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Abstract: Bisphenol A and its analogues represent a significant environmental and public health
hazard, particularly affecting the endocrine systems of children and newborns. Due to the growing
need for non-pathogenic biodegradation microbial agents as environmentally friendly and cost-
effective solutions to eliminate endocrine disruptors, this study aimed to investigate the degradation
of bisphenol A by Ideonella sakaiensis, based on its currently understood unique enzymatic machinery
that is already well known for degrading polyethylene terephthalate. The present study provides
novel insights into the metabolic competence and growth particularities of I. sakaiensis. The growth of
I. sakaiensis exposed to bisphenol A exceeded that in the control conditions, starting with 72 hin a
70% nutrient-rich medium and starting with 48 h in a 100% nutrient-rich medium. Computational
modeling showed that bisphenol A, as well as its analogue bisphenol S, are possible substrates
of PETase and MHETase. The use of bisphenol A as a carbon and energy source through a pure
I. sakaiensis culture expands the known substrate spectra and the species” potential as a new candidate
for bisphenol A bioremediation processes.
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1. Introduction

Bisphenol A (2,2-bis(4-hydroxyphenyl) propane; BPA) is the main monomer used in
the manufacturing of polycarbonates [1,2]. The compound was produced globally during
2020, totaling over 7 million tons, and future industrial production is forecast to increase by
4% per annum for 2021-2025 [3]. BPA has been used since 1975 as a cross-linking agent and
as a pivotal monomeric constituent in the synthesis of epoxy resins. Furthermore, BPA is
used in the fabrication of polysulfones and polyetherketones, serving as an antioxidant in
certain plasticizers, and as an inhibitory agent in the polymerization process of polyvinyl
chloride [4,5]. The compound can pollute the environment either through direct emissions
from manufacturing activities (including material recycling processes), or from foundries
utilizing BPA in casting sand; it can also indirectly permeate the environment by leaching
from waste in landfills [6].

In 1993, Khrishna et al. [7] were the first to report BPA as an endocrine disruptive
chemical after accidentally discovering its tendency to leak out of the polymer structure
during autoclaving of media held in polycarbonate flasks. Since then, BPA has gained
the attention of the scientific community and has since been banned from infants’ plastic
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products in Canada, Europe, and the USA [8,9]. Although BPA usage has been limited
and awareness has been raised, the compound is still largely in use in the plastics industry,
and, consequently, it is now considered to be an emergent pollutant with both known and
unknown impacts on human health [8,10] and the environment [11,12].

In the development of new strategies for combating plastic waste pollution and
plastic-related polluting compounds, microorganisms have gained international attention,
especially with the fairly recent discovery of Ideonella sakaiensis and its specific enzymatic
ability to convert the inert polymer polyethylene terephthalate (PET) into an important
major energy and carbon source [13]. Furthermore, the performance, activity, and stability
of the enzyme can be improved by mutation (S136E) and can be identified with the use
of bioinformatic tools [14]. The metabolic versatility of I. sakaiensis was also revealed in a
recent study that demonstrated that the species can ferment PET in anaerobic conditions
(thus, it was shown to be a facultative anaerobe), and formed a symbiosis with Geobacter
sulfurreducens in a microbial fuel cell [15]. However, it is currently unknown to what extent,
if any, I. sakaiensis can be used in a reverse microbial fuel cell by using a redox medjiator that
facilitates energy transfer to biomass [16] and/or PET degradation. Although I. sakaiensis
seems to be a metabolically versatile and promising species, it is worth mentioning that it
was successfully isolated from 1 out of only 250 samples [13], being one of the very few
reports on microbial life with such distinct characteristics [17,18], as bioprospecting efforts
continue in this direction.

In the present study, an attempt was made to identify and characterize microorganisms
that might present an affinity to BPA, following previous observations on Gram-negative
bacteria that survived in highly BPA-contaminated aquatic experimental set ups [19]. Water
was sampled from polycarbonate aquaria with natural water (lake water), which contained
10 ug/mL BPA, for 1 week; the 10 ug/mL concentration was chosen based on the 48 h
EC50 related to the invertebrate Daphnia magna [20]. Several species of bacteria exhibited
tolerance to BPA, while others were inhibited; however, I. sakaiensis proliferated in the
presence of BPA.

To the best of our knowledge, this is the first report on the physiological response of
Ideonella sakaiensis to BPA exposure.

2. Materials and Methods
2.1. Microbial Community Analysis

Community-level physiological profiling (CLPP) has been demonstrated to be effective
at distinguishing spatial and temporal changes in microbial communities [21]. The CLPP
screening was performed using Biolog EcoPlates (Biolog Inc., Hayward, CA, USA), which
can be used as both an assay on the stability of a normal microbial population, as well
as to detect and assess changes following the introduction of an environmental variable.
The 96 wells in the EcoPlate, representing 31 different carbon sources and tetrazolium dye,
were inoculated with 150 puL of a water sample sourced from a polycarbonate aquarium,
which was used in an experimental aquaculture system exposed to BPA and inhabited
by a variety of microorganisms (incubated at 23 °C under controlled circadian conditions:
12 h light/12 h dark, light was provided by a fluorescent 4000 K white light lamp with an
intensity of 300 lumens). The plates were incubated at 23 °C, and the metabolic profile
formation of the community was recorded photometrically by reading the absorption at
590 nm (BMG Clariostar, Ortenberg, Germany) at 24, 48, 72, and 96 h. The Biolog EcoPlate
method does present certain constraints [22], but still, utilizing this method for assessing
bacterial CLPP proves to be a more straightforward and cost-effective option compared
to DNA or RNA-based profiling. Furthermore, several investigations have indicated that
molecular profiling surveys do not exhibit heightened sensitivity when compared to CLPP
methods [23,24].



Microorganisms 2023, 11, 2891

30f15

2.2. Primary and Final Taxonomic Identification

From the sample, 100 uL was inoculated onto tryptic soy agar (TSA), Drigalski Lactose,
Chapman (MSA), nutrient and chromogen agar plates (Mlt-d, Arad, Romania), and spread
over the entire surface using a Drigalski spatula and a Petri dish turntable (Schuett-Biotec,
Gottingen, Germany); followed by a macroscopic observation of the colonies and their
morphology after 24 and 48 h post-incubation at 23 °C.

Final taxonomic identification was performed with a matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spectrometer biotyper (MALDI-TOF
Microflex LT/SH, Bruker Daltonics, Bremen, Germany). The spots on an MSP 96 tar-
get polished steel plate (Bruker Daltonics, Bremen, Germany) were loaded with isolated
colonies, and on each spot an «- Cyano-4-hydroxycinnamic acid (Bruker Daltonics, Bremen,
Germany) matrix was added along with the stock solution (acetonitrile, trifluoracetic acid,
and distilled water). The SR Library Database (Database CD BT BTyp2.0-Sec-Library 1.0)
coupled with MBT Compass (v.4.1) software was used for the identification.

2.3. Species Exposure to Bisphenol A, Bisphenol S, and 17-f3 Estradiol

The identified species, as well as the Ideonella sakaiensis 201-F6 strain (DSM 112585,
Leibniz Institute, Germany), were grown as pure cultures in nutrient broth (pH 7) and
used as an inoculum at similar densities (Abs ~ 0.500 at OD600, log phase), as all species
previously presented with good growth on nutrient agar. From these cultures, 10 uL was
used to inoculate tubes of nutrient broth supplemented with 1 mL of aqueous BPA stock
solution, to a final concentration of 10ug/mL. Glass vials were used instead of plastic tubes
in order to exclude possible interference due to any leached material. The growth of the
microorganisms was monitored at OD600 (Implen NP80, Miinchen, Germany) for 24 h at
23 °C, this temperature was chosen as it was the temperature of the aquaculture system
from which the samples were obtained; further, it is considered to be an ambient room
temperature, therefore better reflecting in situ conditions.

Due to the positive growth response by I. sakaiensis to BPA, a further investigation was
conducted by supplementing nutrient broth media in glass vials (each with a volume of
6.920 mL), with, respectively, 10 pg/mL of BPA, BPS (Bis(4-hydroxyphenyl) sulfone; BPS),
as well as 1 pg/mL 17-88 estradiol. All the analytes were prepared in anhydrous ethanol
(final volume 70 pL). The batch, along with the controls, were inoculated with 10 uL of
L. sakaiensis culture (Abs ~ 0.500 at OD600). A second series, using a 70% concentration of
nutrient broth in vials, were inoculated, as the analytes were prepared in distilled water.

The cultures were incubated for 24, 48, 72, 96, and 120 h at 23 °C. Further, a continuous
72 h reading of the cultures at 23 °C was performed with the use of a plate reader (BMG
Clariostar, Germany), with readings set at every 5 min after 200 rpm shaking for the two
batches, as well as for a separate control series with 1% ethanol and one without ethanol
(Supplementary Figure S1 and Table S1). BPS was used as an analogue to BPA due to
being the main replacement for BPA [25] and having a similar structure, but with a sulfur
atom instead of a carbon atom. Estradiol was used to verify the probability of estrogenic
substance affinity [26,27], as currently there are no reports on I. sakaiensis regarding this
topic. For sterility, and to prevent analyte loss, the aqueous solutions of BPA and BPS
were filtered through 0.2 um PTFE syringe filters [28], while estradiol was not filtered due
to high filter retention of this hormone [29], and a sterility control was performed in the
case of all three stock solutions, by plating them onto nutrient agar, followed by a 72 h
incubation at 23 °C.

2.4. Computational Simulation of BPA, BPS, and Estradiol as Substrate for I. sakaiensis PETnse
and MHETase

BPA, BPS, and estradiol were docked to I. sakaiensis poly(ethylene terephthalate) hy-
drolase (PETase) and mono(2-hydroxyethyl) terephthalate hydrolase (MHETase) structures
that were identified in the Protein Data Bank under the codes 6EQH [30] and 6QGA [31],
respectively. The structures of the ligands were retrieved from PubChem [32] (Figure 1).
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Figure 1. The 2D structures of BPA (a), BPS (c), and estradiol (e). The 3D structures of BPA (b), BPS
(d), and estradiol (e), colored according to the rotatability of the bonds, using red for unrotatable and
green for rotatable bonds. The roots of the torsion trees (b,d,f) are represented as a green sphere.

Docking was performed using AutoDock4 and AutoDockTools4 [33]. All the ligands
were treated as flexible; their torsion tree root and rotatable bonds are presented in Figure 1.
The docking grid was centered in the active site of each enzyme, as identified from the
literature: (i) residues Trp159, Ser160, Trp185, Asp206, and His237 in the case of PETase [30]
and (ii) Ser225, Arg411, Ser416, Asp492, and His528 in the case of MHETase [31]. The same
residues were considered flexible, while the rest of the protein was considered rigid. The
genetic algorithm was used to generate 100 docking poses from which we analyzed the
poses with the best estimates of binding free energies.

2.5. Growth Curve Statistical Analysis

ANOVA and t-tests were performed for the 120 h readings, whereas for the 72 h
readings the growth curves were analyzed using the Advanced Data Analysis tool of
ChatGPT [34,35]. Three fitting models were applied, namely the exponential model, the
logistic model, and the Gompertz model [36]. The best model was selected based on the
AIC values. Comparisons between the fitted curves and the individual parameters were
performed using the ANOVA statistical test. The precondition for the normal distribution
of the data was addressed with the Shapiro-Wilk test, considering as the null hypothesis
that the data was drawn from a normal distribution [37]. The assumption of equal variances
was tested using Levene’s test [38], with the null hypothesis of equal variances across the
groups. The statistically significant differences were identified using Tukey’s HSD test [39].
The conversation with ChatGPT is provided in Supplementary Material S1.

3. Results and Discussion
3.1. Community-Level Physiological Profile and Strains Identification
Color development in the Biolog EcoPlate wells due to metabolic degradation provides

a broad overview of the microbial community’s potential metabolic activity, serving as
an indicator of the overall diversity in the bioactivity. The microbial community utilized
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29 out of the 31 substrates contained by the microplate, with the greatest mean OD being
that of carboxylic acids. It is plausible that within the original aquarium environment,
the microorganisms developed the capacity to metabolize more types of carbon sources
(Figure 2). The utilization of Tween 80 was notably higher in contrast to Tween 40; together
with «-Cyclodextrin, the polymers were preferred after carbohydrate usage, with the
exception of glycogen. Carboxylic acid was mainly preferred, with the exception of 4-
hydroxy benzoic acid, which was less used by the microbial community, whereas 2-hydroxy
benzoic acid was not consumed at all. The same pattern was observed in the case of
the amines, with putrescine consumed at a low rate, and no consumption in the case

of phenylethylamine.

4-Hydroxy Benzoic Acid — ee—

2-Hydroxy Benzoic Acid

Putrescine
Phenylethylamine

L-Threonine

L-Serine
L-Phenylalanine
Glycyl-L-glutamic Acid
L-Asparagine
L-Arginine

Pyruvic Acid Methyl Ester
D-Malic Acid

Itaconic Acid

D- Glucosaminic Acid
D-galacturonic Acid
alpha-Keto Butyric Acid
gamma- amino Butyric Acid

D-Xylose

D-Mannitol

alpha-D-Lactose
D,L-alpha-Glycerol Phosphate
beta-Methyl-Dglucoside
Glucose-1- Phosphate
N-Acetyl-Dglucosamine
D-Galactonic Acid-gamma lactone
i-Erythritol

D-cellobiose

Tween 80
Tween 40
Glycogen
alpha-Cyclodextrin
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Figure 2. Substrate usage by the bacterial community (average over three replicates based on blank
corrected, standard deviation is negligible).

Following the evaluation of the Biolog EcoPlates, species identification was performed
by growing on media plates and inoculating individual colonies onto chromogenic agar,
followed by the final identification via MALDI-TOF. The species were identified as belong-
ing to: Sphingomonas paucimobilis, Ralstonia pickettii, Massilia sp., Plesiomonas shigelloides, and
Bacillus cereus.
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3.2. Evaluation of Species Growth during BPA Exposure

After the exposure to BPA of the identified species, there was the lack of a notable
growth effect in the case of Sphingomonas paucimobilis, and little for the oligotrophic species
Ralstonia pickettii, a slight inhibitory effect for Massilia sp., and minimal proliferation for
Plesiomonas shigelloides. A more prominent growth effect was observed in the case of Bacillus
cereus and I. sakaiensis (Figure 3). Due to the pathogenic nature of B. cereus, which could
lower its value as a bioremediation agent, and to the fact it has already been reported
in the literature as having the ability to metabolize BPA [40], further investigations were
performed only on I. sakaiensis. The growth of I. sakaiensis in the presence of BPA was
statistically significant, with a p < 0.05.
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Figure 3. Identified species and their growth under BPA exposure.

I. sakaiensis was grown in diluted media (70% nutrient broth) and 100% nutrient
media in the presence of BPA, BPS, and estradiol, or in the absence of these compounds
(Figures 4 and 5, respectively). ANOVA and t-tests were performed for all conditions after
each incubation time (Table 1).

In the case of the diluted media, significantly different results were obtained with
the data after 72 h, 96 h, and 120 h of incubation. A t-test was applied for the results of
each treatment, relative to the control conditions, after each growth interval. I. sakaiensis
exhibited significantly increased growth with BPA, starting with the 72 h readings. The
readings at 96 and 120 h also show that the growth of the bacteria treated with BPA
significantly exceeds that in the control conditions (Figure 4). The growth of the bacteria in
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the presence of BPS and estradiol appears enhanced relative to the control, but the results
are not statistically significant, except for the read at 72 h.

Table 1. ANOVA test results obtained for the four conditions at each incubation time, when cells

were grown in the medium with 70% nutrient or with 100% nutrient broth.

Incubation Time (Hours)

Medium with 70% Nutrient

Medium with 100% Nutrient

F-Value p-Value F-Value p-Value
24 3.06815 0.06898 3.589544688 0.046460931 (significant)
48 7.19515 0.00508 13.13801863 0.000423948 (significant)
72 32.6886 4.68937 x 10~° (significant) 12.55425 0.00052 (significant)
96 18.0501 9.60318 x 10~ (significant) 23.77882 2.45 x 107 (significant)
120 7.72841 0.00388 (significant) 9.304546 0.001865 (significant)
O 5 - *%
Control _\
I BPs :
0.4 4 . *
Estradiol *kk
€
c
o
o 0.3-7
©
N
> i
=
7]
GCD 0.2
°
©
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24 hours 48 hours 72 hours

Time

96 hours 120 hours

Figure 4. Mean optical density of I. sakaiensis (n = 4) measured under control conditions and under
the treatment with BPA, BPS, and estradiol after 24, 48, 72, 96, and 120 h of incubation (70% nutrient
media). The values that are significantly different relative to the values of the control condition at the

same interval are marked with * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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Figure 5. Mean optical density of I. sakaiensis (n = 4) measured under control conditions and under
the treatment with BPA, BPS, and estradiol after 24, 48, 72, 96, and 120 h of incubation (growth
medium with 100% nutrient broth). The values that are significantly different relative to the values of
the control condition at the same interval are marked with * for p < 0.05, ** for p < 0.01, and *** for
p <0.001.

In the case of the 100% nutrient medium, the ANOVA tests show that significant
differences were obtained after all incubation times, including 24 and 48 h. The significantly
different results for the BPA, BPS, or estradiol relative to the control at each incubation time
are labeled in Figure 5. BPA induces significant growth in I. sakaiensis relative to the control,
starting with 48 h of incubation. The other compounds (BPS and estradiol), regardless
of the nutrient percentage, did not induce a significant increase/decrease in the bacterial
growth relative to the control, except for the results after 96 h.

3.3. Molecular Docking Results

The three ligands were docked to PETase and MHETase active sites [30,31] (Figure 6a,b).
The estimated binding free energies for the best poses in each case are presented in Table 2.
The predictions show that the ligands present an affinity with both targets, the most
favorable interaction energies being obtained in the case of BPS, followed by estradiol and
BPA. BPA and estradiol present lower binding energies to PETase, while BPS presents a
lower binding energy to MHETase.
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(b)
HEMT MHETA 5
BPS BPS
( Estradiol

Estradiol
%

(c) (d)

Figure 6. (a,b) The structures of PETase—PDB code 6EQH 1 (a) and MHETase—PDB code 6QGA
2 (b). The residues in the active sites of these models are represented and labeled on the figure.
(c) Detail of the active site of PETase with the superimposed ligands: HEMT (2-hydroxyethyl methyl
terephthalate), BPA, BPS, and estradiol. (d) Detail of the active site of MHETase with the superimposed
ligands: MHETA (4-(2-hydroxyethylcarbamoyl) benzoic acid), BPA, BPS, and estradiol.

Table 2. Estimated free energy of binding and inhibition constants (298.15 K) determined for BPA,
BPS, and estradiol molecules docked at PETase and MHETase.

Target Ligand Estgl.late:d Free Energy of Estimated Inhib.ition
inding (kcal/mol) Constant, Ki

BPA —6.51 17.03 uM

PETase BPS —7.68 2.33 uM
Estradiol —6.89 8.87 uM

BPA —5.87 49.53 uM

MHETase BPS —8.83 335.38 nM
Estradiol —6.64 13.61 uM

The interactions of the ligands with PETase and MHETase were visually inspected.
We checked the superimposition of the current ligands with the ligands found in the crystal
structures of PETase (2-hydroxyethyl methyl terephthalate, abbreviated to HEMT, PDB
id 5XH3 [41]) and MHETase (4-(2-hydroxyethylcarbamoyl)benzoic acid, abbreviated to
MHETA, PDB id 6QGA [31]), as seen in Figure 6¢,d. The 2D interaction maps of BPA, BPS,
and estradiol with PETase and MHETase are represented in Figure 7.
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Figure 7. 2D interaction maps of ligands with the two enzymes. (a,c,e) Show the interactions by
BPA, BPS, and estradiol with PETase. (b,d,f) Show the interactions by BPA, BPS, and estradiol with
MHETase. Interacting residues are labeled in circles and the interactions are presented as dashed
lines colored according to interaction type, as presented in the legends. The maps were computed
using Discovery Studio Visualizer v21.1.0.20298.
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In the case of PETase, docked estradiol best overlaps the position of the bound HEMT
(Figure 6¢). The common residues interacting with the ligands are Gly86, Tyr87, Thr88,
Trp159, Ser160, Met161, 11208, and His237 (Figure 7a,c,e). These residues are part of the
active site, and were identified as interacting residues in previous molecular docking studies
of the substrate to PETase [30,42]. Depending on the structure of the ligand, different types
of intermolecular interactions are established with the lining residues. For instance, Ser160
presents van der Waals interactions with BPA or estradiol, while it forms a hydrogen bond
with BPS. His237 forms a pi-cation interaction with BPA, a van der Waals interaction with
BPS, or an alkyl interaction with estradiol. From the three ligands, BPS goes deeper into the
active site cleft, one of its phenyl moieties interacting through van der Waals interactions
with Trp185, and through pi-alkyl interactions with Alal83. Overall, the results of the
molecular docking show that the three ligands bind into the PETase active site, which could
make them possible substrates of the enzyme.

In the case of MHETase, a phenyl moiety of BPS overlaps the aromatic cycle of bound
MHETA, while BPA partially overlaps the tail of MHETA. Estradiol docks outside the
active site (Figure 6d). The 2D interaction maps in Figure 7b,d,f show that the only residues
common in the interactions by MHETase with BPA, BPS, and estradiol are Ser131, Ser225,
His528, and Cys529. This small number of residues, considering the binding sites involv-
ing many residues, is due to the fact that estradiol binds outside the active site. When
comparing the binding sites of BPA and BPS, we obtain the additional common residues:
Gly132, Glu226, Phe495, Trp397, and Phe415. Some of these residues are mentioned in [31]
as interacting with MHETA, a nonhydrolyzable MHET analog. These results show that
BPA and BPS are possible substrates of MHETase. Even if estradiol presents a favorable
binding energy to MHETase, not binding in the active site raises the question of whether it
can be used as a substrate.

3.4. Growth Curve Analysis

The model that best describes the growth curves is the Gompertz model that leads
to the smallest AIC value (~—6000), meaning that it best describes the growth dynamics
across the curve, as well as the exponential and stationary phases. The logistic model led to
a larger AIC value (~—5500).

The Gompertz model has the equation:

N(t) = Aexp{ — exp[%

(1=t +1]}, )

where A is the upper asymptote, um is the maximum growth rate, ¢ is Euler’s number,
and [ is the lag time [36]. In Figure 8 we present a control growth curve fitted with the
Gompertz model. The parameters of the growth curves recorded under all the conditions
were analyzed using descriptive statistics, with the results presented in Table 3. As can be
seen, A values are close to 1 for most conditions, which suggests that a similar maximum
optical density was reached by the cultures across most conditions. The values of um
present a small standard deviation, suggesting that the growth rate is consistent across
the conditions. The lag time presents considerable variations (a large standard deviation),
which suggests that the growth conditions explored here influence the time of entering into
the logarithmic growth phase. BPA-induced metabolic changes could be responsible.

We compared the maximum growth rates (um) calculated from the growth curves. The
normal distribution of um values across the conditions was proven by the Shapiro-Wilk
test. The results of the ANOVA were an F-value of 1.03 and a p-value of 0.40. The large
p-value shows that there are no statistical differences between the maximum growth rates
across the different experimental conditions.

The time needed to reach half maximum (t_50) was calculated for the conditions and
the results were compared to identify the statistical differences between the conditions.
Prior to performing the ANOVA, the preconditions for the normal distribution of the
data and of equal variances were tested. The Shapiro-Wilk test showed no violation
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of the normality distribution, while Levene’s test for equal variances showed that the
variances are not equal across the groups (see Supplementary Material S1 for details on
null hypothesis and the resulting p-values for these tests). The ANOVA statistic F-value
was 6.08 and the p-value was 2.12 x 107>. The test thus proves that there are statistically
significant variations in the t_50 values among the different conditions.
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Figure 8. The control growth curve of I. sakaiensis plate readings during 72 h (blue dots), fitted with
the Gompertz model (orange line).

Table 3. Statistical analysis of the parameters determined for the Gompertz models that fit I. sakaiensis
growth curves under all considered conditions.

Upper Asymptote Maximum Growth Rate Lag Time (L)

(A) (um)

Mean 1.0125 0.0008 120.3 min
Standard deviation 0.0971 0.0001 32.7 min

Minimum 0.8027 0.0006 1.4 min
25th percentile 0.9515 0.0008 110.6 min
Median 1.0356 0.0008 120.6 min
75th percentile 1.0808 0.0008 136.8 min
Maximum 1.1689 0.0010 176.6 min

4. Conclusions

I. sakaiensis presented an increase in growth with BPA exposure compared to that
reported for B. cereus. The growth in the 70% media concentration is significantly delayed
relative to the undiluted nutrient broth conditions, with the metabolic efficiency being BPA
> BPS > estradiol, but the differences are not always statistically significant. In this diluted
medium, statistically different results were obtained for the data after 72 h, 96 h, and 120 h
of incubation. Starting with 72 h, the growth of I. sakaiensis exposed to BPA exceeds that in
the control conditions. A similar effect of BPA on I. sakaiensis growth is seen sooner, after
48 h of incubation in the 100% nutrient-rich medium. The other compounds, regardless of
the nutrient percentage, did not induce a significant increase/decrease in growth relative
to the control, except for results at 72 h in the case of the 70% nutrient broth medium, or
after 96 h in the case of the 100% nutrient broth medium.
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The present preliminary findings can have implications for bioremediation processes,
as BPA is considered a persistent endocrine disruptor and, furthermore, I. sakaiensis is not
known to have pathogenic characteristics, which can lower its value as a bioremediation
agent. Most of the current reports on I. sakaiensis focused on PET degradation, however,
PET does not contain BPA. Further studies are required as the usage of BPA as a carbon
source is a new metabolic competence of I. sakaiensis, herein reported for the first time.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microorganisms11122891/s1. Reference [43] is cited in the Sup-
plementary Materials.

Author Contributions: Conceptualization, C.-E.P. and G.D.; methodology, C.-E.P.,, D.EM., M.M. and
S.E,; validation, G.D., D.EM. and C.M.; formal analysis, G.G. and A.A.L; resources, G.D., C.-E.P. and
S.F; data curation, G.D. and G.G.; writing—original draft preparation, C.-E.P. and S.F,; writing—
review and editing, C.-E.P., M.M., S.F. and G.D.; visualization, G.D. and S.E; supervision, G.D.; project
administration, G.D. and C.M.; funding acquisition, G.D., CM., C.-E.P. and S.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This work is part of “The development of innovative technologies for the elimination of
microplastics and emerging pharmaceutical pollutants in waters for the purpose of quality protection
and restoration of the purity of inland waters in accordance with the European Mission and the
National Strategy of Sustainable Development of Romania 2030”"—"BioTehnolnov”, Project Code
23310302, funded by the Romanian Ministry of Research, Innovation and Digitalization, Contract
number 44N /2023.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Acknowledgments: The authors would like to thank JiKong Chan from OpenPETase, Japan, and
Robert Wolff from South University, USA, for their helpful insights and suggestions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Welshons, K.L.H.; Paul, H.P,; Barbara, M.].; Julia, A.T.; Carl, E.O.; Rachel, L.R.; Frederick, S.V.S.; Wade, V. Bisphenol A is released
from used polycarbonate animal cages into water at room temperature. Environ. Health Perspect. 2003, 111, 1180-1187.

2. A Closer Look at the Global Bisphenol A Market: Demand, Regulations & Sustainability. Available online: https://mcgroup.
co.uk/news/20230711/a-closer-look-at-the-global-bisphenol-a-market-demand-regulations-sustainability.html (accessed on
2 October 2023).

3. Bisphenol A Industry Installed Capacity and Capital Expenditure (CapEx) Forecast by Region and Countries Including Details of
All Active Plants, Planned and Announced Projects, 2021-2025. 2023. Available online: https:/ /www.globaldata.com/store/
report/bisphenol-a-market-analysis/ (accessed on 10 October 2023).

4. Czarny-Krzyminska, K.; Krawczyk, B.; Szczukocki, D. Bisphenol A and its substitutes in the aquatic environment: Occurrence
and toxicity assessment. Chemosphere 2023, 315, 137763. [CrossRef] [PubMed]

5. Aalto-Korte, K.; Alanko, K.; Henriks-Eckerman, M.L.; Estlander, T.; Jolanki, R. Allergic contact dermatitis from bisphenol A in
PVC gloves. Contact Dermat. 2003, 49, 202-205. [CrossRef] [PubMed]

6. Geethamani, P.; Divya, P. Pathological Conditons Related to Bisphenols and It's Compounds. In Bisphenols; Pinar, E., Ed.;
IntechOpen: Rijeka, Croatia, 2022; Chapter 4.

7. Krishnan, A.V,; Stathis, P.; Permuth, S.E; Tokes, L.; Feldman, D. Bisphenol-A: An estrogenic substance is released from polycar-
bonate flasks during autoclaving. Endocrinology 1993, 132, 2279-2286. [CrossRef] [PubMed]

8.  Erler, C.; Novak, J. Bisphenol A Exposure: Human Risk and Health Policy. . Pediatr. Nurs. 2010, 25, 400-407. [CrossRef] [PubMed]

9.  Hahladakis, ].N.; Iacovidou, E.; Gerassimidou, S. An overview of the occurrence, fate, and human risks of the bisphenol-A present
in plastic materials, components, and products. Integr. Environ. Assess. Manag. 2023, 19, 45-62. [CrossRef] [PubMed]

10. Jalal, N.; Surendranath, A.R.; Pathak, J.L.; Yu, S.; Chung, C.Y. Bisphenol A (BPA) the mighty and the mutagenic. Toxicol. Rep. 2018,
5, 76-84. [CrossRef] [PubMed]

11. Canesi, L.; Fabbri, E. Environmental Effects of BPA: Focus on Aquatic Species. Dose Response 2015, 13, 1559325815598304.

[CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms11122891/s1
https://www.mdpi.com/article/10.3390/microorganisms11122891/s1
https://mcgroup.co.uk/news/20230711/a-closer-look-at-the-global-bisphenol-a-market-demand-regulations-sustainability.html
https://mcgroup.co.uk/news/20230711/a-closer-look-at-the-global-bisphenol-a-market-demand-regulations-sustainability.html
https://www.globaldata.com/store/report/bisphenol-a-market-analysis/
https://www.globaldata.com/store/report/bisphenol-a-market-analysis/
https://doi.org/10.1016/j.chemosphere.2023.137763
https://www.ncbi.nlm.nih.gov/pubmed/36623601
https://doi.org/10.1111/j.0105-1873.2003.0228.x
https://www.ncbi.nlm.nih.gov/pubmed/14996069
https://doi.org/10.1210/endo.132.6.8504731
https://www.ncbi.nlm.nih.gov/pubmed/8504731
https://doi.org/10.1016/j.pedn.2009.05.006
https://www.ncbi.nlm.nih.gov/pubmed/20816563
https://doi.org/10.1002/ieam.4611
https://www.ncbi.nlm.nih.gov/pubmed/35362236
https://doi.org/10.1016/j.toxrep.2017.12.013
https://www.ncbi.nlm.nih.gov/pubmed/29854579
https://doi.org/10.1177/1559325815598304

Microorganisms 2023, 11, 2891 14 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.
38.
39.
40.

41.

Abraham, A.; Chakraborty, P. A review on sources and health impacts of bisphenol A. Rev. Environ. Health 2020, 35, 201-210.
[CrossRef]

Yoshida, S.; Hiraga, K.; Takehana, T.; Taniguchi, I.; Yamaji, H.; Maeda, Y.; Toyohara, K.; Miyamoto, K.; Kimura, Y.; Oda, K. A
bacterium that degrades and assimilates poly(ethylene terephthalate). Science 2016, 351, 1196-1199. [CrossRef]

Rennison, A.; Winther, ].R.; Varrone, C. Rational Protein Engineering to Increase the Activity and Stability of IsPETase Using the
PROSS Algorithm. Polymers 2021, 13, 3884. [CrossRef] [PubMed]

Kalathil, S.; Miller, M.; Reisner, E. Microbial Fermentation of Polyethylene Terephthalate (PET) Plastic Waste for the Production of
Chemicals or Electricity**. Angew. Chem. Int. Ed. 2022, 61, €202211057. [CrossRef] [PubMed]

Khunjar, W.O.; Sahin, A.; West, A.C.; Chandran, K.; Banta, S. Biomass Production from Electricity Using Ammonia as an Electron
Carrier in a Reverse Microbial Fuel Cell. PLoS ONE 2012, 7, e44846. [CrossRef] [PubMed]

Cf, S.F; Rebello, S.; Mathachan Aneesh, E.; Sindhu, R.; Binod, P; Singh, S.; Pandey, A. Bioprospecting of gut microflora for plastic
biodegradation. Bioengineered 2021, 12, 1040-1053. [CrossRef] [PubMed]

Galarza-Verkovitch, D.; Turak, O.; Wiese, J.; Rahn, T.; Hentschel, U.; Borchert, E. Bioprospecting for polyesterase activity relevant
for PET degradation in marine Enterobacterales isolates. AIMS Microbiol. 2023, 9, 518-539. [CrossRef] [PubMed]

Pop, C.-E.; Draga, S.; Mdciuca, R.; Nita, R.; Craciun, N.; Wolff, R. Bisphenol A Effects in Aqueous Environment on Lemna minor.
Processes 2021, 9, 1512. [CrossRef]

Alexander, H.C.; Dill, D.C.; Smith, L.W.; Guiney, P.D.; Dorn, P. Bisphenol a: Acute aquatic toxicity. Environ. Toxicol. Chem. 1988, 7,
19-26. [CrossRef]

Garland, J.L. Analysis and interpretation of community-level physiological profiles in microbial ecology. FEMS Microbiol. Ecol.
1997, 24, 289-300. [CrossRef]

Stefanowicz, A. The Biolog Plates Technique as a Tool in Ecological Studies of Microbial Communities. Pol. ]. Environ. Stud. 2006,
15, 669-676.

Sutcliffe, B.; Hose, G.C.; Harford, A.].; Midgley, D.J.; Greenfield, P.; Paulsen, L.T.; Chariton, A.A. Microbial communities are
sensitive indicators for freshwater sediment copper contamination. Environ. Pollut. 2019, 247, 1028-1038. [CrossRef]

Llado, S.; Baldrian, P. Community-level physiological profiling analyses show potential to identify the copiotrophic bacteria
present in soil environments. PLoS ONE 2017, 12, e0171638. [CrossRef] [PubMed]

Herrero, O.; Aquilino, M.; Sanchez-Argtiello, P; Planell6, R. The BPA-substitute bisphenol S alters the transcription of genes related
to endocrine, stress response and biotransformation pathways in the aquatic midge Chironomus riparius (Diptera, Chironomidae).
PLoS ONE 2018, 13, e0193387. [CrossRef] [PubMed]

Kwa, M; Plottel, C.S.; Blaser, M.J.; Adams, S. The Intestinal Microbiome and Estrogen Receptor-Positive Female Breast Cancer. J.
Natl. Cancer Inst. 2016, 108, djw029. [CrossRef] [PubMed]

Tian, K.; Meng, E; Meng, Q.; Gao, Y.; Zhang, L.; Wang, L.; Wang, Y.; Li, X.; Huo, H. The Analysis of Estrogen-Degrading and
Functional Metabolism Genes in Rhodococcus equi DSSKP-R-001. Int. J. Genom. 2020, 2020, 9369182. [CrossRef] [PubMed]
Godby, N.; Conklin, A. Comparing adsorption of bisphenol A and similar compounds in aqueous solution by syringe filters.
Adsorpt. Sci. Technol. 2017, 35, 153-161. [CrossRef]

Neale, P.A.; Pronk, W.; Schifer, A.I Influence of pH on Losses of Analyte Estradiol in Sample Prefiltration. Environ. Eng. Sci. 2009,
26, 1157-1161. [CrossRef]

Austin, H.P,; Allen, M.D.; Donohoe, B.S.; Rorrer, N.A.; Kearns, EL.; Silveira, R.L.; Pollard, B.C.; Dominick, G.; Duman, R.; El
Omari, K;; et al. Characterization and engineering of a plastic-degrading aromatic polyesterase. Proc. Natl. Acad. Sci. USA 2018,
115, E4350-E4357. [CrossRef]

Palm, G.J.; Reisky, L.; Bottcher, D.; Miiller, H.; Michels, E.A.P.; Walczak, M.C.; Berndt, L.; Weiss, M.S.; Bornscheuer, U.T.; Weber, G.
Structure of the plastic-degrading Ideonella sakaiensis MHETase bound to a substrate. Nat. Commun. 2019, 10, 1717. [CrossRef]
Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.; et al. PubChem in 2021:
New data content and improved web interfaces. Nucleic Acids Res. 2020, 49, D1388-D1395. [CrossRef]

Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.]. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785-2791. [CrossRef]

OpenAl ChatGPT. Available online: https://chat.openai.com (accessed on 10 October 2023).

Introducing ChatGPT Enterprise. Available online: https://openai.com/blog/introducing-chatgpt-enterprise (accessed on
6 November 2023).

Zwietering, M.H.; Jongenburger, I.; Rombouts, EM.; van’t Riet, K. Modeling of the bacterial growth curve. Appl. Environ. Microbiol.
1990, 56, 1875-1881. [CrossRef] [PubMed]

Shapiro, S.S.; Wilk, M.B. An Analysis of Variance Test for Normality (Complete Samples). Biometrika 1965, 52, 591-611. [CrossRef]
Keyes, TK.; Levy, M.S. Analysis of Levene’s Test under Design Imbalance. J. Educ. Behav. Stat. 1997, 22, 227-236. [CrossRef]
Keselman, H.J.; Rogan, ].C. The Tukey multiple comparison test: 1953-1976. Psychol. Bull. 1977, 84, 1050-1056. [CrossRef]
Suyamud, B.; Thiravetyan, P.; Gadd, G.M.; Panyapinyopol, B.; Inthorn, D. Bisphenol A removal from a plastic industry wastewater
by Dracaena sanderiana endophytic bacteria and Bacillus cereus NI. Int. J. Phytoremediat. 2020, 22, 167-175. [CrossRef]

Han, X.; Liu, W.; Huang, J].-W.; Ma, ].; Zheng, Y.; Ko, T.-P,; Xu, L.; Cheng, Y.-S.; Chen, C.-C.; Guo, R.-T. Structural insight into
catalytic mechanism of PET hydrolase. Nat. Commun. 2017, 8, 2106. [CrossRef]


https://doi.org/10.1515/reveh-2019-0034
https://doi.org/10.1126/science.aad6359
https://doi.org/10.3390/polym13223884
https://www.ncbi.nlm.nih.gov/pubmed/34833182
https://doi.org/10.1002/anie.202211057
https://www.ncbi.nlm.nih.gov/pubmed/36103351
https://doi.org/10.1371/journal.pone.0044846
https://www.ncbi.nlm.nih.gov/pubmed/23028643
https://doi.org/10.1080/21655979.2021.1902173
https://www.ncbi.nlm.nih.gov/pubmed/33769197
https://doi.org/10.3934/microbiol.2023027
https://www.ncbi.nlm.nih.gov/pubmed/37649797
https://doi.org/10.3390/pr9091512
https://doi.org/10.1002/etc.5620070104
https://doi.org/10.1111/j.1574-6941.1997.tb00446.x
https://doi.org/10.1016/j.envpol.2019.01.104
https://doi.org/10.1371/journal.pone.0171638
https://www.ncbi.nlm.nih.gov/pubmed/28170446
https://doi.org/10.1371/journal.pone.0193387
https://www.ncbi.nlm.nih.gov/pubmed/29466445
https://doi.org/10.1093/jnci/djw029
https://www.ncbi.nlm.nih.gov/pubmed/27107051
https://doi.org/10.1155/2020/9369182
https://www.ncbi.nlm.nih.gov/pubmed/32908857
https://doi.org/10.1177/0263617416672668
https://doi.org/10.1089/ees.2008.0291
https://doi.org/10.1073/pnas.1718804115
https://doi.org/10.1038/s41467-019-09326-3
https://doi.org/10.1093/nar/gkaa971
https://doi.org/10.1002/jcc.21256
https://chat.openai.com
https://openai.com/blog/introducing-chatgpt-enterprise
https://doi.org/10.1128/aem.56.6.1875-1881.1990
https://www.ncbi.nlm.nih.gov/pubmed/16348228
https://doi.org/10.1093/biomet/52.3-4.591
https://doi.org/10.2307/1165379
https://doi.org/10.1037/0033-2909.84.5.1050
https://doi.org/10.1080/15226514.2019.1652563
https://doi.org/10.1038/s41467-017-02255-z

Microorganisms 2023, 11, 2891 15 of 15

42. Fecker, T.; Galaz-Davison, P; Engelberger, F.; Narui, Y.; Sotomayor, M.; Parra, L.P.; Ramirez-Sarmiento, C.A. Active Site Flexibility
as a Hallmark for Efficient PET Degradation by I. sakaiensis PETase. Biophys. J. 2018, 114, 1302-1312. [CrossRef]
43.  Winsor, C.P. The Gompertz curve as a growth curve. Proc. Natl. Acad. Sci. USA 1932, 18, 1-8. [CrossRef]

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


https://doi.org/10.1016/j.bpj.2018.02.005
https://doi.org/10.1073/pnas.18.1.1

	Introduction 
	Materials and Methods 
	Microbial Community Analysis 
	Primary and Final Taxonomic Identification 
	Species Exposure to Bisphenol A, Bisphenol S, and 17-ß Estradiol 
	Computational Simulation of BPA, BPS, and Estradiol as Substrate for I. sakaiensis PETase and MHETase 
	Growth Curve Statistical Analysis 

	Results and Discussion 
	Community-Level Physiological Profile and Strains Identification 
	Evaluation of Species Growth during BPA Exposure 
	Molecular Docking Results 
	Growth Curve Analysis 

	Conclusions 
	References

