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ABSTRACT: The breakdown of xylan, a major hemicellulose component, involves multiple xylanases.Bacillus altitudinis SRLS71, a
halotolerant endophytic bacterium, utilizes glucuronoxylan and xylose as its sole carbon and energy sources. Genome analysis
revealed two sequences encoding putative secreted xylanolytic glycoside hydrolases: one from family 11 (BaGHI11) and another
from family 30, subfamily 8 (BaGH30). These genes are located in two distinct operons involved in xylan and xylose catabolism, a
genomic configuration unique to this strain. Both enzymes are salt-tolerant and act as endoxylanases: BaGH11 releases mainly short-
chain xylooligosaccharides (e.g., xylobiose) while BaGH30 produces medium-chain xylooligosaccharides. BaGH11 and BaGH30 act
synergistically to hydrolyze glucuronoxylan into xylose and xylobiose, which are subsequently imported into cells via putative sugar
transporters. This study elucidates the biocatalytic basis of xylan degradation in a halotolerant bacterium and highlights the
importance of complementary enzyme activities for effective biomass degradation in saline environments.

KEYWORDS: glycoside hydrolases (GH), Bacillus altitudinis SRLS71, salt-tolerant enzymes, endophytic bacteria,
polysaccharides degradation

B INTRODUCTION bacterium via other accessory enzymes, including a GH43_11
family exoxylanase (XynB), a xylose isomerase (XylA) and a
xylulose kinase (XylB)."”~*° All the genes encoding for these
enzymes, except xynA, are located in three different operons,
xynDC, xynPB and xylAB. The last two operons are under the
control of the XynR repressor, which is sensitive to
intracellular xylose levels.">"”'**°
Coastal areas are characterized by remarkable biodiversity
and are populated by halophyte plants®" which have evolved
various adaptive strategies to survive in high-salt environments,
including the production of compatible solutes to increase
The degradation of xylan into monosaccharides requires the ;ytoplasrﬁlczgsmotlchpresszre, a}nd the eﬁcre.tlon (zlf so;hun:ilolr)l S
isti ion of multiple hydrolytic enzymes, including - rom  cers. Apgt er adaptive mechanism ceveloped by
synergistic action o ple ydrolytic enzymes, Inc &, halophytes to mitigate the detrimental effects of high salinity
Xylanases, [-xylosidases, and a-L-arabinofuranosidases. is the symbiosis with halophilic/halotolerant endophytic
Xylanases are endoenzymes that cleave the f-(1,4) glycosidic P P phyt

L . bacteria.””~** These symbiotic bacteria colonize various plant
bonds of the backbone, resulting in the generation of short . 26,27 .
] . . . tissues, such as leaves, roots, seeds, and flowers, playing a
xylooligosaccharides (XOS), while f-xylosidases remove xylose . : . o
. 1011 . crucial role in salt tolerance, and in the distribution and release
from the nonreducing end of XOS.”™ According to the

) of metabolites, phytohormones, and nutrients within plants.**
carbohydrate-active enzyme (CAZy) database, glycosyl hydro- Halophilic endophytic bacteria are indeed a relevant source of
lase (GH) families S, 7, 8, 10, 11, 30, and 43 are classified as f5-

ted hydrolyti includi 1 . Overall
xylanases, while GH families 3, 11, 30, 39, 43, and 52 are secreted hydrolytic enzymes, Including Xylanases verat

classified as f-xylosid 2 Y lanolvtic. ena have been halophilic enzymes are characterized by their ability to
Xylosidases. ylanolytic enzymes ¢ be maintain structure and function under conditions of low
identified mainly in fungi and bacteria, including several . d limited solvati hich tri d
Bacillus sp.">"* In particular, B. subtilissp. 168 was shown to water activity and limited solvation, which triggers denatura-
efficiently hydrolyze hemicellulose from hardwood through a ] =y
xylanolytic system composed of two secreted f-xylanases Rec?“'ed‘ May 16, 2025 w
belonging to the GH11 (XynA) and GH30 (XynC) families, Revised:  October 4, 2025
and a secreted a-L-arabinofuranosidase of the GH43 (XynD) AccePted‘ October 6, 2025
family.'>'® This xylanolytic system produces xylobiose and Published: October 16, 2025
small XOS from xylan and arabinoxylan, which are then
internalized by the XynP transporter and metabolized by the

Coastal areas are the interfaces between terrestrial and marine
environments, where glycans typical of both environments can
be found." These polysaccharides may originate from plants or
algae that are transported by waves or tides.”” Xylan is a
heteropolysaccharide consisting of a linear backbone of D-
xylopyranose with f-1,4 glycosidic bonds, often branched with
methyl glucuronic acids (MeGA) and/or other sugars such as
a-arabinose, which is a the main component of hemicellulose
in terrestrial plants and seeds, and is also synthesized by red
and green algae.d'_6
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Figure 1. Growth ofB. altitudinis SRLS71 in glucuronoxylan-based media. Growth curves ofB. altitudinis SRL571 in M9 minimal medium in the
absence (gray line) and in the presence of xylose (A — red line) and glucuronoxylan (B — black line). The experiments were performed in triplicate,
and the error bars represent SD. (C, D) HPLC-MS chromatogram of MeGAX and XOS oligosaccharides contained in the culture supernatants

collected after 48 h of growth in the presence of glucuronoxylan.

tion or aggregation of nonhalophilic proteins. The mechanisms
of salt adaptation in these enzymes have been studied mainly
in the Archea and include a protein surface enriched in
negatively charged residues that form a stable salt ion and/or
hydration shell, and a reduction in hydrophobic surface
sites.””

This study investigates the xylan-degrading enzymatic setup
of Bacillus altitudinis SRL571, an endophytic halotolerant
bacterium isolated from the inner leaf tissues of Cakile
maritima, a plant native of Ierapetra beach on the island of
Crete. C. maritima is known for its ability to tolerate salinity
fluctuations and to accumulate NaCl in its leaves. In this
context, B. altitudinis SRLS71 is part of an endophytic bacterial
consortium that includes members of the genera Oceanobacillus
and Staphylococcus.”® Genome analysis identified two secreted
xylanases, which were produced in recombinant form and
tested for their activity. These enzymes were characterized as
endoxylanases belonging to the GH family 11 (BaGH11) and
the GH family 30, subfamily 8 (BaGH30). The study
demonstrates that the combined use of these two enzymes
can effectively hydrolyze xylan, suggesting potential applica-
tions of these halotolerant enzymes for hemicellulose
degradation in biotechnological processes.

B MATERIALS AND METHODS

Materials. Glucuronoxylan from beechwood (Megazyme code: P-
XYLNBE), arabinoxylan from wheat flour (Megazyme code: P-
WAXYL) and xyloglucan from tamarind seed (Megazyme code: P-
XYGLN) were purchased from Megazyme (International Bray,
Ireland). 3,5 dinitrosalicylic acid (DNS), NaCl, ampicillin, Na-
pyruvate, Congo Red and xylose were purchased from Merck (Merck,
Darmstadt, Germany).

Growth Conditions. Glucuronoxylan degradation by B. altitudinis
SRL571 was preliminary investigated using the Congo red assay’' on
modified R2A medium (yeast extract 0.5 g/L, peptone 0.5 g/L,
casamino acids 0.5 g/L, Na-pyruvate 0.3 g/L, KH,PO, 0.3 g/L,
MgSO, 0.1 g/L) agar plates supplemented with 1 g/L of xylan. The
plates were streaked with B. altitudinis SRLS71 and incubated at 30
°C for 72 h. Subsequently, the plates were flooded with a 0.1% w/v
Congo Red solution and incubated at room temperature for 15 min
with shaking (60 rpm). The Congo Red was then removed, and the
plates were flooded with 1 M NaCl and incubated at room
temperature for 15 min with shaking (60 rpm).

Growth in medium containing either xylose or glucuronoxylan as
the sole carbon source was assessed in M9 medium in the absence and
in the presence of 1 g/L xylose or glucuronoxylan. Precultures were
grown in Luria—Bertani broth (tryptone 10 g/L, yeast extract S g/L,
NaCl § g/L) at 30 °C up to ODgyy ~ 1, then centrifuged, washed
twice with physiological solution and resuspended in M9 medium to
ODgg ~ 0.05. Bacterial cultures were incubated at 30 °C with shaking
(120 rpm) for 7 days.
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Figure 2. Schematic representation of the xylan catabolic pathway in
B. altitudinis SRLS571. (A) Xylan catabolic pathway. Extracellular
BaGH11 and BaGH30 hydrolyze xylan to xylo-oligosaccharides
(XOS) and xylose. XOS and xylose uptake is suggested to occur via
the XylT transporter and the XynP permease, respectively. Intra-
cellular BaGH43_11 hydrolyzes XOS to xylose, which is then
converted to xylulose-S-phosphate by xylose isomerase and xylulose
kinase. (B) Genomic arrangement of the enzymes and transporters
involved in xylan catabolism. The color of the genes corresponds to
the proteins shown in panel A. Xyl repressor (XylR in purple)
controls the expression of both xynPB and xylAB operons. The names
of the homologous genes inB. subtilissp. 168 are reported and the
amino acid sequence identity is given in parentheses.

Growth kinetics were monitored over time by measuring ODgg
with a Jasco V-770 UV/NIR spectrophotometer (JASCO Europe,
Lecco, Italy). To characterize the glucuronoxylan degradation
products, after 48 h of incubation, 2.5 mL of cell culture were
centrifuged at 4 °C at 1000 x g for 15 min and ultrapure acetonitrile
was added to the supernatants to 80% v/v final concentration.
Samples were subsequently incubated on ice for 1S min and then
centrifuged at 4 °C at 18000 x g for 15 min. The clarified supernatant
was lyophilized using a SpeedVac SPD120 lyophilizer (ThermoFisher
Scientific, US), resuspended in 100 uL of 50% v/v acetonitrile, and
analyzed by high-performance liquid chromatography coupled to a
single quadrupole mass detector (HPLC-MS) as described in the next
paragraphs.

Bioinformatic Analyses. Genes coding for putative GHs were
searched with hhmscan from HMMER v3.3.2>% in the genome of B.
altitudinis SRLS71 (GenBank BioSample ID: SAMN14989801), using
the family/subfamily profile hidden Markov models from dbCAN?2,
with a restrictive E-value of e™>*.>> The domains were annotated using
Pfam software.>® Signal peptides were predicted using SignalP 6.0.>
Enzymes were functionally annotated using BLAST top-hit against the
CAZy database (accessed on 01/10/2024). The operon-mapper web
server’® was employed to identify operons containing the xylanolytic
enzymes of B. altitudinis SRL571 and from closely relatedB. subtilissp.
168, for which a full genome is available. The 3D models of BaGH11
and BaGH30 were predicted using AF2*” and ColabFold v.1.5.5
(https://github.com/sokrypton/ColabFold). Structural alignment
was performed using DALI®® and multiple sequence alignment with
Clustal Omega.*”

Gene Design, Expression, and Purification of the Recombi-
nant Enzymes. Sequences coding for BaGH11 (Uniprot ID:
C8CB6S) and BaGH30 (Uniprot ID: AOA653RLR4) without the
secretion signal peptide (positions 1—27 and 1—32 for BaGH11 and
BaGH30, respectively) were codon-optimized for expression in
Escherichia colicells (Genscript, Piscataway, NJ, USA) and cloned in

frame with a C-terminal 6x His-Tag into pET21 plasmid (EMD,
Millipore, Billerica, MA, USA) between Ndel and Xhol restriction
sites. The plasmids were used to transformE. coliBL21 (DE3) cells
(EMD, Millipore, Billerica, MA, USA). Recombinant enzymes were
produced for 24 h at 25 °C in Zym 5052 medium® supplemented
with 100 mg/L of ampicillin. Finally, cells were harvested, and
proteins were extracted and purified as described in ref 41.

Standard Xylanase Activity Assay. Unless otherwise specified,
the standard xylanase activity assay was performed in a 100 uL final
volume containing 0.5 mg/mL of purified enzyme and S g/L of
glucuronoxylan in an appropriate buffer. Reactions were incubated for
7.5 min at 800 rpm in a thermal shaker (Eppendorf, Hamburg,
Germany). The amount of reducing sugar released was quantified
using the DNS method.*” At the end of incubation, reactions were
stopped by adding 400 uL of DNS reagent and heating at 99 °C for 5
min, as described in ref 33. Absorbance was measured at 540 nm
using a Jasco V-770 UV/NIR spectrophotometer (JASCO Europe,
Lecco, Italy), and sugar concentration was determined against a xylose
calibration curve. One unit (U) of xylanase was defined as the amount
of enzyme that released one micromole of xylose equivalent per
minute.

Determination of Optimal pH and Temperature. The optimal
catalysis conditions were determined using glucuronoxylan as the
substrate. The pH,, was measured in the pH range 3.0—10.0 in
Britton—Robinson buffer at temperatures of 55 °C for BaGH11 and
60 °C for BaGH30. T,, was determined in the temperature range
10—90 °C, at pH 7.0 for BaGH11 and at pH 8.0 for BaGH30.

Determination of Substrate Specificity. Substrate specificity was
tested using the following polysaccharides: glucuronoxylan from
beechwood, wheat arabinoxylan, and xyloglucan from tamarind seeds.
Enzyme activity was evaluated using the standard assay under their
respective optimal pH and temperature conditions (pH 7.0 and 55 °C
for BaGH11 and pH 8.0 and 60 °C for BaGH30).

Effect of NaCl on the Activity and Stability of BaGH11 and
BaGH30. The effect of NaCl on the activity of BaGH11 and BaGH30
was studied using standard xylanase assays with the following
modifications. Reactions were incubated in the absence or in the
presence of an increasing concentration of NaCl (0—3 M) in PB at
pH 7.0 for BaGH11 and pH 8.0 for BaGH30. Samples were incubated
for 24 h at 10 °C below T, (45 °C for BaGH11, 50 °C for BaGH30).

Thermal denaturation experiments were carried out by monitoring,
in the absence or in the presence of increasing concentrations of
NaCl, the circular dichroism (CD) signal at 220 nm as a function of
temperature in the range of 10—90 °C using a Jasco J815
spectropolarimeter (JASCO Europe, Lecco, Italy). Measurements
were performed in a 0.1 cm path length quartz cuvette with a
temperature slope of 1 °C/min.

Kinetic stability was assessed by measuring residual activity over
time, after incubating purified enzymes at 0.5 mg/mL in PB (pH 7.0
for BaGH11 and pH 8.0 for BaGH30) with and without different
concentrations of NaCl, at 45 °C for BaGH11 and 50 °C for
BaGH30. Residual activity was determined by using glucuronoxylan
as a substrate, and reducing sugars were determined by the DNS assay
after 10 min of incubation at T, Half-life times (t,/,) were calculated
using a linear regression equation of a semilog plot of relative residual
activity versus incubation time. All experiments were performed in
triplicate and are reported as mean =+ standard deviation.

Glucuronoxylan Degradation. Enzymatic reactions were
performed in ammonium acetate buffer (pH 7.0 for BaGH11 and
pH 8.0 for BaGH30), in the presence of 10 g/L glucuronoxylan and 1
mg/mL of each enzyme. The reaction mixtures were incubated in a
thermal shaker (Eppendorf, Hamburg, Germany) at 30 °C and 800
rpm for 24 h. These suboptimal temperature conditions offer a good
compromise between providing an adequate amount of sugar for
HPLC-MS sensitivity and observing the intermediate degradation
products. At the end of the incubation period, 200 yL samples were
withdrawn, and ultrapure acetonitrile (Carlo Erba, Italy) was added to
a final concentration of 80% v/v. Subsequently, the samples were
incubated on ice for 15 min and centrifuged at 4 °C at 18000 x g. The
clarified supernatants were diluted with ultrapure water to a final
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Figure 3. Structural analysis of BaGH11 and BaGH30. 3D model of BaGH11 (A) and BaGH30 (B) predicted with Alphafold 2.>” The catalytic
domain is colored in cyan for BaGHI11 and green for BaGH30. The additional domain of BaGH30 is shown in magenta. The active sites of
BaGHI11 and BaGH30 were complexed with xylotriose and 4-O-methyl-a-p-glucopyranuronic acid-(1—2)-f-p-xylopyranose-(1—4)-f-p-
xylopyranose, respectively. The substrate molecule is represented by red sticks and was localized by structural superimposition with GH11
from Bacillus subtilis cocrystallized with sugar (PDB: 2QZ3, chain A) and GH30_8 from B. subtilis sp. 168 cocrystallized with sugar (PDB: 3KLS,

chain A). The catalytic residues are represented by yellow sticks.

acetonitrile concentration of 50% v/v and then analyzed by HPLC-
MS.

To study the combined effects of the two enzymes, reactions
containing 10 g/L of glucuronoxylan were carried out in an
ammonjum acetate buffer solution at pH 7.0 with 1 mg/mL
BaGH30 for 24 h, as previously described. Then, 1 mg/mL
BaGHI11 was added, and the reaction proceeded for an additional
24 h. After the first and second steps, 200 uL samples were
withdrawn, and ultrapure acetonitrile was added to achieve an 80%
(v/v) final concentration. Acetonitrile-treated samples were analyzed
as described below.

The synergistic effects of BaGH11 and BaGH30 were evaluated by
preparing reactions in ammonium acetate buffer at pH 7.5 containing
glucuronoxylan (10 g/L) and a molar ratio of BaGH30 and BaGH11
of 1:1, 1:0, and 0:1. The reactions were incubated for 48 h as
previously described. Reducing sugars were determined using DNS.

HPLC-MS Analysis of Glucuronoxylan Degradation Prod-
ucts. The products released from glucuronoxylan by the enzyme
treatment were determined using an Autopurification system (Waters,
Milford, MA, USA) coupled with an Acquity QDa detector (Waters,
Milford, MA, USA). Chromatographic separation was performed with
the Waters 2545 binary gradient module on a XBridge BEH Amide
Column 4.6 X 150 mm 3.5 um (Waters, Milford, MA, USA),
equipped with a vanguard column, operating at room temperature.
The mobile phase consisted of water (A) and acetonitrile,

supplemented with 0.1% ammonia (B). Twenty uL of samples and
standards were loaded with the Waters 2767 sample manager and
elution was performed with the following gradient: linear gradient
from 75% B to 45% B in 7 min, 1 min at 45% B and equilibration to
initial conditions for 17 min. The flow rate was set at 0.8 mL/min,
and mass detection was conducted with an electrospray ionization
source operating in negative ion mode. The following molecular
masses were used for selected ion monitoring: 149 Da (xylose, 1X),
281 Da (xylobiose, 2X), 413 Da (xylotriose, 3X), 545 Da
(xylotetraose, 4X), 809 Da (xylohexaose, 6X), and 1073 Da (8X).
As beech xylan also contains few MeGA decorations, the formation of
methyl-p-glucuronoxylan (MeGAX) oligosaccharides was also inves-
tigated. The capillary and cone voltages were set to 0.8 kV and SV,
respectively for each compound, except for 8X, requiring a cone
voltage of 30 V. Data were acquired with Masslynx software v4.2
(Waters, Milford, MA, USA) and processed using OriginLab software
(OriginLab Corporation, Northampton, MA, USA).

B RESULTS

B. altitudinis SRL571 Catabolizes Xylan and Xylose.
Degradation of glucuronoxylan by B. altitudinis SRLS571 cells
was preliminarily assessed using the Congo red assay. After 48
h of incubation at 30 °C on xylan-supplemented agar plates, a
clear halo was observed around colonies (Figure S1),
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Figure 4. Biochemical characterization of BaGH11. Effects of temperature (A) and pH (B) on BaGHI11 activity determined by the DNS assay
using glucuronoxylan as a substrate. All the experiments were performed in triplicate, and the error bars refer to standard deviation (n = 3). HPLC-
MS chromatogram of MeGAX oligosaccharides (C) and XOS (D) derived from glucuronoxylan degradation. Reactions were performed in
triplicate with 10 g/L glucuronoxylan and 1 mg/mL BaGHI11 at 30 °C for 24 h under shaking. One of the three HPLC-MS chromatograms is

shown here.

suggesting the secretion of extracellular xylan-degrading
enzymes. Based on these data, cells were grown in shake
flasks containing M9 minimal media supplemented with either
glucuronoxylan or xylose (1 g/L) as the sole carbon source. B.
altitudinis SRLS71 grew on both substrates, reaching an ODgy,
of 0.25 and 0.2 after 2 (glucuronoxylan) and 3 (xylose) days of
incubation at 30 °C (Figure 1A, B). After 2 days of growth in
glucuronoxylan-based medium, HPLC-MS analysis of the
culture supernatant revealed the presence of xylose (1X),
xylobiose (2X) and xylotriose (3X), as well as MeGAX, and
MeGAX; oligosaccharides (Figure 1C, D). Taken together,
these results suggest that this strain secretes xylanases,
triggering the breakdown of glucuronoxylan into xylose and
short-chain oligosaccharides.

A genome analysis was performed to identify potential -
xylanase and f-xylosidase enzymes in B. altitudinis SRLS71.
The analysis revealed 27 genes encoding putative glycoside
hydrolases (GHs) from 20 distinct GH families. Among these,
six GHs, belonging to families GH3, GH10, GH11, GH30,
GH43 11, and GH43 16, are predicted to encode enzymes
with f-1,4-xylosidase or f-1,4-xylanase activity (Figure S2).
Notably, only the GH11, GH30, and GH43 16 enzymes
(hereafter referred to as BaGH11, BaGH30, and BaGH43_16)
contain signal peptides, suggesting they are likely secreted.

To further investigate the role of these secreted enzymes in
xylan degradation, the xylan catabolic pathway of B. altitudinis
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SRL571 was reconstructed through comparative genomic
analysis with the well-characterized xylan-degradingB. sub-
tilissp. 168,">'® which shares over 95% 16S rRNA sequence
identity. The comparison revealed that B. altitudinis SRL571
harbors all the enzymes required for xylan degradation (Figure
2 and Table S1). BaGH30 and BaGH43_16 show high
sequence identity with XynC and XynD fromB. subtilissp. 168,
respectively, while BaGH11 shares 47.9% of sequence identity
with XynA. The genes encoding BaGH30 and BaGH43_16 are
organized in the xynDC operon, mirroring the operon structure
found inB. subtilissp. 168.">'® A key distinction between the
two species lies in the genomic context of BaGHI1I: in B.
altitudinis SRL571, it is located within the xyIAB operon and
regulated by the XylR repressor, whereas in B. subtilissp. 168,
the corresponding gene is not operon-associated.” In this
work, we focused on BaGH11 and BaGH30, as they are the
two extracellular enzymes putatively involved in the first steps
of xylan degradation.

BaGH11 and BaGH30 Work in Synergy to Break
Down Glucuronoxylan. The 3D structures of BaGH11 and
BaGH30 were predicted using AlphaFold 2*” and structurally
aligned with their homologues. The structural model of
BaGHI11 showed a typical f-jelly roll fold composed of 11
P-sheets and an a-helix, as reported in other homologous
enzymes.43 The active cleft, consisting of the —3, —2, —1, and
+1 subsites, is highly conserved in the Bacillus homologues
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Figure S. Biochemical characterization of BaGH30. Effects of temperature (A) and pH (B) on BaGH30 activity determined by the DNS assay
using glucuronoxylan as a substrate. All the experiments were performed in triplicate, and the error bars refer to standard deviation (n = 3). HPLC-
MS chromatogram of MeGAX oligosaccharides (C) and XOS (D) derived from glucuronoxylan degradation. Reactions were performed in
triplicate with 10 g/L of glucuronoxylan and 1 mg/mL of BaGH30 at 30 °C for 24 h under shaking. One of the three HPLC-MS chromatograms is

shown here.

(Figure 3A and Figure S3). The 3D structure of BaGH30 is
organized in a catalytic domain with the (a/f)s TIM barrel
fold and an additional domain whose function remains
unknown (Figure 3B). Structural alignment of BaGH30 with
the homologues with available 3D structures indicates a highly
conserved active site including the —3, —2a, —2b, =1, + 1, + 2
subsites (Figure S4). The conservation of subsites —2a and
—2b suggests the ability of BAGH30 to hydrolyze glucuronox-
ylan, as reported forB. subtilissp. 168."*

The hydrolytic activity of BaGH11 and BaGH30 was tested
on glucuronoxylan, arabinoxylan and xyloglucan, using the
DNS assay. BaGHI1 is active only on glucuronoxylan and
arabinoxylan yielding similar specific activities (15.2 = 0.6 U/
mg and 10.9 + 0.4 U/mg for glucuronoxylan and arabinoxylan,
respectively) with highest activity occurring at 55 °C and at pH
7.0 (Figure 4A and B). The enzyme can be defined as cold-
active™* as it maintains ~ $0% of its activity at 10 °C (Figure
4A). In the case of BaGH30, the highest activity is detected at
60 °C and pH 8.0 (Figure SA and B). This enzyme also
catalyzes the breakdown of glucuronoxylan and arabinoxylan,
with higher specific activity with glucuronoxylan (5.4 + 0.7 U/
mg) compared to arabinoxylan (0.6 = 0.2 U/mg).

HPLC-MS analysis of glucuronoxylan degradation products
was performed after 24 h incubation. The chromatograms
obtained after treatment with BaGH11 indicate that xylobiose

(2X) and MeGAX, exhibit higher intensity, while xylose (1X),
xylotriose (3X), and MeGAX3 show lower intensities (Figure
4C and D). Typically, GH11 enzymes exhibit an endocatalytic
pattern, releasing mainly short-chain XOS.** However, two
GHI11 enzymes (MetXynll and Compost21 GHI11) identi-
fied by metagenomic analyses act as exoxylosidases, yielding
xylobiose as their sole product.””~* Sequence and structural
analyses of BaGHI11 indicate that it is a canonical member of
the GHI11 family (Figure 2 and Figure S1). Indeed, the
exoactivity of MetXynl11 and Compost21 GH11 is due to the
presence of two extra loops (EL1 and EL2) missing in the
BaGHI1 structure.”’~*

Glucuronoxylan hydrolysis by BaGH30 releases medium
molecular weight (3X to 8X) XOS and MeGAX oligosacchar-
ides, with XOS 4X being the most intense product (Figure SC
and D). Low molecular weight XOS (1X and 2X) were not
detected, showing that BaGH30 is an endoxylanase active on
MeGA-decorated xylan, as already suggested by structural
analyses.

The combined effect of the two enzymes on glucuronoxylan
degradation was assessed by a two-step experiment: i)
glucuronoxylan was incubated with BaGH30 for 24 h and ii)
BaGHI11 was added to the reaction mixture for an additional
24 h. The degradation products were monitored by HPLC-MS
after 24 and 48 h, showing that the medium-weight
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Figure 6. Combined effects of BaGHs on glucuronoxylan degradation. The combined effects of BaGH30 and BaGH11 were evaluated using a two-
step reaction. (A) HPLC-MS chromatogram of glucuronoxylan degradation products after 24 h incubation with BaGH30 (first step). (B) HPLC-
MS glucuronoxylan degradation products obtained after an additional 24 h of incubation with BaGH11 (second step). The reactions were
performed in triplicate using 10 g/L glucuronoxylan at 30 °C with shaking. One of the three HPLC-MS chromatograms is shown. (C) Scheme of
the glucuronoxylan degradation pathway in the presence of BaGH30 followed by treatment with BaGH11. Due to the limitations of HPLC-MS
analyses, we were unable to determine the exact position of the MeGA decoration and therefore only represented the XOS. (D) Synergistic effects
of BaGH30 and BaGH11. This effect was evaluated by preparing reactions in ammonium acetate buffer (pH 7.5 containing glucuronoxylan (10 g/
L) and BaGH30 and BaGH11 molar ratios of 1:1, 1:0, and 0:1. The reaction mixtures were incubated for 48 h at 30 °C with shaking.

oligosaccharides released by BaGH30 after 24 h (Figure 6A)
were completely hydrolyzed to 2X and 1X by BaGH11 after 48
h (Figure 6B, C). To investigate the potential synergistic
effects of these enzymes, BaGH30 and BaGHI1l were
combined at a 1:1 ratio. The enzymatic mixture released a
quantity of reducing sugars 1.4 times higher than the sum of
the individual activities of each enzyme. This finding suggests
that the enzymes act synergistically in glucuronoxylan
degradation (Figure 6D).

BaGH11 and BaGH30 Are Halotolerant Enzymes. B.
altitudinis SRLS71 is a halotolerant microorganism exposed to
high NaCl environmental concentrations.”® Therefore, we
investigated the effect of salt on the two secreted enzymes. Due
to the low stability of both enzymes at their T, where
inactivation occurred after ~ 15 min (Figure SS), the impact of
salt on activity was examined at temperatures 10 °C below T,
(45 °C for BaGH11 and 50 °C for BaGH30) across a wide
range of NaCl concentrations. Results demonstrated that both
enzymes are tolerant to NaCl concentrations up to 2.0 M.
Moreover, the activity of BAGH30 increases at 1.0 and 2.0 M
NaCl, surmising a possible activation effect triggered by salt
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(Figure 7A and B). Given the established role of salt in
enhancing the stability of halophilic and halotolerant
enzymes,SO_53 the thermal stability of BaGHI11 and BaGH30
was investigated under varying concentrations of NaCl using
thermal denaturation experiments to assess structural stability
and activity-based assays of kinetic stability. Thermal
denaturation experiments were performed by CD spectroscopy
at a fixed wavelength (220 nm) in the temperature range 10—
90 °C. In the absence of NaCl, the thermostability of both
enzymes was similar to unfolding transition midpoints (T,,) of
56.0 + 0.8 °C for BaGH11 and 59.2 + 0.7 °C for BaGH30
(Figure 7C and 7D). Compared to the salt-free condition,
BaGH11 maintained similar T, values at 1.0 and 2.0 M NaC],
with a slight decrease observed at 3.0 M NaCl (Figure 7C). In
contrast, BaGH30 showed increased thermal stability at 1.0
and 2.0 M NaCl, whereas at high salt concentration the
measured T,, was comparable to that recorded in the control
without salt (Figure 7D).

The kinetic stability of BaGHI11 was higher than that of
BaGH30 with a half-ife time (t;/,) in the absence of salt of
48.7 + 0.6 h and 13.3 + 0.7 h, respectively (Figure 7E, and
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Figure 7. Effects of NaCl on the activity and stability of BaGH11 and BaGH30. Effects of NaCl on the activity (A, B), thermal stability (C, D), and
kinetic stability (E, F) of BaGH11 and BaGH30. The relative activities of BaGH11 (A) and BaGH30 (B) were determined in the absence and
presence of NaCl using glucuronoxylan as a substrate as described in material and methods section. Effects of NaCl on the T, values of BaGH11
(C) and BaGH30 (D). T, values were determined by monitoring the CD signal at 222 nm with increasing salt concentrations. Effects of NaCl on
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Statistical analyses were performed using unpaired two-tailed Student’s ¢ test, n.s.: not significant p > 0.0, *p < 0.0S, **p < 0.01, ***p < 0.001.

7F). In the presence of salt, the trend was similar to that
observed in thermal denaturation experiments. Indeed,
BaGHI11 displayed comparable t;/, values in the range of 0—
2.0 M NaCl but showed a significant drop at higher salt
concentrations (Figure 7E). In contrast, the kinetic stability of
BaGH30 increased to 1.0 and 2.0 M NaCl, followed by a
decrease at 3.0 M NaCl (Figure 7F).

B DISCUSSION

B. altitudinis strains, widely distributed from Arctic to
Mediterranean environments, are considered a valuable source
of xylanolytic enzymes.”*">® Among them, the halotolerant B.
altitudinis SRLS571 grows on xylan as the sole carbon source
yielding short-chain XOS and MeGAX oligosaccharides as the
main degradation products, differing from those of B. altitudinis
XYL17, where XOS SX is the dominant product.”* Another
notable feature of B. altitudinis SRL571 is its ability to utilize
xylose as the sole carbon source, a feature missing in B.

subtilissp. 168, due to the lack of a xylose-specific
permease. >’ 7>’ Genomic analysis highlights that xylose
uptake may be facilitated by XylT, a transporter sharing 45%
amino acid sequence identity with the D-xylose-H* symporter
from Lactobacillus brevis.*°

This study focuses on two key glycosidases involved in the
initial steps of glucuronoxylan degradation. BaGH30 breaks
down the glucuronoxylan backbone to medium-chain XOS and
MeGAX, whereas BaGHI11 further hydrolyzes glucuronoxylan
and medium-chain XOS to xylose and xylobiose. Interestingly,
despite containing Arg269, which interacts with the MeGA of
glucuronoxylan,61 BaGH30 can also generate linear XOS. The
similarity between the glucuronoxylan degradation products
observed in vitro and those detected in the supernatants of cell
cultures, along with the presence of a signal peptide for
secretion in the coding sequence, suggest that BaGHI11 and
BaGH30 act together in the extracellular environment. The
synergistic action of these enzymes enhances the release of
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XOS and xylose from glucuronoxylan polysaccharide, con-
sistent with previously reported activities of GH30 and GH11
enzymes,' > such as XynA and XynC from B. subtilissp. 168.

BaGH30 is homologous to XynC a p-xylanase fromB.
subtilissp. 168, and its encoding gene is a part of the xynDC
operon. InB. subtilissp. 168, this operon is constitutively
expressed and plays a key role in glucuronoxylan and
arabinoxylan degradation."”°"®* By contrast, the gene
encoding BaGH11 is located within an operon under the
control of the XylR repressor. This regulatory arrangement
distinguishes B. altitudinis SRLS71 fromB. subtilissp. 168,
where the orthologous xynA is not part of any operon and is
constitutively expressed.'”> The glucuronoxylan degradation
products generated by the action of BAGH30 and BaGH11 can
be uptake into B. altitudinis SRLS71 cells via the sugar
transporters XylT and XynP. It is noteworthy that XynP shares
84.5% amino acid sequence identity with its homologue fromB.
subtilissp. 168. However, further investigation of sugar
transport, particularly the role of XylT, will be critical to
understanding xylose metabolism in B. altitudinis SRLS71.

Consistent with their origin, both enzymes under study
tolerate NaCl concentrations up to 2.0 M but exhibit distinct
behaviors. BaGHI11 is tolerant to high salt concentrations,
while BaGH30 shows salt-induced stabilization at 1.0 and 2.0
M NaCl. Our experimental data suggests an improvement in
BaGH30 stability at these salt concentrations, resulting in a
higher amount of released sugar over the incubation period.
Although we cannot entirely rule out salt-activation mecha-
nisms for BaGH30 at 1.0 and 2.0 M NaCl], further investigation
is needed to address technical issues related to the DNS assay
observed in Michaelis—Menten experiments, particularly at low
substrate concentrations. While there is no clear definition of
salt-tolerant xylanases, both BaGH30 and BaGHI1 can be
classified as such, given their ability to maintain activity and
stability at salt concentrations exceeding 0.6 M, which is the
average salinity of oceans.’

Two salt-adaptation mechanisms have been reported for
xylanases: (i) abundance of acidic amino acids,"*** and (i)
high structural flexibility to avoid structural collapse triggered
by high salt concentrations.”® Structural analyses of BaGH11
and its homologues from both halophilic and nonhalophilic
bacteria did not reveal any clear correlation between their
origin and their overall surface charge (Figure S6). This
finding, combined with the observation that BaGH11 is also
cold-active (it retains 50% activity at 10 °C),o758 suggests that
its halotolerance is likely to rely on high structural flexibility.
Coupling of cold activity and halotolerance has been observed
in several xylanases belonging to GH10 and GHI11 families
isolated from marine and mesophilic bacteria.””~""

For BaGH30, the salt adaptation appears to follow a
different mechanism. While an abundance of surface acidic
residues is a known halotolerance strategy,M’65 a direct
comparison between BaGH30 and its nonhalotolerant
homologous from Clostridium thermocellum did not reveal
significant differences in the overall surface electrostatic
potential (Figure S7). The paucity of studies on salt tolerance
in other GH30_8 members hinders the identification of salt-
adaptation mechanisms. Moreover, we cannot completely
exclude the possibility that GH30_8s, being secreted enzymes,
have evolved salt tolerance mechanisms to counteract
fluctuations in salt concentrations typical of extracellular
environments.

In conclusion, this study elucidates the remarkable capability
of B. altitudinis SRL571 to degrade glucuronoxylan through
two salt-resistant xylanases belonging to the GH families 11
and 30_8. The synergistic effect of BAGH30 and BaGH11 in
the efficient degradation of glucuronoxylan to xylose and
xylobiose highlights the importance of using enzymes with
complementary activities and substrate specificities for effective
biomass degradation in saline environments.
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