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ARTICLE INFO ABSTRACT

Keywords: B-Glucanases play a critical role in degrading fungal cell wall p-glucans, compromising fungal integrity and
p-Glucanase development. Here we characterize BvlzGluc, a novel p-glucanase from Bacillus velezensis CECT 8237 with potent
B-Glucan

and specific activity against p-1,3-glucans. The enzyme hydrolyzes yeast-derived p-glucan but is inactive against
B-1,6- and p-1,3/1,4-linked polysaccharides, such as laminarin and lichenin, indicating strict substrate speci-
ficity. Mass spectrometry of Botrytis cinerea cell wall extracts revealed that BvlzGluc cleaves high-molecular-
weight p-glucans into smaller oligosaccharides, supporting its classification as an endo-B-1,3-glucanase. Kinetic
analysis yielded a Km of 48 pM and a Vmax of 0.026 pmol/min. Structural modeling showed a GH16 jelly roll
fold lacking a classical catalytic groove, and site-directed mutagenesis of two predicted binding residues (Y36
and T216) confirmed their functional relevance. CD spectroscopy revealed that T216A disrupts folding, while
Y36A retains structure but shows reduced activity. Despite its compact architecture and divergence from ca-
nonical motifs, BvlzGluc demonstrates efficient antifungal function. Its physicochemical simplicity and speci-
ficity make it a promising candidate for scalable production and targeted applications in crop protection. This
work expands our understanding of bacterial glucanases and underscores the value of structurally minimal en-
zymes in biocontrol strategies.

Fungal cell wall degradation
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Botrytis cinerea

Biocontrol

Plant-microbe interaction

1. Introduction

B-Glucans are the primary polysaccharides found in the fungal cell
wall and play essential roles in providing structural integrity and rigidity
[1,2]. These polysaccharides consist of p-1,3 and p-1,6 linkages that
form a fibrillar network, which contributes to the overall strength and
resilience of the fungal cell wall [3,4]. B-1,3-glucan forms a helical
structure that acts as a scaffold, while the p-1,6 linkages connect these
helices, creating a highly cross-linked matrix [4]. This combination of
linkages provides both flexibility and mechanical support, allowing for
the fungal cell wall to resist environmental stresses and osmotic pressure
[5,6]. p-glucans are critical in fungal physiology, particularly in main-
taining the integrity of the cell wall during processes such as budding,
hyphal growth, and spore formation. Their synthesis and remodeling are
tightly regulated by fungal cells, with p-glucanases and other enzymes
involved in modulating the polymerization and depolymerization of
B-glucan chains, ensuring dynamic adaptation to various environmental

conditions [5].

B-Glucanases are a group of glycoside hydrolases (GHs) that catalyze
the conversion of p-glycosidic bonds in B-glucans into smaller oligo-
saccharides, such as cello-oligosaccharides and, occasionally, glucose
[7-9]. These enzymes are classified into various types based on their
specific activity, including endo-f-1,4-glucanase (EC 3.2.1.4), endo-p-1,3
(4)-glucanase (EC 3.2.1.6), and endo-f-1,3-glucanase/laminarinase (EC
3.2.1.39), among others, as categorized by the CAZy database [10].
Among these CAZy-classified enzymes, the GH16 family forms a large
and functionally diverse group of glycoside hydrolases characterized by
a conserved p-jelly-roll fold [11] and predominantly endo-acting activity
on f-linked polysaccharides. The GH16 family is widely distributed
across bacteria, fungi and plants. In plants, GH16 p-glucanases partici-
pate in cell wall remodeling and contribute to immune and stress re-
sponses through the hydrolysis of p-glucans, playing important roles in
defense signalling and structural adaptation [12]. GH16 enzymes
hydrolyse internal -1,3- and p-1,4-glycosidic bonds in substrates such as
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laminarin and lichenin [11,13]. Members of this family are widely
distributed across bacteria, fungi, plants and algae, where they
contribute to cell-wall remodeling, morphogenesis and microbial
antagonism [13]. They receive great interest in industries dedicated to
biofuel production, where lignocellulosic biomass must be degraded
into simpler sugars (e.g., glucose and xylose) before being refined into
biofuels. By breaking down these complex polymers, glucanases help
unlock renewable energy from plant-derived materials, making them
valuable for sustainable energy solutions [14-17]. Additionally, they
have been associated with crop protection and plant defense against
fungal pathogens since they hydrolyze p-glucans in fungal cell walls,
thus playing a crucial role in weakening structural barriers and, ulti-
mately, the integrity of the pathogen [18]. This degradation exposes
chitin, another key component of the fungal cell wall, making it more
recognizable to the plant immune system. Upon exposure, chitin triggers
plant defense mechanisms, such as the production of antimicrobial
compounds and the activation of systemic acquired resistance (SAR),
which limits fungal spread and infection [19-21]. Bacillus velezensis has
emerged as a significant player because of its potent antifungal activ-
ities. The presence of p-glucanases in B. velezensis and their ability to
suppress fungal infections make these enzymes crucial components in
plant protection strategies [22,23]. Diverse p-glucanases have been
described in members of this bacterial species and characterized for
their roles in antagonistic interactions with fungi [24,25].

In this study, we identified and characterized a novel p-glucanase,
BvlzGluc, produced by Bacillus velezensis CECT 8237. BvlzGluc effec-
tively degrades the p-glucan layer of fungal cell walls, compromising
structural integrity and causing severe malformations that inhibit fungal
development and reduce disease incidence. Our structural and func-
tional analyses revealed that BvlzGluc has unique characteristics distinct
from those of other fp-glucanases in the glycoside hydrolase family,
suggesting that it represents a new type of B-glucanase. These findings
underscore the importance of bacterial factors in antagonistic in-
teractions between biocontrol agents and pathogens, furthering inno-
vative, sustainable agricultural and biotechnological pathogen control
strategies that extend beyond traditional bacterial applications.

2. Materials and methods
2.1. Plant material

Melon plants (Cucumis melo; cultivar Rochet Panal) were grown from
seeds (Semillas Fit6) at 25 °C and 60 % relative humidity under fluo-
rescent and incandescent light at a photofluency rate of
~120pumolm~2s~! and a 12/12h photoperiod.

2.2. Fungal strain—growth and inoculation of plant material

B. cinerea isolate B05.10 was cultured on potato dextrose agar (PDA,
Oxoid) in a controlled-environment chamber at 20 °C under illumina-
tion with fluorescent light at a photo fluency rate of 12 pmolm’2 s land
a 12/12 h photoperiod. Conidia were harvested from the light-grown
culture in sterile distilled water containing 0.001 % (v/v) Triton X-100
(J.T. Baker) and filtered through a 40-pm cell strainer to remove the
remaining hyphae. Cell biology studies were carried out on germinated
conidia grown in potato dextrose broth (PDB, Scharlau) inoculated with
a spore suspension and incubated at 28 °C for 24 h at 150 rpm.

B. cinerea plant inoculation was performed as previously described
[26]. Briefly, the conidial suspension was adjusted to 10° conidia mL ™!
in half-strength filtered (0.45 pm) grape juice (100 % pure organic).
Melon plants that were 5-6 weeks old were used, and each leaf was
inoculated with 5-pl droplets of conidial suspension (5-102 conidia). The
plants were covered with a plastic dome and placed in the growth
chamber. At 72 h postinoculation, the leaves were imaged, and the
lesion size was analyzed using ImageJ 2.0 software.
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2.3. Stress analysis of B. cinerea B05.10: identifying active fractions and
critical concentration estimation

A stress analysis of B. cinerea B05.10 was performed to identify the
clone supernatants with antimicrobial activity. To do so, all the clones
were grown in LB medium at 37 °C for 24 h at 150 rpm. Afterward, the
supernatants were collected, filter sterilized and subsequently incubated
with B. cinerea germinated spores in a 96-well microtiter plate. Then,
reactive oxygen species (ROS) production was analyzed using 10 mM
hydrogen peroxide as a positive control. ROS detection was performed
with dihydrorhodamine 123 (DHR123, Sigma-Aldrich). The fluores-
cence was recorded using a plate reader (FluoStar Omega, BMG Lab-
Tech) with excitation filters at 485 nm and emission at 520 nm, and
readings were taken every 10 min over a 24-h period. The experiment
was stopped when the positive control became saturated.

2.4. Sequence analysis

A search was conducted in the fosmid cloned fragments for proteins
that could be secreted. For this, a previously described workflow was
followed [27]. Briefly, proteins with a signal peptide were searched
using  SignalP (https://services.healthtech.dtu.dk/service.php?Si
gnalP-5.0), those without transmembrane domains were identified
using TMHMM (https://services.healthtech.dtu.dk/service.php?
TMHMM-2.0), and proteins predicted to have extracellular subcellular
localization were selected using DeepLoc (https://services.healthtech.
dtu.dk/service.php?DeepLoc-1.0). Finally, a comprehensive search for
conserved protein domains was conducted on the selected proteins to
identify functional motifs that may be critical for their activity (https:
//toolkit.tuebingen.mpg.de/tools/hhpred). In addition, domain anno-
tation was performed using HMMER searches against CAZy-derived
GH16 Hidden Markov Models. BvlzGluc showed highly significant
matches to GH16 profiles (E-values <1e—40), supporting its assignment
to this family.

Multiple sequence alignment was conducted via the CLC Main
Workbench (Aarhus). Phylogenetic analysis was performed by MEGA
software (v.11, Kumar Lab, Temple University, Philadelphia, USA) with
MUSCLE as the alignment algorithm. Phylogenetic tree analysis was
subsequently carried out using the maximum likelihood statistical
method, which is based on the Poisson correction model. The test to
assess the phylogeny used was performed by the bootstrap method with
1000 bootstrap replications.

2.5. Invitro expression and purification of B. velezensis CECT 8237
BvlzGluc

The primers 7685F44—F (5-AAAAAGCAGGCTCTATGCG-
TAAAAAAATCTTAATGGCACTC-3) and 7685F44-R.

(5-AGAAAGCTGGGTTTATCGATTAATTTTAAAAGAGTTTGTCG-3")
were used to amplify BAMY6639_07685 (GenBank acc. no. AMQ71412)
coding sequence, the amplified fragment was cloned and inserted into
the entry vector pDONR207 and then transferred to the destination
vector pDEST17, which incorporates a six His-tag at the N-terminus of
the proteins, using the Gateway® cloning technology (Invitrogen).

For BvlzGluc expression, the plasmid pDEST17 containing the coding
sequence was transformed into chemically competent E. coli BL21-AlI
cells (Invitrogen) using heat shock. Protein expression was induced
with the addition of 10 mM arabinose (Sigma-Aldrich) at an ODggonm of
0.4. The cells were incubated at 37 °C for 3h and harvested by centri-
fugation. The cell pellet was frozen in liquid nitrogen and stored at
—80°C overnight to increase the yield of protein recovery.

For protein purification, the cell pellet was thawed, resuspended in
lysis buffer (1 x CellLytic™ B-Cell Lysis Reagent [Sigma-Aldrich], 1 mM
protease inhibitor phenylmethylsulfonyl fluoride (PMSF) and 0.2 mg
mL~! Lysozyme) and incubated at room temperature for 1h; the
remaining cells were disrupted by sonication on ice using a UP100H
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sonicator (Hielscher). The crude lysate was clarified by centrifugation at
8000 xg for 10min.

The resulting supernatant was passed through a 0.45-pym filter prior
to protein purification via affinity chromatography using an AKTA Start
FPLC system (GE Healthcare). The lysate was loaded into a HisTrap HP
5 mL column (GE Healthcare) previously equilibrated with binding
buffer (50 mM Na3zPO4 [pH 8], 0.5 M NaCl, and 10 mM imidazole). The
protein was eluted with elution buffer (50 mM Na3PO4 [pH 8], 0.5 M
NaCl, 500 mM imidazole). Next, the purified protein was loaded into a
HiPrep 26/10 desalting column (GE Healthcare), and the buffer was
exchanged for 20 mM Tris-HCI, pH 8, and 50 mM NaCl. Finally, the
protein was concentrated by ultrafiltration using Pierce® Concentrators
20K MWCO (Thermo Scientific) and stored at —20°C until analysis.

Prior to further analysis, the expressed proteins were characterized
by western blotting. For immunoblot analysis, purified protein was
electrophoresed on 12 % SDS-PAGE gels and electrotransferred onto
polyvinylidene difluoride (PVDF) membranes using the Trans-Blot
Turbo electrophoretic transfer cells (Bio—Rad). The blots were probed
with a 1:1000 dilution of a rabbit monoclonal anti-His-tag antibody
(Rockland). The membranes were then incubated with a 1:20,000
dilution of a horseradish peroxidase-conjugated anti-rabbit antibody
(Bio-Rad), and the bands were visualized by chemiluminescent detec-
tion via an enhanced chemiluminescence (ECL) western blotting anal-
ysis system (Thermo Scientific).

2.6. Germination rate and germ tube length measurement

To estimate the germination rate and measure germ tube length,
B. cinerea spores were first prepared by collecting a spore suspension as
described above, followed by adjusting the spore concentration. The
spores were plated on water agar media in sterile Petri dishes in the
absence or presence of BvlzGluc and spread evenly before incubation at
25 °C. Germination was monitored at regular intervals using a micro-
scope, and a spore was considered germinated when the germ tube
exceeded the spore diameter. The germination rate was determined by
counting the total number of spores and the number of spores that
germinated in randomly selected fields of view. Data on the germination
rate and germ tube length were recorded and averaged, with experi-
ments conducted in triplicate to ensure reproducibility.

2.7. Transmission and scanning electron microscopy

B. cinerea was fixed in 2.5 % (v/v) glutaraldehyde and 4 % (v/v)
paraformaldehyde in 0.1 M phosphate buffer (PBS) overnight at 4 °C.
The samples were postfixed in 1 % osmium tetroxide solution in PBS for
90 min at room temperature, followed by washing with PBS and 15 min
of stepwise dehydration in an ethanol series (30 %, 50 %, 70 %, 90 %
and 100 % twice). Between the 50 % and 70 % steps, the samples were
incubated in a 2 % uranyl acetate solution in 50 % ethanol at 4 °C
overnight. After dehydration, the samples were gradually embedded in
low-viscosity Spurr's resin (resin:ethanol, 1:1, 4 h; resin:ethanol, 3:1, 4
h; and pure resin overnight). The sample blocks were embedded in
capsule molds containing pure resin for 72 h at 70 °C. The samples were
imaged under an FEI Tecnai G2 20 TWIN transmission electron micro-
scope at an accelerating voltage of 80 kV. The images were acquired
using TIA FEI Imaging Software v.4.14.

For scanning electron microscopy, after ethanol dehydration, the
samples were dried with a Bal-Tec CPD 030 critical point dryer. The
dried samples were coated with a thin layer of gold using a Leica EM
SCDO50 coater before viewing under a JEOL JSM-6490 LV microscope.

2.8. Fungal cell wall extraction and hydrolysis quantification
Germinated spores of B. cinerea were captured by filtration through a

40-pm filter (Corning) to collect all the biomass, which was subse-
quently resuspended in 1 mL of lysis buffer (10 mM Tris-HCI pH 7.4, 1
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mM PMSF). A 3-mm tungsten carbide bead (Qiagen) was added. The
material was then disrupted in a TissueLyser II (Qiagen) at maximum
speed with a frequency of 30 cycles s~1 for 30 min. This step was con-
ducted to disrupt the cell wall. After this step, the sample was centri-
fuged at 1000 xg for 10 min at 4 °C, the supernatant was discarded, and
the pellet was washed with 1 mL of solution A (1 mM PMSF). The
mixture was subsequently centrifuged again at 1000 xg for 10 min at
4 °C, after which the pellet was washed with 1 mL of solution B (5 %
NaCl, 1 mM PMSF). This step was repeated, changing to solution C (2 %
NaCl, 1 mM PMSF) and 1 mL of solution D (1 % NaCl, 1 mM PMSF).
Finally, the pellet was weighed and resuspended in 100 pL of solution A.
In a 96-well plate, the cell wall purification (100 pg mL™') was com-
bined with AMQ71412.1 protein at a concentration of 20 pg mL™'. The
mixture was incubated at 28 °C with agitation for 24 h. Afterward, the
results were analyzed via MALDI-TOF mass spectrometry.

Hydrolysis of fungal cell wall polysaccharides by BvlzGluc was
quantified by measuring the release of soluble sugars using the phe-
nol-sulfuric acid method. Cell wall material was prepared as described
above.

Reactions contained 1 mg mL ™" fungal cell wall suspension and 0.5
uM purified BvlzGluc in 50 mM sodium phosphate buffer pH 7.0. Control
reactions without enzyme contained the same amount of cell wall and
buffer. Reaction mixtures were incubated at 40 °C with gentle shaking,
and aliquots were withdrawn at 0, 15, 30, 60 and 120 min. Each aliquot
was immediately centrifuged at 10,000g for 5 min at room temperature
to remove insoluble material, and the supernatant was used for quan-
tification of soluble sugars.

Briefly, supernatant aliquots were mixed 1:1 with 5 % (w/v) phenol
in a 1.5 mL microcentrifuge tube, followed by the rapid addition of 250
pL concentrated H2SO4. Samples were vortexed briefly and incubated for
30 min at room temperature. Absorbance was measured at 490 nm using
a microplate reader. A standard curve was prepared in parallel using
glucose solutions (0-200 pg mL™!) treated identically, and results were
expressed as pg of glucose equivalents per mL of reaction mixture. For
each condition and time point, three independent reactions were per-
formed, and each was measured in technical duplicate.

2.9. Chitin and chitosan visualization

To evaluate the effects of BvlzGluc on the fungal cell wall, both chitin
and chitosan were visualized. For chitin visualization, Botrytis cells that
were untreated or incubated with 0.5 pM BvlzGluc for 24 h were stained
with 0.05 mg mL™! WGA-Alexa Fluor 488® conjugate in PBS for 1 h at
room temperature. After staining, the cells were washed three times
with PBS containing Tween 20 before visualization.

For chitosan visualization, Eosin Y was employed, as it binds selec-
tively to chitosan without showing affinity for chitin [28]. Following
incubation with 0.5 pM BvlzGluc, the cells were washed twice with 1 mL
of Mcllvaine's buffer (0.2 M Na:HPO. and 0.1 M citric acid, pH 6.0),
resuspended in 500 pL of the same buffer, and stained with 30 pL of
Eosin Y (5 mg mL ! stock; Sigma) at room temperature in the dark for
10 min, followed by two washes with 1 mL of Mcllvaine's buffer to
remove excess dye. Finally, the cells were resuspended in 500 pL of
Mcllvaine's buffer.

The samples were imaged using a Zeiss LSM880 confocal microscope
equipped with a Plan-apochromatic 63x/1.4 oil immersion objective.
Chitin and chitosan were visualized with excitation at 488 nm, and
images were acquired for further analysis.

2.10. Carbohydrate sedimentation assay

The carbohydrate sedimentation assay was performed as previously
described [29]. Briefly, 0.5 pM BvlzGluc in 20 mM Tris (pH 8.0) was
mixed with 1.5 mg of chitin (NEB), chitosan (Sigma-Aldrich) or yeast
B-glucan (Sigma-Aldrich) suspensions and incubated at room tempera-
ture for 2 h on an orbital shaker at 350 rpm. The same amount of protein
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in Tris buffer without added carbohydrates was used as a negative
control. After centrifugation (5 min, 13,000g), the supernatant was
collected, and the pellet was washed three times with 800 pL of 20 mM
Tris (pH 8.0) prior to resuspension in 2x Laemmli buffer with the
addition of 5 % p-mercaptoethanol as a reducing agent (Invitrogen). The
presence of BvlzGluc in different fractions was determined by western
blot analysis, as described above.

2.11. Immunofluorescence microscopy

B. cinerea cells incubated with 0.5 pM BvlzGluc for 24 h were fixed
with 100 % acetone for 10 min at —20 °C. After being washed with 1x
PBS, the cells were blocked with blocking solution (3 % (w/v) BSA and
0.2 % (v/v) Triton X-100) for 60 min. Finally, the cells were stained for
immunofluorescence using a 1:50 rabbit monoclonal anti-p-glucan pri-
mary antibody (Thermo Fisher) followed by a 1:200 GFP-conjugated
goat anti-rabbit secondary antibody (Thermo Fisher). Images were ob-
tained via visualization of the samples using a Zeiss LSM880 confocal
microscope with a Plan-apochromatic 63x/1.4 oil immersion objective
and acquisition with excitation at 488 nm. The cells were counterstained
with the lipophilic dye FM 4-64 (Thermo Fisher) to stain the plasma
membrane.

2.12. Characterization of f-glucan substrate specificity and biochemical
characterization

The activity of p-glucanase (BvlzGluc) was assessed using the 3,5-
dinitrosalicylic acid (DNS) method. In brief, 0.5 pM purified enzyme
(quantified with Qubit) was incubated with 60 pL of 0.5 % (w/v) yeast
B-glucan (Merck) at 37 °C and pH 7.0 for 30 min. After addition of 80 pL
DNS reagent and boiling for 5 min, samples were cooled to room tem-
perature, and the absorbance was measured at 540 nm. One unit (U) of
p-glucanase activity was defined as the amount of enzyme required to
release 1 pmol of glucose-equivalent reducing sugar per minute.

The enzymatic activity of the purified protein was evaluated against
four different p-glucans in order to assess substrate specificity and po-
tential functional differences depending on glycosidic linkage type. The
substrates tested were: yeast p-glucan (predominantly p-1,3-glucan with
f-1,6 branches, extracted from Saccharomyces cerevisiae cell walls
(Merck)), which is widely used as a standard f-1,3-glucan substrate for
characterising endo-p-1,3-glucanase activity, Scleroglucan (linear p-1,3
backbone with regular p-1,6 branches, produced by Sclerotium rolfsii
(InvivoGen)), Pustulan (a homopolymer of p-1,6-linked glucose units,
isolated from Umbilicaria papulose (InvivoGen)), and Laminarin (a p-1,3-
glucan with -1,6 branches, derived from Laminaria digitata (Merck)).

Enzyme assays were performed in 0.1 M phosphate buffer (PBS) (pH
7.5) containing 0.5 % (w/v) of the respective substrate and incubated
with the purified enzyme at 37 °C for 30 min. The reactions were
stopped by boiling for 5 min, and the release of reducing sugars was
quantified using the 3,5-dinitrosalicylic acid (DNS) method with glucose
as calibration standard. Enzyme activity was calculated as pmol of
reducing sugars released per min per mg of protein. Substrate preference
was expressed as relative activity (%) by normalizing to the activity
obtained with yeast p-glucan, which was set as 100 %. All assays were
performed in triplicate, and values are reported as mean + standard
deviation.

For physicochemical characterization, BvlzGluc was assayed under
varying conditions. The optimal pH was determined by incubating the
enzyme with 0.5 % yeast p-glucan in buffers covering pH 3.0-10.0
(citrate—phosphate, Tris—HCl, and glycine-NaOH) at 37 °C for 30 min,
identifying pH 7.0 as the optimum. pH stability was tested by pre-
incubating the enzyme in the same buffer systems at 25 °C for 1 h, after
which residual activities were measured relative to untreated controls
(100 %). The optimal temperature was determined in citrate-phosphate
buffer (pH 7.0) by incubating the enzyme with substrate for 10 min at
temperatures ranging from 20 °C to 90 °C.
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2.13. Protein modeling and molecular docking

AlphaFold3 [30] was used for automated protein tertiary structure
modeling of the B. velezensis CECT 8237 BvlzGluc protein. To identify
potential binding sites of yeast p-glucan (p-1,3-glucan with p-1,6
branches; PubChem ID: 92024379) to the BvlzGluc protein, automated
molecular docking and thermodynamic analysis were performed using
the web-based SwissDock program [www.swissdock.ch/docking] [31].
SwissDock predicts the possible molecular interactions between a target
protein and small molecule based on the docking algorithm EADock DSS
[32]. The docking was performed using the “Accurate” parameter at
otherwise default parameters, with no region of interest defined (blind
docking). Binding energies were estimated by using CHARMM (Chem-
istry at HARvard Macromolecular Mechanics), a molecular simulation
program implemented within SwissDock software, and the most favor-
able energies were evaluated by Fast Analytical Continuum Treatment
of Solvation (FACTS). Finally, the energy results were scored and ranked
by full fitness (kcal mol ™), and spontaneous binding was exhibited by
the estimated Gibbs free energy AG (kcal mol™1). The negative values of
AG support the assertion that the binding process is highly spontaneous.
Modeling and docking results were visualized using UCSF Chimera v1.8
software.

2.14. Site-directed mutagenesis

Site-directed mutagenesis was performed using the QuikChange
Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies)
according to the manufacturer's protocol. The template for mutagenesis
encompassed the entire locus of the BvlzGluc gene from B. velezensis
isolate CECT 8237 cloned into pDEST17. Residues Tyr36 and Thr216
were replaced by Ala using the primer pairs SDMY36A-F/-R and
SDMT216A-F/-R, respectively, generating the pDEST17-A36 and
pDEST17-A216 plasmids.

2.15. Circular dichroism spectroscopy

Circular dichroism was employed to investigate the secondary
structure of the wild-type BvlzGluc enzyme and the site-directed mu-
tants BvlzGluc-Y36A and BvlzGluc-T216A. Protein samples were pre-
pared at a final concentration of 1 pM in 50 mM sodium phosphate
buffer (pH 7.4) and equilibrated at room temperature prior to analysis.
Far-UV CD spectra were recorded in the wavelength range of 190-300
nm using a quartz cuvette with a 0.3 cm path length. Measurements
were performed at 25 °C with a scan speed of 200 nm min~?, a band-
width of 1 nm, and a response time of 1 s on a JASCO J-815 spec-
tropolarimeter equipped with a Peltier temperature control system.
Each spectrum was the average of three independent scans after sub-
traction of the buffer baseline.

Data were expressed as mean residue ellipticity ([0], deg.-
em?-dmol 1) and analyzed to compare the folding state of the native and
mutant proteins.

2.16. Kinetic analysis of -glucanase activity

Kinetic parameters were determined to characterize the catalytic
efficiency of the enzyme using yeast p-glucan as the substrate. Assays
were performed in 1x PBS buffer (pH 7.5) at 37 °C, under identical
conditions to those described for the specificity tests. Yeast f-glucan was
prepared at a range of concentrations from 0 to 1 mM, adjusted to ensure
coverage of both subsaturating and saturating regions of the curve. The
purified enzyme was diluted so that the reaction proceeded within the
linear range of product formation, with less than 10 % of substrate
consumed during the measurement period.

Reactions were initiated by addition of the enzyme to pre-
equilibrated substrate solutions and incubated for short time intervals
(5 min), with three sampling points taken for each substrate
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Fig. 1. Impact of BvlzGluc on Botrytis cinerea development. a. The germination of B. cinerea spores was significantly inhibited upon exposure to BvlzGluc. In addition
to the reduction in germination rates, the length of the germ tubes also considerably decreased. Scale bar, 20 pm. b. Whisker plot showing the quantification of the
germ tube area. All measurements (yellow dots), medians (black line), and minimum and maximum values (whisker ends) are represented. The datasets did not pass
the Shapiro-Wilk test for normality (P > 0.05) and were compared using a nonparametric two-tailed Mann-Whitney test, with three asterisks indicating significant
differences at P < 0.001. c. The effect of BvlzGluc on the development of B. cinerea was profound, leading to abnormal hyphal growth. The protein disrupted normal
fungal development, resulting in the formation of short, highly branched hyphae. This aberrant growth pattern suggests that BvlzGluc interferes with the mechanisms
that regulate hyphal elongation and branching. Scale bar, 30 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

concentration to confirm linearity. The reactions were terminated by
boiling for 5 min, and the release of reducing sugars was quantified by
the DNS method [33], with glucose as calibration standard. Initial ve-
locities (vo) were calculated from the linear increase in product forma-
tion over time and expressed as pmol of reducing sugars released per min
per mg of protein.

The kinetic data (v versus substrate concentration) were fitted to the
Michaelis-Menten model using non-linear regression analysis (Graph-
Pad Prism). From this analysis, apparent values of Ky, and Vi« were
obtained. All assays were carried out in triplicate, and kinetic values are
reported as mean =+ standard deviation.

2.17. Statistical analysis

GraphPad Prism v.10.0.0 (GraphPad Software, Boston, Massachu-
setts, USA) was used for statistical analysis of the experimental data.
When the data were normally distributed and the sample variances were
equal, Student's t-tests were performed with Welch's correction. In all
other cases, the Mann-Whitney Rank Sum test was performed. For
multiple comparisons, one-way analysis of variance (ANOVA) was per-
formed when the equal variance test was passed. In all other cases, one-
way ANOVA on ranks was performed (Kruskal-Wallis significant dif-
ference test). Significance was accepted at P < 0.05.
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Fig. 2. Impact of BvlzGluc on Botrytis cinerea hyphal integrity. a. Scanning electron micrographs showing the B. cinerea extracellular matrix. BvlzGluc manifests
remarkable activity on the extracellular matrix fibers that normally connect fungal hyphae (arrow heads). Upon treatment with BvlzGluc, these connective fibers
were absent and coexisted with disruption of the hyphal network. The absence of these extracellular matrix components suggests that BvlzGluc interferes with key
structural proteins or polysaccharides, further highlighting its potential as a targeted antifungal agent. Scale bar, 20 pm. b. Transmission electron micrographs
showing clear morphological alterations in samples treated with BvlzGluc compared with untreated B. cinerea hyphae. Upon treatment with BvlzGluc, notable
changes in the fungal cell wall structure were observed, particularly the release of fragments from the outer layer of the hyphal cell wall (white asterisk). Scale bar, 1
pm. c¢. MALDI-ToF mass spectrometry analysis of Botrytis cinerea cell wall extracts before and after treatment with BvlzGluc. Spectra were acquired in reflector
positive ion mode (+MS). In Control samples, prominent high-molecular-weight peaks were detected, including signals centered around 1500 Da as well as larger
species exceeding this range, consistent with the presence of long and partially branched p-glucan chains typical of the fungal cell wall. These peaks reflect the native
polysaccharide architecture and suggest a population of incompletely fragmented glucan polymers. By contrast, treatment with BvlzGluc led to the complete
disappearance of these high-molecular-weight signals and the emergence of low-molecular-weight peaks displaying regular mass differences of ~162 Da, which is
characteristic of hexose (glucose) unit losses. This fragmentation pattern indicates that BvlzGluc catalyzes the endo-type hydrolysis of internal f-1,3-glycosidic bonds,
generating oligosaccharide products with defined lengths. The observed shift in mass distribution provides functional confirmation of the enzyme's endo-p-1,3-
glucanase activity, supports its specificity for linear -glucans, and reinforces its proposed role as a noncanonical antifungal glucanase capable of destabilizing fungal
cell wall polysaccharides. d. Time-course release of soluble carbohydrates from purified Botrytis cinerea cell wall material incubated with BvlzGluc (0.5 pM) or buffer
control. Soluble sugars were quantified by the phenol-sulfuric acid assay and expressed as glucose equivalents (ug mL™"). BvlzGluc induced a progressive and

significant increase in solubilized material over 120 min, whereas control reactions showed minimal spontaneous hydrolysis.
<

<

3. Results and discussion

3.1. BvIzGluc reduces Botrytis spore germination and induces severe
hyphal malformation

To identify protein determinants involved in the fungicidal activity
of B. velezensis CECT 8237, a genomic library was constructed into the
fosmid pCC2FOS™. A total of 400 clones were isolated, achieving full
genome coverage of Bacillus at a depth of 4 x. Compared with those from
untreated plants or those treated with HOg, cell-free supernatants from
12 different clones of the genome library induced a significant ROS
response in response to B. cinerea spore suspensions (Supplementary
Fig. 1). Positive clones were sequenced and analyzed to identify secreted
extracellular proteins with potential fungicidal properties. This analysis
considered the search for signal peptides, the absence of transmembrane
domains, and extracellular localization. The obtained sequences were
also compared with known databases to pinpoint specific genes or gene
clusters responsible for antifungal activity (Supplementary Table 1).
One of the fosmids contained a genomic fragment with the locus
BAMY6639_07685 that met all the aforementioned analysis criteria. The
deduced amino acid sequence (GenBank acc. no. WP_060674061) an-
notated as a hypothetical protein was selected as a candidate for further
analysis. The sequence of this protein shares significant homology with
that of glycoside hydrolases, which are enzymes known for their role in
the hydrolysis of glycosidic bonds, which was a reason to tentatively
designate it as BvlzGluc to reflect its putative glucosidase activity.

The biological effects of BvlzGluc on Botrytis cinerea, specifically on
fungal spore germination, were studied. The protein was heteroge-
neously expressed in E. coli and purified to homogeneity before further
experiments were performed. The protein strongly inhibited the
germination of fungal spores that produced abnormally short, twisted
germ tubes with minimal elongation (Fig. 1a). Eventually, some spores
could germinate but still produced significantly fewer germ tubes
(Fig. 1b). Untreated spores (Fig. la, inset) presented normal and
extended germ tubes, indicating healthy fungal growth.

In addition, the external application of the protein to mature hyphae
caused severe morphological deformations consisting of significant hy-
phal shortening accompanied by an increase in branching and pro-
nounced vacuolization (Fig. 1c). This structural disruption suggested
that the protein interferes with the normal growth and organization of
fungal hyphae, resulting in abnormal cellular processes and compro-
mising the overall integrity of the fungal network [34,35].

The inhibition of fungal spore germination triggered by bacterial
B-glucanase has been previously described in B. subtilis CW14 against
Aspergillus ochraceus [36] and B. velezensis CE [25]. These findings sug-
gest that the inhibitory activity of BvlzGluc may share mechanistic
similarities with that of other p-glucanases in targeting fungal pathogens
by disrupting spore development and germination processes, further

highlighting its potential as an antifungal agent.

3.2. BvizGluc disrupts the outer layer of the fungal cell wall

A possible explanation for the morphological alterations observed in
hyphae is a disruptive effect on fungal cell surfaces [37,38]. Scanning
electron microscopy revealed the presence of an extracellular matrix
surrounding the hyphae, normally forming an interconnected network
(Fig. 2a, top), which appeared less evident after treatment with BvlzGluc
(Fig. 2a, bottom; representative alterations indicated with arrows). This
extracellular matrix is common in many fungi, both filamentous and
non-filamentous, and plays a role in maintaining structural cohesion and
communication between hyphae [39,40]. Transmission electron mi-
croscopy of thin sections of fungal hyphae showed areas where cell wall
material seemed to be released from the structure (Fig. 2b, bottom, ar-
rows), whereas no such features were detected in the control treated
with protein buffer (Fig. 2b, top). These observations are consistent with
BvlzGluc affecting the outer layer of the cell wall and the extracellular
matrix that links hyphae, which may weaken the structural integrity of
the fungal network and contribute to its antifungal effect [39,40].

To verify the specificity of the protein toward components of the
fungal cell wall and extracellular matrix, purified cell wall fractions
were incubated with BvlzGluc and analyzed by mass spectrometry
(Fig. 2¢). In the chromatograms of untreated hyphae, signals corre-
sponding to high-molecular-weight polysaccharide chains were detec-
ted, as expected for intact fungal cell walls, together with weak and
poorly defined peaks in the 1000-1500 m/z range. These minor signals
most likely reflect partial degradation of f-glucan during the purifica-
tion and handling steps, as reported for other preparations of complex
polysaccharides.

By contrast, spectra obtained after incubation with BvlzGluc showed
a marked reduction in high-molecular-weight species and the appear-
ance of more abundant and better-defined peaks in the 1000-1500 m/z
region (Fig. 2¢). Importantly, several of these signals followed in-
crements of approximately 162 Da, which corresponds to the mass of a
glucose unit and is widely recognized as a diagnostic feature of p-glucan
oligomers (Supplementary table 3) [41]. The presence of these struc-
tured series of peaks, absent or only marginally visible in control sam-
ples, is consistent with the release of soluble glucan fragments as a
consequence of enzymatic hydrolysis.

The increased intensity and organization of these oligomeric ladders
in treated samples therefore provide molecular-level evidence that
BvlzGluc cleaves glycosidic bonds within fungal f-glucans, converting
high-molecular-weight polysaccharides into shorter oligomeric prod-
ucts. This activity is consistent with the proposed role of BvlzGluc as a
B-glucanase and suggests a mechanism by which the enzyme may
weaken or remodel the structural matrix of the fungal cell wall, thereby
contributing to its antifungal effect [42,43]. It should be noted that, for
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Fig. 3. Effect of BvlzGluc on Botrytis cinerea infection in plants. a. Immuno-
cytochemical analysis using an anti-fungal monoclonal primary antibody and a
GFP-conjugated anti-rabbit secondary antibody demonstrated the normal dis-
tribution of p-glucans in Botrytis cinerea hyphae. In the control samples, the
B-glucans formed a regular, continuous, and uniform layer within the cell wall,
which is crucial for maintaining cell wall integrity and structural support in the
fungus. However, upon treatment with BvlzGluc, significant disruptions in the
B-glucan layer were observed. These discontinuities suggest that BvlzGluc in-
terferes with the synthesis or maintenance of p-glucans, likely weakening the
fungal cell wall and increasing its vulnerability to external stress. b. Lesion size
triggered by B. cinerea on melon leaves after 72 hpi was reduced by 80 % upon
treatment with BvlzGluc. The whisker plot shows all the measurements (orange
dots), medians (black line), and minimum and maximum values (whisker ends).
The datasets did not pass the Shapiro-Wilk test for normality (P > 0.05) and
were compared using a nonparametric two-tailed Mann-Whitney test, with
quadruple asterisks indicating significant differences at P < 0.0001.

the SEM and TEM analyses, we intentionally focused on hyphal regions
that were not yet fully collapsed, so that the outer wall and extracellular
fibrillar matrix could still be resolved. In the most severely damaged
areas, these structures were too disrupted to be analyzed reliably. This
explains why the ultrastructural images in Fig. 2 appear less deformed
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than the whole-hypha phenotypes observed in Fig. 1, while both sets of
images represent complementary manifestations of the same BvlzGluc-
induced damage.

To complement the mass spectrometry analysis and provide a
quantitative assessment of cell wall degradation, the release of soluble
sugars from purified fungal cell walls incubated with BvlzGluc was
measured, control reactions displayed minimal solubilization over the
120 min incubation period, consistent with limited spontaneous hy-
drolysis. In contrast, treatment with BvlzGluc resulted in a clear and
time-dependent increase in soluble carbohydrate content, reaching
approximately 80 pg mL ™! of glucose equivalents at 120 min (Fig. 2d).
These data indicate that BvlzGluc promotes solubilization of fungal cell
wall polysaccharides, providing quantitative evidence of enzymatic
hydrolysis that fully aligns with the oligomeric fragmentation pattern
observed by mass spectrometry (Fig. 2c).

3.3. BvizGluc degrades fungal p-glucan, weakening cell wall integrity and
reducing Botrytis cinerea virulence

The effect of BvlzGluc on B. cinerea was visualized in vivo via
immunocytochemistry using a fungal anti-p-glucan-specific antibody. In
the control sample, the p-glucan layer was clearly detected on the
outermost region of the fungal cell wall. The fluorescence signal was
continuous throughout the entire hypha, with higher intensity at the
hyphal apex, indicating an intact and organized p-glucan layer structure.
However, when the hyphae were treated with the protein BvlzGluc, the
fluorescent signal associated with the B-glucan layer was no longer
visible as a continuous structure. Fragments of the p-glucan layer
adhered to the outer region of the cell wall, and additional p-glucan
fragments were scattered randomly along the hyphae (Fig. 3a). This
observation indicates that the protein has a clear impact on the p-glucan
layer, consistent with degradation and alterations in the structural or-
ganization of the cell wall, which may affect rigidity and flexibility, both
relevant for fungal growth and infection [36,44,45]. This degradation
likely weakens the structural integrity of the cell wall, potentially
reducing the ability of the fungus to grow and infect. To assess the
biological impact of removing the f-glucan layer, the virulence of
Botrytis was evaluated by measuring the lesion area on melon plant
leaves. The lesion area in the presence of BvlzGluc was significantly
smaller than that in the untreated control (Fig. 3b). On the basis of these
findings, we propose that degradation of the outer p-glucan layer may
contribute to reduced Botrytis virulence by i) destabilizing fungal
integrity and ii) potentially facilitating the activation of plant immune
responses through exposure of inner cell wall components [46,47].

3.4. Concentration-dependent aggregation of BvlzGluc reduces its efficacy

BvlzGluc purified in vitro yielded a distinctive band of 15 kDa
(Fig. 4a), which was consistent with the estimated molecular weight at a
concentration of 0.5 pM. However, as the protein concentration
increased to 1.5 and 2.5 pM, the 15 kDa band was replaced by a higher
molecular weight band of 50 kDa. Interestingly, the decreased efficacy
of the biological functionality of the protein against Botrytis was corre-
lated with the increase in protein concentration (Fig. 4b). This inverse
relationship is consistent with high protein concentration promoting the
formation of non-functional assemblies. Consistent with this interpre-
tation, TEM analysis of negatively stained samples revealed clear ag-
gregates at elevated concentrations that were absent at 0.5 pM (Fig. 4c).
These aggregates provide direct visual evidence of concentration-
dependent self-association under native conditions, providing a plau-
sible explanation for the reduced biological activity of the protein at
higher concentrations. Previous studies have indicated that f-glucanases
can aggregate under specific conditions, resulting in larger molecular
weight complexes that diminish enzymatic efficiency [8,48].

The resistance of the purified protein to different physicochemical
conditions, such as temperature and pH, was further tested. The enzyme
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Fig. 4. Purification and characterization of BvlzGluc. a. SDS-PAGE analysis revealed an unexpected phenomenon during purification: while the protein was suc-
cessfully purified (15 kDa), increasing its concentration resulted in the appearance of a band corresponding to an entity with a molecular weight higher than expected
(50 kDa). b. In terms of antimicrobial activity, BvlzGluc has the ability to induce the formation of reactive oxygen species (ROS) in Botrytis cinerea, but this activity
relies on the protein concentration. At low concentrations, the protein effectively triggered an oxidative burst, contributing to its potential role as an antimicrobial
agent. However, as the concentration increased, its ability to induce ROS generation decreased, leading to a complete loss of activity at higher concentrations. c.
Aggregation of BvlzGluc at high concentrations was confirmed, supporting the hypothesis that a lack of activity is linked to protein aggregation. This behavior could
be due to the tendency of proteins to self-associate at relatively high concentrations, resulting in the formation of inactive aggregates. d. Physicochemical char-
acterization of BvlzGluc revealed important details about its stability and activity under various environmental conditions. The optimal temperature for its enzymatic
activity was established at 40 °C, indicating that BvlzGluc can function efficiently at relatively high temperatures, making it suitable for applications with thermal
s‘tability requirements. Additionally, the optimal pH was 7, suggesting that BvlzGluc performs best under neutral conditions.

displayed maximal activity at approximately 40 °C (Fig. 4d), which in-
dicates that it retains activity at moderately elevated temperatures
[49,50]. Additionally, the enzyme was determined to operate most
effectively under neutral conditions (pH 7) (Fig. 4e). This is a common
feature of many p-glucanases in certain plant tissues that are crucial for
plant growth and defense against pathogens, facilitating the degradation
of pathogen cell walls [51,52]. The combination of tolerance to
moderately high temperatures and a neutral pH optimum is compatible
with the enzyme functioning in ecological or physiological niches where
these conditions prevail, such as soil or plant-associated environments
with fluctuating temperatures and pH levels [44,53].

3.5. BvizGluc specifically targets f-glucan

To specifically determine the target of this protein, separate sus-
pensions of each cell wall component (B-glucans, chitin, or chitosan)
were prepared and incubated with the protein. After the incubation
period, the samples were centrifuged to separate the pellet (containing
nondegraded or insoluble material) from the supernatant (containing
soluble or degraded components). Western blot analysis using anti-His
tag antibodies was performed to identify whether the protein bound to
or degraded any of the cell wall components found in either fraction
[29,54]. In the presence of both chitin and chitosan, the protein was
detected in the supernatant (Fig. 5a). In addition, confocal microscopy
analysis with specific staining of chitin and chitosan revealed undis-
tinguishable fluorescence signals in untreated hyphae and hyphae
treated with the protein (Supplementary fig. 2). These observations
indicate that BvlzGluc does not show detectable direct interaction with
these two major cell wall components under our experimental condi-
tions [36].

However, in the presence of yeast p-glucan, the protein was found in
the pellet, indicating that the protein specifically binds yeast p-glucan
(Fig. 5a). Yeast B-glucan is widely used as a reference f-1,3-glucan
substrate in enzymatic studies, and therefore provides an appropriate
standard for assessing the activity of BvlzGluc [7,36]. This biochemical
affinity of the protein for yeast f-glucans, along with the ultrastructural
changes in the outer layers of the cell wall (Fig. 2) and fragmentation of
the polymers (Fig. 2¢, mass spectrometry analysis), are compelling re-
sults that support the specificity of the protein for this chemical fraction
of the fungal cell wall. The mass spectrometry analysis reflects p-1,3-
glucan hydrolysis from the native cell wall; although the experiment was
performed on endogenous B-glucan rather than on a purified commercial
preparation, the fragmentation profile is consistent with endo-p-1,3
cleavage and is further supported by the enzyme's activity on laminarin,
scleroglucan and pustulan. The precipitation observed with p-glucans
suggested that the protein's action might involve structural changes or
degradation of the p-glucan matrix, leading to the formation of insoluble
complexes.

3.6. Structural and mechanistic insights into BvlzGluc

BvlzGluc features a jelly roll structure, this architecture is composed
of several antiparallel beta-sheets that contribute to its thermal stability
and function, particularly through the formation of p-strands into two
twisted antiparallel p-sheets, which creates a concave and convex

10

surface (Fig. 5b). These surfaces assist in stabilizing interactions such as
hydrogen bonding and hydrophobic contacts, which are crucial for
maintaining structural integrity at elevated temperatures [55,56].

Molecular docking of the protein with yeast -glucan was carried out
to determine the potential binding site and to identify the putative
residues involved in the interaction, but not to predict a definitive cat-
alytic pose. The analysis predicted 10 clusters of putative binding sites
distributed across 16 different regions of the protein. The most ener-
getically favorable binding site, AG = -8.3 kcal mol-1, was located
within the core of the protein. The binding of yeast -glucan to a protein
mostly relies on the establishment of nine hydrogen bonds with residues
Y36, E40 and T216. Distances to those residues were 1.81 A, 2.44 10\,
2.16 A, 2.15 A, 2.61 A, 2.13 A, 2.35 A, 2.44 A and 1.64 A, respectively
(Fig. 5c¢). Interestingly, a structurally equivalent tyrosine residue (Y36)
has been described in the potato endo-p-1,3-glucanase GLUB20-2,
where it appears to restrict the accommodation of branched poly-
saccharides within the catalytic cleft [57].

These residues had not previously been associated with catalytic
activity or structural conservation in glucanases, but the docking results
suggested they might establish direct contacts with p-glucan. Therefore,
to validate whether these residues participate in substrate interaction,
site-directed mutagenesis was carried out, generating the Y36A and
T216A variants. The secondary structure of these variants was assessed
by far-UV circular dichroism (CD) and compared to that of the wild-type
protein. The latter displayed a spectrum typical of B-sheet-rich proteins,
with a broad negative band near 217 nm and a maximum around 195
nm (Fig. 5d), consistent with a predominantly p-structured fold.

The Y36A variant showed a nearly identical CD profile, indicating
that this mutation does not significantly alter the global secondary
structure. In contrast, the T216A variant exhibited a markedly different
CD spectrum, lacking the defined p-sheet signature and showing instead
a strong negative band near 200 nm, which is characteristic of a partially
or fully unfolded conformation. These results suggest that the T216A
mutation induces major structural destabilization, and therefore its
enzymatic phenotype cannot be directly attributed to a specific func-
tional role. This observation was further supported by structural
modeling, which predicted highly similar 3D folds for the wild-type and
Y36A proteins (Fig. 5e). In the wild-type model, residue Y36 is oriented
toward the substrate-binding groove, in proximity to the predicted
B-glucan docking site. Its substitution with alanine removes a bulky,
polar side chain from this region, potentially disrupting substrate posi-
tioning or stabilization.

To functionally characterize the BvlzGluc protein and determine its
substrate specificity, we tested its activity against a panel of structurally
diverse polysaccharides: yeast p-glucan, scleroglucan, pustulan, and
laminarin. BvlzGluc exhibited markedly higher activity against yeast
B-glucan, while its activity on the other polysaccharides was signifi-
cantly lower and near background levels (Fig. 5f). This substrate pref-
erence indicates that BvlzGluc primarily targets linear -1,3-glucans and
exhibits low tolerance to f-1,6-branching. The lack of activity on pus-
tulan, a f-1,6-linked homopolysaccharide, excludes p-1,6-glucanase
activity. The reduced activity on scleroglucan and laminarin, which
contain both p-1,3 and f-1,6 linkages, further suggests that branching
interferes with substrate recognition or hydrolysis. This functional
profile is typical of an endo-p-1,3-glucanase, these enzymes hydrolyze
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Fig. 5. Functional analysis of BvlzGluc. a. Binding analysis of different carbohydrates typically present in the fungal cell wall. Through the sedimentation assay,
BvlzGluc was consistently found in the pellet along with p-glucan, indicating a specific binding interaction between the enzyme and this polysaccharide. This finding
suggests that BvlzGluc has a high affinity for p-glucan, likely playing a crucial role in its degradation or modification. b. Predicted 3D structure of BvlzGluc showing
the characteristic p-jelly-roll fold typical of GH16 p-glucanases, composed of two curved antiparallel B-sheets forming a f-sandwich architecture. The conservation of
this core structural scaffold supports its placement within the GH16 family despite its pronounced sequence divergence. ¢. Molecular docking between the yeast
fB-glucan molecule and BvlzGluc. The proposed binding site is formed by residues Y36, E40 and T216 forming nine hydrogen bonds; the measured distances between
yeast f-glucan and the side chains of these residues were 1.81 ;\, 2.44 ;\, 2.16 ;\, 2.15 10\, 2.61 ;\, 2.13 i\, 2.35 ;\, 2.44 A and 1.64 A, respectively. d. Circular dichroism
(CD) spectra of the wild-type, Y36A, and T216A proteins. While the wild-type and Y36A exhibit overlapping spectra consistent with a p-sheet-rich fold, the T216A
mutant displays a spectrum typical of unfolded or misfolded proteins. e. Predicted 3D structures of wild-type BvlzGluc and the Y36A variant. Structural modeling
shows that both proteins adopt a similar global fold. In the wild-type model, residue Y36 is positioned near the putative substrate-binding groove, suggesting a
possible role in substrate stabilization or positioning. Replacement with alanine does not affect the overall conformation but removes a bulky, polar side chain from
the binding region, potentially impairing catalytic function without disrupting structural integrity. f. Substrate specificity profile of BvlzGluc against structurally
distinct p-glucans. The enzyme was tested for hydrolytic activity on a panel of polysaccharides including yeast p-glucan, laminarin, pustulan and scleroglucan.
Significant activity was only observed for yeast p-glucan, indicating that BvlzGluc specifically targets linear $-1,3-glucans and does not efficiently hydrolyze $-1,6- or
f-1,3/1,4-linked substrates. This pattern supports its functional classification as a noncanonical endo-f-1,3-glucanase. g. Lineweaver—-Burk plots comparing the ki-
netic behavior of wild-type BvlzGluc and the Y36A variant. The reaction velocities were determined at increasing concentrations of yeast p-glucan and plotted as
double reciprocal curves to derive kinetic parameters. The Y36A mutant exhibited a steeper slope and a higher Y-intercept compared to the wild-type enzyme,
indicating a reduction in catalytic efficiency (Vmax) while maintaining a similar X-intercept, which corresponds to the apparent Km. These results suggest that the
mutation at position Y36 predominantly affects the catalytic turnover rate rather than substrate binding affinity. The kinetic profile of the wild-type enzyme fits well
with a Michaelis-Menten model and confirms its classification as an endo-f-1,3-glucanase, while the altered kinetics of Y36A highlight the functional relevance of
Ehis residue in enzymatic catalysis.

<

internal p-1,3-glycosidic bonds, a key component of fungal cell walls. BvlzGluc clusters with other p-glucanases from B. subtilis and B. cereus
Accordingly, several endo-p-1,3-glucanases have been reported to (Fig. 6a; Supplementary table 2); despite this, it exhibited notable dif-
possess antifungal activity, as they compromise fungal cell wall integrity ferences from other B. velezensis proteins previously described as
and lead to cell lysis [57,58]. In rhizosphere bacteria such as Bacillus B-glucanases [65,66]. This observation indicates that, although the
subtilis, endo-p-1,3-glucanases have been described as secreted effectors protein shares evolutionary ancestry with p-glucanases from related
involved in microbial competition and biocontrol of phytopathogenic Bacillus species, it follows a somewhat different phylogenetic trajectory
fungi [59]. from the more commonly recognized f-glucanases in B. velezensis. The
Functional analysis of the Y36A variant showed reduced activity on fact that BvlzGluc clusters more closely with proteins from B. subtilis and
yeast p-glucan relative to the wild-type protein, while activity on the B. cereus is consistent with a conserved evolutionary lineage between
other polysaccharides remained unchanged (Fig. 5f). This supports the these species and may reflect functional similarity or shared ecological
hypothesis that Y36 participates in substrate recognition, particularly roles in these bacterial species.
for linear f-1,3-glucans, as predicted by molecular docking. This Moreover, the placement of this protein within glycoside hydrolase
approach, combining molecular docking and functional validation, has family 16 (GH16) is of particular interest. This classification is further
proven effective in other GH families to map key binding-site residues supported by HMMER annotation, which identified a GH16 domain with
that are not necessarily conserved [60,61]. highly significant scores. The GH16 family is known for containing en-
Kinetic analysis of the wild-type enzyme revealed a typical Michae- zymes that primarily hydrolyze p-glycosidic bonds in polysaccharides,
lis-Menten behavior, (Supplementary fig. 3). Based on this profile, a particularly B-glucans such as lichenin [67,68]. To illustrate the degree
Lineweaver-Burk (double-reciprocal) plot was generated (Fig. 5g) to of sequence divergence within GH16 enzymes, we compared BvlzGluc
estimate the enzymatic parameters. The resulting values were a Km of with the crystallized GH16 endo-p-1,3-1,4-glucanase from Bacillus
47.92 pM and a Vmax of 0.02621 pmol/min. These kinetic parameters licheniformis (PDB 1GBG) (Supplementary Fig. 4). Although the overall
are consistent with those reported for other f-1,3-glucanases of bacterial identity between both proteins is low (12 %) and BvlzGluc lacks the
or fungal origin. For instance, p-glucanases from Trichoderma koningii canonical EIDIEF motif present in the B. licheniformis enzyme, such
and Paenibacillus species acting on yeast $-glucan typically display Ky, variability is well documented within the GH16 family, which encom-
values in the range of 30-300 pM, depending on substrate solubility and passes highly divergent sequences that nonetheless retain a conserved
assay conditions [62]. In this context, the relatively low K;,, observed for B-jelly-roll structural core [69,70]. Accordingly, this comparison high-
our enzyme suggests a strong affinity for the f-glucan substrate. How- lights the atypical nature of BvlzGluc within GH16 rather than contra-
ever, the modest V4 observed may reflect the structural complexity or dicting its classification. The assignment to GH16 is supported by
limited solubility of yeast-derived p-glucan, which is known to influence HMMER annotation using CAZy-derived GH16 profiles, phylogenetic
turnover rates in similar assays [63,64]. Overall, the catalytic profile of clustering with GH16 p-glucanases from Bacillus species, and the con-
the wild-type protein is in line with glucanases reported to act on fungal servation of the characteristic GH16 fold in the predicted 3D structure
cell wall components and supports its potential role in antifungal [71].
activity. This motif is often critical for the catalytic function of many p-glu-
Among the variants, only Y36A retained a native-like fold and was canases, implying that the protein might employ a different mechanism
suitable for kinetic analysis, as confirmed by its CD spectrum. This for substrate recognition or catalysis [9,71].
mutant exhibited an increased slope (Ki,/Vmax) and a higher Y-intercept The jelly roll structure of BvlzGluc is a distinctive characteristic of
compared to the wild type, indicating a reduction in catalytic efficiency, the GH16 family of glucan hydrolases [72,73]. Together with its
primarily due to a lower V. The X-intercepts were similar, suggesting B-barrel-like architecture, the jelly roll fold is also characterized by the
that substrate affinity (Ky,) was not substantially affected, and that the presence of a deep groove on the protein's surface, which acts as the
mutation predominantly impairs the catalytic turnover. substrate-binding site (Fig. 6b) [47,48]. Interestingly, this groove is
The T216A variant was excluded from kinetic comparisons due to its absent in BvlzGluc but apparently does not affect its enzymatic func-
unfolded conformation, as evidenced by its altered CD spectrum. tionality; therefore, BvlzGluc may utilize alternative mechanisms for
substrate binding or interaction, possibly relying on different surface
3.7. BvlzGluc is a noncanonical f-glucanase properties or conformational flexibility to achieve its biological role.
This structural divergence from canonical B-glucanases suggests that
The phylogenetic analysis of the amino acid sequence revealed that BvlzGluc may exhibit distinct biochemical or ecological features within
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Fig. 6. Phylogenetic and structural analysis of BvlzGluc (WP_060674061) and its structural comparison with p-glucanases from other phylogenetically related
bacterial strains. a. In the phylogenetic analysis, BvlzGluc tended to group with p-glucanases from B. cereus and B. subtilis rather than with f-glucanases from other
B. velezensis strains. This unexpected grouping suggests that BvlzGluc may have functional or structural characteristics more similar to those of the p-glucanases of
these species. Further analysis revealed that BvlzGluc likely belongs to glycoside hydrolase family 16 (GH16), which is known for its ability to degrade complex
polysaccharides containing mixed-linkage glucans, such as $-1,3- and p-1,4-glucans. Enzymes from this family specialize in degrading structural polysaccharides
present in plant and fungal cell walls, highlighting the potential role of BvlzGluc in targeting a broad range of substrates. The evolutionary divergence of BvlzGluc
from other B. velezensis p-glucanases could reflect functional adaptations, possibly providing unique substrate specificities or modes of action within the GH16 family.
b. Structural comparison of proteins within the same phylogenetic cluster revealed that despite their evolutionary alignment, the proteins presented notable
structural differences. While they all share the conserved jelly roll fold, which is a common motif in many p-barrel proteins, BvlzGluc does not possess the deep
groove typically associated with enzymatic activity. This absence suggests that although these proteins may be evolutionarily related, they might have diverged in
specific functions. c. Analysis of the genetic context of the BvlzGluc-encoding gene BAMY6639_ 07685 revealed interesting patterns of distribution among Bacillus
species. This gene was identified in B. velezensis FZB42, the representative strain for the group, suggesting that it plays a significant role in the functional capabilities
of this strain, potentially contributing to its specialized enzymatic activities. However, in B. subtilis, the gene was either completely absent or truncated, indicating a
Eossible loss or modification of function during evolution.

its environmental context. It will be interesting in future work to facilitate recombinant production. These properties, together with its

determine whether these structural differences translate into specialized substrate specificity and observed antifungal activity, suggest that

roles in polysaccharide degradation in specific niches. BvlzGluc may hold potential for future biotechnological applications,
A comparative gene cluster analysis was conducted to determine the particularly in the context of sustainable agriculture. However, further

genetic context of the BvlzGluc protein across different Bacillus strains. studies are needed to assess its performance under applied conditions

The gene clusters for B. velezensis CECT 8237, CECT 8238, FZB42, and and to explore the broader diversity and ecological functions of bacterial

B. subtilis 168 and 3610 presented a high degree of structural conser- B-glucanases involved in microbial antagonism and biocontrol.

vation, except for the BAMY6639_07685-encoding gene. This gene is

complete and functional in B. velezensis CECT 8237 as well as in CRediT authorship contribution statement

B. velezensis FZB42. However, it is absent in the strains B. velezensis CECT
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