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Abstract: Pool water must meet certain chemical and microbiological conditions to ensure high
water quality and a safe environment for users. A recreational swimming pool treated with a
combined disinfection method (chlorination and UV radiation) was monitored for 18 months. Selected
chemical and microbiological parameters of the indoor freshwater pool were analyzed, and the
in vivo presence of Pseudomonas aeruginosa biofilm was assessed and further correlated to the type
of disinfection. P. aeruginosa isolated from biofilm was further examined to determine the effects
of combined disinfection methods on the formation and destruction of mature biofilm in vitro.
The in vitro application of the combined disinfection methods led to the inhibition of planktonic
P. aeruginosa biofilm formation (68.9% compared to the control group) and were more effective in
the partial destruction of mature biofilm than individual disinfection methods (from 25.4 to 26.3%).
The obtained results indicate the better microbiological and chemical quality of pool water when
combined disinfection was applied. Our results contribute to developing the optimization of pool
water disinfection methods and biofilm control.

Keywords: biofilm; chlorination; P. aeruginosa; swimming pool; UV radiation

1. Introduction

Swimming pool water is a complex environment where different types of pathogenic
microorganisms can be transmitted. Even though pools are mostly intended for recreational
activities, to protect the health of users, they must be maintained regularly. Disinfection
plays an important role in maintaining pool water quality and is a basic method for re-
ducing the risk of potential microbiological hazards [1,2]. Nevertheless, opportunistic
premise plumbing pathogens (OPPPs) often remain in water supply systems or in water
for recreation and rehabilitation [3]. Standard doses of chlorine-based disinfectants do not
destroy OPPPs, and their presence in aquatic environments increases over time. They either
exist as planktonic cells or enclosed within structures known as biofilms [4]. Biofilm is a
complex community of microorganisms imbedded in extracellular polymeric substances
(EPSs), which are resistant to changes in external living conditions. Pseudomonas aeruginosa
is one of the most studied opportunistic pathogens; it can cause minor or major health
problems, with its presence sometimes resulting in infection outbreaks. It is a predominant
microorganism that causes infections in aquatic environments [5–7]. This gram-negative
bacterium can grow in adverse living conditions such as low nutrient concentrations, and it
can survive high temperature differences. P. aeruginosa has a strong ability to form biofilm
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and can survive in distilled water, in treated water with residual chlorine levels < 1 mg/L,
and in disinfectant solutions, and it shows high resistance to mechanical cleaning processes.
Its persistence in swimming pool areas most often depends on its ability to form biofilms
on almost any pool surface area [8]. The damp parts of pools contribute greatly to this [9].
Extensive research on forming P. aeruginosa biofilms and biofilm control conditions in swim-
ming pools is scarce. It is known that many procedures and different disinfection methods
are available to manage and reduce the risk of infection transmissions in swimming pool set-
tings. In addition to chemical methods, combined methods (chlorination with UV radiation)
of water disinfection are increasingly utilized [10,11]. Evidence from various toxicological
and epidemiological studies on the adverse health effects of disinfection by-products (DBPs)
has raised concerns about the chemical safety of swimming pools. Frequently studied and
mentioned harmful by-products are trihalomethanes (THMs) [12–16]. Mainly, the THM
concentration depends on the method of pool water disinfection. It has been proven that
combined disinfection is an effective method of reducing concentrations of these harmful
volatile halogenated hydrocarbons [17]. As has previously been mentioned, biofilms are
extremely resistant to chemicals in water environments, including disinfectants [18,19].
Routine examinations of swimming pool biota in microbiological laboratories often do not
include bacterial biofilms. Therefore, in this study, in order to follow real conditions that
are present in swimming pools, an additional set of removable ceramic tiles was placed
(in situ) in the swimming pool shell. The intention was to detect what chemical conditions
of swimming pool water lead to suitable conditions for the development of microbiologi-
cal flora. The presence of P. aeruginosa was analyzed in relation to the selected chemical
parameters. The aim of this study was to isolate P. aeruginosa from a mixed biofilm and
to examine the further influence of different disinfection methods (chlorination and UV
radiation) in in vitro conditions. Additionally, the aim was to determine its influence on
the formation of biofilm and the behavior of mature biofilm.

2. Materials and Methods
2.1. Study Area and Sampling

For the analysis of selected parameters (free and total chlorine, and trihalomethanes),
an indoor freshwater swimming pool with ceramic tiles was used. The pool dimensions
were 14 m in length, 7.5 m in width, depth of 1.45 m with total volume of freshwater
152.25 m3. The pool shell was covered with small 2.5 × 2.5 cm ceramic tiles. An automatic
chemical dosing system, at a properly built engine room, ensured constant chemical
monitoring. Chlorination (Cl) was carried out with sodium hypochlorite, and a combined
disinfection method with a low-pressure, high-efficiency mercury UV lamp (Ultraaqua a/s,
Aalborg, Denmark) was utilized in the system and used along with the sodium hypochlorite
chlorination (UV + Cl). For the first nine months of the study, the combined method of
disinfection (UV + Cl) was continuously applied, whereas in the second nine months of the
study, the single disinfection method (only Cl) was used. A schematic view of the indoor
swimming pool, sampling points, and locations of the additionally placed ceramic tiles
is presented in Scheme 1. The sampling points were selected according to the following
criteria: the sampling point 0 represents the disinfected water just before returning to the
pool; sampling point 1 represents the entrance to the pool, around the stairs that are more
difficult to clean; sampling point 2 represents the center of the pool and is a common point
for sampling procedure; and sampling point 3 represents the most distant point to the
entrance and is a place where bathers usually gather held by the edge. Water samples were
taken 0.5 to 1.0 meters below the water surface using a telescopic rod and put into clean
containers with a volume of 0.25, 0.5, or 1 L, depending on the parameter being analyzed.
Samples were transported to the laboratory in the controlled temperature conditions and
immediately processed or stored at 4 ◦C until analysis.
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part of the investigation.

2.2. Selected Chemical and Microbiological Parameter Measurements in Pool Water

Selected chemical parameters were tested in accordance with the relevant ISO methods:
the free chlorine concentration and total chlorine concentration (EN ISO 7393-2:2018) [20],
pH (EN ISO 10523:2012) [21], trihalomethanes (EN ISO 10301:1997) [22], and P. aeruginosa
(EN ISO 16266:2008) [23].

2.3. Bacterial Strains and Inoculum Preparation

P. aeruginosa used in the in vitro experiment was isolated in situ from ceramic tiles of
the swimming pool placed at location 3. It was identified using biochemical test API-NE
(Biomerieux, Paris, France). Furthermore, bacterial strains were cultured on Mueller–
Hinton agar (MH, Biolife, Milano Italy) under aerobic conditions at 35 ◦C for 24 h. Pure
bacterial cultures were suspended in MH broth (Biolife, Milano, Italy) of appropriate
concentrations of 105 CFU/mL, and the optical density was measured at 600 nm (OD600)
(Eppendorf, Bio photometer, model #6131, Hamburg, Germany).

2.4. Treatment of Planktonic Bacteria before Biofilm Formation

The influence of UV light and sodium hypochlorite, and their combination on the
bacterial suspension and planktonic form was tested. The ability of bacteria to grow
and form biofilm was investigated. Bacterial suspensions of 105 CFU/mL prepared as
previously described were transferred to a plastic Petri dish and exposed to UV light at
254 nm (UV lamp—dual wavelength, Muttenz, Switzerland) for 20 s, sodium hypochlorite
solution (Cl—chlorination) 0.4 mg/L for 1 min, and a combination of UV light for 20 s and
sodium hypochlorite solution 0.4 mg/L for 1 min. A neutralizer was not used. Treated
bacterial suspension was poured over the prepared ceramic tiles in agar, as described here,
followed by incubation at 35 ◦C for 5 days to mature biofilm formation. After washing
planktonic bacteria and ultrasound treatment to release bacteria in the biofilm, CFUs were
determined by planting tenfold dilutions on MH agar. All experiments were performed in
triplicate and repeated three times (N = 9).

2.5. Formation of Mature Biofilm

The method of biofilm formation was described according to the procedure developed
by Ivanković et al. and modified by the conditions of our laboratory [24]. The individual
tiles were mechanically brushed, washed, and then sterilized at 180 ◦C for 1 h. An agar
bacteriological solution (Oxoid, Basingstoke, UK) was prepared according to the manufac-
turer’s instructions and autoclaved at 121 ◦C for 15 min. Three sterile tiles were placed in a
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Petri dish, with the ceramic surface facing up (to simulate a pool). Subsequently, still warm
agar solution was poured, making sure that the upper ceramic surface of the tiles remained
uncovered. A total of 10 mL of test P. aeruginosa bacteria suspension was poured on the
upper side of the tiles that were placed in agar, ensuring that they completely covered their
surface, as described (Figure 1). Petri dishes were incubated at 35 ◦C for 5 days using an
orbital shaker (30 rpm), and mature biofilm was formed.
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Figure 1. Sterile ceramic tiles placed in a Petri dish, immersed in agar, and covered with suspension
of test P. aeruginosa bacteria.

2.6. Treatments of Mature Biofilm

After incubation for 5 days, the tiles with mature biofilm were transferred to a plastic
Petri dish and washed three times in sterile saline solution. Then, the mature biofilm was
exposed to various treatments: UV light (UV) for 5 and 20 s, sodium hypochlorite solution
(T.T.T., Sveta Nedjelja, Croatia), 0.4 mg/L for 1 min, and a combination of UV light (254 nm)
for 5 or 20 s and sodium hypochlorite solution (Cl) 0.4 mg/L for 1 min. After sodium
hypochlorite exposure, 10% sodium thiosulphate solution (Kemika, Zagreb, Croatia) was
added to remove residual chlorine. Subsequently, tiles were placed in sterile polypropylene
tubes with sterile saline and treated in an ultrasonic bath (BactoSonik - Bandelin, Berlin,
Germany) for 1 min at 40 kHz. Tenfold serial dilutions were performed, and samples were
inoculated on MH agar. After incubation for 24 h at 35 ◦C, CFU/mL was determined.
During the experiment, a control group was maintained. Mature biofilm was grown on the
plate under the same conditions and was not exposed to UV light and sodium hypochlorite.
Each experiment was performed in triplicate and repeated three times (N = 9).

2.7. Statistical Analyses

Analyses of the selected chemical parameters of pool waters at different applied
disinfection methods (Cl and UV + Cl) and sampling points were performed in triplicate,
whereas in vitro bacteria assays were performed in three replicates. All experimental data
are expressed as the median with minimal and maximal values. All statistical analyses
were performed using the software Statistica® v. 14.0 (StatSoft Inc., Tulsa, OK, USA) at the
significance level of p < 0.05. Differences between disinfection methods (Cl and UV + Cl)
for each chemical parameter at sampling locations and differences between control and
experimental groups in in vitro bacterial assays were assessed with the nonparametric
Mann-Whitney U test. For correlations between chemical parameters, the number of
bathers per day, and P. aeruginosa bacteria in analyzed pool waters with different disinfection
methods, nonparametric Kendall-Tau correlation test and principal component analysis
(PCA) were used.
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3. Results and Discussion
3.1. Swimming Pool Water (In Vivo)
3.1.1. Monitored Parameters in Swimming Pool Water

In this study, an indoor freshwater swimming pool was monitored for a period of
18 months and with periods of applying different disinfection methods. Samples were
taken frequently from three locations around the swimming pool and one location from the
engine room after applying disinfection methods. For the whole investigation period, pool
water temperature was monitored and ranged from 20.8–23.9 ◦C. The single chlorination
method (Cl) was applied in the first half of the experiment, and the combined method
UV radiation + chlorination (UV + Cl) was applied in the second half of the investigation.
Monitored parameter results are presented in Table 1 as the median with minimum and
maximum values.

Table 1. Monitored parameters and the number of bathers per day for the analyzed swimming pool
water at different applied disinfection methods (Cl and UV + Cl) and sampling points (0–3). The data
are presented as the median with minimum and maximum values (N = 90 and N = 126 for Cl and
UV + Cl disinfection methods, respectively, at each sampling point).

Monitored
Parameters

Disinfection
Method

Sampling Point

0 1 2 3

pH
Cl 6.70

(6.20–7.50)
6.75

(6.20–7.50)
6.75

(6.20–7.50)
6.75

(6.20–7.50)

UV + Cl 6.95 a

(6.50–7.70)
7.05 a

(6.5–7.7)
7.05 a

(6.5–7.8)
7.10 a

(6.5–7.8)

Free chlorine
(mg/L Cl2)

Cl 0.41
(0.05–1.15)

0.44
(0.05–1.19)

0.54
(0.05–1.20)

0.58
(0.05–1.15)

UV + Cl 0.19 a

(0.0–0.41)
0.25 a

(0.02–0.52)
0.22 a

(0.01–0.52)
0.23 a

(0.02–0.57)

Total chlorine
(mg/L Cl2)

Cl 0.46
(0.12–1.25)

0.49
(0.16–1.28)

0.61
(0.25–1.29)

0.62
(0.15–8.0)

UV + Cl 0.30 a

(0.11–0.51)
0.32 a

(0.11–0.66)
0.33 a

(0.11–0.64)
0.33 a

(0.08–0.66)

Trihalomethanes
(µg/L)

Cl 45.3
(5–308)

59.1
(6.22–273.2)

55.5
(6.19–282.9)

71.1
(3.20–352.0)

UV + Cl 21.3
(2.77–105.6)

31.1
(3.87–102.6)

44.6
(7.55–140.6)

40.8
(7.01–129.4)

Number of
bathers/day

Cl 45.0
(0.0–70)

45.0
(0.0–70.0)

45.0
(0.0–70.0)

45.0
(0.0–70.0)

UV + Cl 32.5 a

(0–56)
32.5 a

(0–56)
32.5 a

(0–56)
32.5 a

(0–56)
Cl, disinfection method of chlorination; UV + Cl, disinfection method of UV radiation with chlorination. Median
values marked with a lowercase letter “a” represent significant differences between disinfection methods (p < 0.05;
nonparametric Mann-Whitney U test).

Comparing previously mentioned disinfection methods, significantly higher pH val-
ues (p < 0.0098) were obtained by the UV + Cl method than by Cl, ranging from 3.6% to
4.9% higher values depending on the sampling location. Different behavior was observed
for free and total chlorine, where significantly lower values of both parameters were found
using the UV + Cl disinfection method (p < 0.0001). The percentage decreased with an aver-
age value of about 54.1%, with the highest percentage decrease found at sampling point 3
(60.3%; p = 0.0001). The amount of total chlorine followed the behavior of free chlorine; thus,
its evident reduction was also observed using the UV + Cl disinfection method (p < 0.0001).
The reduction was somewhat lower than with free chlorine and amounted to an average of
40.6%, with the highest reduction found at the sampling point 3 (46.8%; p = 0.0001). The
trihalomethane concentrations with the Cl and UV + Cl disinfection methods were in wide
ranges of values from 3.20 to 352.0 µg/L and 2.77 to 140.6 µg/L, respectively, depending
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on the sampling location. Although much lower concentrations of trihalomethanes were
detected using the UV + Cl disinfection method (40.7% on average) compared with the Cl
method, the reductions were not significantly different compared with the concentrations
obtained through the Cl method. The lowest reduction in trihalomethane concentration was
observed at sampling point 2 and was counted as only 19.6%, whereas the highest reduction
was achieved at location point 0 (53.0%). It is already known that chemical parameters in
swimming pool water, such as pH, free and total chlorine, and the possible presence of
harmful DBPs (trihalomethanes) provide useful information on water quality [25]. Poor
maintenance of these parameters can lead to the potential risk of bacterial growth in the
water [26]. A very important parameter is pH, where its misbalance can quickly increase
the possibility of reducing disinfection efficiency. The Croatian Regulation on Health Safety
of Swimming Pool Water (OG 59/2020), among other parameters, prescribes that the pH
levels in pools should be maintained between 6.5 and 7.3 for fresh and sea water, free
chlorine concentration should be no more than 1.2 mg/L Cl2, and the highest acceptable
level of trihalomethanes is 100 µg/L [27]. Therefore, these physicochemical parameters
should be continuously measured and adjusted. It has been documented that the use of
combined disinfection methods may reduce exposure to harmful DBPs [28–30], which was
also observed in this study. Even though the reductions in THMs were not significantly
different when comparing the combined and single chlorination method, the reduction at
sampling point 0 was expected because that was the sample collected immediately after
applying disinfection methods and before any impact of bathers at the swimming pool.
Higher concentrations of THMs were also determined by Chu et al. in their survey on
swimming pools in London, where they reported a mean value of 132.4 µg/L, a minimum
value of 57 µg/L, and a maximum value of 223 µg/L [13].

3.1.2. Microbiological Presence in Swimming Pool Water

In addition to the chemical parameters of the pool waters, the presence of bathers in
the pools was also studied, expressed as the number of bathers per day (Table 2).

Table 2. Coefficients of correlation between chemical parameters, the number of bathers per day,
and Pseudomonas aeruginosa bacteria levels of analyzed pool waters treated with chlorination (Cl)
disinfection methods and represented by the nonparametric Kendall–Tau correlation test (N = 360;
90 samples × four sampling points). Statistically significant correlations (p < 0.05) are presented in
bold-type numbers.

Variable pH Free Chlorine Total Chlorine Trihalomethanes Number of
Bathers/Day

Pseudomonas
aeruginosa

pH 1.00
Free chlorine −0.24 1.00
Total chlorine −0.18 0.89 1.00

Trihalomethanes −0.18 0.32 0.34 1.00
Number of bathers/day −0.18 0.21 0.25 0.20 1.00
Pseudomonasaeruginosa 0.05 −0.16 −0.15 0.12 0.11 1.00

A somewhat lower number of bathers was observed in the pools when the combined
(UV + Cl) disinfection method was used (28%). Usually, the highest influence on the
formation of toxic compounds in pool water is the amount of organic matter introduced by
people using the pools (bathers) [31,32].

Furthermore, to explain the correlations between the chemical parameters of pool
waters, the number of bathers, and P. aeruginosa bacteria, which were isolated during the Cl
disinfection method, Kendall–Tau correlation analysis was used. The correlation results of
pooled data for the combined disinfection method (UV + Cl) are presented in Table 3.
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Table 3. Coefficients of correlation between chemical parameters, the number of bathers per day, and
Pseudomonas aeruginosa bacteria levels of analyzed pool waters with the disinfection method of UV
radiation with chlorination (UV + Cl) represented by nonparametric Kendall-Tau correlation tests
(N = 504; 126 samples × four sampling points). Statistically significant correlations (p < 0.05) are
presented in bold-type numbers.

Variable pH Free Chlorine Total Chlorine Trihalomethanes Number of
Bathers/Day

Pseudomonas
aeruginosa

pH 1.00
Free chlorine −0.07 1.00
Total chlorine 0.18 0.67 1.00

Trihalomethanes 0.21 −0.16 0.07 1.00
Number of bathers/day 0.21 −0.38 −0.08 0.49 1.00
Pseudomonas aeruginosa 1.00

With the Cl disinfection method, strong positive correlations (τ > 0.30) were observed
between trihalomethanes and free chlorine and total chlorine (Table 2), indicating that
increased concentrations of trihalomethanes in pool water followed stronger water chlo-
rination with higher concentrations of free and total chlorine. The correlations between
trihalomethanes and the number of bathers per day and P. aeruginosa were moderate
(τ = 0.20 and 0.12), showing that a greater number of bathers has a significant influence on
the trihalomethanes’ production and occurrence of P. aeruginosa. This is mainly because of
the presence of organic matter from bathers, which is a precursor for forming THMs [33,34].
Examining the sensitivity of Pseudomonas aeruginosa on the amount of chlorine in pools, it
is evident that the bacteria were susceptible to the free and total chlorine (τ = −0.16 and
−0.16). Furthermore, the Kendall-Tau correlation with the disinfection UV + Cl method
indicated a positive moderate influence of pH on the occurrence of trihalomethanes and
the number of bathers per day (τ = 0.21 for both cases, Table 3.), whereas the effects of free
chlorine on the number of bathers per day and trihalomethanes were strong (τ = −0.38)
and moderate (τ = −0.16) but negative. With the combined UV + Cl disinfection method,
the correlation of bathers per day with the concentration of trihalomethanes was strong
and positive (τ = 0.49). The P. aeruginosa bacteria were not isolated during the disinfection
of pool water with the UV + Cl method; therefore, correlation with the chemical parameters
and the number of bathers per day was not even assessed. This was the breaking point at
this investigation, where the occurrence of P. aeruginosa was significantly correlated with
the analyzed application period of the single (Cl) disinfection method.

Furthermore, to determine the effectiveness of the applied disinfection methods of
chlorination (Cl) and chlorination with UV radiation (UV + Cl) depending on the chemical
parameters of the pool waters, the presence of bathers, and the isolated P. aeruginosa
bacteria at different sampling points, statistical principal component analysis (PCA) was
used (Figure 2).

A total of 864 pooled data points were included in the analysis (72 samples × 3
replications × 4 sampling points). The Cattell scree test was used to determine the number
of main components retained in the analysis. According to this test, three main components
(p1, p2, and p3) were retained in the analysis, which explained 83.99% of the total variance.
The first main component explained 61.50% of the total variance, and the second and third
explained 11.34% and 11.15%, respectively. Figure 2 presents the variable distribution
(chemical parameters of pool waters, number of bathers per day, and isolated P. aeruginosa
bacteria) depending on the applied disinfection method (Cl and UV + Cl) of pool water
and on the sampling points. Most of the analyzed variables (free chlorine, total chlorine,
trihalomethanes, number of bathers per day, and P. aeruginosa) were located in the third
and fourth quadrants and define the negative side of the main component p1 (left side of
the p1). Only the pH parameter was distributed in the second quadrant, on the right side
of the main component p1, defining its positive side.
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To clarify the involvement or importance of individual variables in the main com-
ponents’ model definition, the following indicators were used: eigenvector spreadsheet,
loading spreadsheet, and variable importance (Table 4).

Analyzing the eigenvector values, it is evident that the most variables define the main
component, p1. Namely, a strong positive effect on the definition of component p1 is shown
by the variable pH, whereas the remaining variables, except P. aeruginosa, show a strong
but negative effect on p1. The strongest effect on the definition of component p1 is shown
by free and total chlorine and the trihalomethane concentration, whereas the effect of pH
and bathers is slightly less pronounced. Variable P. aeruginosa defines the main component
p2, with a negative correlation, and its effect is also evident. None of the analyzed variables
dominated in the definition of the main component p3. Similar behavior to the definition
of the main components as in the eigenvector analysis was also achieved by the analysis
of the loading spreadsheet values. Finally, by analyzing the importance of variables, it
was determined that free chlorine, total chlorine, and trihalomethane concentration played
dominant roles in the definition of the model, whereas the contributions of pH, the number
of bathers, and the presence of P. aeruginosa were less pronounced to the definition of the
model. Analyzing the case distributions (disinfection methods and sampling locations) on
the PCA plot, it is apparent that the UV + Cl disinfection method and sampling points 0 and
1 are distributed on the right side of the main component p1, which leads to the assumption
that variable pH at these locations defines the right side of component p1. Distributed
on the left side of the main component p1 were disinfection method Cl and sampling
points 2 and 3. Sampling point 3 is located near the isolated P. aeruginosa bacteria, which
leads to the conclusion that the bacteria are most often isolated at this sampling point and
that this sampling point represents the biggest problem in swimming pools. Comparing
the importance of sampling locations with the model definition, it was determined that
locations 0 and 3 had equal importance (0.96 and 0.95, respectively), whereas it was slightly
less pronounced at locations 1 and 2 (0.93 and 0.92, respectively).
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Table 4. Eigenvector and loading spreadsheet values for the chemical parameters, number of bathers
per day, and Pseudomonas aeruginosa bacterial levels in the analyzed pool waters with the disinfection
methods of chlorination (Cl) and chlorination with UV radiation (UV + Cl) represented by princi-
pal component analysis (PCA) in the first three main components (N = 864; 216 samples × four
sampling points).

Variable
Eigenvector Spreadsheet

Component 1 Component 2 Component 3

pH 0.26 0.07 0.19
Free chlorine −0.44 0.05 0.04
Total chlorine −0.34 0.05 0.15

Trihalomethanes −0.33 0.12 0.06
Number of bathers/day −0.20 0.08 0.01
Pseudomonas aeruginosa −0.03 −0.23 0.17

Cl −0.48 −0.09 −0.08
UV + Cl 0.48 0.09 0.08

Sampling point 0 0.03 −0.25 −0.67
Sampling point 1 0.01 −0.29 0.01
Sampling point 2 −0.01 0.82 0.01
Sampling point 3 −0.03 −0.27 0.67

Loading Spreadsheet

Component 1 Component 2 Component 3

pH 0.48 0.09 0.23
Free chlorine −0.81 0.06 0.04
Total chlorine −0.61 0.06 0.18

Trihalomethanes −0.60 0.15 0.07
Number of bathers/day −0.36 0.09 0.01
Pseudomonas aeruginosa −0.05 −0.27 0.20

Cl −0.88 −0.10 −0.10
UV + Cl 0.88 0.10 0.10

Sampling point 0 0.05 −0.30 −0.79
Sampling point 1 0.03 −0.35 0.01
Sampling point 2 −0.02 0.96 0.01
Sampling point 3 −0.05 −0.31 0.78

Thus, all of the components included in the analysis confirmed that it is very important
to keep chemical parameters properly maintained in order to ensure the best water quality.
Additionally, this ensures a safe and bacteria-free aquatic environment [35–37].

There are not many extensive studies on forming P. aeruginosa biofilms and the be-
havior of mature biofilms under the influence of different disinfection methods; therefore,
further investigations in in vitro conditions were performed.

3.2. Pseudomonas Aeruginosa Biofilm Treatment (In Vitro)
Treatment before Biofilm Formation, and Treatment on Mature Biofilm

When P. aeruginosa was isolated in pool water, additional in vitro assays of the bac-
terium’s sensitivity to various disinfection methods were carried out in laboratory condi-
tions. Assays were performed through treatment of the planktonic form of P. aeruginosa,
before biofilm formation, and with the treatment of a 5-day-old biofilm of P. aeruginosa. The
results are presented as the total bacterial count expressed as log10 CFU/mL depending on
the disinfection method (Figure 3a,b).
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Figure 3. Total bacterial count expressed as log10 CFU/mL after the treatment of (a) the planktonic
form of Pseudomonas aeruginosa, before biofilm formation and after the treatment of (b) the 5-day-
old biofilm of Pseudomonas aeruginosa. The results are presented as median with minimum and
maximum values (N = 9), performed in triplicate and repeated three times for each experiment.
Median values marked with a lowercase letter a represent significant differences between control
group and disinfection methods, whereas lowercase letters b, c, and d represent significant differences
between disinfection methods (p < 0.05; nonparametric Mann-Whitney U test).

The planktonic form of P. aeruginosa, before biofilm formation, was treated with three
disinfection methods, namely, UV radiation for 20 s, chlorination (Cl), and a combination
of chlorination and UV radiation for 20 s (UV 20 s + Cl). As can be seen in Figure 3a, the
most P. aeruginosa bacterial colonies were found in the control group. The efficiency of each
disinfection method was analyzed in comparison with the control group. Each of the used
disinfection methods showed a significant reduction in the number of bacteria compared
with the control group, with the weakest reduction observed with the UV 20 s disinfection
method (6.7%; p = 0.0051); however, UV 20 s + Cl proved to be the strongest disinfection
method, with a bacterial reduction of 68.9% (p = 0.0023). Furthermore, the effect of reducing
the number of bacteria between the applied disinfection methods was also analyzed. The
combination of UV radiation for 20 s with chlorination was more successful in reducing
the number of bacteria: by 66.7% (p = 0.0062), compared with the chlorination method,
which reduced the number of bacteria by 35.6% (p = 0.0084). Moreover, the obtained in vitro
results suggest that the effect of the applied combined method (UV radiation + chlorination)
has the potential to control the formation of biofilm in real aquatic environments. The
pretreatment on planktonic bacteria with different disinfection methods resulted in slight
to significant reductions in planktonic bacteria. Several studies have presented similar
results, where the effect on the cell membrane resulted in inhibition of the EPS secretion,
and consequently, with damaged DNA [38,39]. UV can significantly contribute to the
bacteria-reducing effect of chlorine disinfection.

In Figure 3b, the total bacterial count is expressed as log10 CFU/mL after the treatment
of 5-day-old biofilms of P. aeruginosa depending on different disinfection methods: UV
radiation for 5 and 20 s, chlorination for 1 min, and combinations of UV radiation and
chlorination (UV 5 s + Cl 1 min and UV 20 s + Cl 1 min). As in the previous assay, the
highest bacterial number was recorded in the control group. Comparing each disinfection
method with the control group, a significant reduction in the number of bacteria is observed,
ranging from 8.4% (UV 5 s; p = 0.0076) to 33.4% (UV 20 s + Cl 1 min; p = 0.0044). The
UV 5 s + Cl 1 min disinfection method reduced the bacterial number by 25.4% (p = 0.0086)
compared with the UV 5 s method, whereas with the applied methods of Cl 1 min and
UV 5 s + Cl 1 min, no differences were achieved in reducing the number of bacteria. Fur-
thermore, the UV 20 s + Cl 1 min disinfection method induced a significant decrease in the
number of bacteria compared with the UV 20 s method (26.3%; p = 0.0051) and compared
with the Cl 1 min method (2.6%; p = 0.0131). The effects of all disinfection methods on the
mature biofilm were lower as compared with the pretreatment of planktonic bacteria and
consequently resulted in a reduction in biofilm formation. Microorganisms in biofilm are
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more resistant to disinfectants and radiation. While reducing the impact of UV on bacteria
in biofilm, EPS plays a key role, either by increasing the length of incident radiation or by
the presence of protective factors that absorb UV radiation, such as pigments [40,41]. EPS
is also responsible for the resistance to the chlorination of P. aeruginosa in the biofilm. In
addition to reducing the availability of reactive sites on the cell, the consumption of residual
disinfectants will reduce the effectiveness of disinfection [42]. To destroy the P. aeruginosa
biofilm, large, impermissible, concentrations of chlorine disinfectants and a long exposure
time would be required [43,44]. On the other hand, the advantage of UV radiation is the
absence of harmful by-products, which gives an additional contribution to combined UV +
Cl disinfection. The results of this study indicate that this combination of disinfection meth-
ods improves the inactivation of bacteria. The absence of bacterial reactivation after 60 s of
exposure to UV radiation was determined, as well as the knowledge that the exposure time
of UV light also has an impact on the bactericidal effect.

Although studies focusing on swimming pool biofilms are not extensive, they repre-
sent a certain investigation challenge. Nevertheless, it is known that biofilms are present
in almost every damp part of swimming pools, such as pipe surfaces [8], in filters [45],
on shower floors [46], and on inflatables [47], which necessitates more systematic knowl-
edge about their possible control in aquatic systems. The results suggest that combined
UV/chlorine disinfection has the potential to reduce the presence of biofilm in aquatic
environments. Plankton cultures should be the predominant mechanism in biofilm control
and suppression.

4. Conclusions

n The obtained results indicate that increased concentrations of trihalomethanes in pool
water followed stronger water chlorination with higher concentrations of free and
total chlorine. In addition, a greater number of bathers had a significant influence on
their presence and on the occurrence of P. aeruginosa in pool water.

n The occurrence of P. aeruginosa was significantly correlated with the period of an
applied single (Cl) disinfection method.

n The combined method, UV radiation/chlorination, showed the best efficiency in the
destruction of mature P. aeruginosa biofilm and its ability to form biofilms.

n The combined method did have a statistically significant effect on the number of
viable bacteria of P. aeruginosa but did not eradicate mature biofilm.

n The results of this research can contribute to furthering the understanding of biofilms
created in swimming pools as a source of pool water contamination. Therefore, it is
necessary to continuously monitor and control the formation of biofilm by improving
sanitation and disinfection methods in swimming pools.
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