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A B S T R A C T

Biofilms shield microbial communities from various environmental threats, including antimicrobial agents. Such 
protection renders bacterial cells within biofilms more resistant to antimicrobial agents than their planktonic 
counterparts. Degradation of the exopolysaccharides of the biofilm matrix using glycoside hydrolases (GH) 
strongly increases the efficacy of antimicrobials against biofilms. Staphylococcus aureus is a leading cause of 
infections in both humans and animals, with many of its strains producing biofilms rich in β-1,6-N-acetyl-D- 
glucosamine (PNAG), the primary component of the extracellular matrix of their biofilms. In this study, we 
recombinantly produced and biochemically characterized two glycoside hydrolases from GH20 family, ApGH20 
and ChGH20, both of which specifically target PNAG. These enzymes effectively degraded and inhibited biofilm 
formation of S. aureus human clinical strain which produces a robust PNAG-based biofilm. Both enzymes also 
demonstrated high activity against several veterinary S. aureus isolates. All of these isolates have been sequenced 
and analyzed. Notably, ApGH20 exhibited nearly three orders of magnitude higher activity than ChGH20 in 
degrading S. aureus biofilm, yet both enzymes similarly enhanced the ability of gentamicin to kill human isolate 
of S. aureus, albeit at different dosages. These findings further demonstrate that application of glycoside hy
drolases, when combined with antimicrobial agents, is a promising strategy for treating infections caused by 
pathogenic S. aureus strains.
Statement of Significance: Antimicrobial resistance is a very significant health problem, resulting in millions of 
deaths worldwide. Pathogenic bacteria become resistant to antibiotics using various mechanists, one of which is 
to protect themselves by biofilms. Staphylococcus aureus is a leading cause of infections in both humans and 
animals, with many of its strains relying on β-1,6-N-acetyl-D-glucosamine (PNAG) polysaccharide as an impor
tant part of their biofilms. Here we produced two glycoside hydrolase enzymes which specifically target PNAG. 
We showed that the enzymes effectively degraded and also prevented biofilm formation of S. aureus human 
clinical and several veterinary isolates. Both enzymes similarly enhanced efficiency of gentamicin against 
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S. aureus, albeit at different dosages, which might hold promise to treat infections caused by these pathogenic 
bacteria.

1. Introduction

Staphylococcus aureus is one of the most prevalent human pathogens 
leading to severe infections worldwide. It is associated with a very high 
mortality rate, accounting for over 1 million of the 13.7 million 
infection-related deaths in 2019 [1]. Infections caused by S. aureus 
include pneumonia and other respiratory tract infections, cardiovascu
lar infections, infections of prosthetic joints, and nosocomial bacter
emia, to name a few [2].

The pathogenicity of this bacterium can be attributed to its wide 
array of virulence factors, which allow it to evade phagocytosis, invade 
tissues, and persist at infection sites [2]. Among these mechanisms, 
biofilm formation plays a crucial role, providing protection of microbial 
cells from hostile environments, including the human immune system 
[3].

Biofilms are defined as communities of microorganisms embedded in 
a self-produced extracellular matrix composed of proteins, extracellular 
DNA, polysaccharides, and other biomolecules [3]. Several genes are 
associated with biofilm production across different microorganisms. In 
Staphylococcus species, the ica operon, which consists of four genes, is 
responsible for the synthesis of the polysaccharide intercellular adhesin 
(PIA), a polymer of partially deacetylated β-(1,6)-poly-
N-acetyl-D-glucosamine (PNAG) [3]. In other genera, a similar polymer 
is produced by a different operon, such as pgaABCD, in E. coli [4].

Currently, various strategies are being developed aiming to degrade 
bacterial biofilms, including the use of glycoside hydrolases [5–7]. This 
strategy is particularly effective due to the high specificity of glycoside 
hydrolases for the polymers they hydrolyze. As long as the main 
component of the biofilm is a polysaccharide, an appropriate glycoside 
hydrolase can be selected to degrade the polysaccharide. This concept 
was first demonstrated by Kaplan et al. (2003) using Dispersin B, a GH20 
glycoside hydrolase from Aggregatibacter actinomycetemcomitans. In their 
study, the authors analyzed transposon insertion mutants of this bacte
rium, known for its robust biofilms, and found that one mutant was 
unable to detach from the biofilm and form new colonies. The trans
poson was found to be inserted into a novel gene, named dspB, encoding 
an N-acetylglucosaminidase [8]. At least 32 orthologs of the dspB gene 
have been identified in bacteria, primarily among the families Pasteur
ellaceae and Neisseriaceae [9].

Dispersin B from both A. actinomycetemcomitans and Actinobacillus 
pleuropneumoniae has been reported to detach preformed biofilms of 
A. actinomycetemcomitans, A. pleuropneumoniae, and Staphylococcus epi
dermidis, as these organisms share the same primary extracellular matrix 
component, PNAG, which Dispersin B specifically hydrolyses [4,8,10].

There is a growing interest in enzymatic strategies for disrupting 
pathogenic bacterial biofilms, including those of S. aureus. Establishing 
of such technologies in applied settings requires extensive studies of new 
and novel enzyme capable of S. aureus biofilm exopolysaccharide 
degradation, notably GH20 glycoside hydrolases. Although discovery of 
Dispersin B has been a notable achievement in this area, a large amount 
of its orthologs discovered in recent genomics studies provide a fertile 
ground for further advances in this field. We feel that without further 
studies of PNAG-active enzymes, including the ones from GH20 family, 
it would be difficult, if not impossible to discover new enzymatic cata
lysts which can be used for enzymatic degradation of PNAG-rich 
S. aureus biofilms.

Thus, in the present study, we conducted structural and biochemical 
characterization of two Dispersin B orthologs, ApGH20, from 
A. pleuropneumoniae and ChGH20, from Cardiobacterium hominis and 
investigated their ability, to degrade and also to inhibit biofilm forma
tion of both veterinary and human S. aureus pathogenic isolates. We 

have also assessed their combined action with gentamicin in an effort to 
overcome antimicrobial resistance of S. aureus biofilms.

2. Materials and methods

2.1. Bacterial strains

S. aureus 03 is a human clinical isolate and S. aureus MSA22, MSA29, 
MSA36, MSA89 and MSA90 are veterinary isolates associated with 
bovine mastitis. All the isolates originate from the Sao Paulo state, 
Brazil.

The veterinary isolates of S. aureus were obtained from milk samples 
collected from mammary gland quarters of cows with mastitis (positive 
California Mastitis Test). The milk samples were plated onto sheep blood 
agar (5 %) and characteristics colonies were identified through tradi
tional methodology according to Procop et al. (2020) [11]. The colonies 
were confirmed by the presence of the nuc gene (CRL-AR, 2009). (Ethics 
Committee on Animal Use in the School of Veterinary Medicine and 
Animal Science, São Paulo State University, Botucatu, No 

2015/19688-8)

2.2. Genome sequencing

S. aureus strains 03, MSA22, MSA29, and MSA90 were cultured 
overnight on Mannitol Salt Agar (BD Difco™, USA). The colonies were 
then isolated and transferred to Brain Heart Infusion (BHI) broth (BD 
Difco™, USA) for a second overnight incubation. One milliliter of the 
culture was centrifuged, and 850 µL of the supernatant was discarded. 
The remaining pellet was incubated with 50 µL of lysozyme (25 mg/mL) 
for 15 min under agitation. Bacterial DNA was extracted using the Stool 
DNA Isolation Kit (Norgen Biotek, Canada) in spin column format and 
stored at -80◦C according to the manufacturer’s instructions. Genomic 
libraries were prepared using the Illumina DNA Prep (Illumina, USA) 
and sequenced with the MiSeq Reagent Micro Kit v2 flow cell (Illumina, 
USA) for 300 cycles, following the manufacturer’s guidelines.

The sequencing reads were initially evaluated for quality using 
FASTQC software (Babraham Institute, 2024). Adapter removal and 
trimming of low-quality regions were carried out using Trimmomatic 
[12]. After processing, the reads were reassessed with FASTQC, and the 
unpaired reads were combined into a single file for assembly.

The initial genome assembly was performed using Unicycler [13] 
with default settings. The assembly was further refined using RagTag 
[14], which scaffolded the assemblies with a reference genome from 
RefSeq: Staphylococcus aureus (ASM1672758v1).

S. aureus genomes assembled have ~2,6 Mb of total length, which 
were assembled onto up to 5 contigs, with a N50/90 ~2.6 Mb, L50/90 of 
1, GC content ~32 %, and coverage >99 % (Supplementary Table 1). 
These metrics indicate that we obtained desirable sequences and 
assemblies.

The human isolate S. aureus 03 underwent genotypic characteriza
tion following the acquisition of its draft genome sequence using Illu
mina sequencing. The genome was annotated using Rapid Annotation 
using Subsystem Technology (RAST) [15] and was typed with MLST 2.0, 
SCCmecFinder 1.2, spaTyper 1.0 and PlasmidFinder 2.1, all available 
through the Center for Genomic Epidemiology (CGE) website (https:// 
www.genomicepidemiology.org/). Additionally, it was phenotyped 
with ResFinder 4.6.0 and VirulenceFinder 2.0, also available through 
CGE website, along with CARD [16]. The potential resistance profile was 
confirmed phenotypically with Etest® (Biomérieux, Marcy-l’Étoile, 
France) for vancomycin, broth microdilution for gentamicin, and disk 
diffusion for chloramphenicol, cefoxitin, rifampin, trimethoprim, 
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erythromycin, norfloxacin, tetracycline, and penicillin G, adhering to 
the criteria established by the Clinical and Laboratory Standards Insti
tute [17]. S. aureus ATCC 25923 and Escherichia coli ATCC 25922 were 
used as quality control strains for antimicrobial susceptibility testing. A 
phylogenetic tree was constructed with REALPHY to verify the rela
tionship of S. aureus 03 to the main S. aureus lineages [18].

The veterinary isolates were subjected to adjusted assembly anno
tation using Prokka [19] and assessed for quality and consistency with 
QUAST [20]. Comparative analyses were conducted using the BLAST 
tool against the reference genome S. aureus ASM1672758v1, and 
genome annotation was performed with Prokka. Both analyses were 
carried out directly within the Proksee platform, and the resulting an
notations were incorporated into the circular genome visualizations.

2.3. Cloning and protein expression

The gene encoding ChGH20 (WP_082159814) was cloned from the 
genomic DNA of Cardiobacterium hominis DSM 8339 into pETTRX1a/LIC 
using a Ligation Independent Cloning technique as previously described 
[21]. The protein of interest was expressed in E. coli BL21 Rosetta.

The gene encoding ApGH20 was synthesized based on the genome of 
A. pleuropneumoniae following in silico optimization for expression in 
E. coli. The gene was subsequently cloned into pETTRX1a/LIC, as 
described above, and the protein of interest was expressed in E. coli BL21 
Rosetta.

For protein expression, each transformant was cultivated in 5 mL of 
LB broth supplemented with 50 mg/L kanamycin and 34 mg/L chlor
amphenicol, under agitation at 37◦C overnight. Subsequently, each pre- 
inoculum was transferred to 1 L of LB broth and cultured under agitation 
at 37◦C until the optical density at 600 nm reached 0.5. The temperature 
was then reduced to 20◦C, and the protein expression was induced with 
1 mM IPTG overnight.

2.4. Purification of enzymes

The bacterial cultures were centrifuged at 13,000 g for 20 min at 4 
◦C. The resulting pellet was resuspended in 50 mL of lysis buffer (50 mM 
Tris-HCl, 300 mM NaCl, 250 μg/mL lysozyme, and 2 mM phenyl
methylsulfonyl fluoride (PMSF)) and froze at -20◦C. After thawing, the 
pellet was lysed by subjecting it to 10 cycles of sonication for 30 s fol
lowed by 30 s of rest, all performed on an ice bath. The solution was then 
centrifuged at 13,000 g for 20 min at 4 ◦C.

Protein purification was carried out using bench-top columns packed 
with 5 mL Ni Sepharose™ 6 Fast Flow resin (GE Healthcare®), which 
was equilibrated with 50 mM Tris-HCl, 100 mM NaCl, and 10 mM 
imidazole. All chemicals used were sourced from Sigma-Aldrich®. The 
column wash buffer was the same as the equilibration buffer. Proteins 
were eluted in 20 mL of buffer containing 300 mM imidazole, and the 
column was subsequently cleaned with 40 mL of buffer containing 500 
mM imidazole to remove impurities.

The purified fractions were analyzed by SDS-PAGE. The buffer was 
then gradually exchanged for 20 mM Tris-HCl and 100 mM NaCl using a 
10 kDa molecular weight Amicon® Pro Purification cellulose concen
trator (Merck®). Following purification, the TRX+His6 tag of the en
zymes was cleaved using Tobacco Etch Virus (TEV) protease. The 
cleavage was performed at 4◦C for 46 h with constant homogenization, 
using a 1:10 ratio of TEV protease to enzyme. The mixture was then 
loaded onto the same nickel column setup to collect the flow-through 
containing the cleaved GH20s. Protein concentration was determined 
using NanoDrop™ 2000 Spectrophotometer (Thermo Scientific®) at 
280 nm (ApGH20, theoretical mass = 40.38 kDa, ε = 57.3 M− 1 cm− 1; 
ChGH20, theoretical mass = 39.75 kDa, ε = 49.85 M− 1 cm− 1, as pre
dicted by ProtParam). Finally, all enzymes were sterilized by syringe 
membrane filtration (0.22 μm).

2.5. Biochemical characterization and structural analysis of GH20 
enzymes

The optimal pH and temperature of two GH20 enzymes were 
determined. For all assays, 4-nitrophenyl N-acetyl-β-D-glucosaminide 
(pNP-NAG) at a concentration of 4 mM was used as the substrate. 4- 
nitrophenyl-linked sugars are artificial substrates commonly used to 
study enzyme kinetics. This approach relies on the release of the chro
mogenic compound p-nitrophenol following hydrolytic cleavage. Such 
substrates have been widely applied to investigate glycoside hydrolases 
from various families, including GH20 [22–25]. The method is partic
ularly useful when no natural or commercially available substrate exists 
for the enzyme of interest, as in the case of PNAG. Since Dispersin B, the 
most extensively studied GH20 member, has been reported to catalyze 
both endo- and exo-glycosidic cleavage depending on the nature of the 
substrate [9], we employed the pNP-NAG assay to determine the kinetic 
parameters of ApGH20 and ChGH20.

The reaction mixture had a total volume of 100 μL, containing the 
appropriate amounts of enzyme and substrate. All reactions, except for 
those testing temperature activity, were performed at 37◦C for 30 min, 
with the reaction terminated by adding 100 μL of 1 M sodium carbonate 
solution. The release of p-nitrophenol was quantified by measuring 
absorbance at 410 nm, using a standard curve. Sodium citrate buffer at 
pH 5 and phosphate buffer at pH 7 were used for pNP-NAG-based assays.

To determine the optimal temperature, the enzymes were tested in 
the range of 30 to 55 ◦C using pNP-NAG as the substrate in a solution 
containing 50 mM sodium citrate buffer at pH 5. The optimal pH of the 
enzymes was evaluated by incubating the proteins for 30 min in a 20 mM 
acetate/borate/phosphate (ABF) buffer across a pH range of 2 to 10 at 
37 ◦C.

The structures of ApGH20 and ChGH20 were predicted using the 
ColabFold online server [26]. All molecular representations, including 
surface and electrostatic potential maps, were generated with PyMOL 
software (The PyMOL Molecular Graphics System, Version 1.8, 
Schrödinger, LLC, New York, NY, USA). Structural alignments of the 
studied GH20 enzymes were performed in PyMOL using the crystal 
structure of Dispersin B (PDB: 1YHT) [27] as a reference. Primary 
sequence alignments were conducted in MEGA X [28] and visualized 
using ESPript3 [29].

2.6. Degradation of preformed S. aureus biofilms

To evaluate the ability of the enzymes to degrade preformed bio
films, S. aureus biofilms were cultivated as follows: A five milliliters pre- 
inoculum was cultivated at 37◦C for 16 h, and then adjusted to 
OD600=0.1, which corresponds to 1×108 CFU/mL, followed by a 1:10 
dilution in TSB + 0.75 % glucose. This inoculum (1×107 CFU/mL) was 
distributed in the wells of a flat bottom tissue culture 96-well plate 
(Kasvi, São José dos Pinhais, Brazil), 200 µL per well. The wells on the 
borders were filled only with culture medium to avoid evaporation and 
to serve as sterility controls. The microplate was incubated at 37 ◦C for 
24 h, the expended culture medium together with the planktonic cells 
were aspirated and discarded, and the remaining biofilm at the bottom 
was subjected to three washes with saline solution.

Two hundred microliters of the enzymes (ApGH20 or ChGh20) 
diluted in 20 mM Tris-HCl, pH 8 and 100 mM NaCl buffer were then 
applied to the biofilms in the following concentrations: 5, 50, and 500 
mg/L. Buffer-only wells served as treatment control. The microplates 
were maintained at 37◦C for either 30 min, 1, 2 or 4 h. Each experi
mental condition was tested in six replicates and on three different 
occasions.

Following the treatment, the solutions were removed from the wells 
of the microplate, and the remaining biofilms were washed thrice with 
saline, and the biofilm biomass was stained with 200 µL of a 0.5 % 
Crystal Violet solution. After five minutes at room temperature, the dye 
solution was removed, the wells were washed thrice with saline and then 
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filled with 200 µL of 30 % acetic acid solution to destain the biofilm- 
bound dye. After five minutes at room temperature, 100 µL of the 
wells’ content were transferred to a new 96-well flat bottom microplate 
and subjected to absorbance reading at 595 nm in a Synergy H1 
Microplate Reader (Biotek, Winooski, USA).

2.7. Inhibition of production of S. aureus 03 biofilm

The capacity of the enzymes to inhibit the formation of S. aureus 03 
biofilm was evaluated as follows. A five milliliters S. aureus 03 pre- 
inoculum was cultivated at 37 ◦C for 16 h, and then it was adjusted to 
OD600=0.1, corresponding to 1×108 CFU/mL. The enzymes were pre
pared as 10x stocks (50, 500, and 5000 mg/L) in 20 mM Tris-HCl, pH 8 
and 100 mM NaCl buffer. Then, the wells of a flat bottom tissue culture 
96-well plate were filled with 160 µL of TSB + 0.75 % glucose, 20 µL 
inoculum, and 20 µL of each enzyme stock solution (ApGH20 or 
ChGH20) so that the inoculum reached 1×107 CFU/mL and the enzymes 
reached 5, 50 or 500 mg/L in the final volume of the well. A set of wells 
with only buffer instead of enzyme solution served as treatment control. 
The wells on the borders were filled only with culture medium to avoid 
evaporation and to serve as sterility controls. Each experimental con
dition was tested in six replicates on three different occasions.

The microplate was incubated at 37 ◦C for 24 h, the expended culture 
medium together with the planktonic cells were aspirated and dis
carded, and the remaining biofilm at the bottom was subjected to three 
washes with saline. After that, the biofilm biomass was measured using 
Crystal Violet staining as described above.

2.8. Combined antimicrobial treatment

In order to test if the action of the enzymes improves the efficiency of 
antimicrobials on S. aureus 03 biofilm, we used a combined treatment 
strategy applying either ApGH20 or ChGH20 together with gentamicin 
to the biofilms. For this, the biofilms were cultured as described for the 
Degradation of Preformed Biofilm experiment, then were subjected to 
three washes with saline. Based on previous dose-response assays, fixed 
concentrations of 20 mM Tris-HCl, pH 8 and 100 mM NaCl diluted 
ApGH20 (50 mg/L) and ChGH20 (500 mg/L) were selected for pre
treatment, being 200 µL per well. The microplate was maintained at 37 
◦C for 1 h and then the wells were washed thrice with saline. The same 
pretreatment was performed in parallel using only the buffer where the 
enzymes were diluted, to serve as a control.

After that, 200 µL of gentamicin diluted in Mueller-Hinton broth was 
applied in the following concentrations, in triplicate (for both biofilms – 
pretreated with enzyme and pretreated with buffer): 0, 0.03125, 0.0625, 
0.125, 0.25, 0.5, 1, 2, 4, and 8 mg/L. The microplate was incubated at 
37◦C for 24 h. A hundred microliters of the content of each well were 
transferred to a 96-well black flat bottom microplate, and to each well 
was added 20 µL of a 0.15 mg/mL resazurin solution. The microplate 
was kept at 37◦C for 2 h and the wells contents had their fluorescence 
measured in a Synergy H1 Microplate Reader with excitation at 550 nm 
and emission at 590 nm, to verify the viability of bacterial cells [30].

2.9. Confocal microscopy analyses

For confocal microscopy experiments, we followed the same biofilm 
formation workflow as described above, with the exception of the final 
volume per well. In this case, 1 mL was used to fill the wells of a 24-well 
plate (Kasvi, São José dos Pinhais, Brazil) which was incubated at 37◦C 
for 24 h. After washing, 500 μL of a treatment solution containing 50 
mg/L of ApGH20 or ChGH20 (diluted in 20 mM Tris-HCl, pH 8, and 100 
mM NaCl buffer) was applied. For the control, only the dilution buffer 
was used.

After treatment, two independent fluorescent staining protocols 
were performed. To assess biofilm viability, the LIVE/DEAD™ Bac
Light™ Bacterial Viability Kit for microscopy (Invitrogen, Carlsbad, 

USA) was used according to the manufacturer’s instructions. For car
bohydrate and protein identification, a two-step staining procedure was 
employed. First, biofilms were stained with Calcofluor White Stain so
lution (10 μg/mL) (Sigma-Aldrich, St. Louis, USA), followed by Film
Tracer™ SYPRO® Ruby Biofilm Matrix Stain (Invitrogen, Carlsbad, 
USA), as described in our previous studies [31].

These samples were analyzed using a fluorescence confocal micro
scope (Zeiss LSM 780, Oberkochen, Germany) equipped with an EC 
Plan-Neofluar 10×/0.30 M27 objective. Images were acquired at a 
resolution of 512 × 512 pixels, covering a scanning area of 850.2 μm ×
850.2 μm. All control (untreated) and low-degradation samples were 
imaged using a Z-stack depth greater than 200 μm, enabling 3D recon
struction. In contrast, images from successful enzymatic treatments were 
acquired without Z-stacking due to low fluorescence intensity at the z- 
axis. Additionally, the arithmetic mean fluorescence intensity was 
calculated from the middle plane of the Z-stack (when applicable), based 
on the statistical values derived from the fluorescence histograms of all 
CLSM images.

2.10. Statistical methods

Statistical evaluations were carried out utilizing Prism 5. One-way 
analysis of variance with a Tukey post-test was conducted with the re
sults of the experiments of Degradation of preformed S. aureus biofilms 
and Inhibition of production of S. aureus biofilms, which were plotted as 
mean ± standard deviation. Results were considered statistically sig
nificant when P-value < 0.01. For the Gentamicin effect after enzymatic 
pre-treatment of biofilms, Two-way analysis of variance with Bonfer
roni’s post hoc was conducted, and the differences between groups were 
considered statistically significant when P-value < 0.001.

3. Results

3.1. Characterization of the human infection isolate S. aureus 03

The draft genome sequence of S. aureus 03 consists of one contig of 
2,598,718 bp, corresponding to its chromosome, one contig of 20,731 
bp, corresponding to a plasmid, and four additional contigs, each 
smaller than 3,500 bp. Annotation using RAST revealed 2,439 coding 
sequences and 59 RNAs (Fig. 1a). The strain was assigned to sequence 
type (ST) 8, although one of the seven alleles, aroE, exhibited a single 
nucleotide polymorphism. The genome does not contain an SCCmec 
element, as the strain is not methicillin-resistant, and therefore, no 
SCCmec type could be assigned. Additionally, the strain was identified as 
spa type t008.

Several virulence genes were identified in the S. aureus 03 genome, 
including those encoding γ-hemolysin (hlgA, hlgB and hlgC), leukocidins 
(lukD and lukE), aureolysin, and serine proteases (splABCDEF).

Plasmid replicons identified by PlasmidFinder 2.1 included rep5a 
and rep16, which were found in the 20,731 bp contig. This contig also 
harbored genes conferring resistance to cadmium, as well as the blaZ 
gene, which provides resistance to beta-lactams. This plasmid shares 
similarity with pSaa6159, a member of the Inc18 family [32]. One of the 
smaller contigs (<3.500 bp) contained the replication gene rep10b, 
although no other significant hits were detected. The contig corre
sponding to the chromosome (2,598,718 bp) contained the rep7c gene, 
which may have resulted from an early integration event.

The ResFinder 4.6.0 database search identified only the blaZ gene in 
the S. aureus 03 genome, which could confer resistance to beta-lactams. 
This was confirmed through a Penicillin G disk diffusion test. Further
more, the CARD database detected perfect matches to several efflux 
pump-related genes, including lmrS (macrolides, aminoglycosides, 
oxazolidinones, diaminopyrimidines and phenicols), alrR and alrS (flu
oroquinolones and antiseptics), mgrA (fluoroquinolones, cepha
losporines, penams, tetracyclines, peptides and antiseptics), mepA and 
mepR (glycylcyclines and tetracyclines), sdrM (fluoroquinolones and 
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Fig. 1. Genome analysis of S. aureus 03 strain. A- Circular genome representation, including selected gene annotations and functions. B - Comparison of the ica 
operon between S. aureus ATCC 12600 (reference genome: ASM1672758v1) and S. aureus 03. C - Sequence alignment highlighting the mutation in the icaR gene of 
S. aureus 03.
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antiseptics) and sepA (antiseptics). However, despite the presence of 
lmrS, the strain was susceptible to chloramphenicol, trimethoprim, and 
erythromycin, as indicated by disk diffusion, and to gentamicin (MIC =
0.25 mg/L), as determined by broth microdilution. Similarly, resistance 
to norfloxacin was not observed despite the presence of mgrA and sdrM, 
nor to tetracycline, despite the presence of mepA and mepR. According to 
Etest, the strain was also susceptible to vancomycin (MIC = 1.5 mg/L). 
In addition to beta-lactam resistance, the only resistance detected in 
silico that was confirmed in vitro was to rifampin, due to a mutation 
(H481N) in rpoB detected by CARD.

The complete ica operon (icaADBC genes) was identified in the 
strain’s genome, confirming the biofilm produced by this strain contains 
PNAG and thus can be degraded by ApGH20 and ChGH20. Additionally, 
the strain exhibited a mutation in the icaR gene due to the deletion of a 
guanine at position 195, which caused a frameshift, resulting in a pre
mature stop codon (Fig. 1b,c). This mutation truncated the expressed 
IcaR, a negative regulator protein, from 186 to 116 amino acid residues, 
leading to abundant expression of PNAG.

3.2. ApGH20 and ChGH20 production and characterization

Both GH20 enzymes were successfully cloned and expressed in their 
TRX-6His fused forms, with an approximate molecular weight of 54 kDa 
(Supplementary Figure S1). A single step of nickel affinity chromatog
raphy was sufficient to purify the enzymes. After treatment with TEV 

protease, the non-fused versions of GH20 had approximate molecular 
weights of 40.4 kDa for ApGH20 and 39.8 kDa for ChGH20.

Several biochemical characteristics of the enzymes were assessed 
using the pNP-NAG substrate. Both enzymes exhibited the highest ac
tivity within the temperature range of 35–40◦C (Supplementary 
Figure S2). This optimal temperature is expected, as these enzymes 
originate from mesophilic pathogens. Additionally, the enzymes 
remained active at 45◦C, retaining at least 50 % of their enzymatic ac
tivity. The optimal pH for ApGH20 was 7, while for ChGH20, it was 5 
(Supplementary Figure S3). However, both enzymes retained more than 
60 % of their activity at pH 6. Despite the optimal pH for ChGH20 being 
5, we observed that the enzyme was unstable at this pH, with a very 
short shelf life. In contrast, when the enzymes were maintained in their 
purification buffer (pH 8), both remained stable for several weeks, while 
still active (Supplementary Figure S3). Therefore, biofilm experiments 
were performed using a 20 mM Tris-HCl, pH 8, 100 mM NaCl buffer.

3.3. ApGH20 and ChGH20 enzymatic degradation of S. aureus biofilms

Remarkably, almost complete degradation of S. aureus 03 biofilm 
was achieved with any of the tested concentrations of ApGH20, even 
with the shortest time of treatment, resulting in a biomass reduction of 
approximately 97 % (Fig. 2).

A time- and concentration-dependent effect was observed for 
ChGH20 treatment (Fig. 2), with biomass reduction ranging from 

Fig. 2. Pre-formed S. aureus 03 Biofilm Degradation by different ApGH20 or ChGH20 concentrations. A – 0.5 h treatment, B – 1 h treatment, C – 2 h treatment, D – 4 
h treatment. Bars represent the standard deviation. P-value < 0.01; ns (nonsignificant difference) One-way ANOVA with Tukey’s multiple comparisons test.
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approximately 44 % (after 0.5 h of treatment with 5 mg/L ChGH20) to 
nearly 95 % (after 4 h treatment with 500 mg/L ChGH20) (Fig. 2). These 
results were confirmed by CLSM analysis of S. aureus 03 biofilm 
degradation (Fig. 3). The 3D reconstruction of the untreated S. aureus 03 
controls revealed a robust biofilm, characterized by a thick carbohy
drate–protein matrix (Calcofluor White/SYPRO Ruby staining) embed
ding viable cells (Syto 9 staining) (Fig. 3a). Both ApGH20 and ChGH20 
treatments degraded all analyzed polymeric components (Fig. 3b&c); 
however, only ApGH20 detached more residual viable cells, as also 
quantified by average fluorescence intensity (Fig. 3d).

When applied prior to the development of S. aureus 03 biofilm, both 
enzymes strongly reduced the amount of biofilm produced (Fig. 4). 
ApGH20 yielded better results at lower enzyme concentrations as 
compared to ChGH20.

Both enzymes, when used alone, were effective in preventing biofilm 

development as well as in degrading the existing extracellular matrix. 
Additionally, they enhanced the performance of gentamicin. Although 
gentamicin has a rapid bactericidal effect, this aminoglycoside is rarely 
used as monotherapy for treating S. aureus infections and is typically 
combined with a cell wall synthesis inhibitor. In fact, when applied to 
S. aureus 03 biofilm, gentamicin was ineffective in killing bacterial cells, 
even at concentrations higher than 8 mg/L. However, pretreating the 
biofilm with either ApGH20 or ChGH20 for 1 h made it possible for 
gentamicin at 0.5 mg/L concentration to eliminate the remaining bac
terial cells (Fig. 5), representing a >16-fold decrease in the required 
effective concentration.

In particular, the results shown in Fig. 5 demonstrate that pretreat
ment of biofilms with either ApGH20 or ChGH20 for 1 h led to unde
tectable metabolic activity of S. aureus upon subsequent exposure to 
gentamicin at 0.5 mg/L, a response indistinguishable from the sterility 

Fig. 3. Confocal laser scanning microscopy (CLSM) analysis of S. aureus 03 eradication. A – Three-dimensional CLSM image of S. aureus 03 biofilm growth controls, 
the protein matrix appears in red, while carbohydrates are visualized in blue after staining with SYPRO Ruby and Calcofluor White, respectively. Viable cells are 
detected in the green fluorescence channel, whereas dead cells are identified in the red fluorescence channel. B – CLSM analysis of S. aureus 03 biofilm degradation by 
ApGH20 and ChGH20. C – Arithmetic mean fluorescence intensity of the Calcofluor White/SYPRO Ruby double stain. D – Arithmetic mean fluorescence intensity of 
the LIVE/DEAD BacLight Bacterial Viability test (SYTO 9/propidium iodide).
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Fig. 4. Inhibition of S. aureus 03 Biofilm Formation by different concentrations of enzymes. A – ApGH20 treatment, B – ChGH20 treatment. Bars represent the 
standard deviation. P-value < 0.01; ns (nonsignificant difference) One-way ANOVA with Tukey’s multiple comparisons test.

Fig. 5. Inhibitory activity of different concentrations of Gentamicin alone and after pre-treatment with A - 50 mg/L of ApGH20, or B - 500 mg/L of ChGH20 against 
S. aureus 03 biofilm. Values represent mean ± standard deviation of the mean (SEM) from three independent experiments. RFU – Relative Fluorescence Units. Two- 
way ANOVA revealed significant effects of concentration (p < 0.0001), treatment (p < 0.0001), and concentration × treatment interaction (p = < 0.0001). Bon
ferroni’s post hoc test indicated greater bacterial inhibition for the combined treatment compared to Gentamicin alone starting from 0.25 mg/L for ApGH20 and 
0.125 mg/L for ChGH20 (***p < 0.001).
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controls. One-way ANOVA further revealed that enzymatic pretreat
ment significantly enhanced the activity of gentamicin against the tested 
S. aureus isolate at concentrations as low as 0.25 mg/L. In contrast, 
gentamicin alone, even at the highest concentration tested (8 mg/L), 
showed no measurable effect on metabolic activity (Fig. 5). These 
findings indicate that enzymatic pretreatment increased S. aureus sus
ceptibility to gentamicin by at least 16-fold (from 8 mg/L down to 0.5 
mg/L, a concentration statistically equivalent to the sterility control). 
Collectively, the data provide strong evidence that enzymatic biofilm 
disruption markedly potentiates gentamicin efficacy against the studied 
S. aureus strain.

3.4. Understanding the differences in the biofilm degradation capabilities 
of ApGH20 and ChGH20

To investigate the differences in biofilm degradation by S. aureus 03 
between our enzymes, we conducted a dose-response experiment using 
lower concentrations than in previous assays to determine the half- 
maximal effective concentration (EC₅₀) for biofilm degradation. We 
found that the EC₅₀ of ApGH20 is approximately 141.6 pM, while that of 
ChGH20 is 91.8 nM (Fig. 6a). This substantial difference of three orders 
of magnitude suggests that ApGH20 is significantly more efficient in the 
S. aureus biofilm degradation (Fig. 5a).

Using structural alignment with Dispersin B and previous functional 
studies [33,34], we analyzed key determinants for PNAG recognition. 
One crucial aromatic residue, Tyr187 in DspB, has been reported as 
essential for PNAG recognition [34,35]. We identified this residue in 
both of the studied enzymes; however, it is displaced and positioned 
away from the catalytic residues (Fig. 6b). Furthermore, it does not 

adopt the protruding conformation observed in DspB. Another impor
tant determinant of the substrate binding is a set of anionic residues 
located in loops, such as Asp147, Asp245, and Glu248 in DspB [33]. 
Although ApGH20 lacks these exact residues, it preserves the negatively 
charged cluster with Asp236 and Glu135. In contrast, ChGH20 has these 
key anionic residues replaced by hydrophobic (Ile251) and positively 
charged (Arg151) amino acid residues, which is likely to reduce the 
enzyme ability to recognize and bind to PNAG.

We mapped all other anionic residues on Loops 1 and 3, highlighting 
those that are surface-exposed and may contribute to PNAG interaction 
(Fig. 6c, Supplementary Figure S4). In ApGH20, Glu235 could enhance 
the electronegative environment alongside with Asp236. In contrast, 
ChGH20 features Asp147, which may somewhat counterbalance the 
presence of Arg151, as it is oriented similarly to Asp127 in DspB and 
Glu135 in ApGH20.

The acidic residues in Loops 1 and 3, when oriented toward the 
catalytic site, are essential for substrate recognition. Thus, the presence 
of Ile251 in Loop 3 could explain ChGH20′s lower S. aureus biofilm 
degradation capacity. Asp248 might partially compensate for this effect, 
but this hypothesis needs to be tested with site-directed mutagenesis 
experiments.

3.5. Application and disruption of S. aureus biofilm from veterinary 
isolates

ApGH20 and ChGH20 degradation of biofilm-forming S. aureus iso
lates derived from bovine mastitis were investigated. Application of 50 
mg/L of ApGH20 or ChGH20 to five different isolates resulted in partial 
degradation of MSA22 and MSA90 (Fig. 7a), with degradation levels 

Fig. 6. Differential degradation of S. aureus 03 biofilms by ApGH20 and ChGH20. A - Dose-response experiments to determine the EC50 for the degradation of 
preformed biofilms. B-Structural alignment of the predicted models of ApGH20 (pink) and ChGH20 (blue) with DspB (yellow, PDB: 1YHT), highlighting key amino 
acids involved in PNAG binding as stick representations. C - Visualization of anionic residues (red sticks) within their corresponding loops (green cartoon repre
sentation), associated with substrate recognition and the catalytic site (yellow sticks).
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ranging from 22 % to 38 %. Additionally, application of ApGH20 lead to 
a 25 % degradation of MSA36.

Confocal laser scanning microscopy (CLSM) studies of representative 
biofilms (MSA90, MSA22, and MSA29) are in line with the observed 
degradation effects (Fig. 7b). The analysis also provided insights into 
biofilm composition, showing that the proteinaceous content exceeded 
the carbohydrate content. Hypothesized based on CLSM signal distri
bution, this imbalance may explain why the biofilms were not 
completely degraded.

Genome sequencing of these isolates revealed the presence of a 
complete ica operon (Fig. 7c). Furthermore, a phylogenetic tree based on 
genomic data (Fig. 7d) showed that MSA22 and MSA90 are the closest 
relatives, with only a slight genetic difference based on branch length. 
These two isolates formed biofilms that were susceptible to enzymatic 
treatments (Fig. 7a). In contrast, the non-susceptible MSA29 isolate has 
diverged from the previous two strains, while the human strain S. aureus 
03 is the most distantly related, with a much longer branch length.

A preliminary analysis of the resistome of these veterinary isolates 
using the ResFinder database reveals that the MSA22 and MSA90 iso
lates also shares the blaZ gene, which confers resistance to β-lactams 
(Fig. 7e). This resistance was confirmed by ampicillin broth micro
dilution, with MSA22 exhibiting a MIC of 128 mg/L and MSA90 a MIC of 
32 mg/L (Fig. 7f). While the correlation between biofilm formation and 
antibiotic resistance is well established in human isolates [36], it re
mains less clear in veterinary strains [37]. Further studies on these 
pathogens are necessary, as mastitis continues to be a significant disease 
burden in bovines [38]. We acknowledge that our hypothesis of the 

bacterial isolate biofilms more limited enzymatic response is based on 
our genome investigations and confocal microscopy data. It is important 
to emphasize, however, that these interpretations are not intended to 
establish enzyme specificity, but rather to provide a mechanistic ratio
nale for the observed differences in biofilm degradation efficiency.

4. Discussion

4.1. Molecular characterization of S. aureus strains

Although S. aureus 03 is a methicillin-susceptible S. aureus (MSSA) 
strain, resistant to beta-lactams and rifampin, it is closely related to the 
USA300 clone (Supplementary Figure 5), a methicillin-resistant 
S. aureus (MRSA) strain of ST8 and t008, which is widespread in 
North America and associated with community-acquired infections 
[39]. Recently, this strain has also been reported in Brazilian hospitals 
[40–42].

Regarding the virulence genes found in the S. aureus 03 genome, the 
γ-hemolysin locus, present in nearly all S. aureus strains, consists of two 
S subunits (HlgA and HlgC) and one F subunit (HlgB), all encoded by the 
hlgACB locus. The HlgAB combination is capable of lysing both red blood 
cells and leukocytes, while HlgCB primarily exhibits leukotoxic activity. 
Although its precise role is not yet fully understood, it is believed that 
γ-hemolysin contributes to the blood proliferation of S. aureus by 
evading macrophages through lysis and capturing iron, released by lysed 
red blood cells. The leukotoxin LukED, like γ-hemolysin, exhibits ac
tivity against both leukocytes and red blood cells. It is a widespread 

Fig. 7. Degradation of S. aureus biofilms associated with bovine mastitis. A - CV staining test for screening S. aureus biofilms susceptible to GH20 enzymatic 
treatment. B - CLSM analysis using Calcofluor White and SYPRO Ruby to assess the composition of selected veterinary biofilms and the effect of ApGH20 and 
ChGH20. C - Schematic of the ica operon obtained from the genome sequence analysis of MSA90, MSA29, and MSA22. D - Phylogenetic tree constructed using the 
sequenced genomes of veterinary isolates and S. aureus 03. E - ResFinder prediction of resistance genes and mutations. F - MIC test using ampicillin as the standard 
antibiotic. Bars represent the standard deviation. P-value < 0.01; ns (nonsignificant difference) One-way ANOVA with Tukey’s multiple comparisons test.
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bicomponent pore-forming toxin, particularly common among 
community-acquired S. aureus strains. In addition to mediating cell lysis, 
LukED can induce the production of proinflammatory cytokines [43]. 
Aureolysin is a metalloprotease, while splABCDEF encode six serine-like 
proteases, all of which are secreted. Although the exact functions of 
these secreted proteases in S. aureus remain somewhat contradictory, 
recent studies suggest that their absence may lead to a hypervirulent 
phenotype. These proteases are thought to regulate virulence factors, 
controlling the severity and progression of disease, besides playing a role 
in cleaving host proteins, which aids in bacterial invasion [44,45].

Although most biofilm-producing S. aureus strains generate a PNAG- 
based extracellular matrix, some might produce a PNAG-independent 
biofilms, which contain proteins and extracellular DNA [46,47]. The 
complete ica operon was found in S. aureus 03 genome, however its icaR 
gene was truncated. IcaR, is a transcriptional regulator belonging to the 
TetR family, known to strongly repress the expression of the ica operon 
[48]. Thus, this mutation of the repressor is presumable responsible for 
the highly mucoid phenotype of S. aureus 03, producing abundant bio
film rich in PNAG [49].

4.2. Structural characterization of ApGH20 and ChGH20

The phylogenetic tree (Methods in Supplementary material) of the 
multi-activity GH20 family illustrates the extensive diversity of these 
enzymes (Supplementary Figure S6a). Notably, the only enzyme char
acterized using X-ray crystallography and extensively studied for its 
ability to degrade poly-β-1,6-N-acetyl-D-glucosamine oligomers is DspB 
[27]. Among the enzymes analyzed, ApGH20 is most closely related to 
DspB, followed by ChGH20. Within the same cluster, the catalytic 
modules A and B of StrH from Streptococcus pneumoniae are closely 
related to the latter enzymes. StrH specifically degrades terminal 
GlcNAc residues β-(1,2)-linked to mannose [50]. Another distinct clus
ter, which includes chitobiose hydrolase-like enzymes such as SpHEX, 
[51] further highlights the high diversity within the GH20 family.

Additionally, it is important to note that the primary structure of 
ChGH20 exhibits a modular architecture, closely associated with adja
cent domains (Supplementary Figure S6b). In contrast, ApGH20 con
tains only a glycoside hydrolase domain in its structure.

The predicted three-dimensional structures of both enzymes reveal a 
(β/α)₈ TIM barrel fold, with the catalytic site located at the center of the 
β-barrel (Supplementary Figure S6c). This site features an electronega
tive surface with a catalytic dyad [9]: Asp171/Glu172 for AaGH20 and 
Asp187/Glu188 for ChGH20 (Supplementary Figure S4, S6c).

4.3. Biological applications of ApGH20 and ChGH20

The strong PNAG-based biofilm production by S. aureus 03 facilitates 
the studies of ApGH20 and ChGH20 degradation of the pre-formed 
biofilm, which was accomplished with enzymes’ concentrations as lit
tle as 5 mg/L. When Kaplan et. al (2003) first applied Dispersin B (50 
mg/L) from A. actinomycetemcomitans to the biofilm of S. aureus strain 
for 6 hours, this resulted in approximately 85 % reduction in biomass 
[8]. The following year, the same authors tested the performance of 
Dispersin B from A. actinomycetemcomitans on Staphylococcus epidermidis 
biofilms, reporting that a 30-minute treatment using 40 mg/L of the 
enzyme left virtually undetectable biofilms [10]. These findings indicate 
that other Dispersin B orthologs can be effective against PNAG-based 
bacterial biofilms.

ApGH20 and ChGH20 were also effective in inhibiting the formation 
of biofilm by S. aureus 03. Similarly, Yu et al. demonstrated that the 
glycoside hydrolase PslG from P. aeruginosa not only prevented biofilm 
formation but also disrupted pre-existing P. aeruginosa biofilms, [7] 
highlighting that this is a common feature among biofilm-active glyco
side hydrolases.

Together, these findings strongly support the conclusion that both 
ApGH20 and ChGH20 are active against S. aureus biofilms. The enzymes 

not only hydrolyze the synthetic substrate pNP-β-N-acetylglucosamine, 
but also effectively degrade PNAG-dependent biofilms. Their activity is 
particularly pronounced against the S. aureus 03 strain, which carries a 
mutation in the icaR repressor leading to uncontrolled synthesis of 
PNAG-rich biofilms. Importantly, no comparable effect was observed 
with the enzyme-free buffer control, while confocal microscopy further 
confirmed the efficient disruption of S. aureus biofilms by both enzymes.

When pre-treating the S. aureus 03 biofilm with ApGH20 or ChGH20 
prior to gentamicin treatment, the efficiency of this antimicrobial could 
be enhanced. Our hypothesis is that the enzymatic degradation of the 
main component of the extracellular polymeric matrix renders the 
biofilm-embedded bacterial cells more accessible, more similar to their 
planktonic counterparts, thereby facilitating an access of the gentamicin 
to the bacterial cells. Binding of irreversible inhibitor of bacterial pro
tein synthesis, gentamicin, to the 30S ribosomal subunit of the bacterial 
ribosome disrupts the normal translation process, ultimately leading to 
bacterial cell death. We speculate that the antibiotic’s effectiveness is 
improved by enzymatic degradation of S. aureus biofilms is due to its 
enhanced ability to reach and to penetrate the bacterial cell membrane, 
thus allowing it to more efficiently exert its bactericidal effects. Similar 
results were recently reported by Kaplan et al. with Cutibacterium acnes, 
the causative agent of acne vulgaris [52]. They first confirmed that 
biofilms of this species contained PNAG and then demonstrated that the 
presence of Dispersin B from A. actinomycetemcomitans reduced tetra
cycline tolerance in the biofilms [52].This effect is not limited to Dis
persin B-like enzymes. For instance, a study combining an enzyme 
cocktail (comprising an endo-1,4-β-D-glucanase, a β-1,6-hexosamini
dase, and an RNA/DNA nonspecific endonuclease) with several antibi
otics, showed a synergistic effect on biofilms of S. aureus, S. epidermidis, 
and E. coli in prosthetic joint models [53]. Similarly, a combination of 
cellulase and ceftazidime reduced the Minimum Biofilm Eradication 
Concentration (MBEC) of P. aeruginosa biofilms by 32 to 128-fold [54]. 
Thus, enzymatic biofilm degradation could represent important addition 
to antibiotic therapy. Despite tremendous efforts to discover new active 
molecules, bacteria can quickly develop resistance shortly after these 
antibiotics are introduced to the market, limiting investments in anti
biotic development [55,56]. Therefore, a viable solution for treating 
infections in biofilm-forming sites that are resistant to antibiotics could 
be the combination of enzymes and antibiotics to improve their 
efficiency.

5. Conclusions

Given the limited efficacy of most antimicrobials in treating in
fections caused by bacterial biofilms, the use of glycoside hydrolases 
offers a promising alternative to improve their efficacy. This is partic
ularly critical in the current landscape, characterized by insufficient 
investment in the development of new antimicrobial agents.

Both glycoside hydrolases studied here were effective in inhibiting 
the formation of biofilms by a S. aureus strain isolated from a human 
infection and in degrading of preformed biofilms of both human and 
veterinary S. aureus isolates. As expected, this effect was observed only 
in biofilms primarily composed of polysaccharides, but not proteins, as 
confirmed by CLSM and genomic analysis of the ica operon in the rele
vant strains. This specificity is a key feature of the enzymes and un
derscores the importance of selecting the appropriate enzyme for 
degrading biofilms, depending on their composition and the bacterial 
species or strain involved.

Following arguments support a notion that both investigated en
zymes, ApGH20 and ChGH20, have activity against S. aureus biofilms: 1. 
ApGH20 and ChGH20 are enzymatically active against synthetic pNP- 
β-N-acetylglucosamine substrate; 2. the enzymes degrades PNAG- 
dependent S. aureus biofilms, 3. ApGH20 and ChGH20 are particularly 
efficient against S. aureus 03 strain which has a mutation in the icaR 
repressor, leading to unrestraint synthesis of PNAG-rich biofilms, 4. 
heat-treated enzymes and “no-enzyme” buffer were incapable of 
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S. aureus biofilm degradation (negative control), whereas 5. recombi
nant E. coli EcPgaB was efficient in S. aureus 03 biofilm degradation 
(positive control). Finally, 6. our confocal microscopy studies clearly 
demonstrate efficient degradation of S. aureus biofilms using both 
studied enzymes.

Furthermore, results shown in Fig. 5 clearly show that the biofilms 
pretreatment either with ApGH20 or ChGH20 for 1 hour result in un
detectable metabolic activity of S. aureus after application of gentamicin 
at 0.5 mg/L concentration, which was undistinguishable from sterility 
control. Moreover, one-way ANOVA analysis shows that the enzymatic 
treatments have statistically relevant impacts on the gentamicin effi
ciency against studied S. aureus isolate at 0.25mg/L or less. At the same 
time the highest applied concentration of gentamicin alone (8mg/L) had 
no effect on the metabolic activity of the cells (Fig. 5). In fact, even much 
higher concentrations of the antibiotic (up to 100mg/L) were inefficient 
against S. aureus 03. This means that enzymatic treatment resulted in at 
least 16-fold increase in susceptibility of S. aureus cells to gentamicin 
after the enzymatic treatment (from 8mg/L down to 0.5mg/L, concen
tration which was statistically indistinguishable from the sterility con
trol). In reality, the effect is probably much higher. Results presented in 
Fig. 5 leave no doubt that the gentamicin efficiency against studied 
S. aureus strain was indeed strongly boosted by the biofilm enzymatic 
degradation.

It is well established that infections caused by biofilms, whether in 
humans or animals, are often multi-species. This factor should be 
considered in future investigations, which may require the use of 
enzymatic cocktails to effectively target real-world biofilms.

The findings of this study highlight an alternative approach for 
treating S. aureus biofilm caused infections. Notably, even though 
complete sterilization has not been proven, strongly improved efficacy 
of gentamicin, when applied together with enzymatic treatment, could 
revive interest in this antimicrobial agent, which is seldom used alone 
for treatment of such infections. Gentamicin has the advantage of being 
easily produced, with its mechanism of action and toxicity well 
understood.

The establishment of effective technologies for applied settings will 
require extensive studies on novel enzymes capable of degrading the 
exopolysaccharide matrix of S. aureus biofilms, particularly GH20 
glycoside hydrolases. While the discovery of Dispersin B represented a 
significant milestone, the large number of orthologs identified through 
recent genomic studies provides a promising foundation for future ad
vances in this field. Continued investigation of PNAG-active enzymes, 
including those within the GH20 family, will be essential for the 
development of novel enzymatic catalysts with potential application in 
the degradation of PNAG-rich S. aureus biofilms.

It is important to acknowledge the limitations of current study. All 
results were obtained from in vitro experiments, and further in vivo 
validation is essential to confirm both the efficacy of the combined ac
tion of GH20 glycoside hydrolases and antibiotics, as well as the absence 
of toxicity. It should also be noted that these enzymes are more effective 
against biofilms formed by strains producing PNAG-rich extracellular 
polymeric substance, which may not be the case for all S. aureus strains. 
Furthermore, our study focuses solely on in vitro monoculture models 
and does not evaluate polymicrobial biofilms. While further research is 
needed to identify the optimal combinations of enzymes and antimi
crobials for specific cases, the current efforts are highly valuable in light 
of the ongoing challenges posed by infectious diseases.
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Marcelo Vizoná Liberato: Methodology, Formal analysis. Agatha MS 
Kubo: Investigation, Formal analysis. Ana Beatriz Rodrigues: Investi
gation, Formal analysis. Rejane MT Grotto: Funding acquisition. 
Guilherme Valente: Supervision, Investigation, Formal analysis. Vera 
Lúcia Mores Rall: Resources, Conceptualization. Sebastião Prata
vieira: Methodology, Investigation. Mario de Oliveira Neto: Project 
administration, Funding acquisition. Carla Raquel Fontana: Visuali
zation, Supervision, Formal analysis. Igor Polikarpov: Writing – review 
& editing, Writing – original draft, Visualization, Supervision, Re
sources, Project administration, Funding acquisition, Formal analysis, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This work was supported by Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (CNPq, grants # 306852/2021-7, 312025/ 
2022-0 and 440180/2022-8) and the Fundação de Amparo ̀a Pesquisa do 
Estado de São Paulo (FAPESP, grants # 2021/08780-1, 2024/00533-3, 
and 2022/02261-5) and by Brazilian Federal Deputy Tiririca.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.actbio.2025.10.032.

References

[1] K.S. Ikuta, L.R. Swetschinski, G.R. Aguilar, F. Sharara, T. Mestrovic, A.P. Gray, N. 
D. Weaver, E.E. Wool, C. Han, A.G. Hayoon, A. Aali, S.M. Abate, M. Abbasi- 
Kangevari, Z. Abbasi-Kangevari, S. Abd-Elsalam, G. Abebe, A. Abedi, A.P. Abhari, 
H. Abidi, R.G. Aboagye, A. Absalan, H.A. Ali, J.M. Acuna, T.D. Adane, I.Y. Addo, O. 
A. Adegboye, M. Adnan, Q.E.S. Adnani, M.S. Afzal, S. Afzal, Z.B. Aghdam, B. 
O. Ahinkorah, A. Ahmad, A.R. Ahmad, R. Ahmad, S. Ahmad, S. Ahmad, S. Ahmadi, 
A. Ahmed, H. Ahmed, J.Q. Ahmed, T.A. Rashid, M. Ajami, B. Aji, M. Akbarzadeh- 
Khiavi, C.J. Akunna, H. Al Hamad, F. Alahdab, Z. Al-Aly, M.A. Aldeyab, A. 
V. Aleman, F.A.N. Alhalaiqa, R.K. Alhassan, B.A. Ali, L. Ali, S.S. Ali, 
Y. Alimohamadi, V. Alipour, A. Alizadeh, S.M. Aljunid, K. Allel, S. Almustanyir, E. 
K. Ameyaw, A.M.L. Amit, N. Anandavelane, R. Ancuceanu, C.L. Andrei, T. Andrei, 
D. Anggraini, A. Ansar, A.E. Anyasodor, J. Arabloo, A.Y. Aravkin, D. Areda, 
T. Aripov, A.A. Artamonov, J. Arulappan, R.T. Aruleba, M. Asaduzzaman, 
T. Ashraf, S.S. Athari, D. Atlaw, S. Attia, M. Ausloos, T. Awoke, B.P.A. Quintanilla, 
T.M. Ayana, S. Azadnajafabad, A.A. Jafari, B. Darshan, M. Badar, A.D. Badiye, 
N. Baghcheghi, S. Bagherieh, A.A. Baig, I. Banerjee, A. Barac, M. Bardhan, 
F. Barone-Adesi, H.J. Barqawi, A. Barrow, P. Baskaran, S. Basu, A.M.M. Batiha, 
N. Bedi, M.A. Belete, U.I. Belgaumi, R.G. Bender, B. Bhandari, D. Bhandari, 
P. Bhardwaj, S. Bhaskar, K. Bhattacharyya, S. Bhattarai, S. Bitaraf, D. Buonsenso, Z. 
A. Butt, F.L.C.Dos Santos, J. Cai, D. Calina, P. Camargos, L.A. Cámera, R. Cárdenas, 
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