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Abstract: Chlorine and solar disinfection are widely used disinfectants in water treatment. However,
certain potential pathogens can resist these methods, posing a public health risk. One such case is
Acanthamoeba, a resistant free-living amoeba that protects pathogens inside from disinfection, thus
endangering the health of water users. This work is the first evaluation of the inactivation efficiency
achieved by combining NaClO (Cl2) and solar radiation (SR) against two Acanthamoeba strains from
different sources (freshwater and pool water) and their endosymbiont bacteria (EB). Amoebae were
exposed to different Cl2 doses (0–500 mg/L), SR wavelength ranges (280–800 nm and 320–800 nm),
used as gold standards, and their combinations. The EB exhibited resistance to conventional Cl2 and
SR treatments, requiring up to 20 times higher disinfectant doses than those needed to inactivate
their protective Acanthamoeba. The pool strain and its EB demonstrated greater resistance to all
treatments compared to the freshwater strain. Treatments with Cl2 (5 mg/L)/SR280–800nm completely
inactivated both Acanthamoeba and EB of the freshwater strain, reducing up to 100 times the necessary
Cl2 doses, suggesting that chlorine photolysis is an attractive treatment for disinfecting freshwater
and preventing waterborne diseases associated with Acanthamoebae and its EB.

Keywords: disinfection; UV chlorine photolysis; Advanced Oxidation Process; solar radiation;
Acanthamoeba; endosymbiont bacteria

1. Introduction

Safe water is necessary for public health, regardless of its use. Inadequate management
can lead to water contamination, further impacting the health of millions of people [1]. For
this reason, different disinfection methods have been developed as necessary processes
to ensure safety in different water and reclaimed water uses [2]. Regulations also play
a crucial role in ensuring safety by establishing microbiological and physicochemical
requirements that water must meet to be suitable for its different usages. However, there
are potentially pathogenic microorganisms capable of surviving disinfection treatments that
are not routinely monitored [3]. That is the case with some Free-Living Amoebae (FLA).

FLA are ubiquitous protozoa that can act as opportunistic pathogens. They can cause,
among others, amoebic keratitis, encephalitis, or even fatal meningoencephalitis, observed
with Naegleria fowleri [4]. FLA primarily feed on bacteria, but some bacteria can survive
within FLA, such as Legionella spp., Mycobacterium spp., or Pseudomonas spp. [5], becoming
endosymbionts. Some species, such as Vibrio cholerae or L. pneumophila, can multiply within
FLA [6], transforming them into potential reservoirs for pathogenic bacteria. Indeed, FLA
are commonly known as “trojan horses” [7].
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Usually, FLA undergo two different stages: the trophozoite, which is the metabolically
active stage, and the cyst, the resistance stage. The encystation process involves the
production of a robust, thick wall that confers huge resistance to the amoebae against harsh
environmental conditions and disinfectants [8], enabling them to survive water treatments.
Consequently, they have been frequently isolated from the effluents of wastewater treatment
plants [9,10] and drinking water treatment plants [11]. Given their resistance to treatments,
FLA and, more concerning, potentially pathogenic endosymbiont bacteria protected inside
them can spread in reclaimed water [10], drinking water systems, swimming pools [12],
hospital water systems [13], or fountains [14]. In these environments, endosymbiont
bacteria can be released outside FLA and recolonize these locations, turning them into
infective foci. Indeed, the swift recolonization of cooling, domestic, or hospital water
systems by Legionella is suggested to be facilitated by FLA protection [13,15].

Efforts have been undertaken to develop water treatments capable of inactivating
amoebae. However, most studies have concluded that conventional treatments are in-
effective in inactivating amoebae, at least at the typical doses, established according to
bacteria elimination criteria [16,17]. For example, chlorine, the most common disinfectant,
is typically used in water processes at doses ranging from 1 to 5 mg/L. Nevertheless, some
Acanthamoeba strains can survive concentrations exceeding 100 mg/L [18]. As an alternative
to chemical disinfectants, solar radiation is used due to the germicidal power of ultraviolet
(UV) radiation and thermal heating [2]. While 2.5 h of exposure to simulated solar radiation
resulted in a 5-log reduction in Escherichia coli or Pseudomonas aeruginosa, 8 h of treatment
was ineffective against A. polyphaga cysts [19].

In addition, some studies proved that bacteria, when shielded by amoebae, resisted
higher doses of conventional disinfectants compared to free bacteria. Kilvington and
Price [20] and García et al. [21] found that L. pneumophila could resist several times higher
NaOCl doses when protected by A. polyphaga. He et al. [22] proved that Burkholderia
bacterium was not effectively inactivated by UV254 nm while inside Dictyostelium discoideum
cysts, observing only a 1-log reduction at the same UV dose (20 W.s/m2) that could cause a
6-log reduction in the free bacteria.

There is a wide variety of environmental FLA that can reach artificial water systems,
as well as a wide variety of endosymbiont bacteria that can undergo water treatments while
protected inside amoebae. The potentially pathogenic bacteria carried by FLA are frequently
more worrying than the amoeba itself, and may become more virulent during intra-amoebal
life [6]. Additionally, FLA can transport antibiotic-resistant bacteria [23]. Thus, focusing
disinfection research on these protected and hidden microorganisms becomes crucial.
Moreover, the increase in reusing and regenerating water, particularly in regions with water
scarcity, a situation exacerbated by climate change [1], reinforces the necessity to develop
technologies capable of inactivating potential pathogens that may become recalcitrant in
the urban water cycle.

Some alternative treatments have also been assessed, including ozone, chlorine diox-
ide, or monochloramine [16]. However, the combination of chlorine and solar radiation
can become an interesting choice given that these are the most widely used water disin-
fection treatments worldwide [24] and their combination turns the disinfection process
into an Advanced Oxidation Process (AOP). Oxidant species such as hydroxyl radicals
(•OH), ozone (O3), and chlorine radicals (Cl•, Cl2•−, ClO•) can be generated in situ through
chlorine photolysis at the UV wavelengths characteristic of natural sunlight [25]. These
molecules are highly reactive and have a biocide effect [26]. Indeed, it has been demon-
strated that sunlight-driven chlorine photolysis dramatically accelerates the inactivation of
highly chlorine-resistant microorganisms such as Cryptosporidium parvum [24] and Bacil-
lus subtilis endospores [27], attracting interest due to its efficiency and residual chlorine
effect [26]. However, studies on the inactivation of amoebae by chlorine photolysis are
limited, though interesting results have been found. Chauque and Rott [28] evaluated the
effect of UV254nm chlorine photolysis on A. castellanii, finding that cysts were inactivated
after prolonged exposures (two rounds of 90 min) to 1.0 or 5.0 mg/L of NaClO photolysis.
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Wang et al. [29] evaluated the effect of solar radiation/chlorine on Dictyostelium discoideum
amoebae and Burkholderia agricolaris intracellular bacteria, finding a 5-log inactivation of
both amoebae and bacteria after 20 min of 5 mg/L solar/chlorine treatment. Nevertheless,
the effectiveness of chlorine photolysis against environmental endosymbiont bacteria has
never been studied.

Acanthamoeba sp. is recognized as the amoeba genus most frequently found in the
environment. In addition, it can cause human infections and can host numerous potentially
pathogenic microorganisms, including intracellular bacteria [7], being one of the most
resistant FLA genera reported [16]. Furthermore, results with Acanthamoeba can be extrapo-
lated to other pathogenic protozoa that are equally or less resistant (and not as frequent as
Acanthamoeba), such as Cryptosporidium spp., Giardia duodenalis, Naegleria fowleri, or Enta-
moeba histolytica oocysts [30]. Therefore, Acanthamoeba is a reliable model to simulate water
treatment processes and evaluate the efficiency and usefulness of different disinfectants.

Given these considerations, the main objective of this study was to evaluate the effec-
tiveness of the combination of NaClO (Cl2) and solar radiation (SR) against Acanthamoeba
(FLA) and their endosymbiont bacteria (EB). Treatments were developed against two envi-
ronmental Acanthamoeba strains, one isolated from freshwater and one from chlorinated
and solar-exposed water. Different chlorine concentrations, exposure times, and UV wave-
lengths were evaluated. This study represents the first disinfection investigation in which
environmental endosymbiont bacteria carried by Acanthamoeba were evaluated.

2. Materials and Methods
2.1. Strain Isolation and FLA Inoculum

Two different environmental Acanthamoeba spp. strains were tested: P31 FLA (GenBank
accession No. KY038362), isolated from the recreational water of an outdoor swimming
pool in Zaragoza (Spain) [31], and C1-211 FLA, isolated from the freshwater of the Noguera
Ribagorzana river in Lérida (Spain). The isolation procedure was performed as previously
described [5]. The isolated C1-211 FLA strain was submitted to PCR and further sequentia-
tion for genus and genotype identification, following the specific protocol for Acanthamoeba
identification described by Schroeder et al. [32]. The sequence was further compared with
the GenBank database thanks to the BLAST (Basic Local Alignment Search Tool of the
National Center for Biotechnology Information, NCBI) bioinformatic tool. The C1-211 FLA
sequence was registered in GenBank under the number OQ927217.

Both isolates grew in axenic conditions in a protease peptone, yeast extract, and
glucose (BD Difco laboratories, MI, USA) medium (PPYG) at 30 ◦C. Before each treatment,
FLA were harvested by centrifugation at 6000× g for 10 min from PPYG medium cultures
and washed in a saline solution (0.9% NaCl, Panreac Química S.L.U., Barcelona, Spain).

2.2. Disinfection Treatments

Disinfection assays were carried out with 20 mL of the sample in sterile 50 mL quartz
beakers with continuous stirring. The initial FLA concentration in the assays was ad-
justed to 1·104–2·104 cells/mL. Five disinfection treatments were evaluated: chlorine (Cl2),
solar radiation with a wavelength range between 320 and 800 nm (SR320–800nm), solar
radiation with a wavelength range between 280 and 800 nm (SR280–800nm), the combina-
tion of Cl2 and SR320–800nm (Cl2/SR320–800nm), and the combination of Cl2 and SR280–800nm
(Cl2/SR280–800nm). Cl2, SR320–800nm, and SR280–80nm treatments were developed as gold
standards [33].

Cl2 disinfection assays were conducted in dark conditions and prepared by diluting a
10% w/v sodium hypochlorite solution (Panreac Química S.L.U., Barcelona, Spain). The
assays for SR280–800nm, SR320–800nm, and their combination with Cl2 (Cl2/SR320–800nm and
Cl2/SR280–800nm) were carried out in an Atlas Suntest CPS+/XLS+ solar chamber equipped
with a xenon lamp. This system allowed the reproduction of natural sunlight conditions in
the laboratory, covering wavelengths from 280 to 800 nm. A quartz filter and an additional
glass filter Xenochrome 320 (Ameteck Instruments S.L., Barcelona, Spain) were used to
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eliminate wavelengths below 320 nm in SR320–800nm and Cl2/SR320–800nm assays. All the
SR assays were conducted with a light intensity of 500 W/m2, corresponding to 50% of
the light intensity of the midday equatorial solar radiation [34]. The temperature was
maintained below 30 ◦C during the experiments to ensure that only solar radiation (and
not heating) played a role in the disinfection process.

According to the chlorine resistance of Acanthamoeba [16], the studied Cl2 concentra-
tions ranged between 1 and 500 mg/L of Cl2. In accordance with WHO guidelines [1],
the exposure time was set to 30 min. A control without Cl2 in darkness was evaluated.
Additionally, a control without Cl2 under SR320–800nm and SR280–800nm was evaluated to
assess the effect of SR. Aliquots were sampled at the beginning and during the disinfection
assays to assess the survival of FLA and the endosymbiont bacteria (EB), pH (using a pH
meter, GLP 21 Crison, Hach Lange Spain, Barcelona, Spain), and Cl2 concentration. Assays
were performed in duplicate.

Cl2 exposure was quantified by the CT factor [35,36]. The residual concentration of
Cl2 was measured by two methodologies: for Cl2 concentrations above 5 mg/L, sodium
thiosulphate microtitration was applied to the sampled aliquots [37] using sodium thiosul-
phate (Panreac Química S.L.U., Barcelona, Spain), and for Cl2 concentrations below 5 mg/L,
the N,N-diethyl-p-phenylenediamine (DPD) methodology was applied [37] using the free
chlorine reagent (Hannah Instruments, Eibar, Spain) and a JenwayTM 6305 UV/visible
spectrophotometer (Fisher Scientific S.L., Madrid, Spain).

SR280–800nm and SR320–800nm exposures were quantified by the SR dose or fluence
(F), which is directly related to the inactivation of microorganisms. As the light intensity
applied was constant over time, the SR dose or fluence can be calculated as a product of the
light intensity and the exposure time: F = light intensity (W/m2) × time (s), in W.s/m2 [35].

2.3. Determination of FLA and EB Inactivation

FLA survival was quantified using the most probable number (MPN) procedure. A
sodium thiosulfate solution was added to the aliquots for chlorine neutralization. Ten
microliters of the sampled aliquots and their dilutions (10−1 and 10−2) was inoculated
onto Non-Nutrient Agar (NNA, BD Difco laboratories, MI, USA) plates covered by heat-
inactivated Escherichia coli. Each inoculation was performed in quintuplicate. Additionally,
100 µL of the sampled aliquots was inoculated in quintuplicate on a separate plate. The
plates were incubated for 15 days at 30 ◦C and regularly observed under an optical mi-
croscope to determine the presence or absence of growth with a ZEISS-Axiostar plus
microscope (Carl Zeiss Ibérica S.L., Madrid, Spain). Results were reported using an MPN
table [38]. If no amoebic growth was detected in the 10 µL aliquots, then the 100 µL aliquots
were checked for growth; no growth indicated total killing of the amoebae.

The inactivation of FLA was defined as a logarithmic reduction (N/N0), where N0 and
N were the most probable number of viable cells before and after t time of the treatments,
respectively. FLA inactivation was recorded as a function of chlorine concentration (mg/L).
The necessary Cl2 concentration for a 2-log ([Cl2]99%) and a 3-log ([Cl2]99.9%) inactivation
was calculated from the linear regression section of the FLA inactivation curves. FLA
inactivation by only Cl2 was also recorded as a function of CT (mg.min/L) in Cl2 assays.
The necessary CT for a 2-log (CT99%) and a 3-log (CT99.9%) inactivation was calculated from
the linear regression section. In the case of SR280–800nm and Cl2/SR280–800nm assays, FLA
inactivation was also recorded as a function of time (min) and fluence (KW.s/m2). The nec-
essary SR280–800nm fluence for a 2-log (F99%) and a 3-log (F99.9%) inactivation was calculated
from the linear regression section of the FLA inactivation curves. FLA inactivation curves
were obtained by Microsoft Excel 365 Software.

EB survival was determined semi-quantitatively. A sodium thiosulfate solution was
added to the aliquots for chlorine neutralization. In total, 10 µL and 100 µL of the sampled
aliquots throughout the experiments were inoculated onto Müeller Hinton agar plates
(BD Difco laboratories, MI, USA). Each inoculation was performed in quintuplicate for the
disinfection assays. The plates were incubated for 48 h at 37 ◦C and observed every 24 h
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to determine the presence or absence of growth. EB survival was categorized into three
groups: non-affected survival if bacteria growth was similar to control; affected survival if
a reduction in bacteria growth was observed compared to control; and the inactivation of
bacteria if no bacteria growth was detected after the treatment.

3. Results
3.1. Inactivation of Acanthamoeba by Conventional Treatments

To determine the disinfection effectiveness of Cl2, FLA and EB inactivations were
evaluated after 30 min of exposure to Cl2 concentrations that varied from 1 to 500 mg/L
(Figure 1a). Exposure to Cl2 yielded a gradual Acanthamoeba C1-211 reduction to its total
inactivation after exposures of 100 mg/L. In the case of Acanthamoeba P31, 250 mg/L of
Cl2 was necessary to achieve a 3-log reduction ([Cl2]99.9% in Table 1) and inactivate FLA.
FLA inactivation by Cl2 was also recorded as a function of CT (Figure 1b) to calculate the
necessary CT values for a 2-log and a 3-log FLA inactivation (Table 1).
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Figure 1. FLA and EB inactivation after 30 min of Cl2 disinfection treatment at different (a) Cl2
concentrations and (b) CT values. The darkest blue (C1-211) and orange (P31) background colors
indicate that EB survival was not affected; intermediate shades of blue and orange colors indicate
that EB survival was affected; and the lightest shades of blue and orange colors indicate that EB was
totally inactivated.
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Table 1. Required Cl2 doses (mg/L), CT (mg.min/L), and F (KW.s/m2) for achieving a 2-log (99%)
and a 3-log (99.9%) inactivation of Acanthamoeba and EB.

C1-211 P31

Treatment [Cl2]99% [Cl2]99.9% [Cl2]EB [Cl2]99% [Cl2]99.9% [Cl2]EB

Cl2 55 94 500 159 247 >500
Cl2/SR320–800nm 4 8 50 178 319 500
Cl2/SR280–800nm - - 5 1 4 100

Treatment CT99% CT99.9% CTEB CT99% CT99.9% CTEB

Cl2 1556 2667 12,471 3680 5680 >10,820

Treatment F99% F99.9% FEB F99% F99.9% FEB

SR320–800nm >900 >900 >900 >900 >900 >900
SR280–800nm 178 285 900 - - >900

To determine the disinfection effectiveness of SR, FLA and EB inactivations were
assessed throughout the 30 min of SR exposure. Two wavelength ranges were compared:
280–800 nm (which included UV-A and UV-B radiation, Figure 2) and 320–800 nm (which
included UV-A). Results showed that SR320–800nm alone did not result in FLA reduction
after 30 min of exposure. In contrast, 10 min (fluence of 300 KW.s/m2) of SR280–800nm alone
completely inactivated C1-211 FLA. The necessary fluence for a 2-log and a 3-log C1-211
FLA inactivation was calculated from the linear section of the inactivation curve (Table 1).
For P31 FLA, SR280–800nm alone caused a gradual 1.5-log reduction during the first 5 min,
but FLA survival was sustained throughout the remainder of the experiment; hence, the
necessary fluence for a 2-log or a 3-log reduction in P31 FLA remains unknown.
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3.2. Inactivation of Acanthamoeba by Chlorine Photolysis 

Figure 2. FLA and EB inactivation during 30 min of SR280–800nm disinfection treatment. The darkest
blue (C1-211) and orange (P31) background colors indicate that EB survival was not affected; interme-
diate shades of blue and orange colors indicate that EB survival was affected; and the lightest shades
of blue and orange colors indicate that EB was totally inactivated.

3.2. Inactivation of Acanthamoeba by Chlorine Photolysis

To assess the effectiveness of the combination of Cl2 and SR against FLA and EB, the
same wavelength ranges (280–800 nm and 320–800 nm) and Cl2 concentrations (ranging
from 1 to 500 mg/L) were compared after 30 min of treatment (Figure 3a,b). The combina-
tion of Cl2 and simulated SR enhanced the reduction in C1-211 FLA using both wavelength
ranges, while only the combination of Cl2 and SR280–800nm enhanced P31 FLA inactivation.
The combination of 5 mg/L of Cl2 with both SR wavelength ranges resulted in a 3-log
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reduction in C1-211 FLA (Figure 4a,b), reducing the necessary inactivating Cl2 concentra-
tion by 20 times. In the case of P31, the FLA reduction obtained by the combination of
Cl2 and SR320–800nm was similar to that obtained by exposure to only Cl2: approximately
300 mg/L for 30 min was necessary for a 3-log FLA reduction (Table 1). On the contrary,
the combination of 5 mg/L of Cl2 and SR280–800nm totally inactivated P31 FLA, reducing
the required amount of Cl2 by 50 times.

FLA inactivation was also assessed at different times during the disinfection assays
combining Cl2 and SR280–800nm. When combining 1 or 5 mg/L of Cl2 with simulated
SR280–800nm, C1-211 FLA reduction was not improved compared to SR280–800nm alone
(Figure 4a). However, the combination of 50 mg/L of Cl2 and simulated SR280–800nm
accelerated the C1-211 FLA reduction compared to SR280–800nm alone, yielding a 3-log
reduction after 5 min of exposure instead of 10 min. In the case of P31 FLA (Figure 4b),
the combination of Cl2 and simulated SR280–800nm improved P31 FLA reduction compared
to Cl2 or SR280–800nm alone: a 2-log, 3-log, and 4-log P31 FLA reduction was achieved
combining SR280–800nm exposure with 1, 5, and 50 mg/L of Cl2, respectively. Taking the
results of both FLA strains together, the combination of 5 mg/L of Cl2 and SR280–800nm for
10 min achieved a 3-log FLA inactivation for both Acanthamoeba strains studied, drastically
reducing the necessary Cl2 concentration for their inactivation by 20–50 times.
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3.3. Endosymbiont Bacteria Inactivation

To assess the disinfection efficiency of the treatments on the environmental endosym-
biont bacteria protected by the studied FLA, EB survival was measured semi-quantitatively
by determining the presence or absence of growth after the treatments. The survival of EB
was categorized as non-affected survival, affected survival, or inactivation, as indicated by
the colors in Figures 1–3. To compare the effectiveness of treatments, the necessary [Cl2],
CT, and F for BRA inactivation were described based on the conditions that resulted in a
total absence of EB growth under the studied conditions (Table 1).

Cl2 affected EB survival if the concentration was equal to or higher than 50 mg/L for
both FLA (Figure 1a); EB survival remained unaffected at lower Cl2 concentrations. To
achieve complete bacterial growth inactivation, exposures of 500 mg/L for 30 min were
necessary for C1-211, while higher Cl2 doses might be necessary for the total inactivation
of P31 EB. The CT value necessary for inactivating C1-211 EB is 12,471 mg.min/L (Table 1),
four times higher than the CT value necessary for C1-211 FLA inactivation (CT99.9%). In
the case of P31, the CT value necessary for P31 EB inactivation might be higher than
10,820 mg.min/L.

Similar to FLA, EB survival was unaffected after exposure to SR320–800nm alone, even
at the highest SR exposures used (900 KW.s/m2). However, SR280–800nm irradiation did
affect EB. In the case of C1-211, SR280–800nm achieved the absence of EB growth after 30 min
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of exposure (900 KW.s/m2, three times higher fluence than C1-211 FLA). For P31, 30 min of
exposure was not enough to achieve the total inactivation of bacterial growth (Figure 2).

The combination of Cl2 and simulated SR dramatically reduced the required concentra-
tion of Cl2 for inactivating C1-211 EB growth: from 500 mg/L of Cl2 (Figure 1) to 50 mg/L
if combining Cl2 and simulated SR320–800nm (Figure 3a) and to 5 mg/L when combining
it with SR280–800nm (Figure 3b). In the case of P31, doses of 500 mg/L might be necessary
for inactivating EB growth when combining Cl2 and simulated SR320–800nm (Figure 3a),
whereas combining Cl2 and simulated SR280–800nm (Figure 3b) required 100 mg/L of Cl2
for inactivating P31 EB, reducing the necessary Cl2 for P31 EB inactivation more than
five times.

4. Discussion
4.1. Acanthamoeba Inactivation by Conventional Treatments: Chlorine and Solar Radiation

Chlorine is a widely used disinfectant, especially in drinking water processes, due to its
efficiency against bacteria. However, higher doses than those typically used (1–5 mg/L) in
freshwater or swimming pool water treatments are necessary to inactivate protozoans [2,35]
such as Cryptosporidium spp., Giardia spp., or Free-Living Amoebae (FLA). Moreover,
effective doses vary among genera; for instance, 1–7 mg/L of free chlorine during 5–30 min
was cysticidal against Naegleria spp., while 10 mg/L of free and combined chlorine for
30 min was effective against Vermamoeba vermiformis [16]. Acanthamoeba, as revealed in the
present study, was reported to be especially resistant to high chlorine doses [18].

The obtained results showed that the Acanthamoeba isolates studied were highly re-
sistant to Cl2, needing treatments of 100 mg/L and 250 mg/L for 30 min to achieve the
total inactivation of C1-211 and P31, respectively (Figure 1a and Table 1). These doses are
100 times higher than those typically used for drinking water processes, explaining the
presence of FLA in drinking water networks, recreational water [12], ornamental foun-
tains [14], or even hospital water [13]. These findings align with Storey et al. [39], who
reported that 100 mg/L of chlorine for 10 min was ineffective for inactivating Acanthamoeba.
Nevertheless, the isolates studied here were more sensitive than others studied previously,
such as Acanthamoeba spp. studied by Gabriel and Panaligan [18] that suffered less than a
2-log reduction after Cl2 doses of 500 mg/L or some of the isolates evaluated by Coulon
et al. [40] that survived after 2500 mg/L for 30 min. It should be noted that such resis-
tances belong to cysts, which can be between 6 and 30 times more resistant to chlorine
doses than trophozoites [41], while in this study, FLA inoculums contained both cysts
and trophozoites.

The efficacy of chlorine as a disinfectant can be predicted by the CT value [42]. The
results for both Acanthamoeba isolates studied (Table 1) are consistent with findings by Loret
and Greub [15], who compiled FLA inactivation data from different studies and estimated
that the CT99% for Acanthamoeba cysts was between 1200 and 6500 mg.min/L of Cl2. When
compared with Dupuy et al. [41], both amoebae studied here exhibited greater resistance to
chlorine, achieving a CT99% of 865 mg.min/L for Acanthamoeba cysts.

Due to the generation of trihalomethanes and other potentially carcinogenic chlorine
byproducts [43], the Cl2 doses demonstrated as effective in this study are too high for
practical use in real installations. Therefore, alternatives are necessary.

Solar radiation is used as a disinfectant due to the germicidal power of ultraviolet
(UV) radiation (and thermal heating). This germicidal efficiency is highly dependent on
the wavelength, with the UVC range (200–280 nm) being the most effective, followed
by the UVB (280–320 nm) and UVA (320–400 nm). However, solar disinfection activity
is limited to wavelengths between 290 and 400 nm, as the Earth’s atmosphere naturally
absorbs UVC and part of UVB radiation [2]. In this study, the disinfectant power of two
solar radiation wavelength ranges was evaluated: SR280–800nm (part of UVB, UVA, and
visible radiation) and SR320–800nm (UVA and visible radiation). These ranges represent
direct exposure to SR and the exposure to SR through a glass or plastic reactor (as in
SODIS processes), respectively. On the one hand, the UVB range directly acts on the
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DNA of cells, inducing the formation of thymine dimers [44] that can inhibit the normal
replication and transcription of DNA [17]. UVB can also damage microorganisms through
photosensitization mechanisms that produce reactive oxygen species (ROS), affecting
different cellular components, including DNA, indirectly. On the other hand, UVA can only
indirectly damage DNA through ROS action; it can also increase the permeability of the
cell [45] and affect vital compounds for cell metabolism and homeostasis [44].

Results revealed that SR320–800nm (fluences of 900 KW.s/m2) was completely ineffective,
while SR280–800nm totally inactivated C1-211 FLA after a fluence of 300 KW.s/m2 and
partially inactivated (1.5-log reduction) P31 FLA after 150 KW.s/m2, maintaining this
inactivation rate even after exposure to a fluence of 900 KW.s/m2 (Figure 2). These results
point out that the UVB range (280–320 nm) could cause a reduction in FLA, but only the
UVA-induced oxygen reactive species were not effective enough to inactivate these FLA,
though UVA could have a synergistic effect with UVB radiation effects during SR280–800nm
assays. The 1.5-log P31 FLA reduction achieved and maintained after 5 min of SR280–800nm
treatment might correspond with trophozoite inactivation. P31 cysts might remain viable
after this exposure, agreeing with Lonnen et al. [19], who reported that solar disinfection
(870 W/m2 in the 300 nm–10 µm wavelength range) reduced the viability of A. polyphaga
trophozoites but was ineffective against cysts.

It is difficult to compare these results with previous studies, as long as different
UV radiation wavelengths and light intensities have been studied. Still, the results of
SR320–800nm might align with those of Adan et al. [45], who reported less than a 1-log
reduction in the trophozoites of an Acanthamoeba strain after 125 min of UVA irradiation.
F99% and F99.9% values might help to compare with other studies, though differences
in treatment conditions and whether cysts or trophozoites are studied should be noted
(Table 1). In this context, C1-211 and P31 FLA appear to be more sensitive to SR280–800nm
than the Acanthamoeba strains studied by Heaselgrave and Kilvington [46] and Lonnen
et al. [19]. Heaselgrave and Kilvington [46] irradiated A. castellanii cysts with 550 W/m2 of
SR290–800nm and achieved a 2-log reduction after 2 h of treatment (F99% = 3960 KW.s/m2).
Lonnen et al. [19] found that A. polyphaga trophozoites suffered a 2-log reduction after 2 h
of 870 W/m2 of SR300nm–10µm disinfection treatment (F99% = 6264 KW.s/m2), while cysts
were barely reduced (less than 1-log reduction) after 8 h of solar disinfection (fluence of
28,800 KW.s/m2).

Solar radiation, though considered an interesting alternative to chlorine for water
disinfection as it avoids the formation of organochlorides [43], did not achieve the complete
inactivation of the P31 Acanthamoeba strain studied, underlying the necessity of alternative
disinfection processes.

4.2. Acanthamoeba Inactivation by Advanced Oxidation Process: Combination of Cl2 and SR

Powerful oxidizing agents are generated during Advanced Oxidation Processes
(AOPs). These highly reactive species have a biocide effect since they act non-selectively on
biomolecules, compromising the survival of microorganisms [26]. Oxidant species such
as ozone and hydroxyl radicals (•OH) can be generated in situ through Cl2 photolysis at
the UV wavelengths characteristic of natural sunlight [24]. Additionally, reactive chlorine
species (RCS) such as Cl•, Cl2•−, and ClO• are formed during this process and may also
contribute to microbial inactivation [29]. Indeed, sunlight-driven chlorine photolysis has
already been demonstrated to dramatically accelerate the inactivation of highly chlorine-
resistant microorganisms such as Bacillus subtilis endospores [27] and Cryptosporidium
parvum [24]. Thus, the inactivation efficiency of the combination of Cl2 and SR at two
different wavelength ranges was evaluated.

Results of the combination of Cl2 and SR assays (Figures 3 and 4) showed that Acan-
thamoeba reduction could be much more efficient than Cl2 or SR treatments alone, especially
when the SR280–800nm wavelength range was used. The combination of 5 mg/L of Cl2 and
SR280–800nm for 10 min achieved a 3-log reduction in both C1-211 and P31 FLA, reducing
the necessary Cl2 for their inactivation between 20 and 50 times. This presents an interest-
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ing and attractive disinfection treatment for eliminating amoebae from water. Although
SR280–800nm and 5 mg/L of Cl2/SR280–800nm treatment were equally efficient against C1-
211 FLA, maintaining a residual disinfection effect after the treatment, as in the case of
Cl2/SR280–800nm, may produce beneficial results [26]. These results agree with Wang et al.
(2023), who obtained similar efficiencies when testing the combination of 5 mg/L of Cl2
and solar radiation against Dictyostelium discoideum amoebae: a 3-log reduction after 10 min
of exposure that increased to a 5-log reduction when the exposure time increased to 20 min.

In comparison, the combination of Cl2 and SR320–800nm was effective in removing C1-
211 FLA, but it was counterproductive against P31 FLA. Taking into account that chlorine
photolysis combines multiple mechanisms to inactivate pathogens, (1) a direct reaction
with HOCl/OCl−, (2) direct photolysis by UV irradiation, and (3) oxidizing molecule
attacks (ROS, RCS, and O3) [25], variations between combining Cl2 with SR280–800nm and
SR320–800nm might be related to different disinfection mechanisms implied. The direct
photolysis of chlorine and the subsequent formation of reactive oxidant species are de-
pendent on pH and wavelength. Considering the pH of the assay solutions (Table 2) and
the HOCl acid dissociation constant (pKa = 7.5), OCl− might be the predominant chlorine
species present in most of the assays combining Cl2 and SR. The two shifting chlorine
species (HOCl/OCl−) have different UV–visible absorption spectra: OCl− has its max-
imum absorption coefficient at 292 nm. Hence, the irradiation of OCl− at 280–800 nm
(during the assays that combine Cl2 and SR280–800nm) might mainly produce ˙OH thanks to
successive reactions (1–6). At wavelengths higher than 320 nm, as those irradiated during
the assays that combine Cl2 and SR320–800nm and after successive reactions (7–8), ozone
is principally produced [25,27]. Looking at the results, •OH radicals seem to be a more
efficient inactivation route than ozone for C1-211 and P31 FLA inactivation.

HOCl + hv → •OH+ Cl• (1)

OCl− + hv → O−• + Cl• (2)

OCl− + hv → Cl− + O(1D) (3)

O(1D) + H2O → 2 •OH (4)

Cl• + H2O → HOCl−• + H+ (5)

HOCl−• → •OH + Cl− (6)

OCl− + hv → O(3P) + Cl− (7)

O(3P) + O2 → O3 (8)

Cl• + OCl− → ClO• + Cl− (9)

Cl• + Cl− → Cl2−• (10)

Table 2. pH of Cl2, Cl2/SR280–800nm, and Cl2/SR320–800nm assays at different times.

Initial Concentration
(mg Cl2/L)

Cl2 Cl2/SR280–800nm Cl2/SR320–800nm

0 min 30 min 0 min 5 min 10 min 0 min 30 min

0 7.0 7.0 7.0 7.0 7.1 7.0 7.4
1 7.0 7.1 nd nd nd 7.1 7.4
5 8.4 8.2 8.4 8.6 9.5 8.6 7.4
10 8.6 7.6 nd nd nd 8.7 8.2
50 9.9 9.0 9.9 10.0 10.3 9.9 9.0

100 10.3 9.6 nd nd nd 10.3 9.8

Note: nd—not determined.

RCS formed during Cl2/SR280–800nm and Cl2/SR320–800nm treatments (reactions 1, 2,
9, 10) might also contribute to microbial inactivation, though it is not clear to what extent
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as long as Cl• reacts more selectively than •OH. In addition, if Cl• production varies
according to the irradiated wavelength, this has not been comprehensively studied yet [25].
Hence, the potential microbial inactivation role of RCS in the studied treatments remains
unknown. Since this was not the main objective of the present work, further fundamental
experimentation would be necessary to better understand RCS disinfection power during
chlorine photolysis.

Forsyth et al. [27] suggested activating chlorine with UVA light as an attractive strategy
to enhance the inactivation of chlorine-resistant pathogens. However, lower wavelengths
(as those used during the combination of Cl2 and SR280–800nm) seem necessary for the effec-
tive inactivation of Acanthamoeba, even in the presence of Cl2. In this sense, Chauque and
Rott [28] evaluated the disinfection capacity of Cl2/UV254nm against an A. castellanii strain.
They found that low Cl2 concentrations (1–8 mg/L) during long UV254nm (2.43 W/m2)
exposure times (two rounds of 90 min) were effective in inactivating both trophozoites
and cysts. Although low Cl2 doses were used to reduce the cost of water treatment, high
energy input was necessary to cover those exposure times. Depending on water use and
point-of-use requirements, such long times could not be feasible. Also, whether bacteria
protected inside the amoeba could be able to survive after that treatment was not studied
and remains unknown.

4.3. Inactivation of the Endosymbiont Bacteria Protected Inside Acanthamoeba

Free-Living Amoebae were reported to be protectors of a wide variety of microorgan-
isms (viruses, bacteria, and fungi), making it possible to protect potentially pathogenic
bacteria such as Mycobacterium spp., Vibrio cholerae, Pseudomonas spp., Helicobacter pylori, Lis-
teria monocytogenes, or the most known and studied, Legionella pneumophila [6,7]. Amoebae
undergo a dormant stage called the cyst when environmental conditions are not comfort-
able for their active form. This encystation process involves the production of a robust,
thick wall that confers huge resistance to the amoebae against disinfectants. The cystic
wall of Acanthamoeba is a double-layered wall composed of the ectocyst, which is mostly
composed of proteins and polysaccharides, and the endocyst, mostly composed of cellulose.
Higher cellulose content is associated with increased resistance to biocides [8]. While much
is still to be learned about amoebic cysts, it is known that their composition varies among
strains, leading to variations in resistance against disinfection treatments [40].

Although several studies have reported that the cystic stage is very resistant to harsh
conditions and disinfectants [16], few have explored their capacity to protect the microor-
ganisms inside during these treatments. Some studies have shown that bacteria are more
resistant to disinfection treatments in the presence of amoebae than in their absence. Never-
theless, these findings were often attributed to phenotypical bacterial changes [22,47] or
the scattering of UV light by amoebae [45], rather than to amoeba protection. Few studies
evaluated the inactivation capacity of disinfectants against bacteria protected by amoeba,
and in any case, amoebae were in vitro-infected, and conventional disinfectants such as
chlorine [20], monochloramine, chlorine dioxide [47], or UV254nm [22] were evaluated. Only
Wang et al. [29] evaluated the inactivation capacity of chlorine photolysis against bacteria
in vitro-internalized inside amoebae. Nevertheless, this study represents the first instance
of evaluating the environmental endosymbiont bacteria protected and carried by amoebae
among disinfection studies.

As a general trend, results showed that exposure doses that compromised FLA survival
were insufficient for EB inactivation. EB survived even when FLA were inactivated (Table 1),
proving that amoebae confer great protection to microorganisms within them, agreeing
with reports by He et al. [22].

In the case of Cl2 treatments (Figure 1a), EB might remain unaffected while both
trophozoites and cysts remain barely unaffected (at Cl2 concentrations lower than 50 mg/L).
Bacteria inside trophozoites might start to be affected when Cl2 concentrations are high
enough to penetrate trophozoites, but cyst structures might remain intact even when inacti-
vated [22], protecting bacteria inside at Cl2 concentrations several times higher (Table 1).
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Cl2 doses above 500 mg/L (CT above 12,000 mg.min/L) were necessary to totally inactivate
C1-211 EB, while bacteria protected by P31 FLA require higher Cl2 doses. These results
disagree with Wang et al. [29], who reported similar inactivation levels of Dictyostelium
discoideum amoeba and Burkholderia agricolaris bacteria protected inside; however, this might
be due to the high chlorine sensitivity of the amoeba (CT99.9% of 40 mg.min/L) or to a
different relationship between D. discoideum and its associated bacteria [48] compared to
Acanthamoeba [6]. Otherwise, these results agree with García et al. [21], who reported that L.
pneumophila could resist 1024 mg/L of NaOCl when protected by A. polyphaga ATCC 50998.
It should be considered that the basic pH due to such high chlorine concentrations (Table 2)
could also affect FLA survival, though according to Khan [49], Acanthamoeba can grow at
pH ranging from 4 to 12.

Like FLA, SR320–800nm alone was unable to affect EB survival. This agrees with reports
by Adan et al. [45], who found that Escherichia coli was barely unaffected after 150 min of
UVA exposure if Acanthamoeba was also present. Conversely, SR280–800nm inactivated C1-211
EB growth after 30 min of exposure (900 KW.s/m2), a three times higher dose than the one
necessary for C1-211 FLA inactivation (Figure 2). He et al. [22] also reported that FLA were
able to protect EB inside even after being inactivated by UV254nm. He et al. [22] observed
that cysts were not broken or damaged after UV254nm radiation, suggesting that cysts can
absorb and screen UV light, letting only a fraction of UV light reach the internalized bacteria.
In the case of P31, SR280–800nm affected the bacteria protected, but some EB still survived
after 900 KW.s/m2, not achieving total bacteria inactivation. This might be related to the
fact that such fluence was not enough to inactivate the amoebae that protected them either.

The combination of Cl2 and SR, as conventional disinfection treatments, required
higher doses for EB than for FLA inactivation, reinforcing the bacteria-protecting role of
amoebae. The combination of Cl2 and SR320–800nm required 10 times higher Cl2 doses to
inactivate C1-211 EB compared to FLA (50 vs. 5 mg/L, respectively). This disinfection
treatment was not effective against P31 EB as long as it was not effective against P31 FLA
either. In the case of combining Cl2 and SR280–800nm, 5 mg/L of Cl2 was also efficient
to inactivate C1-211 EB, but it was necessary to increase the exposure time from 10 min
(necessary for inactivating C1-211 FLA) to 30 min, while increasing the Cl2 dose 20 times
was required to inactivate P31 EB (from 5 to 100 mg/L, compared with P31 FLA). This might
be due to the cyst wall, which might act as a highly resistant shell, providing a protective
environment inside, whether the cyst is active or inactive. The cyst wall resistance is directly
related to its composition and the thickness of the layers, issues that might vary depending
on the FLA strains but also on the culture and environmental conditions [8], potentially
explaining differences in resistance to disinfection treatments between C1-211 and P31.

Comparing with treatments alone, the combination of Cl2 and SR and the oxidizing
species (ROS, RCS, and O3) generated resulted in more efficient disinfection treatments,
particularly Cl2/SR280–800nm, reducing several times the disinfectant doses necessary for
EB inactivation. The combination of Cl2 and SR320–800nm required 10 times lower Cl2
doses to inactivate C1-211 EB compared to Cl2 treatment (from 500 to 50 mg/L). This
treatment, equivalent to adding chlorine to a solar disinfection (SODIS) process, though
effective against C1-211 EB, did not achieve EB inactivation for P31 under the conditions
studied, which is in accordance with FLA results. In the case of combining Cl2 and
SR280–800nm, as applied to FLA, it proved to be a more efficient process than Cl2 or SR
alone against EB. Cl2/SR280–800nm achieved the total inactivation of EB, reducing between
5 and 10 times the necessary Cl2 dose. The enhancement in disinfectant efficiency through
chlorine photolysis was also reported by Chauque and Rott [28] inactivating Acanthamoeba
castellanii, Wang et al. [29] inactivating D. discoideum and B. agricolaris, and Zhou et al. [24]
inactivating Cryptosporidium parvum oocysts, among others. Thus, results pose chlorine
photolysis as an attractive disinfection process for further research. Cl2 doses and exposure
time optimizations could drive ready-to-use disinfection treatments tailored to specific
water uses.
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The generation of byproducts, such as trihalomethanes or haloacetic acids, from
dissolved organic matter (DOM) during chlorination and chlorine photolysis has been
frequently studied. While it is true that chlorine photolysis can reduce byproduct generation
compared to chlorination processes by reducing DOM concentration, chlorine doses, and
exposure time [25], further studies will be necessary to implement this treatment and
prevent undesirable organic byproducts’ formation.

Acanthamoeba can host a wide variety of bacteria within them [6]. Some of the en-
dosymbiont bacteria carried by Acanthamoeba either do not grow under the conditions used
in this study or are even non-culturable, requiring the use of reference bacteria to facili-
tate the visualization of the disinfection results. In this case, bacteria capable of growing
rapidly in a nutrient medium and under an aerobic atmosphere were selected as references.
Nevertheless, this study underlines the significant role amoebae can play in protecting and
transporting potential pathogens throughout the water network.

4.4. Effect of Water Sources: Acanthamoeba Isolated from Natural vs. Artificial Water Sources

Differences in disinfection resistance were observed among the studied amoebae. Sev-
eral studies have previously documented variations in resistance to disinfectants between
different amoeba genera and strains. These differences are usually related to different
cystic wall compositions [41]. Water sources from which amoebae are isolated might also
influence disinfectant resistance, given that amoebae are adapted to different environmental
conditions. As P31 has already overcome several disinfection treatments and inhabits an
artificial water system such as an outdoor swimming pool, where it is constantly exposed
to solar radiation and chlorine presence, it can be expected to be more resistant to all the
treatments evaluated. Indeed, it agrees with Coulon et al. [40], who also reported higher
resistance to disinfectants in the case of Acanthamoeba strains isolated from hospital water
compared to Acanthamoeba strains isolated from river water.

The higher resistance to Cl2 could be attributed to the constant presence of chlorine
in the swimming pool where P31 FLA was isolated. Regarding solar radiation, since both
amoebae were isolated from outdoor water environments reached by solar radiation, the
differences found are likely to be due to the lower turbidity of the outdoor swimming pool
where P31 FLA inhabited compared to the river where C1-211 FLA inhabited. In freshwater,
numerous particles and microorganism aggregates can cause turbidity and scatter UV
light [35] and thus, C1-211 FLA might be less accustomed to direct solar radiation. Given
that P31 FLA was more resistant to Cl2 and SR treatments, it was also expected to be more
resistant to their combination. What raises significant concern is that the more resistant
the Acanthamoeba strain was, the higher the disinfectant doses were required to inactivate
their EB.

Based on the differences found, water disinfection protocols should be tailored to
the source and intended use of the water. Freshwater or reclaimed water might contain
amoebae similar to C1-211, and depending on its further use, a treatment capable of inacti-
vating environmental FLA from freshwater and their protected bacteria should be used as
a preventive measure (according to results, disinfecting with 5 mg/L of Cl2/SR280–800nm
for 30 min). In contrast, for water uses where the need for complete disinfection becomes
imperative, such as hospitals or refrigeration towers, a more aggressive treatment would
become necessary for inactivating FLA that are adapted to artificial water systems and
their intracellular bacteria, such as Acanthamoeba P31 (according to results, 100 mg/L
of Cl2/SR280–800nm for 30 min). As these conditions are too demanding, further studies
with longer exposure times and lower chlorine concentrations, as Chauque and Rott [28]
recommended, are necessary.

This study, by comparing amoebae strains isolated from different water sources,
provides insight into the importance of preventive measures for ensuring water quality.
Environmental amoebae from freshwater, such as C1-211 FLA, can be very resistant to
conventional treatments and easily reach artificial water systems. There, the endosymbiont
bacteria carried by amoebae can be released and colonize the water system, posing a
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health threat to exposed individuals. If additional FLA-ineffective treatments are included
downstream, such as chlorination at swimming pools, the most resistant strains will
be selected and will colonize the water system (as P31 FLA), making future efficient
disinfection extremely difficult and leading to possible recurrent outbreaks of, e.g., Legionella
pneumophila [13] or antibiotic-resistant bacteria [23]. If FLA-efficient disinfection treatments
were established at water treatment plants, FLA populations in human-made water systems
could be reduced. As it can be too expensive and difficult to include such treatments for
large amounts of water, more aggressive treatments for lower flows would be convenient at
specific points of water use where more sensitive people can be exposed, such as hospitals
or swimming pools for children and elderly people.

In this context, Cl2/SR280–800nm emerges as an interesting point-of-use treatment
widely applicable since both chlorine and solar radiation are the most extended disinfection
treatments worldwide, especially in developing areas [27], and would improve protection
against other pathogens too [30]. Nevertheless, dissolved organic matter (DOM) should be
considered as it may promote the formation of harmful byproducts when reacting with
chlorine, determining the viability of the process. In this regard, the treatment may be more
suitable for low-DOM waters [24,27], and further studies should be developed considering
this issue.

As chlorine is the baseline disinfectant due to its high efficiency in pathogen removal
cost-effectiveness, the results and methodology presented herein can serve as a valuable
reference for further research aimed at optimizing the present conditions for a ready-to-use
point-of-use treatment.

5. Conclusions

• Conventional chlorine and solar radiation disinfection treatments required high disin-
fectant doses and were not effective against the endosymbiont bacteria protected by
the amoebae studied.

• The combination of Cl2 and SR320–800nm was effective against the freshwater Acan-
thamoeba strain and its endosymbiont bacteria, reducing 10 times the required Cl2
dose. Additionally, the Cl2 and SR280–800nm combination was effective against both
Acanthamoeba and their endosymbiont bacteria, reducing between 5 and 100 times the
necessary Cl2 dose.

• The inactivation of EB requires the prior inactivation of Acanthamoeba cysts, and
because of that, the disinfectant doses for efficient disinfection were up to 20 times
greater than those used for cyst inactivation.

• The Acanthamoeba strain isolated from pool water (P31) and, consequently, the EB
protected inside showed considerable higher resistance to the combination of Cl2
and SR280–800nm compared to the Acanthamoeba strain isolated from freshwater (C1-
211), suggesting that higher disinfectant doses may be required to eliminate amoebae
previously exposed to chlorine and solar radiation.
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