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• Degrading 3-oxo-C12-HSL disrupts the
complete QS system of P. aeruginosa.

• P. aeruginosa expressed less virulence
genes under QQ treatments.

• With QQ P. aeruginosa biofilms were
thinner, simpler and lack secondary
structures.

• QQ decreased diversity in microbial
communities of biofilms from WWTP
samples.
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Biofilms represent an essential way of life and colonization of new environments for microorganisms. This fea-
ture is regulated by quorum sensing (QS), a microbial communication system based on autoinducer molecules,
such as N-acyl-homoserine lactones (AHLs) in Gram negative bacteria. In artificial ecosystems, like Wastewater
Treatment Plants (WWTPs), biofilm attachment in filtration membranes produces biofouling. In this environ-
ment, the microbial communities are mostly composed of Gram-negative phyla. Thus, we used two AHLs-
degrading enzymes, obtained from Actinoplanes utahensis (namely AuAAC and AuAHLA) to determine the effects
of degradation of QS signals in the biofilm formation, among other virulence factors, of a Pseudomonas aeruginosa
strain isolated from aWWTP, assessing molecular mechanisms through transcriptomics. Besides, we studied the
possible effects on community composition in biofilms from activated sludge samples. Although the studied en-
zymes only degraded the AHLs involved in one of the four QS systems of P. aeruginosa, these activities produced
the deregulation of the complete QS network. In fact, AuAAC -the enzyme with higher catalytic efficiency-
deregulated all the four QS systems. However, both enzymes reduced the biofilm formation and pyocyanin
and protease production. The transcriptomic response of P. aeruginosa affected QS related genes, moreover,
transcriptomic response to AuAAC affected mainly to QS related genes. Regarding community composition of
biofilms, as expected, the abundance of Gram-negative phyla was significantly decreased after enzymatic treat-
ment. These results support the potential use of such AHLs-degrading enzymes as amethod to reduce biofilm for-
mation in WWTP membranes and ameliorate bacterial virulence.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Bacteria exhibit coordinated behaviors such as biofilm formation,
secondary metabolite production, bioluminescence, conjugation, or vir-
ulence factor production. To achieve these cooperative features, bacteria
share a cell-to-cell signaling mechanism based on population density,
called Quorum Sensing (QS) (Papenfort and Bassler, 2016; Mukherjee
and Bassler, 2019). N-acyl-L-homoserine lactones (AHLs) represent
the best studied class of QS signal molecules in Gram-negative bacteria.
AHLs are characterized by having a conserved lactone ring and a vari-
able acyl side chain (Schuster et al., 2013; Whiteley et al., 2017). In cer-
tain circumstances, microbial communities coordinate using QS to grow
as aggregates embedded in a matrix of Extracellular Polymeric Sub-
stances (EPS), called biofilms (Flemming et al., 2016; Kumar et al.,
2017). Biofilm formation can be grouped in three stages, namely, irre-
versible cellular adhesion to the surface, population growth with the
production of an extracellular matrix, and biofilm dispersion (Solano
et al., 2014). Biofilms represents an essential way of life and a successful
mechanism of colonization of bacteria in numerous natural and artificial
ecosystems (Huang et al., 2019; Kim et al., 2017). However, in artificial
systems such as Membrane Bioreactors of wastewater treatment plants
(MBR-WWTP), biofilm formation causemembrane biofouling, increasing
the transmembranepressure and loss of permeability. The removal of bio-
fouling by physical and chemical methods reduces MBR lifespan increas-
ing the cost of MBR systems (Kampouris et al., 2018; Meng et al., 2017).
Therefore, new biofouling control systems are required. In the last years,
new microbiological approaches have been developed based on enzy-
matic degradation of EPS or QS disruption (Shi et al., 2018).

Even though microbial populations in WWTP bioreactors differ over
time and among different stations, Proteobacteria, Bacteroidetes, Firmicutes
and Actinobacteria are identified as the most abundant phyla in these
communities (Wu et al., 2019; de Celis et al., 2020). Some orders belong-
ing to Proteobacteria phylum such as Burkholderiales, Pseudomonadales
and Rhizobiales have been reported to increase their abundance in
biofilms, early and late stages, relative to the sludge communities (Luo
et al., 2017). Pseudomonas aeruginosa is a Gram-negative bacterium able
to live in diverse habitats and environments, also being able to act as op-
portunistic human pathogen. More than 10% of its genes, including viru-
lence factor genes, are regulated by QS. Because of this, P. aeruginosa
have become a model organism in QS research (Lee and Zhang, 2015;
Moradali et al., 2017). The QS network of P. aeruginosa consists of at
least four hierarchically interconnected signaling systems. The LasI/LasR
system regulates the remaining three. RhlI/RhlR and PqsABCDE/PqsR reg-
ulate each other, and the latter is also regulated byAmbBCDE/IqsR system
(Perez-Perez et al., 2017).

QS disruption is referred asQuorumQuenching (QQ) and typically in-
volve the use of smallmolecules to inhibit the production, transport and
detection of QS signals, or their degradation using enzymes (Murugayah
and Gerth, 2019). Regarding to AHLs, there are two different enzymatic
mechanisms for their degradation: the opening of the lactone ring by
AHL-lactonases and the cleavage of the amide bond by AHL-acylases.
Moreover, AHL-oxidoreductases catalyze the hydroxylation of AHLs,
modifying its QS activity, but they are less common compared to the
previous ones. For their biotechnological use, AHL-acylases enzymes
have some advantages compared to AHL-lactonases since the reaction
products of AHL-acylases can be used by microorganisms as carbon
and nitrogen sources and cannot form a functional QS signal spontane-
ously (Fetzner, 2015). These QQ enzymes could be used for the control
and treatment of bacterial infections in humans aswell as in agriculture
and aquaculture, and as antifouling agents in MBR systems (Bzdrenga
et al., 2017). In previous studies, our group have reported AHL-acylase
activity for two different acylases from Actinoplanes utahensis NRRL
12052: an aculeacin A acylase (AuAAC) and an N-acyl-homoserine lac-
tone acylase (AuAHLA) that bear 44% of sequence identity between
them. Although, AuAAC was first described as an echinocandin acylase
(Takeshima et al., 1989), this enzyme can also hydrolyze different AHLs
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(both aliphatic and 3-oxo substituted) and natural penicillins (both ali-
phatic and aromatic) (Torres-Bacete et al., 2007; Velasco-Bucheli et al.,
2020). Similarly, the enzyme AuAHLA, identified in the draft genome of
A. utahensis (Velasco-Bucheli et al., 2015), can hydrolyze a broad range
of AHLs, with or without 3-oxo substitution, and several natural penicil-
lins (Serrano-Aguirre et al., 2021). As most of the described AHL-
acylases, these extracellular heterodimeric enzymes have an αββα fold
and a conserved nucleophilic catalytic residue in the N-terminal (serine
in both cases), characteristics of the N-terminal nucleophile (Ntn) hydro-
lase superfamily (Oinonen and Rouvinen, 2000).

In this work, we assess the effects of two different AHL-acylases on
the degradation of the AHLs produced by P. aeruginosa. First, we studied
the enzymatic disruption of the biofilm formation and other virulence
factors (i.e., pyocyanin and protease production) in P. aeruginosa strains
isolated from WWTPs. In addition, the impact of both enzymes in the
development of mixed liquor-bacterial communities was studied
using a metataxonomic approach. Finally, we conducted an RNA-Seq
analysis in order to determine the effect of the studied AHL acylases
on the whole transcriptome of P. aeruginosa, trying to decipher the mo-
lecular basis of the effect of these enzymes in P. aeruginosa behavior.

2. Material and methods

2.1. Bacterial strains and growth conditions

A total of six Pseudomonas aeruginosa strains were isolated from a
full-scale MBR-WWTP described by de Celis et al. (2020) by inoculating
mixed liquor samples in Pseudomonas Selective Isolation Agar (PSIA;
Krueger and Sheik, 1987), and identified by sequencing the PCR-
amplified region of 16S rRNA gene by using the Y1 (5′-TGGCTCAGAAC
GAACGCTGGCGGC-3′) and Y2 (5′-CCCACTGCTGCCTCCCGTAGGAGT-3′)
primer set (Young et al., 1991). A list of the 6 isolated strainswith infor-
mation about their identification and the GenBank accession codes for
their 16S rRNA amplicon sequences can be bound in Supplementary
Table S1. P. aeruginosa strain M3.15R2 was selected to assess its re-
sponses to AHL degradation.

P. aeruginosa strain M3.15R2 was routinely grown at 28 °C in Luria-
Bertani (LB) medium prepared in 0.1 M potassium phosphate buffer,
pH 8.0.

2.2. Acylase enzymes

AuAAC andAuAHLAwere purified to homogeneity and acylase activ-
ity was routinely assayed using penicillin V as substrate by the p-
dimethyl-aminobenzaldehyde method as previously described
(Torres-Bacete et al., 2007; Serrano-Aguirre et al., 2021). One interna-
tional activity unit (IU)was defined as the amount of enzymeproducing
1 μmol/min of 6-APA under the assay conditions.

The potential use as quorum quenching (QQ) agents of AuAAC and
AuAHLA was assessed by evaluating the virulence factors production
and biofilm formation in P. aeruginosa.

2.3. Effect of AuAAC and AuAHLA on AHLs degradation and virulence factors
production in P. aeruginosa

Cell-free supernatants from P. aeruginosaM3.15R2 cultures were in-
cubated for 17 h with 1 IU/mL of each enzyme, then AHLs degradation,
pyocyanin production and protease activity were quantified. Cell-free
supernatants without enzymes as well as heat-inactivated enzymes
were used as negative controls.

For AHLs quantification, AHLs were extracted twice with equal vol-
umes of acidified ethyl acetate (Pearson et al., 1995). Organic solvent of
combined extracts was removed at 45 °C using a speed vacuum concen-
trator and dried samples were stored at -20 °C and dissolved inmethanol
prior to analysis. The extracellular levels of 3-oxo-C12-HSL and C4-HSL
were measured by HPLC-MS/MS using a Shimadzu LCMS8030 (USA)
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equipment and a PhenomenexGemini ColumnC18 110Å (150×2mm, 5
μmparticle size)with a PhenomenexC18pre-column(4×2mm).Mobile
phase A was water and mobile phase B was methanol and the gradient
profile was as follows: 0% phase B for 1 min, from 0 to 100% phase B for
5 min, 100% phase B for 1.5 min, from 100 to 0% phase B for 1 min and
0% phase B for 1.5 min; at a flow rate of 0.4 mL/min.

Pyocyanin was extracted with chloroform, re-extracted with HCl
and its absorbancemeasured at 520nm(Essar et al., 1990). Extracellular
protease activity was assayed using azocasein as substrate and spectro-
photometrically measured at 440 nm following the method previously
described by Ayora et al. (Ayora and Gotz, 1994).

2.4. Effect of AuAAC and AuAHLA on biofilm formation in P. aeruginosa

Biofilm formation was assayed in 96-well plates following a previ-
ously described method with slight modifications (Merritt et al.,
2005). Briefly, AuAAC or AuAHLA (from 0.5 to 2 IU/mL) were added to
a P. aeruginosa M3.15R2 suspension (final OD600 = 0.01). Heat-
inactivated enzymes were used as negative controls. Plates were incu-
bated at 28 °C for 17 h without shaking. Then, culture medium and
planktonic cells were removed by washing with distilled water, and at-
tached cells were stained using 0.1% (w/v) crystal violet solution for 15
min. Unbound dye was removed by washing wells with distilled water
and plates were air-dried before crystal violet solubilization with 30%
(v/v) acetic acid. Finally, absorbance was measured at 570 nm.

2.5. AuAAC and AuAHLA effect on P. aeruginosa transcriptome

WWTP-isolated P. aeruginosa M3.15R2 was cultured in buffered LB
for 17 h at 28 °C and 180 rpm in presence or absence of QQ enzymes
at a final concentration of 1 IU/mL. Cultures were centrifuged at
4000 rpm for 10 min and biomass was frozen at -80 °C.

2.5.1. RNA preparation and sequencing
RNA was extracted from frozen cells using NZY total RNA isolation

kit (NZYtech, Portugal). RNA quality analysis, library preparation, RNA
sequencing and bioinformatics analyses were carried out at the Bioin-
formatics and Genomics Unit of The Institute of Parasitology and Bio-
medicine “López-Neyra” (IPBLN-CSIC, Granada, Spain). The quality of
the RNAs was evaluated by Bioanalyzer (Agilent Technologies) and
samples with RNA Integrity Number (RIN) ≥ 8.2 were selected to subse-
quent analysis. Next, rRNA was depleted using the NEBNext rRNA De-
pletion Kit (Bacteria; New England Biolab) following manufacturer's
specifications. Finally, libraries were constructed using TruSeqTM
Stranded RNA sample preparation Kit, according to Illumina's instruc-
tions. In addition, libraries quality was validated by Qubit dsDNA HS
Assay Kit (ThermoFisher) and 2100 Bioanalyzer (Agilent Technologies).
Afterwards, these libraries were sequenced on an IlluminaNextSeq 500,
producing 30 Gbp of 75bp paired end reads.

2.5.2. Transcriptome data analysis
MiARma-Seq pipeline, with modifications, was used to analyze all

transcriptomic samples (Andres-Leon et al., 2016). Briefly, quality eval-
uation of raw data was done using FastQC software (Andrews, 2010).
We used sortmeRNA software to filter overrepresented rRNA fragments
(Kopylova et al., 2012). Then, the resulting reads were mapped to
P. aeruginosa PAO1 (Pseudomonas_aeruginosa_pao1, ASM676v1.37)
genome using Burrows-Wheeler Aligner (BWA) v0.7.11 (Li and
Durbin, 2009), and the number of read counts per feature was obtained
using Htseq-count v0.6.1 (Anders et al., 2015). Differently Expressed
(DE) genes were calculated in comparisons between different treat-
ments, using DESeq2 package v1.26.0 (Love et al., 2014). A gene is con-
sidered DE if the False Discovery Rate (FDR) value is <0.05.

In order to envisage the effect of gene expression alteration in a
broader way, KEGG enrichment was calculated from the locus gene
name from P. aeruginosa previously acquired from GenBank.
3

2.6. P. aeruginosa biofilms development using AuAAC and AuAHLA
immobilized onto glass slides

The effect of immobilized AuAAC and AuAHLA on P. aeruginosa
M3.15R2 biofilm development was studied by using chambered glass
slides (Lab-Tek II Chamber Slide system, Thermo Fisher). Both enzymes
were immobilized by using (3-aminopropil)-triethoxysilane (3-APTS)
and glutaraldehyde, following a previously reported method (Torabi
et al., 2007; Velasco-Bucheli et al., 2020). In brief, after washing with
methanol and 2 M NaOH, glass slides were incubated with 10% (v/v)
3-APTS for 2 h. Then, slides were washed with deionized water, soaked
in 10% (v/v) glutaraldehyde for 4 h, washed again with deionized water
and air-dried. AuAAC or AuAHLA were immobilized on treated slides
using a 0.5 IU/mL solution of each enzyme in 0.1 M phosphate buffer
pH 8.0 at room temperature for 17 h. For control slides, 0.1Mphosphate
buffer pH 8.0 was used. After incubation, slides were rinsed with 0.1 M
phosphate buffer pH 8.0, incubated in 0.1 M glycine dissolved in 0.1 M
phosphate buffer pH 8.0 for 30 min to block any unreacted aldehyde
groups, and then washed with 0.1 M phosphate buffer pH 8.0. Finally,
P. aeruginosa suspension was used for inoculating chamber slides
(final OD600 = 0.01) that were incubated at 28 °C for 24 h in a closed,
humidified container. After the incubation, planktonic cells were
washed, and the biofilm development was assessed by DIC microscopy
(Nikon Eclipse 80i microscope with a Nikon Digital Sight camera);
epifluorescence microscope (Olympus BX61;); and confocal scanning
laser microscopy (CLSM, Nikon Eclipse 90i, Mississauga, ON, Canada).
LIVE/DEAD BacLight kit, (Thermo Fisher) was used for epifluorescence vi-
ability determinations. Characteristics of image series were quantified
using COMSTAT analysis software (Heydorn et al., 2000).

2.7. Amplicon survey of microbial communities present in biofilms
developed by mixed liquor-bacterial communities

Mixed liquor samples from WWTP were incubated in 200 mm
Petri dishes to assess the effect of studied QQ enzymes in bacterial
community shifts. Following the same process described above, the
enzymes were immobilized onto the Petri dishes, and mixed liquor
samples were incubated for 96 h, allowing biofilm development.
Planktonic cells were removed, and biofilms were utilized for DNA
extraction, using DNA Power Soil extraction kit (MoBio Laboratories
Inc., USA). Amplicon libraries were prepared using the primers 515F
(GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACNVGGGTWTCTA
AT), covering the V4 region of the 16S rRNA gene, and following the
two-step PCR Illumina®. Libraries were sequenced on Illumina®
MiSeq instrument (Illumina®, USA) using 2 × 300 paired end reads
(Albers et al., 2018; Becares and Fernandez, 2018).

Sequences were processed using DADA2 algorithm implemented in
an R pipeline (Callahan et al., 2016b), including the steps: denoise, filter,
align pairs and filter out chimeras. This algorithm implements an error
correction model, giving as final output an amplicon sequence variant
(ASV) table (Callahan et al., 2016a). The taxonomic assignment of the
698,900 total good quality reads was performed using the classifier im-
plemented in theDADA2R pipeline, using as reference database Silva (re-
lease 132), with a cutoff value of 80% bootstrap (Quast et al., 2013).
Microbial diversity analysis was performed using phyloseq (McMurdie
and Holmes, 2013) and vegan (Oksanen et al., 2019) R packages. Alpha-
and beta- diversity was calculated as Shannon diversity index and Bray-
Curtis dissimilarity matrix on Hellinger transformed data, respectively.

3. Results

3.1. Effect of AuAAC and AuAHLA on P. aeruginosa Quorum Sensing-regulated
processes

Quorum quenching, caused by the exogenous addition of soluble
AuAAC and AuAHLA into WWTP-isolated Pseudomonas aeruginosa
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M3.15R2, was studied by measuring AHLs levels, virulence factors pro-
duction and biofilm adherence. First, we measured the extracellular
concentration of the main AHLs (C4-HSL y 3-oxo-C12-HSL). The amount
of 3-oxo-C12-HSL was significatively reduced in presence of 1 IU/mL
AuAAC or AuAHLA, while C4-HSL concentration was not affected by nei-
ther of the enzymes (Fig. 1a). The virulence factors assessed in this study
were protease activity and pyocyanin production. Protease activity was
also reduced by 47% and 28% in cultures with AuAAC and AuAHLA, re-
spectively (Fig. 1b). Furthermore, the addition of AuAAC or AuAHLA de-
creased pyocyanin production by 67% and 83%, respectively. Regarding
biofilm formation by P. aeruginosa, different concentrations of both en-
zymes (ranging from 0.5 to 2 IU/mL) were added and then, we mea-
sured the biofilm adherence. Both AuAAC and AuAHLA weakened
biofilm adherence at concentrations from 1 to 2 IU/mL (Fig. 1c). Al-
though at increasing concentrations of AuAAC biofilm inhibition was
higher, AuAHLA presented no differences at increasing concentrations.
Fig. 1. Quorum quenching activity of AuAAC and AuAHLA in Pseudomonas aeruginosa M3.15R
pyocyanin production. (c) Biofilm formation. Asterisks (*) represent significative differences c
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This result was also observed in the other WWTP-isolated
P. aeruginosa strains, since reduction of biofilm adherence was detected
in 3/5 and 4/5 strains using 1 IU/mL of AuAAC or AuAHLA, respectively
(Supplementary Fig. S1). Altogether, these results confirmed that
AuAAC and AuAHLA can disrupt QS-regulated processes in P. aeruginosa.

3.2. Transcriptomic responses to AuAAC and AuAHLA addition

We compared the transcriptomic profiles of P. aeruginosa M3.15R2
under AuAAC/AuAHLA-treatments with that present under untreated
control conditions. First, we investigated whether the degradation of
AHL by the two studied acylases results in a distinct transcriptional
profile. A Principal Component Analysis (PCA) revealed a different tran-
scriptional effect of both enzymes, showing a clear clustering pattern for
each treatment (Supplementary Fig. S2a). Besides, a different number of
differentially expressed genes (DEGs) were obtained for each treatment,
2 cultures. (a) 3-oxo-C12-HSL and C4-HSL extracellular levels. (b) Protease activity and
ompared to controls (t-test, p value < 0.05).
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being 134 DEGs (|logFC| > 1, FDR < 0.05) with absolute accumulated
logFC being 284.02 under AuAAC treatment, and 306 DEGs with absolute
accumulated logFC 445.76 under AuAHLA treatment (Supplementary
Fig. 2. Transcriptomic effects of AuAAC and AuAHLA addition to P. aeruginosaM3.15R2 cultures
change (log2) of pathways related to quorum sensing and virulence factors of P. aeruginosa.

5

Fig. S2b). DEGs were mapped to the KEGG database to elucidate the
enriched signal transduction pathways. Under AuAAC treatment, the
enriched pathways were related to QS, while under AuAHLA treatment
. (a) KEGG enrichment analysis of the differentially expressed genes. (b) Accumulated fold
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enriched pathwayswere related to bacterial chemostasis or different car-
bon and nitrogenmetabolisms (Fig. 2a, Supplementary Table S2). We fo-
cused on genes that affected QS signaling network and biofilm formation
by P. aeruginosa. Figs. 2b and 3, and Supplementary Table S3 summarize
the genes of interest and the QS transcription signaling network. The
four QS signaling systems in P. aeruginosa (las, iqs, pqs and rhl) were re-
pressed under AuAAC treatment (Lee and Zhang, 2015) (Fig. 2b). In addi-
tion, the expression of rhamnolipid and pyocyanin biosynthesis, type VI
secretion system, among other virulence factor genes were also reduced
by AuAAC. In the same line, Pqs and rhl systems were also down-
regulated under the AuAHLA treatment. However, iqs system and lasR
(transcriptional activator gene of the las system) had no significant differ-
ences, while lasI (AHL-synthase gene), was up-regulated (Supplementary
Table S3; Fig. 2b). Genes related to pyocyanin and rhamnolipid biosynthe-
sis pathways were less repressed by AuAHLA treatment, along with type
VI secretion system genes and other virulence factors (Fig. 2b).

3.3. Quorum quenching activity of immobilized AuAAC and AuAHLA on
biofilm formation

We evaluated the QQ effects on biofilm formation of the studied en-
zymes at two different levels. First, P. aeruginosa M3.15R2 strain was
cultured in silanized slides with immobilized AuAAC or AuAHLA and
then, we took images using epifluorescence microscope, differential in-
terference contrast and confocal scanning laser microscopy Second, we
carried out an amplicon survey to study the development of biofilms by
complex bacterial populations inhabitingmixed liquor samples in pres-
ence or absence of the immobilized enzymes.

P. aeruginosaM3.15R2 strain exhibited different biofilm structure in
presence of AuAAC or AuAHLA enzymes. In absence of QQ enzymes,
biofilms were thicker and more complex, whereas biofilms cultured in
presence of these enzymes were more dispersed and formed less cellu-
lar aggregates (Fig. 4). Structural differences between biofilms were
measured using the image analysis software COMSTAT (Table 1). The
COMSTAT parameter that better showed the differences between
treated and untreated biofilms was the average thickness, being un-
treated biofilms 26% and 18% thicker (ANOVA p < 0.05), accompanied
by surface to volume ratio (ANOVA p < 0.05). Surface area and biomass
were reduced by 58% and 68%, respectively, in presence of AuAAC
(ANOVA p < 0.05), whereas roughness was diminished by 45% with
AuAHLA treatment (ANOVA p < 0.05) (Table 1).

To assess WWTP biofilm population shifts produced by AuAAC and
AuAHLA activities, the microbial community diversity (alpha-diversity)
and the community differences between samples (beta-diversity) were
calculated (Supplementary Fig. S3). Shannon index (H’) was calculated
asmeasurement of alpha-diversity, showing lower diversity on samples
thatwere incubated in presence of any of the studied enzymes (ANOVA,
p < 0.05). For beta-diversity, Principal Coordinates Analysis (PCoA)
based on Bray-Curtis dissimilarities was used. PERMANOVA analysis
showed significant differences in the microbial composition between
the samples treated with both enzymes and the control ones (p <
0.05, R2 = 0.154). However, no differences were found between both
enzymes. At the taxonomic (phyla) level, Gammaproteobacteria were
less abundant in presence of the enzymes, whereas Planctomycetes
were increased (Supplementary Fig. S4).

4. Discussion

AHL degrading activity and Quorum Quenching (QQ) activity have
been described for several acylases belonging to Ntn-hydrolase super-
family, including AHL, penicillin V, penicillin G and aculeacin A acylase
groups (Utari et al., 2017; Velasco-Bucheli et al., 2020). In this study
we have analyzed the QQ activity of an aculeacin A acylase (AuAAC)
and an N-acyl-homoserine lactone acylase (AuAHLA), both obtained
from the Gram-positive microorganism Actinoplanes utahensis. As men-
tioned before, these enzymes share 44% sequence identity and recently,
6

their ability to hydrolyze AHLshas been demonstrated (Serrano-Aguirre
et al., 2021; Velasco-Bucheli et al., 2020). However, they have shown
some substrate specificity differences. Regarding AHLs, both enzymes
showed activity over AHLswith long acyl chains andwithout 3-oxo sub-
stitution and neither of them can hydrolyze AHLs with acyl chains
shorter than C6-HSL. Particularly, catalytic efficiencies determined
in vitro using 3-oxo-C12-HSL as substrate were 46.8 mM-1 s-1 and 6.11
mM-1 s-1 for AuAAC and AuAHLA, respectively (Serrano-Aguirre et al.,
2021; Velasco-Bucheli et al., 2020). However, these acylase activities
might have been reduced in our experiments compared to in vitro enzy-
matic reactions, because of the growth conditions or the possible pro-
teolytic degradation produced in culture media.

To study the potential use of AuAAC and AuAHLA as QQ agents, we
analyzed their effect on P. aeruginosa QS-regulated processes. The addi-
tion of autoinducer inhibitors is a quick method to induce QS-deficient
phenotypes, allowing the identification of QS-controlled genes and ge-
notypes (Mellbye et al., 2016). The main autoinducers of P. aeruginosa
are 3-oxo-C12-HSL and C4-HSL, but additional autoinducers have been
identified for P. aeruginosa (including some much less abundant AHLs)
(Ortori et al., 2011). AuAAC and AuAHLA strongly reduced the accumu-
lation of 3-oxo-C12-HSL unaffecting C4-HSL levels, without affectingmi-
crobial growth.

Regarding the rhl QS system of P. aeruginosa, transcriptomic analysis
revealed that rhlI gene (C4-HSL synthase activated via C4-HSL and by the
las system) was inhibited by the addition of both enzymes, while rhlR
gene expression was only reduced by AuAAC (Mukherjee et al., 2018).
This fact explains why regardless of only 3-oxo-C12-HSL concentration
seems to be diminished by both enzymes, the C4-HSL controlled rhl QS
system is more affected than the las system. Surprisingly, PQS synthesis
genes were also inhibited under both treatments and AuAAC also re-
duced the expression of pqsH (required for PQS synthesis). This effect
is due to the interconnected nature of P. aeruginosa QS systems. PQS
synthesis is positively regulated by las system (regulating the transcrip-
tional regulator of pqsABCD operon, and pqsH) and negatively by rhl sys-
tem (Lee and Zhang, 2015). However, PQS positively regulates rhl
system via pqsE, that was inhibited in both treatments. Just because of
3-oxo-C12-HSL degradation by both enzymes, the whole QS network is
to some extent altered. Rhl system seems to be more inhibited by
AuAAC than AuAHLA treatment, a fact that can be explained by the
higher catalytic efficiency for 3-oxo-C12-HSL, as mentioned above. This
would mean a better prevention of las system activation pathway and
pqsE inhibition, necessary for the full activation of the rhl system (Cao
et al., 2001).

P. aeruginosa bacterial pathogenesis ismediated by the production of
several virulence factors, some of which are regulated by QS (Azam and
Khan, 2019).We have focused our study on protease activity and pyocy-
anin production. Protease activity in P. aeruginosa is related to iron scav-
enging (Laarman et al., 2012) and host immune evasion (Park et al.,
2000), while pyocyanin is related to cytotoxicity (Lau et al., 2004). We
analytically observed a significant decrease on these virulence factors
production in presence of both enzymes. Protease activity wasmore re-
duced by AuAAC addition, in which lasA protease and alkaline protease
genes expression were also significantly reduced. Although pyocyanin
production appeared to decrease more with the addition of AuAHLA,
the expression of its biosynthesis pathway genes was lower in cultures
with AuAAC. Moreover, via transcriptomic analysis, we observed how
both studied enzymes down-regulated numerous genes encoding viru-
lence factors (Fig. 2), in addition to the genes controlling pyocyanin and
protease production. In summary, AuAAC has shown a higher capability
on inhibiting QS related genes than AuAHLA, probably due to its higher
catalytic efficiency degrading 3-oxo-C12-HSL. Because of that, the ob-
served QQ effect of AuAHLA is weaker than the QQ effect of AuAAC,
and thus, disrupts at a lesser extent the QS signaling network of
P. aeruginosa.

Focusing on biofilm formation, the enzymatically treated
P. aeruginosa cultures produced thinner and simpler biofilms, with less



Fig. 3.Quorum sensing signaling network of Pseudomonas aeruginosa. Relevant systems implicated in the regulation of biofilm formation are shown. Red circles show inhibition effects by
AuAAC (panel A, E1) and AuAHLA (panel B, E2), and green circles overexpression effects. All changes in gene expression are expressed as the fold change of the genes under the enzymes-
treated condition compared to the untreated condition.
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secondary structures. We studied the inhibition of biofilm formation
using both enzymes at 1 UI/ml, however, AuAAC presented a stronger
inhibition at increasing concentrations. P. aeruginosa biofilm formation
occurs sequentially, starting with an initial attachment, then with a
mushroom-shaped microcolony formation stage and finally with a bio-
film maturation stage (Klausen et al., 2003). This initial attachment
stage starts with cell adhesion to a surface, and several genes are im-
plied (Skariyachan et al., 2018). For example, it is known that lectins
(lecA and lecB) enhance adhesion ability (Grishin et al., 2015), and
7

lecA gene expression was enhanced by AuAHLA addition. These genes
are regulated by the rhlQS system (Diggle et al., 2006) and even though
the rhlI gene is under-expressed in presence of AuAHLA, rlhR expression
levels and extracellular C4-HSL levels remain unaltered. Besides, type VI
secretion system also plays an important role in biofilm formation
(Bains et al., 2012; Chen et al., 2020), of whichHSI-2 island gene expres-
sion was reduced in presence of AuAAC and, at a lesser extent, AuAHLA.
Altogether, these facts explain the higher surface of untreated and
AuAHLA treated biofilms compared to AuAAC treated biofilms. As



Fig. 4. Pseudomonas aeruginosaM3.15R2biofilmdevelopment inhibition on glass slides.Microphotographswere obtained using a or anOlympus BX61 epifluorescencemicroscope (upper)
at ×400 total magnification, and differential interference contrast (DIC) microscopy (lower) at ×1000 total magnification.
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previously mentioned, pyocyanin production and biosynthesis genes
expression were reduced by effect of the enzymatic treatments. Pyocy-
anin is implied in the release of eDNA through cell lysis, which play a
structural role in biofilm formation, either enabling twitching motility,
conferring antibiotic resistance or as alternative nutrient source (Das
and Manefield, 2012; Tahrioui et al., 2019). Moreover, rhamnolipids
play multiple roles in biofilm formation, such as being involved in for-
mation of mushroom-shaped microcolonies, maintaining channel
structures or facilitating biofilm dispersion (Rasamiravaka et al.,
2015). Rhamnolipid biosynthesis pathway is regulated via rhl QS sys-
tem, and the expression of genes of its biosynthetic pathways was re-
duced in presence of both enzymes. The lack of complexity in biofilms
from QS-deficient cultures (those treated with both enzymes) is ex-
plained by the inhibition of gene expression related with biofilm matu-
ration. Even though C4-HSL levels are unaltered in presence of both
enzymes, the hierarchy and interconnection of all P. aeruginosa QS sys-
tems allows the inhibition of several QS related genes, leading to differ-
ent biofilm phenotypes, only by 3-oxo-C12-HSL degradation. Despite the
similar phenotypic response, AuAAC-induced transcriptomic response
was found as more related to QS than the response to AuAHLA, giving
a more specific QQ effect.

Biofilms generated inmembrane bioreactors consist of complex con-
sortia with highly spatial heterogeneity and temporal variation (Jeong
et al., 2019). We aimed to capture this heterogeneity by culturing
wastewater samples in glass Petri dishes, with or without the addition
of each enzyme studied. We observed a significative diminution in
alpha diversity and the number of detected ASVs in treated samples.
The degradation of AHLs breaks the microbial communication system
and thus, slows down the initial bacterial adhesion (Wang et al.,
2021). These initial colonizers make the surface suitable for additional
microbial species (Dang and Lovell, 2016). This loss of diversity was
more accused in Gammaproteobacteria, a Gram-negative order which
abundance was significantly diminished. Beta diversity showed no dif-
ference between both enzymatic treatments, but significant differences
with the control communities of untreated samples. In conclusion, this
QQ approach prevented the initial adhesion of surface colonizers and
thus, the recruitment of secondary colonizers hence, considerably
changed the microbial community of the biofilms developed.
Table 1
COMSTAT analysis of biofilm development experiments.

Treatment Roughness Surface/biovolume ratio

AuAAC 1.32 ± 0.26 1.30 ± 0.15*
AuAHLA 0.60 ± 0.32* 0.87 ± 0.13*
Control 1.10 ± 0.33 1.93 ± 0.35

(a) Results are averages ± standard deviation for n = 5 samples.
(b) Results different for 95% confidence interval, P < 0.05, by t-test.
An asterisk (*) indicates significant differences of a treatment compared to the control assay, P
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Similar QQ results to those obtained in this study were previously
observed in P. aeruginosa cultures by adding different AHL-acylases or
overexpressing them (Sio et al., 2006;Wahjudi et al., 2011). Besides, ex-
ogenous addition of AhlM from Streptomyces sp. (Park et al., 2005), PVAs
from Pectobacterium atrosepticum (PaPVA) or from Agrobacterium
tumefaciens (AtPVA) (Sunder et al., 2017) and PfmA from
Pseudoalteromonas flavipulchra (Liu et al., 2017) resulted in a reduction
of virulence factors production. It should be noted the notable sequence
identity between the enzymes used in this study and AhlM, showing
87% identity with AuAAC and 50% identity with AuAHLA. Although all
the Ntn-superfamily members, such as the enzymes used in this
study, share the same catalytic mechanism, differences on the active
site structure can lead to a diverse substrate specificity between them.
This fact could be advantageous for their application to disrupt QS-
processes of a determined target pathogenwithout affectingQS systems
of other microorganisms. The industrial application of these enzymes is
a challenge, the practical issues concerning production costs and the
strategy of enzyme inoculation should be solved in the near future.
The studied enzymes are already cloned in amenable host,whose indus-
trial production at profitable costs are feasible.

5. Conclusions

This work shows that AHLs degradation by QQ enzymes modulates
the expression of diverse genes in P. aeruginosa. The expression of
genes in all the QS systems described in P. aeruginosa was altered at
some extent by any of the studied enzymes, due to the interconnected
nature of these systems. The AHL degradation implied a lack of activa-
tion of transcriptional regulators needed for the activation of numerous
genes, some of them needed for the production of virulence factors and
the biofilm phenotype. These results support the potential use of these
enzymes as a method to reduce bacterial virulence and a method to re-
duce bacterial colonization and biofouling of anthropic substrates such
as MBR-WWTP via biofilm formation. Transcriptome analysis of
P. aeruginosa in presence of AuAAC and AuAHLA provided plenty of in-
formation about how their addition can affect P. aeruginosa processes,
which is of key importance in terms of using this kind of QQ strategy,
along with other antimicrobial compounds.
Surface area Biomass Average thickness

2.84·106 ± 1.41·106* 1.17 ± 0.51* 6.88 ± 1.41*
8.18·106 ± 9.56·105 3.32 ± 1.40 7.68 ± 0.18*
6.70·106 ± 2.93·106 3.68 ± 1.92 9.36 ± 1.04

< 0.05, by t-test.
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Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149401.
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