawi background: KAP surveys. Anthropology Matters ].
(2009) 11:1-13. doi: 10.22582/am.v11i1.31

113. Anyolitho MK, Poels K, Huyse T, Tumusiime J, Mugabi F, Tolo CU, et al.
Knowledge, attitudes, and practices regarding schistosomiasis infection and
prevention: a mixed-methods study among endemic communities of western
Uganda. PLoS Negl Trop Dis. (2022) 16:e0010190. doi: 10.1371/journal.pntd.0010190

114. Ministerio de Salud. Exigen rotulacién de advertencia, altura méxima y prohibicion
de toboganes que desboquen en aguas termales. Ministerio de Salud. (2020). Available online at:
https://ministeriodesalud.go.cr/index.php/prensa

115. Ministerio de Salud. Confirmado extrafio caso de Meningitis amebiana primaria
en joven de 15 afios. Ministerio de Salud (2020). Available online at:https://
ministeriodesalud.go.cr/index.php/prensa

116. Ministerio de Salud. Autoridades aclaran que no estamos en alerta sanitaria por
meningitis amebiana. Ministerio de Salud (2020). Available online at:https://
ministeriodesalud.go.cr/index.php/prensa

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1675182
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1111/jrh.12335
https://doi.org/10.3390/ijerph20043021
https://doi.org/10.1017/S0950268809991014
https://doi.org/10.1016/j.ijpara.2004.06.004
https://doi.org/10.3201/eid2701.202119
https://doi.org/10.22582/am.v11i1.31
https://doi.org/10.1371/journal.pntd.0010190
https://ministeriodesalud.go.cr/index.php/prensa
https://ministeriodesalud.go.cr/index.php/prensa
https://ministeriodesalud.go.cr/index.php/prensa
https://ministeriodesalud.go.cr/index.php/prensa
https://ministeriodesalud.go.cr/index.php/prensa

	A socioenvironmental approach to the nosogenic potential of freshwaters with presence of thermotolerant free-living amoebae in Costa Rica
	1 Introduction
	2 Materials and methods
	2.1 Sampling and study area
	2.2 Isolation and identification of FLA
	2.3 Measurement of physicochemical parameters
	2.4 KAP exploratory survey on N. fowleri infection and its risk
	2.5 Statistical analysis

	3 Results
	3.1 Isolation and identification of FLA
	3.2 Physicochemical characterization of water and sediments from freshwater bodies
	3.3 Multivariate logistic regression model
	3.4 KAP exploratory survey on N. fowleri infection and its risk

	4 Discussion
	4.1 Presence of Naegleria in recreational freshwaters and its environmental determinants
	4.2 Human behavior component of PAM risk

	5 Conclusion

	References

