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Abstract: Understanding of the metabolic pathways connected with a removal of micropollutant
bisphenol A (BPA) may help to better design effective wastewater treatment processes. The aim
of this study was to determine changes in gene expression in an aerobic granular sludge (AGS)
community exposed to BPA. In the study, AGS adapted to BPA degradation was used. In this sludge,
BPA was dosed; as a control sample, granules without BPA addition were used. mRNA was isolated
from both samples and sequenced using the Illumina platform. Metatranscriptome analysis of
AGS exposed to BPA indicated direct biodegradation as the main mechanism of BPA removal from
wastewater. High expression of genes coding pilus and flagellin proteins in the BPA-exposed biomass
indicated that exposition to BPA stimulated aggregation of microbial cells and formation of biofilm.
In the BPA-exposed biomass, nitrogen was mainly used as an energy source, as indicated by the
presence of genes coding nitrification enzymes and urease. Moreover, exposition to BPA stimulated
expression of genes coding proteins responsible for xenobiotic degradation, including enzymes
responsible for benzoate degradation. These results increase knowledge about BPA metabolism in
complex microbial communities in wastewater treatment systems and indicate that AGS is suitable
for efficiently removing BPA from wastewater.
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1. Introduction

Accelerated urbanization and significant industrial development in recent years have
increased the occurrence of micropollutants in aquatic environments. Many wastewater
treatment plants (WWTPs) are not adapted for the elimination of those toxic compounds,
and as a result, many of these micropollutants pass through the treatment process, en-
ter surface waters, and become a danger to wildlife and a problematic issue for the drinking
water industry [1].

Bisphenol A (BPA) is an anthropogenic compound used for the manufacturing of
plastic or epoxy and polycarbonate resins. BPA is also commonly used for the produc-
tion of electronic and electric equipment, layers of metal cans for food and beverages,
flame retardants, and many other products [2]. Research by Bolz et al. [3] detected BPA in
German surface waters at concentrations up to 0.4 pg/L. Another study showed that in the
United States, 41% of examined streams were polluted with BPA in concentrations ranging
from 0.14 pg/L to 12 pg/L [4]. Even small BPA concentrations of 1-10 pg/L cause serious
toxicity to aquatic organisms—fish, algae, and invertebrates [5]. Matsumura et al. [6]
indicated that low BPA concentrations in soil (1 mg BPA/g) do not affect the microbial
community, but high BPA concentrations (100 mg/g) significantly suppress microbial
activity and growth.

Microorganisms present in the biological reactors of WWTP decompose complex
compounds in wastewater and use simple constituents as energy resources for metabolic
activities or building materials for cell synthesis. Treatment of BPA by biomass is possible
due to biodegradation and biosorption by the microorganisms [7]. Biodegradation of
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BPA by bacteria proceeds via complicated metabolic routes and creates several kinds of
biodegradation products (BDPs). Known BPA-degrading bacteria can grow on BPA as a
sole carbon source—about 70-85% of the total organic carbon is mineralized to CO, or used
to build bacterial cells, while the remaining 15-30% is accumulated in the culture medium
as soluble BDPs [8]. According to the metabolic pathways of BPA degradation (Figure 1)
proposed by Spivack et al. [9], the major pathway (80%) is the cleavage of BPA to form
p-hydroxyacetophenone and phydroxybenzaldehyde, followed by further degradation
of both BDPs via p-hydroxybenzoic acid. In addition, about 20% of the BPA is converted
to 2,3-bis-(4-hydroxyphenyl)-1,2-propanediol via bis(4-hydroxyphenyl)-1-propanol in the
minor pathway.
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Figure 1. Pathways of BPA biodegradation [10].

In biological reactors, different types of biomass can be used. The constant need for
improving existing treatment technologies has led to the cultivation of aerobic granular
sludge (AGS), a promising alternative to conventional activated sludge for micropollutant
removal [11]. AGS has better resistance to toxins than conventional activated sludge
because of its high content of extracellular polymers (EPS) that protect bacterial cells. Also,
the presence of zones with different oxic conditions in the granule structure favors high
species variety and the occurrence of many metabolic pathways enabling micropollutant
degradation [12].

Effective bacterial BPA degraders belong to the genera Sphingomonas sp., Pando-
raea sp., Pseudomonas sp., Bordetella sp., Achromobacter sp., and Nitrosomonas sp. [13-15].
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Oh and Choi [16] observed that during the first 2 weeks of the acclimation period, micro-
bial communities from activated sludge rapidly increased their efficiency of removal of
500-5000 pg BPA /L from 23-29% to 89-99%, after which removal rates remained stable at
>90% for 3 months. Biochemical assays demonstrated that BPA was removed by biodegra-
dation, rather than abiotic removal routes (e.g., adsorption and volatilization). 165 rRNA
gene-based community analysis revealed that exposure to 500-5000 ug BPA /L selected for
three Sphingomonadaceae genera (Sphingobium, Novosphingobium, and Sphingopyxis). The Sph-
ingomonadaceae-enriched communities that had acclimated to BPA removed BPA at a rate
of 7.0 mg VSS~! day !, which was higher than that of other potential BPA degraders.

The cooperation of bacteria in complex technical biocenoses is crucial for effective
BPA removal. A meta-omics analysis that correlated the BPA biodegradation performance
of the microbial community with bacterial activities identified specific substrates, such as
4-1,2-bis(4-hydroxyphenyl)-2-propanol, hydroxy-acetophenone, and 4-hydroxybenzoate,
that were involved in a synergistic interaction of cross-feeding between BPA-degrading
Sphingonomas species and intermediate users such as Pseudomonas sp. and Pusillimonas
sp. [17]. This proposed synergistic interaction was supported by the observation that
a co-culture of Sphingonomas sp. and Pseudomonas sp. isolates demonstrated better BPA
biodegradation than an isolate of Sphingonomas sp. alone.

Understanding microbial interactions in engineering bioprocesses is important for
improving and optimizing performance outcomes. Despite the recognized effect of BPA
on the microbial structure in wastewater treatment systems, very little is known about the
effect of BPA on microbial activity in the complex microbial systems in WWTPs. Therefore,
the objective of this study was to use metatranscriptomic analysis to determine how
exposure to 12 mg/L BPA changes gene expression in a microbial community in aerobic
granular sludge.

2. Materials and Methods
2.1. Experiment Setup

In the first step of the experiment, a sequencing batch reactor with aerobic granular
sludge (GSBR) with a height of 100 cm and diameter of 10 cm was set up. GSBR was
supplied with synthetic municipal wastewater according to [18]. Synthetic wastewater was
used because real wastewater contains other micropollutants that would affect the study
results. To prepare a stock solution, 3.2 g of BPA (purity > 99%, Sigma-Aldrich, Saint Lous,
MO, USA) were dissolved in 50 mL of methanol (99% purity, Chempur, Piekary Slaskie,
Poland). The stock solution was added to wastewater to obtain a concentration of 12 mg
BPA /L. BPA concentrations in a range of 10-12 mg/L are typical of highly contaminated
wastewater [19]. The GSBR was operated at a cycle length of 8 h and a volumetric exchange
rate of 50% for over 100 cycles as described in [12]. Air was supplied continuously at a
rate of 4 L/min through a fine-bubble diffuser. The cycle consisted of 5 min of settling,
5 min of decantation, 5 min of feeding, and 465 min of aeration in the reaction phase.
The concentration of biomass in the GSBR was about 4-5 g MLSS/L. The efficiency of COD,
total nitrogen, and BPA removal exceeded 90%. In the influent and effluent, total nitrogen
(TN), COD (HACH cuvette tests, HACH Lange, Dusseldorf, Germany), total suspended
solids (TSS), and BPA were analyzed. BPA concentrations were determined using HPLC
(Varian, Palo Alto, Australia) with a UV-Vis detector.

In the second step of the experiment, the biomass from GSBR was first kept at 4 °C for
2 weeks (removal of all BPA sorbed on the biomass) and then separated into two flasks
(2 g MLSS/L). In the control flask (control), distilled water was added, while a single dose
of 10 mg BPA /L was added to the second flask (BPA) [19]. Two hours after BPA addition,
the biomass samples were taken from both flasks and embedded in 800 pL of fenozol.
The second step was repeated, and the biomass was once again embedded in fenozol.
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2.2. Metatranscriptome Analysis

The biomass from both experimental repetitions was mixed, and RNA was then
isolated from this mixture using a Total RNA Mini kit (A&A Biotechnology, Gdansk,
Poland). The quality and quantity of RNA were measured using Qubit 3.0 Fluorometer
(ThermoFisher Scientific, Waltham, USA). From the isolated RNA, rRNA was removed
using MICROBExpress™ (Life Technologies, Carlsbad, CA, USA) to enrich bacterial mRNA
from purified total RNA. For the removal of genomic DNA, a reaction mixture was prepared
(1 pL of 10x concentrated dsDNase Buffer, 1 uL of dsDNase (Promega, Madison, USA),
5 ug of RNA, nuclease free water to 10 puL). Purified RNA (1 pug-volume calculated based
on the spectrophotometric measurement of mRNA concentration) was incubated with
the genomic DNA removal buffer and with the addition of nuclease-free water at 37 °C
for 2 min. Then, samples were immediately placed on ice. To obtain cDNA, the 2 uL
remaining RNA was subjected to a reverse transcription using the Thermo Scientific™
Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Roche, Basel, Switzerland); in the
reaction, random hexamer primers were used. The obtained cDNA was sent to the Research
and Testing Laboratory (USA). For amplification, random hexamers were used. High-
throughput sequencing was performed using the MiSeq Illumina platform.

All bioinformatics analyses for community diversity and gene expression were per-
formed by the MG-RAST (MetaGenomics Rapid Annotation using Subsystem Technology)
server at the Argonne National Library. Raw sequences as FASTQ files were uploaded
to the platform. For metatranscriptomic analyses, sequences shorter than 75 bp were
discharged. The remaining sequences were paired-ended and forwarded for further anal-
ysis. Pipeline quality-control options were chosen for the removal of artificial replicate
sequences produced by sequencing artifacts. The taxonomic profiles used the NCBI tax-
onomy. Then, using hierarchical classification, the functional profiles were generated
using KEGG Orthologs (KO) and SEED Subsystems. To get information about all general
metabolic pathways, data were annotated with default settings: alignment length of 15 bp,
e-value: e-5, and percent identity 60%. For general gene expression analysis, Levels 1 and 2
of KO were used. To study in detail genes responsible for metabolic pathways, Level 3 of
KO and KEGG mapper internal tool was used. Sequence libraries of cDNA were archived
in the MG-RAST database under accession numbers: control-4790864.3, BPA-4790863.3
(R1 and R2 Illumina paired-end reads, respectively).

3. Results

The dataset from the control biomass contained 14,884,214 sequences, totaling 1,843,195,647 bp,
with an average length of 124 bp. Of the tested sequences, 13,311,779 (89.44%) failed to pass
the QC pipeline. Of those, dereplication identified 101,824 sequences as artificial duplicate
reads. Of the sequences that passed QC, 12,748 sequences (1.00%) contained ribosomal RNA
(rRNA) genes, 4929 sequences (0.49%) coded for predicted proteins with known functions,
and 997,708 sequences (98.26%) coded for predicted proteins with unknown functions.

The dataset from the BPA-exposed biomass contained 16,212,696 sequences, totaling
2,013,941,187 bp, with an average length of 124 bp. Of the tested sequences, 14,896,760 se-
quences (91.88%) failed to pass the QC pipeline. Of those, dereplication identified 66 432 se-
quences as artificial duplicate reads. Of the sequences that passed QC, 22,475 sequences
(3.00%) contained ribosomal RNA genes, 2944 sequences (0.33%) coded for predicted pro-
teins with known functions, and 861,726 sequences (97.13%) coded for predicted proteins
with unknown function.

In the examined microbial communities of the AGS, five general metabolic pathways
were annotated using KO at Level 1 (Figure 2). In the control sample, about 39% of the
identified sequences were responsible for metabolism, and in the BPA sample, this value
increased to 50%. Sequences related to human diseases, cellular processes, genetic infor-
mation processing, and environmental information processing constituted 3%, 7%, 39%,
and 12% of the control biomass, and 5%, 5%, 29%, and 11% of the BPA-exposed biomass,
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respectively. A more detailed analysis was conducted using KO at Level 2 (Figure 2),
which allowed for a more precise description of the functions identified at Level 1.
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Figure 2. Gene expression classification of control and BPA samples based on KEGG Orthologs in MG-RAST. Samples were

annotated at Level 1 in five categories (metabolism, human diseases, cellular processes, genetic information processing,

and environmental information processing) and the sub-functions that correspond to the Level-1 categories are shown at

Level 2 (default settings were assumed: alignment length: 15 bp, e-value: e-5, percent identity: 60%, minimum abundance: 3).

Regarding particular functions in the metagenome, the largest shares of expressed
genes in the control sample consisted of those responsible for amino acid metabolism (13%),
protein folding, sorting and degradation (13%), translation (13%), carbohydrate metabolism
(9%), replication and repair (8%), signal transduction (7%), and energy metabolism (7%).
Similarly, the largest shares of genes expressed in the BPA-exposed sample also consisted of
genes responsible for the same functions. However, the percentage of genes responsible for
translation processes was two times higher in the BPA-exposed sample than in the control
sample. The shares of genes responsible for carbohydrate metabolism and amino acid
metabolism also increased noticeably (to 12% and 17%, respectively). The exposition of the
biomass to BPA also led to the expression of genes responsible for biosynthesis of other
secondary metabolites (2%); metabolism of other amino acids (1%), including those in a
pathway of streptomycin biosynthesis; biodegradation and metabolism of xenobiotics (2%);
and genes responsible for cancerogenic pathways (2%) and neurodegenerative diseases
(1%) in humans. In contrast, genes coding for enzymes responsible for cell growth and
death (3%) and glycan biosynthesis and metabolism (1%) were expressed only in the
control sample.

To supplement the information about genes responsible for metabolic pathways,
a more detailed analysis of differences in expression between the control and BPA-exposed
samples was carried out manually using Level 3 of KO and the KEGG mapper visualization
tool. Genes coding for alanine, aspartate, glutamate, valine, leucine, and isoleucine were
expressed in both samples. In the BPA-exposed biomass, genes coding enzymes involved in
the metabolism of cysteine, methionine, histidine, phenylalanine, tyrosine, and tryptophan
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were expressed. Glutamine synthetase, which plays an essential role in the metabolism
of nitrogen by catalyzing the condensation of glutamate and ammonia to form glutamine,
was expressed in the control sample, while in the BPA sample, glutamate dehydrogenase
demonstrated higher expression (converts glutamate to «-ketoglutarate with a by-product
of ammonia). Also, in the BPA-exposed sample, the expression of genes encoding 3-
isopropylmalate connected with protein biosynthesis was observed [20].

The most important differences between the control and BPA-exposed samples were
noticeable in the expression of genes of cellular respiratory pathways. The expression of
genes of glycolysis and citrate cycle was almost two times higher in the control sample
than in the BPA-exposed sample (47% vs. 24% and 27% vs. 6%, respectively). On the other
hand, in the BPA-exposed sample, the expression of genes coding acetylo-coA synthetase,
which takes part in anaerobic respiration in the glycolysis pathway, was two times higher
than in the control sample. Also in the BPA-exposed sample, a high expression of genes
encoding fumarate enzyme, which participates in two metabolic pathways i.e., citric acid
cycle and reductive citric acid cycle (CO; fixation), was observed.

The expression of genes related to the last stage of cellular respiration, which is
oxidative phosphorylation, was much higher in the control sample than in the BPA-exposed
sample. In the BPA-exposed sample, genes involved in nitrogen metabolism were expressed
(67% of overall energy metabolism expression) including periplasmic nitrate reductase
(NapA), which takes part in denitrification.

Within the category of folding, sorting, and degradation, in the control sample,
the genes coding protein processing in the endoplasmic reticulum, heat shock proteins,
as well as genes corresponding to RNA degradation processes were expressed. In the
BPA-exposed sample, only genes corresponding to RNA degradation (90% of identified
sequences) and genes connected with sulphur-rely systems (10%) were expressed. In both
samples, DNA replication genes were active, but in the BPA-exposed sample, their ex-
pression was two times higher. In the control sample, only the DNA ligase genes were
expressed, while in the BPA-exposed sample, genes coding DNA polymerase III subunits
o and € were active.

In the control and BPA-exposed sample, genes responsible for signal transduction cell
motility were expressed in both sampled. In the BPA-exposed sample, high expression of
the gene coding flagellin protein and gene coding protein responsible for pilus assembly
was observed. In the control sample, genes coding glutamine synthetase and coenzyme
Q-cytochrome c reductase were active—glutamine synthetase participates in nitrogen
assimilation during low availability of this element (Figure 3).

| GinB |
NC family Nitrogen assirailation
SRy o— *»[ G |+ oma |
Zn s Po O— HydH |—"0 Hyo |—o»{ znmp | Zpcflpecefr o
AcetoacetateO—_AS ——®[ AwC +»{ AD [ As [ AbE [ AwB |

Short chain fatty acid metabolisma

{ Pgth =™ PgtP | Phosphoglyrerate transport

C4-Dicarboxyrate O—® P { DetD —+#{ Deth | C4-Dicarboxyrate transport
[ pis —F
H@H—”»M Alginate biosynthesis

Figure 3. Two-component system pathway fragment from KEGG mapper, showing the expression of
type IV pilus assembly protein (PilA) in the BPA sample (green) and glutamine synthetase (GInA) in
the control sample (grey).
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The expression of genes coding urease, converting urea into NHj3, was two times
higher in the BPA-exposed sample than in the control sample (Figure 4).

([—13.5.3.9 F»0— 3539 }_1” "
Ureidoglyrine reido-

lycolate (1.1.1.154)

3534 O— »0—{ 2135 [-#O

Allantoate
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o~ Gl mytgbgji]?sm NHz

Figure 4. Purine metabolism pathway fragment from KEGG mapper, showing the active expression
of urease in the BPA sample (green) and the control sample (grey).

The microbial community of the BPA-exposed sample synthesized genes coding sec-
ondary metabolite streptomycin and took part in xenobiotic metabolism and degradation
by the production of enzymes responsible for benzoate degradation. In the control sample,
the activity of these enzymes was not observed.

4. Discussion

In both control and BPA-exposed biomass, the highest expression of genes coding heat
shock chaperone proteins (HSP) was observed; in the BPA-exposed sample, the expression
of genes coding chaperonin GroEL predominated. Those molecular systems are activated
to protect newly synthesized or stress-denaturated proteins from misfolding and aggrega-
tion [21]. It was proved that expression of GroEL and DnaK genes also increased in cells
exposed to osmotic stress, oxidative stress, changes in pH, UV radiation, and toxic com-
pounds, including aromatic ones [22]. Chaperonin GroEL was found in activated sludge
treated with toxic compounds (cadmium, pentachlorophenol, acetone) [23]. The GroEL
was up-regulated in Acinetobacter sp. EDP3 grown at 1000 mg/L of phenol. This protein
functions as an enzyme that prevents misfolding and promotes the refolding and proper
assembly of unfolded polypeptides generated under stress conditions. This way, it stabi-
lizes the protein and increases the resistance of the bacteria to deleterious chemicals or heat
shock stress [24]. In our study, an increased expression of genes coding chaperone DnaK
was observed in the control sample. Some chaperones are activated as starvation stress
proteins [23]. To the control sample, no substrate was added, so this can be a reason for the
increased expression of this HSP.

The exposition of biomass to BPA triggers the expression of genes coding enzymes
involved in xenobiotic metabolism and biodegradation. Cydzik-Kwiatkowska et al. [25]
used the bisdA gene coding for ferredoxin as a molecular marker to investigate BPA de-
grader activity in AGS from a batch reactor supplied with municipal wastewater spiked
with up to 12 mg BPA/L. In the first hour of the cycle in the reactor with 2 mg BPA/L
in the influent, the expression of bisdA was 14-fold higher than in the control reactor dur-
ing this time. After this time, bisdA expression gradually decreased. In reactors with 6
and 12 mg BPA /L in the influent, bisdA expression peaked twice during the cycle (0.5 h
and 4 h of the cycle) relative to that in the control reactor. There was a linear correlation
between the concentration of BPA in wastewater introduced to the reactors and the aver-
aged expression levels of bisdA in AGS. Ferredoxin was probably involved in an initial
hydroxylation of BPA. Ferrodoxin converts BPA to 1,2-bis(hydroxyphenyl)-2-propanol and
2,2-bis(4-hydroxyphenyl)-1-propanol catalyzing the first step of two main BPA degradation
pathways [26].



Energies 2021, 14, 3263

8of11

The high expression of genes coding pilus and flagellin proteins in BPA-exposed
samples indicated that an exposition to BPA stimulated aggregation of microbial cells and
formation of biofilm. Flagellin belongs to intermediate filament proteins taking part in
the stress response and promotion of regeneration after injury, by providing scaffolding
for the cell and binding to signaling proteins and to HSPs [27], while the pilus assem-
bly protein is related to biofilm formation in bacteria [28]. Biofilms create multispecies
communities, held together by a self-produced EPS that protects bacteria. The various
metabolic capabilities of bacteria in biofilm increase the chances of successfully degrading
toxins like BPA [29]. Li et al. [30] investigated the effect of exposition to BPA on the con-
tent of proteins (PN) and polysaccharides (PS) in loosely- and tightly-bound EPS in AGS.
PS and PN contents changed from 17.7 and 11.3 mg/g VSS to 12.4 and 31.7 mg/g VSS in
loosely-bound EPS, and from 37.7 and 35.7 to 24.3 and 88.1 mg/g VSS in tightly-bound EPS,
respectively. The results implied that the increased in EPS content resulted from changes in
PN concentrations, thus indicating the toxic effect of BPA on the production of PN.

Research shows that the use of immobilized biomass in the form of a biofilm or
granular sludge allows for the effective removal of BPA, as high concentrations of EPS
in the biomass protect microorganisms against its negative influence. In the studies by
Cydzik-Kwiatkowska et al. [12], an AGS containing EPS at the level of 104.3 mg/g MLSS
removed BPA with an efficiency of 99.3%. Zielifiska et al. [7], in reactors with immobilized
biomass, achieved a BPA removal efficiency of 87.1-92.9%. For comparison, in reactors with
activated sludge, where the EPS concentration is lower [31], the BPA removal efficiency
was only 84% [32].

Nitrogen metabolism in the control sample was mostly related to nitrogen assimilation,
while in the BPA-exposed sample, nitrogen was mainly used as an energy source. In the
control sample, a high expression of genes coding glutamine synthetase was observed
indicating that microorganisms actively assimilated nitrogen. Glutamine synthetase plays
an essential role in nitrogen metabolism and catalyzes the reaction of glutamate and
ammonia to form glutamine [33]. In the BPA-exposed biomass, a higher expression of
genes coding glutamate dehydrogenase was observed, which converts glutamate to o-
ketoglutarate with ammonia as a by-product.

Zheng et al. [34], based on the metabolic map, found nitrogen genes involved with
glutamate metabolism and arginine biosynthesis. The glutamate can be used either to
replenish the pool of glutamate for glutamine synthetase catalysis or to donate its amino
group to form other nitrogen-containing compounds. The microbial synthesis of glutamine
can be regarded as the first step in a highly branched pathway, which leads to the biosyn-
thesis of a great number of different compounds. Furthermore, glutamate synthase (gltB)
and GDH are important for the incorporation of ammonia (NHj3) into glutamate to form
glutamine. Jiang et al. [35] observed that the relative abundance of the gItB gene in sludge,
which is involved in glutamate synthesis, was 1.7-fold higher in a BPA-exposed reactor
than that in a control reactor. Expression of genes coding the a subunit of urease occurred
in both samples, but in the BPA-exposed sample, this expression was two times higher
than in the control sample. Many ammonia-oxidizing bacteria (AOB) produce urease
including Nitrosococcus sp. and Nitrosospira sp. For AOB, the hydrolysis of urea is a source
of ammonia (as an energy source by nitrification or protein biosynthesis) and carbon diox-
ide [36]. In the BPA-exposed sample, transcripts of genes coding many enzymes needed
for nitrogen metabolism were present such as urease, ammonia monooxygenase (AMO),
hydroxylamine oxidoreductase, or nitrogen regulatory proteins (NtrC). It can be hypothe-
sized that the energy and nitrogen demand may be higher during BPA degradation. In the
BPA-exposed sample, the expression of signal transduction genes involved in nitrogen or
carbon metabolism was two times higher.

Margot et al. [37] observed that BPA was removed better in a reactor with efficient
nitrification because AOB co-metabolized BPA as a result of oxidation by AMO. The bacteria
synthesize AMO, which creates OH radicals that can break down resistant, non-specific
substrates such as hydrocarbons [38]. In the present study, genes coding AMO were active
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in both samples, but in trace amounts, indicating that BPA removal resulted mainly in
heterotrophic activity. Similar conclusions were drawn by Zieliriska and co-workers [7].
The authors proved that in aerobic biofilms, BPA removal was related mainly with an
activity of heterotrophic bacteria. Specific oxygen uptake rates in samples with AMO
inhibitor indicated that ammonium was not removed from wastewater, although BPA was.
This implies that BPA removal was connected with heterotrophic bacteria activity or with
BPA adsorption on biomass particles.

The presence of valine, leucine, and isoleucine in the growth medium is essential for
achieving the high activity of proteins involved in signal transduction processes and for
efficient regulation of the target genes [39]. This confirms the increased expression in the
BPA-exposed biomass genes coding 3-isopropylmalate, which is an intermediate in the
biosynthesis of those three proteins.

In the BPA-exposed biomass, transcripts of genes coding proteins responsible for
xenobiotic degradation, including enzymes responsible for benzoate degradation, were ob-
served. This might be connected with the structure of BPA, which contains hydroxyphenyl
groups and acetate. One of the highly expressed genes coding enzymes from this category
was phenylacetate-coA ligase, which is involved in the catabolism of phenylacetic acid in
Pseudomonas putida [40].

5. Conclusions

The study of changes in gene expression in aerobic granular sludge allows to obtain
information about mechanisms responsible for BPA removal, indirectly indicating the
dominant microbiological changes leading to effective wastewater treatment.

Metatranscriptomic analysis of aerobic granular sludge exposed to BPA indicated
direct biodegradation as the main mechanism of BPA removal from wastewater. In the
BPA-exposed biomass, genes coding chaperon proteins and proteins involved in biofilm
formation were expressed. In the control sample, mainly nitrogen assimilation occurred
(glutamine synthetase), while in the BPA-exposed sample, nitrogen was mainly used as
an energy source as indicated by the presence of genes coding nitrification enzymes and
urease. In the BPA-exposed biomass, genes were synthesized coding proteins responsi-
ble for xenobiotic degradation including enzymes responsible for benzoate degradation.
This might be connected with the chemical structure of BPA.
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