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Abstract: The occurrence of emerging pollutants (EPs) such as pharmaceuticals and personal care
products (PPCPs) has raised serious concerns about the possible adverse effects on ecosystem integrity
and human health. Wastewater treatment facilities appear to be the main sources of PPCPs released in
aquatic environments. This research examines the effectiveness of groundwater microbial community
activities to remove phenoxyethanol (Phy-Et), currently exploited as a preservative in many cosmetic
formulations at a maximum concentration of 1% but which has shown, at higher levels of exposure,
adverse systemic effects on animals. Mesocosm experiments were carried out for 28 days using
two different concentrations of the substance (5.2 mg/L and 27.4 mg/L). The main results obtained
through chemical and microbiological investigations revealed a significant Phy-Et reduction (≈100%
when added at a concentration of 5.2 mg/L and ≈84% when added at a concentration of 27.4 mg/L),
demonstrating that some autochthonous microorganisms in the analyzed samples played a “key role”
in removing this compound, despite its proven antimicrobial activity. Nevertheless, the decrease
in the “natural attenuation” efficacy (≈16%) when using higher concentrations of the chemical
suggests the existence of a “dose-dependent effect” of Phy-Et on the process of biodegradation.
Biomolecular investigations carried out through next-generation sequencing (NGS) revealed (i) the
presence of a significant fraction of hidden microbial diversity to unravel, (ii) variations of the
composition and species abundance of the groundwater microbial communities induced by Phy-Et,
and (iii) a biodiversity reduction trend correlated to the increase of Phy-Et concentrations. Overall,
the preliminary information obtained from the experiments carried out at the laboratory scale appears
encouraging, although it reflects only partially the complexity of the phenomena that occur in natural
environments and influences their “auto-purification capability”. Accordingly, this research paves
the way for more in-depth investigations to develop appropriate tools and protocols to evaluate
the occurrence and fate of Phy-Et in nature and assess the impact of its release and the effects of
long-term exposure (even at low concentrations) on ecosystems and health.

Keywords: emerging environmental contaminants; phenoxyethanol; mesocosms; natural attenuation;
groundwater microbial communities

1. Introduction

Environmental pollution threatens human and planetary health, jeopardizing modern
societies’ sustainability [1]. In 2015, diseases attributable to pollution caused 9 million
premature deaths, accounting for 16% of all deaths worldwide, a number three times higher
compared to deaths for AIDS, tuberculosis, and malaria combined and 15 times higher
compared to deaths for all wars and other forms of violence [2]. Unfortunately, estimates
updated to 2019 still confirmed this number of deaths per year [1]. Overall, ambient
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air pollution and toxic chemical pollution, which are consequences of industrialization
and urbanization, have caused many deaths, rising by 7% since 2015 and over 66% since
2000 [1]. Among the various categories of pollutants, there has been a growing interest in
the so-called emerging pollutants (EPs) in the last decades. This category includes all the
substances that could be pollutants that are not currently covered by controls but that could
be covered in the future; this will depend on future ecotoxicity studies and concentrations
found [3]. More than 700 compounds grouped in 20 classes of EPs are present in the
NORMAN database (www.norman-network.net) [4] and include surfactants, antibiotics
and other pharmaceuticals, steroid hormones and other endocrine-disrupting compounds
(EDCs), fire retardants, sunscreens, disinfection by-products, new pesticides and pesticide
metabolites, naturally occurring algal toxins, etc. [5,6]. In addition, another group of
pollutants denoted as “contaminants of emerging concern” (CECs) chemical substances
used for long periods in various anthropic sectors and released into the environment in the
absence of control, and by-products of these, which are now detected by analysis of soils,
surface waters, and groundwater. The term “contaminants of emerging concern” is usually
used when very little information is available about the magnitude and frequency of risks
posed by this category of substances in the environment and human health [7–9].

Contamination caused by urbanization, fast population growth, agricultural activities,
and industrial development has drastically affected water resource quality [10]. The discov-
ery of numerous new compounds in drinking, ground, and surface water has alarmed the
public, mainly when human health-based guidelines are unavailable [11,12]. One of the
largest sources of EPs is represented by wastewater treatment plants (WWTPs) [13] since
wastewater treatments are not designed to treat these compounds and, thus, high amounts
are released into the environment through effluents [14].

The main aim of this research was to investigate the effectiveness of biological removal
of (Phy-Et) from groundwater through mesocosm experiments to assess the contribu-
tion of autochthonous microbial communities in the natural attenuation process of this
chemical substance.

Phy-Et is an aromatic glycol ether that occurs naturally in green tea or can be produced
in the laboratory due to its commercial importance [15] It is widely found in a large
range of leave-on and rinse-off cosmetic products such as moisturizers, hand disinfectants,
soaps, serums, sunscreen creams, mascaras, eyeliners, eye balms, and perfumes due to
its pure chemical form, pleasant smell, and colorless appearance [16,17]. Other uses
include shampoos, shaving creams, ultrasound gels, insect repellents, antiseptics, solvents,
anesthetics, cellulose acetate solvents, dyes, and ink and ink manufacture [15]. This
compound has a large spectrum of antimicrobial activity and is effective against Gram-
negative and Gram-positive bacteria, such as Escherichia coli and Staphylococcus aureus, and
yeasts, such as Candida [15,18,19], although it has only a weak inhibitory effect on resident
skin flora [20].

The European Scientific Committee on Consumer Safety considers Phy-Et safe for
all consumers (including children of all ages) when used as a preservative in cosmetic
products up to a concentration of 1%. However, the French National Agency for the Safety
of Medicines and Health Products (ANSM) advised against using Phy-Et as a preservative
in cosmetic products intended for application to the nappy area of infants and children
under three years [20]. Nevertheless, toxicological studies revealed adverse systemic effects
in animals at levels of exposure many magnitudes higher (around 200-fold higher) than
those to which consumers are exposed [20]. Accordingly, in light of the vast increase in
personal care product consumption and their significant release in aquatic ecosystems, it is
important to assess the fate of Phy-Et in the environment and the microorganisms’ ability
to degrade.

www.norman-network.net
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2. Materials and Methods
2.1. Study Area

Groundwater samples for mesocosm experiments have been collected from a piezome-
ter (Pz3) located within the alluvial Parma aquifer (northern Italy; Figure 1). Parma is
the second town by population of the Emilia Romagna region and represents a critical
contamination source of surface waters and groundwater from leaks in the urban sew-
erage system [21]. The area is characterized by large industrial districts and intensive
agriculture practices both in urban and suburban areas [21]. The piezometer Pz3 is very
close to a pipeline of a wastewater treatment plant called “Parma Ovest”, in whose waters
has been ascertained a continuous and constant leak from the local sewers demonstrated
by the detection of fecal coliforms and enterococci [21]. Accordingly, for assessing the
biological removal of Phy-Et, groundwater microbial communities have most likely been
shaped by a selective pressure caused by frequent contact with sewage and, thus, emerging
environmental contaminants.

The aquifer system of the Parma urban area is represented by an alternation of fine-
grained (clays and silts) and coarse-grained bodies (gravels and sands) belonging to the
alluvial geological units (or synthems) that filled the Po River basin during the Pleistocene–
Holocene period (Figure 1). Specifically, the sedimentation processes in this area primarily
result from the sedimentary dynamics originating from Apennine streams [22–25]. Ground-
water in this aquifer system exhibits a predominant southwest-to-northeast flow at the
basin scale, from the Apennine to the central Po Plain and consequently toward the Adriatic
Sea [25]. The hydraulic conductivity of the studied aquifer is frequently variable in the
three dimensions due to the wide heterogeneity of the geological medium. Zanini et al. [26]
calculated a hydraulic conductivity varying from 1.2 × 10−5 to 4.9 × 10−5 m/s (mean
2.3 × 10−5 m/s; median 1.7 × 10−5 m/s) in coarse-grained horizons and from 9.3 × 10−9

to 1.3 × 10−7 m/s (mean 1.6 × 10−7 m/s; median 9.7 × 10−8 m/s) in fine-grained layers.
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superiore synthem—Modena subsynthem; (3) main thrust; (4) borehole; (5) toponym; (6) quoted
point; (7) geological section’s trace; (8) stream; (9) meteorological station; (10) wastewaters treatment
plant “Parma Ovest”; (11) study area; (from Ducci et al., 2022, modified [21]). (b) Geological
section at basin scale (the trace is shown in (a)): (1) fill material, (2) grey/light blue clay and silt;
(3) yellow/brown clay and silt; (4) red clay and silt; (5) silt; (6) sand; (7) gravel and sand; (8) gravel
and clay/silt; (9) gravel; (10) Code of Geological Unit (sensu Di Dio et al., 2005 [27]): AES1: Emiliano–
Romagnolo superiore synthem—Monterlinzana subsynthem; AES2: Emiliano–Romagnolo superiore
synthem—Maiatico subsynthem; AES7a: Emiliano–Romagnolo superiore synthem—Villa Verucchio
subsynthem—Niviano unit; AES7b: Emiliano–Romagnolo superiore synthem—Villa Verucchio
subsynthem—Vignola unit; AES8: Emiliano–Romagnolo synthem—Ravenna subsynthem.

The presence of samples derived from 30 core borings made it possible to reconstruct
the local stratigraphy at the site scale [21]. Excluding the anthropogenic material (gravel and
bricks) that fill the entire study area about 1 m thick, founded succession can be summarized
as follows: (i) the first layer consists of silt and clay with a thickness ranging from 5 to 7 m;
(ii) the second layer is primarily composed of gravel and sand, with a thickness varying
between 1 and 5 m. Particularly, it exhibits a clear separation into two distinct elements as
it extends northward, near Pz3; (iii) the third layer comprises silt and clay, with a thickness
ranging from 2 to 3 m; and (iv) the fourth layer represents the shallowest alluvial aquifer
at the test site and is composed of gravel and sand (Figure 2). These sedimentary bodies
result from ancient alluvial dynamics associated with the paleo-river systems of the Parma
and Baganza streams.
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The groundwater flow net reconstructed in the study area is characterized by seasonal
variations during the hydrologic year, even though the overall flow is always directed from
South to North (Figure 3).
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2.2. Groundwater Sampling and Mesocosm Setup

Groundwater samples were collected from the piezometer Pz3, immediately below
the hydraulic head, with a sterile bailer in October 2022.

The groundwater temperature has been monitored monthly at the piezometer Pz3
from March 2022 to October 2022 using the multiparameter HANNA probe (model HI9828,
HANNA Instruments, Villafranca Padovana, Italy).

In detail, for mesocosm experiments, 16 L of water was sampled. In addition, an-
other 2 L of water was used to carry out biomolecular and chemical analyses aimed at
characterizing autochthonous microbial communities and determining the “background
contamination” by Phy-Et (Figure 4a).
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Mesocosms were prepared by transferring 2 L of groundwater in sterile glass Erlen-
meyer flasks and by adding Phy-Et (BiOrigins, Fordingbridge, United Kingdom) at two
different concentrations: 5.2 mg/L and 27.4 mg/L. The experiments carried out with Phy-Et
at a concentration of 5.2 mg/L will be henceforth also indicated as Line α, whereas the ones
carried out with Phy-Et at a concentration of 27.4 mg/L will be reported as Line β. For
each Line, three different mesocosms were set up (Figure 4b). The Phy-Et concentrations
arbitrarily chosen for the experiments were more than 20 and 100 times higher than the
instrumental detection limit for this compound (0.2 mg/L).

Afterward, the mesocosms were sealed and incubated at room temperature for
28 days, in the dark, with agitation (140 rpm), using the OrbitalShaker—OHAUS® (Model:
SHHD6825DG, S/N: 210331001, Nänikon, Zürich, Switzerland).

In addition, the experimental plan has included two controls, consisting of sterilized
groundwater samples added with Phy-Et at the concentrations of 5.2 mg/L and 27.4 mg/L,
to highlight a possible removal of this compound from groundwater not attributable to the
microbial activities (Figure 4b).

2.3. Temperature Monitoring and Chemical Analyses for Phy-Et Detection

For the entire duration of the mesocosm experiments (28 days), the temperature was
monitored every 5 min through an immersion thermometer with a data logger (Elitech
model: GSP-6 Serial No. EFG218100242, London, UK).

Chemical analyses for Phy-Et detection were performed both on the original ground-
water and samples collected at the end of the mesocosm experiments. A total of 50 mL of
water was poured into amber glass bottles and transported to the laboratory in a refrig-
erated box. The analyses were performed at Abich S.r.l., an Italian company with UNI
EN ISO 9001:2015 [28] and UNI CEI EN ISO 13485:2016 [29] accreditations. According
to an accredited in-house method, they were based on the ultra-high-performance liquid
chromatographic-diode array detection method (UHPLC/DAD) (Rif. HPLC n.0018).

2.4. Next-Generation Sequencing (NGS) for Bacterial Community Analyses

Next-generation sequencing (NGS) analyses were carried out firstly to characterize
autochthonous groundwater microbial communities in groundwater samples collected
at the piezometer (Pz3) and then to assess those variations in their composition after
the addition of Phy-Et to the mesocosms at two different concentrations (5.2 mg/L and
27.4 mg/L).

Groundwater samples (1.95 L) were filtered through sterile mixed esters of cellulose
filters (S-PakTM Membrane Filters, 47 mm diameter, 0.22 µm pore size, Millipore Corpora-
tion, Billerica, MA, USA) within 24 h from the collection. Bacterial DNA extraction from
filters was performed using the commercial kit FastDNA SPIN Kit for soil (MP Biomedicals,
LLC, Solon, OH, USA) and FastPrep® Instrument (MP Biomedicals, LLC, Solon, OH, USA).
After the extraction, DNA integrity and quantity were evaluated using electrophoresis in
0.8% agarose gel containing 1 µg/mL of Gel-RedTM (Biotium, Inc., Fremont, CA, USA).
Next-generation sequencing (NGS) technologies generated the bacterial community profiles
in the samples at the Genprobio Srl Laboratory following the protocol reported by Ducci
et al. [21].

The 16S rRNA gene sequences obtained in this study were deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read Archive under the accession
number PRJNA977861.

3. Results
3.1. Microbiological and Physico-Chemical Characterization of Groundwater

Autochthonous bacterial communities of groundwater collected from the piezometer
Pz3 were characterized by a predominance of Proteobacteria (relative abundance 64.14%),
followed by Bacteroidetes (relative abundance 8.34%), Chloroflexi (relative abundance 5.23%),
Verrucomicrobia (relative abundance 3.91%), Actinobacteria (relative abundance 3.38%), Aci-
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dobacteria (relative abundance 3.07%), and other phyla, which were detected with relative
abundance values lower than 3% (Figure 5). At the genus level, the five major taxa were
Methylotenera, Pseudomonas, unclassified microorganisms of the Burkholderiaceae family,
Massilia, and Cavicella, which were retrieved at percentages of 8.71%, 7.27%, 4.36%, 2.18%,
and 2.00%, respectively (Figure 5).
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Figure 5. Microbial community composition at phylum (on the left) and genus (on the right) levels
of groundwater collected from the piezometer Pz3. Taxa with relative abundance values below 1%
and 2% for phylum and genus levels, respectively, are labeled “Other”. U. m. refers to unclassified
microorganisms.

Chemical analyses for determining Phy-Et revealed that its concentration was lower
than the instrumental detection limit (0.2 mg/L). Groundwater temperature during the
observation period ranged from 13.2 ◦C to 16.1 ◦C, with an average of 14.4 ◦C.

3.2. Results of Physico-Chemical and Microbiological Analyses for the Mesocosm Experiments

At the end of the 28-day experimental period, water samples were collected from the
mesocosms in which Phy-Et was initially added at two different concentrations and were
subjected to chemical analyses to assess whether there had been a reduction.

The same analyses were also performed on the two controls, consisting of sterilized
groundwater added with Phy-Et, to detect any losses of this compound from the systems,
not due to biodegradation processes.

The results obtained clearly showed the removal of the compound of about 100% in
Line α mesocosms (from 5.2 mg/L to below the detection limit [0.2 mg/L]). On the other
hand, in the Line β mesocosms, a reduction of about 84% was detected (from 27.4 mg/L to
concentrations ranging between 3.21 ± 0.01 mg/L and 5.24 ± 0.02 mg/L). No significant
variations in the concentration of the chemical were recorded in the controls, evidence
which demonstrates that microorganisms were the “key player” in the degradation process.

The continuous monitoring of water temperature in the mesocosms allowed the
detection of fluctuations varying from a minimum of 17.9 ◦C to a maximum of 24.2 ◦C,
with an average of 21.0 ◦C.

On the whole, the results of the biomolecular investigations carried out to unravel the
composition of bacterial communities exposed to the two concentrations of Phy-Et in the
mesocosm experiments revealed, at the phylum level, the predominance of Proteobacteria,
followed by Bacteroidetes, Verrucomicrobia, Acidobacteria, Actinobacteria, and Patescibacteria
(Figure 6).
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The relative abundance of each taxon has been calculated as the mean of values of the triplicate
experiments.

However, differences emerged when comparing the percentages of these taxa with the
relative abundance of the same phyla retrieved in the original groundwater sample. For
example, the abundance of Proteobacteria went from 64.14% to 62.92% (on average) in Line
α mesocosms and 76.36% (on average) in Line β mesocosms. Moreover, the same goes for
the other phyla, as reported in Table 1.

Table 1. Variations of the relative abundance average values of the main phyla in groundwater
samples.

Taxonomy Pz3 Line α Line β

Proteobacteria 64.14% 62.92% 76.36%
Bacteroidetes 8.34% 12.71% 7.51%
Chloroflexi 5.23% 1.27% 1.02%

Verrucomicrobia 3.91% 5.68% 3.03%
Actinobacteria 3.38% 3.69% 2.70%
Acidobacteria 3.07% 5.08% 2.92%

Firmicutes 2.90% 0.22% 0.32%
Gemmatimonadetes 1.53% 0.65% 0.23%

Patescibacteria 1.49% 2.78% 3.08%

In addition, the phylum Chloroflexi, which was among the major three phyla in the
original groundwater sample (5.23%), showed a decrease in the mesocosms to percentages
of 1.27% and 1.02% when Phy-Et was added at 5.2 mg/L and 27.4 mg/L, respectively.

When analyzing the mesocosm microbial communities at the genus taxonomic level
(Figure 6), the top six taxa retrieved in the Line α experiments were: microorganisms
of the clade OM27 (average relative abundance 4.77%), unclassified microorganisms of
Pedosphaeraceae family (average relative abundance 4.46%), Methyloversatilis (average rel-
ative abundance 2.72%), Sphingomonas (average relative abundance 2.64%), Ramlibacter
(average relative abundance 2.61%), and unclassified microorganisms of Subgroup 17 class
(Acidobacteria phylum; average relative abundance 2.51%). On the other hand, the top six
genera found in the Line β mesocosms were microorganisms of the clade OM27 (average
relative abundance 9.49%), Reyranella (average relative abundance 6.14%), unclassified mi-
croorganisms of Gammaproteobacteria class (average relative abundance 5.35%), Methylibium
(average relative abundance 5.18%), Methyloversatilis (average relative abundance 3.57%),
and Caenimonas (average relative abundance 3.47%).



Sustainability 2024, 16, 2183 9 of 14

These results suggest that Phy-Et has modified the composition and species abundance
of the groundwater microbial communities, most likely inhibiting the growth of cells
sensitive to its action and favoring the survival of those tolerant or able to metabolize it.

In addition, another important aspect that emerged is the presence of diverse unclassi-
fied microorganisms at the genus level, accounting on average for 41.58% and 29.14% in
Line α Line β mesocosms, respectively. This observation demonstrates that a large portion
of microbial diversity in the analyzed systems remained hidden.

The rarefaction analysis, a measure used to estimate the alpha diversity in samples
and gauge whether sequencing efforts captured the microbial diversity (Supplementary
Materials Figure S1), revealed a biodiversity reduction trend correlated to the increase of
Phy-Et concentrations.

4. Discussion

On a global scale, pharmaceuticals and personal care products (PPCPs) have risen in
the last decade due to advances in research and development, increased world population,
and accessibility to healthcare [30,31]. Given their known or suspected adverse ecological or
human health effects, PPCPs are considered two of the most abundant classes of emerging
contaminants in the environment [32,33]. Among the most dramatic effects on living organ-
isms are the feminization of fishes [10,34], alterations in the reproduction and development
of some fish species caused by very low concentrations of environmental estrogens [35],
and increased antibiotic resistance of pathogenic microorganisms [36]. Their presence
in aquatic and terrestrial ecosystems is associated with their occurrence at influents and
effluents of wastewater treatment plants [33], whose removal capacity strongly depends on
the features of the pollutant and the technologies used for wastewater treatments.

In this research, the authors have focused on Phy-Et, a compound present as a preser-
vative in many cosmetics. According to the currently available safety data, this substance
is considered safe when used at a concentration of up to 1%, is a rare sensitizer, and is
one of the most well-tolerated preservatives [20]. Nevertheless, animal studies revealed
different adverse systemic effects at higher levels of exposure than consumers when using
Phy-Et-containing products [20]. In addition, other authors who analyzed the toxic effects
of this compound in an eukaryotic model organism, Allium cepa, claimed that, in the light
of their data, “it should be ensured that the use of Phy-Et should be limited, if not preferred,
or if it is absolutely necessary to use it in doses that do not have toxic effects on the organ-
isms” [15]. Accordingly, the main aim of this work was to analyze the capacity of microbial
communities to remove Phy-Et (supplied at two different concentrations) from groundwa-
ter through mesocosm experiments designed to represent and simulate, on a laboratory
scale, the conditions of shallow groundwater flowing in the daily heterothermic zone, char-
acterized by significant and frequent temperature fluctuations closely tied to atmospheric
conditions. Additionally, in the piezometer Pz3, the recorded temperature values ranged
from 13.2 ◦C to 16.1 ◦C, with an average value of 14.4 ◦C whereas the temperature of the
mesocosms ranged from a minimum of 17.9 ◦C to a maximum of 24.2 ◦C, with an average
value of 21.0 ◦C. Even though the water temperatures in the lab-scale experiments were
higher than those measured in the field during the observation period, it is worth noting
that many of the genera detected in the mesocosms include species characterized by a wide
range of growth temperatures. Accordingly, the authors are convinced that the observed
microbial community variations, induced by the presence of Phy-Et, nevertheless provide
an accurate representation of the events that would occur in nature.

However, in a wider context, similar temperatures to those measured in the mesocosms
have also been found in other hydrogeological systems [37], with values reaching 24.0 ◦C
during summer. In a future perspective, further studies will be carried out with the use
of a refrigerated thermostat (e.g., [38]) to control the temperatures to which these systems
are exposed, to subject the autochthonous microbial communities to the same fluctuations
observed during the hydrological year in the field.



Sustainability 2024, 16, 2183 10 of 14

In the frame time considered, autochthonous microorganisms (i) were able to reduce
by ≈100% and ≈84% the amount of Phy-Et present in the systems with higher removal
effectiveness when the concentration of the contaminant was lower (5.2 mg/L), and (ii) rep-
resented the major contributors to the natural attenuation process. Additionally, these
particularly encouraging data also suggest the existence of a “dose-dependent effect” of
Phy-Et on the process of biodegradation, given the observed decrease of the “natural
attenuation efficacy” (≈16%) with the increasing contaminant concentrations. The analysis
of bacterial communities through NGS technologies revealed drastic changes in their com-
position determined by the presence of Phy-Et, evidenced by a reduction in biodiversity
linked to increasing Phy-Et concentrations. It is known that Phy-Et exerts its antimicrobial
activity by uncoupling oxidative phosphorylation from respiration and by competitively
inhibiting malate dehydrogenase [39]. Moreover, it also acts as a bactericidal agent by
increasing the permeability of the cell membrane to potassium ions and exerts a direct
inhibitory effect on microbial DNA and RNA synthesis [39].

Therefore, it is not surprising that the addition of the contaminant has shaped microbial
communities so that the more sensitive microorganisms were under-represented in the
mesocosm experiments compared to the original groundwater.

On the other hand, the presence of microorganisms of the clade OM27 as dominant
components of the “contaminated” samples is noteworthy. OM27 clade is a cluster of
unculturable bacteria, phylogenetically related to the predatory deltaproteobacterial genus
Bdellovibrio [40,41], which have a geographically wide distribution [40] but of which very
little is known [42]. Their potential predatory “attitude” could confer an advantage under
the selective pressure of Phy-Et. Conversely, the biodegradation potentials of some mem-
bers belonging to the bacterial genera such as, for example, Methyloversatilis, Methylibium,
Ramlibacter, Reyranella, and Sphingomonas, are known, and this could explain why they were
found as the main representatives in the mesocosm experiments.

Interestingly, there is a large portion of microbial biodiversity that remains hidden,
as demonstrated by the relatively high percentages of unclassified microorganisms at the
genus level, and that should be uncovered through the development of appropriate research
tools, given the importance of acquiring knowledge on the main processes underlying the
bacterial biodegradation of contaminants in nature.

Several thousands of PPCPs are produced globally every year, and their release into the
environment remains an unavoidable by-product of a modernized lifestyle [43–46]. PPCPs
may enter the environment as components of human or animal waste after incomplete
absorption and excretion from the body or may result from medical, industrial, agricul-
tural, or household waste emissions [47–50]. Trace amounts of PPCP-related compounds
have been found in waste, aquatic ecosystems, or finished drinking water [48,51–58], sug-
gesting widespread contamination and highlighting the importance of monitoring these
compounds once they are released into the environment.

This research has demonstrated that microorganisms have a high potential for re-
moving the largely used preservative Phy-Et from groundwater, at least in an artificial
laboratory system. However, knowledge about the extent of their degradative capabilities
in natural contexts still remains scarce. Accordingly, this topic should be further deepened,
for this and many other contaminants of emerging concern, through the improvement of
tools and protocols to evaluate their occurrence and fate in nature (for example, by promot-
ing the execution of several large-scale monitoring campaigns in different environmental
contexts and developing of different analytical methods for CEC detection, together with
extensive analyses aimed at unraveling microbe potentiality for biodegradation, based
on traditional and molecular microbiological methods) and the assessment of the impact
of their release and the effects of long-term exposure (even at low concentrations) on
ecosystems and health.
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5. Conclusions

In light of the extensive global production of pharmaceuticals and personal care
products (PPCPs), their inevitable release into the environment represents a salient im-
plication of contemporary lifestyles. Consequently, persistent endeavors are required to
evaluate these compounds’ occurrence and subsequent fate in the natural environment and
understand the potential long-term effects on ecosystems and human health.

This research’s focal point revolved around examining Phy-Et, a common preservative
in cosmetic products. Although considered safe at concentrations up to 1% based on
existing data, studies have raised concerns about its adverse systemic effects at higher
exposure levels.

This work sought to understand the potential of microbial communities in removing
Phy-Et from groundwater through specifically designed mesocosm experiments, which
aimed to simulate shallow groundwater conditions.

While this research has demonstrated encouraging results, including significant re-
ductions in Phy-Et concentrations and the pivotal role played by autochthonous microor-
ganisms, it has also revealed the existence of a dose-dependent effect. The composition
of bacterial communities was notably altered by Phy-Et, which determined a decrease
in biodiversity. These findings underscore the significance of Phy-Et’s impact on micro-
bial ecosystems.

In addition, the presence of both unculturable microorganisms, such as the OM27
clade, and a significant fraction of “hidden” microbial diversity to unravel raises intriguing
possibilities and challenges for future explorations.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su16052183/s1, Figure S1: Rarefaction curves of the samples. The alpha
diversity plots were obtained by using the Shannon index.
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