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Abstract

Xylanolytic enzyme systems in ascomycetous yeasts remain underexplored, despite the presence of yeasts in various xylan-
rich ecological niches. In this study, we investigated the secreted xylanolytic machineries of three Blastobotrys species—B.
mokoenaii, B. illinoisensis, and B. malaysiensis—Dby integrating genome annotation, bioinformatics, and secretome analyses
of cultures grown on beechwood glucuronoxylan. Our findings demonstrate that these yeasts effectively hydrolyze xylan
through the secretion of xylanases from the glycoside hydrolase (GH) family 11, which play a central role in cleaving the
xylan backbone. Additionally, the yeasts produce a diverse array of other CAZymes, including members of GH families 3, 5,
and 67, with putative roles in xylan degradation. We also report on the heterologous expression and functional characteriza-
tion of the GH30_7 xylanase BmXyn30A from B. mokoenaii, which exhibits both glucuronoxylanase and xylobiohydrolase
activities. We demonstrate additive effects between GH family 30 BmXyn30A and GH family 11 BmXynl1A during the
hydrolysis of beechwood glucuronoxylan, where the enzymes exhibit complementary roles that enhance the deconstruction
of this complex hemicellulose substrate. These findings broaden our understanding of the xylanolytic systems in yeasts and
underscore the potential of Blastobotrys species as cell factories and natural xylanase producers. The enzymes they produce
hold promise for biorefining applications, enabling efficient utilization of renewable xylan-rich plant biomass resources.

Key points

o Extracellular GH11 xylanases dominate glucuronoxylan degradation in Blastobotrys yeasts.
e Yeast GH30_7 enzyme shows multifaceted activity, supporting complex xylan breakdown.

e Blastobotrys yeasts show promise as cell factories for industrial biotechnology applications.
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Introduction

The diversity of yeast in nature is immense, with an esti-
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mated 20,000-200,000 species with varied nutritional
requirements and abilities to metabolize a wide array of car-
bon substrates (Boekhout et al. 2022). While over 100 yeast
species with xylan-degrading capabilities have been identi-
fied (guchové et al. 2022b), their enzymatic mechanisms and
ecological roles remain underexplored compared to bacteria
and filamentous fungi. These yeasts may have significant
cell factory potential, as they can combine enzymatic xylan
degradation with the conversion of released xylose sugars
into valuable bioproducts. This could reduce the need for
harsh biomass pretreatments and lower the energy demands
in lignocellulosic biomass processing in industrial biotech-
nology applications (Banner et al. 2021). However, a deeper
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understanding of the specific xylan degradation mechanisms
employed by these yeasts is fundamental to grasping their
role in carbon cycling.

Xylans are key components of plant cell walls, consisting
of a p—1,4-linked p-xylose backbone that is often extensively
O-acylated and substituted with groups such as a—1,2-linked
(methyl)-glucuronic acid, a—1,2- or a—1,3-linked L-arabino-
syl units, and phenolic compounds (Sjostrom 1993; Mnich
et al. 2020). This structural diversity gives rise to various
xylan types, including glucuronoxylan (GX), which coats
cellulose fibrils and acts as a physical barrier inhibiting cel-
lulases (Simmons et al. 2016; Curry et al. 2023; Zexer et al.
2024). GX-rich agricultural and forestry side streams offer
abundant feedstocks for microbial conversion into value-
added bioproducts (Naidu et al. 2018).

Xylan-degrading microorganisms, including yeasts,
use Carbohydrate-Active EnZymes (CAZymes), collected
and described within the CAZy database (www.cazy.org;
Drula et al. 2022), to degrade xylan polymers into mono-
saccharides that can be further catabolized and used as
carbon and energy sources. Xylanases are the key enzymes
responsible for the deconstruction of xylan by cleaving
the p—1,4-linked polysaccharide backbone by endo-acting
mechanisms. The primary xylanase enzyme families, clas-
sified as glycoside hydrolases (GHs), include GH fami-
lies 5, 10, 11, and 30 (Collins et al. 2005; Mendonca et al.
2023). Overall, xylanase activity can be increased by the
activity of other debranching enzymes that improve sub-
strate access by stripping away side chain substitutions,
including a-glucuronidases (e.g., GH67 and GH115), a-L-
arabinofuranosidases (e.g., GH43, GH51, GH62), and car-
bohydrate esterases (CEs) (e.g., CE1, CE4, CE9) (Jia et al.
2016; Puchart and Biely 2022). Finally, xylanase-generated
xylooligosaccharides are hydrolyzed by -xylosidases (e.g.,
GH1, GH3, GH5, GH43, GH51) into xylose monomers that
can be taken up and metabolized within the cell (Rohman
et al. 2019; Kojima et al. 2022).

A previous study mapped CAZymes in 332 genome-
sequenced ascomycetous yeasts, identifying the Trichomon-
ascaceae clade as a phylogenetic hotspot for CAZyme-rich
species (Ravn et al. 2021). Several yeasts in this clade also
exhibit biotechnologically relevant traits, particularly Blas-
tobotrys adeninivorans and the closely related Blastobotrys
raffinosifermentans, known for efficient protein secretion
(Du Preez et al. 2009) and lipid accumulation (Ruben et al.
2021). Additionally, Blastobotrys mokoenaii and Sugiy-
amaella lignohabitans excel in xylan degradation. Bioin-
formatic analysis predicts that these yeasts possess several
xylan-degrading enzymes, and two of their respective xyla-
nases, BmXynl1A and SIXyn30A, have been recombinantly
expressed and characterized (Ravn et al. 2023; Suchové et al.
2022a). However, the lack of proteome and transcriptome
studies, as well as insufficient elucidation of genotype/
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phenotype associations, hampers our understanding regard-
ing which of the predicted enzymes are actively involved in
xylan deconstruction in these yeasts.

Phylogenetic association with B. mokoenaii led to the
identification of two additional Blastobotrys species, B.
illinoisensis and B. malaysiensis, which exhibited marked
and robust xylanolytic capabilities comparable to those of
B. mokoenaii (Ravn et al. 2021). However, no genomes for
B. illinoisensis and B. malaysiensis were available at that
time, which limited further analysis and exploration of their
xylanolytic enzymes. Therefore, the aim of this study was to
combine genomics, secretomics, and growth and enzymatic
activity assays to investigate the xylanolytic capacities of the
three Blastobotrys yeasts, shedding light into the enzymatic
mechanisms underlying their efficient metabolism of GX.

Methods

Yeast strains

B. mokoenaii CBS8435 (Y-27120) isolated from savanna
soil in South Africa, B. illinoisensis CBS 10339 (YB-1343)
isolated from a tree in Illinois, USA, and B. malaysiensis
CBS 10336 (Y-6417) isolated from cave soil in Malaysia,
were ordered from the ARS Culture Collection, Peoria, IL,
USA (NRRL; https://nrrl.ncaur.usda.gov/). Strains were
revived according to instructions from the provider and
stored in 30% glycerol at — 80 °C.

Genome sequencing

B. illinoisensis and B. malaysiensis were grown in YPD
overnight at 30 °C, 200 rpm, and cells were washed in
milliQ purified water and harvested using centrifugation
(6000x g, 10 min). Cells were lysed using zymolyase-20T
treatment at 37 °C, 30 min while buffered in 1 M sorbitol,
0.1 M ethylenediaminetetraacetic acid (EDTA)-Na® at pH
7.5. DNA was extracted by adding 10 mL/g cell mix of 2%
cetyltrimethylammonium bromide (CTAB) buffer (100 mM
Tris—HCI, pH 8.0, 20 mM EDTA with 1.4 M NaCl), which
was briefly vortexed and incubated at 57 °C for 1 h. DNA
was extracted three times using phenol/chloroform and the
2-propanol precipitation method as described previously
(Tdlgo et al. 2021). To remove residual RNA, genomic DNA
was incubated with 200 ug mL~! RNase A (Thermo Fisher
Scientific, Waltham, MA, USA) at 60 °C for 2 h. Extracted
genomic DNA was purified further using NucleoSpin soil kit
(Macherey—Nagel, Diiren, Germany), and DNA-RNA qual-
ity was analyzed using Qubit dsDNA HS Assay kit (Thermo
Fisher Scientific, Waltham, MA, USA). Approximately ~ 10
pg of high molecular weight genomic DNA was sent for
PacBio NGS sequencing at SciLifeLab in Uppsala, Sweden.
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Library prep was performed using the SMRTbell Template
Prep Kit according to the manufacturer’s instructions and
sequenced on a single SMRT cell on a PacBio Sequel instru-
ment (PacBio, Menlo Park, CA, USA).

Genome assembly and annotation

Whole-genome assembly was performed using the microbial
assembly pipeline in SMRT Link v10 which uses HGAP4
for assembly and one round of polishing with arrow (Chin
et al. 2013). Genome assembly statistics were computed
using gfastats v1.3.6 (Formenti et al. 2022), and Bench-
marking of Universal Single-Copy Orthologs (BUSCO)
was performed using BUSCO v5.7.1 (Manni et al. 2021)
with the saccharomycetes_odb10 gene set from OrthoDB
v10 (Kriventseva et al. 2019). Prior to gene annotation, the
polished assemblies were processed with RepeatModeler2
(Bourque et al. 2018) to generate a species-specific repeat
library and then masked with RepeatMasker. Gene annota-
tion was performed with Braker v3.0.3 (Gabriel et al. 2024),
incorporating evidence in the form of all fungal proteins
from OrthoDB v11 (Kuznetsov et al. 2023). The predicted
genes were functionally annotated using the NBIS func-
tional annotation nextflow pipeline v2.0.0 (https://github.
com/NBISweden/pipelines-nextflow). Briefly, this pipeline
performs similarity searches between the annotated proteins
and the UniProtKB/Swiss-Prot database (Magrane and Con-
sortium 2011) (downloaded on 2023-12) using BLAST.
Then, it uses InterProScan (Jones et al. 2014) to query the
proteins against InterPro (Paysan-Lafosse et al. 2023) v59-
91 databases and merges results using AGAT v1.2.0 (https:/
doi.org/10.5281/zenodo.8178877). Transfer RNA (tRNA)
and ribosomal RNA (rRNA) genes were annotated using
tRNAscan-SE (Chan et al. 2021) v2.0.12 and barrnap v0.9
(https://github.com/tseemann/barrnap), respectively.

Comparative genomics

Pairwise average nucleotide identity (ANI) values were
obtained from the whole-genome sequences of all species
using fastANI (Jain et al. 2018) v1.34. OrthoFinder v2.5.5
was used to estimate the numbers of genes that could be
clustered between species (Emms and Kelly 2019).

CAZyme prediction
Predicted protein-coding sequences from BRAKER v3.0.3

were used to predict CAZymes using the dbCAN3 server
(https://bcb.unl.edu/dbCAN2/) (Zheng et al. 2023).

Yeast growth on different carbon sources

Yeasts were pre-cultured overnight at 30 °C, shaking 200
rpm in autoclaved liquid yeast extract—peptone—dextrose
(YPD) containing 10 g L™! yeast extract, 20 g L™! peptone,
and 20 g L™! glucose. Growth on glucose, xylose, arabinose,
galactose, lactose, and mannose (Sigma-Aldrich, Schnell-
dorf, Germany and Merck Rahway, NJ, USA); beechwood
glucuronoxylan (Megazyme, Bray, Ireland); wheat arabinox-
ylan (Megazyme, Bray, Ireland); mixed-linkage p—1,3/1,4-
glucan (barley, Megazyme, Bray, Ireland); glucomannan
(konjac, Sigma-Aldrich, Schnelldorf, Germany); xyloglucan
(tamarind, Megazyme, Bray, Ireland); and carboxymethyl
cellulose (Sigma-Aldrich, Schnelldorf, Germany) was car-
ried out in sterile Delft minimal media containing 5 g L™
ammonium sulfate, 3 g L™! potassium phosphate, 1 g L™!
magnesium sulfate, vitamins, and trace metals adjusted to
pH 5 with 2 M KOH (Hendriks et al. 2018). After cell har-
vest and washing (4500 rpm, 5 min) of pre-cultures, yeasts
were inoculated with a starting ODg,,=0.1 in liquid Delft
media containing the different carbon sources at a concen-
tration of 0.5-2% (w/v). Yeast growth in liquid cultures was
monitored in triplicates over time at 30 °C and 200 rpm
using a 96-well plate setup in a Growth-Profiler 960 (Enzy-
Screen, Heemstede, Netherlands). Agar plates containing 4 g
L' (0.4%) carbon source and 20 g L™! agar were inoculated
with a 20 pL drop of cell suspension with a cell density of
ODg¢yo =5 acquired from 3 X washed (8000 rpm, 10 min) 10
mL YPD yeast pre-cultures, spotted in the middle of the
agar plate. Plates were kept at room temperature for 5 weeks
while monitoring growth daily using an EPSON perfection
V800 scanner (EPSON, Nagano, Japan) with a customized
plate scaffold. The agar plate picture brightness was edited
using the Affinity Photo 2 software (West Bridgford, UK).

Secretome activity in xylan-grown cultures

Yeasts were assayed for secreted xylanolytic activity over
time from triplicates of 30-mL Delft media containing 20 g
L~! beechwood GX enriched liquid cultures using 100 uL
samples which were centrifuged (10,000 X g, 5 min) at 4 °C
and immediately frozen to —20 °C after sampling. Endo-1,4-
B-xylanase activity was quantified using a 250 uL mixture
of thawed 25 pL cell-free supernatant mixed with fresh 10 g
L~! beechwood GX (Megazyme, Bray, Ireland) suspension
buffered in 50 mM sodium acetate (pH 5). The buffered
mixture was incubated for 30 min at 30 °C and 600 rpm fol-
lowed by immediate chilling on ice and inactivation at 98 °C
for 5 min. Reducing sugar contents were determined using
the dinitrosalicylic acid method (McCleary and McGeough
2015). Secreted p-xylosidase activity from cell-free beech-
wood GX culture supernatants was quantified from 250 puL
reactions containing 25 pL cell-free supernatant and 5
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mM p-nitrophenyl-p-p-xylopyranoside buffered in 50 mM
sodium phosphate (pH 7) in a 96-well plate and incubated
for 30 min at 30 °C and 600 rpm. Spectroscopic quantifica-
tion of p-nitrophenol was performed at 405 nm.

Secretomics and LC-MS/MS

Samples for secretome analysis were obtained from 30 mL
Delft cultures with 20 g L™! beechwood GX as sole carbon
source, incubated at 30 °C, 200 rpm, and sampled after 72
h. Cell-free supernatants (12,000 X g, 5 min) were filtered
through a 0.2 um filter and frozen at — 20 °C until further
processing. Samples were transferred to 15 mL 10 kDa
Amicon spin columns (MilliPoreSigma, Burlington, MA,
USA) and concentrated tenfold and buffer exchanged into
sterile 50 mM sodium acetate buffer pH 5 with 50 mM NaCl.
Protein concentration was measured using Nanodrop 2000
at 280 nm. Proteomics was performed by the Proteomics
Core Facility, Sahlgrenska Academy, University of Gothen-
burg. Sample preparation was done using pL-dithiothreitol
to reduce disulfide bonds and thereafter processed using the
modified filter-aided sample preparation (FASP) method
(Wisniewski et. al. 2009). Samples were analyzed by liquid
chromatography coupled with tandem mass spectrometry
(LC-MS/MS) using an Orbitrap Fusion Lumos Tribrid mass
spectrometer with the FAIMS Pro ion mobility system, cou-
pled with an Easy-nL.C 1200 liquid chromatography system
(Thermo Fisher Scientific, Waltham, MA, USA). Proteome
Discoverer version 3.0 (Thermo Fisher Scientific, Waltham,
MA, USA) was used for protein identification and relative
quantification. The database search was performed using
the Sequest search engine against custom databases with
a precursor tolerance of 10 ppm and a fragment ion toler-
ance of 0.02 Da. Tryptic peptides were accepted with one
missed cleavage; methionine oxidation was set as a vari-
able modification, and cysteine carbamidomethylation was
set as a fixed modification. Percolator was used for peptide
spectrum matches (PSM) validation with a strict false dis-
covery rate (FDR) threshold of 1%. Proteins were required
to pass a protein FDR of 5%. LC-MS features were identi-
fied by the Minora Feature Detector node (Thermo Fisher
Scientific, Waltham, MA, USA). Chromatographic align-
ment and feature mapping were enabled with a maximum
RT shift of Smin and a minimal signal-to-noise threshold
of 5. Primary ion-intensity values at peak maximum for all
unique peptides were used to calculate the corresponding
protein abundances. Protein identification and analysis were
processed using Pfam from the EGGNOG mapper available
at www.galaxy.org, and signal peptides were predicted using
the SignalP 6.0 online tool (https://services.healthtech.dtu.
dk/services/SignalP-6.0/). Only proteins present in > 2 of the
three biological replicates, after filtering all search results to
reach a protein FDR of 1%, were used for further analysis.
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Zymogram analysis

Zymograms were produced by soaking pre-cast SDS-PAGE
gels (Bio-rad, Hercules, CA, USA) loaded with 5-10 pL ten-
fold concentrated secretomes from the Blastobotrys beech-
wood GX enriched cultures in 100 mL 2% w/v Triton X-100
followed by 30-min shaking at 100 rpm twice to remove
SDS. The protein gel was incubated in 100 mL of 0.1 M
sodium acetate buffer at pH 5 for 15 min twice before soak-
ing in 100 mL of 20 g L™! beechwood GX buffered in 0.1 M
sodium acetate at pH 5 for 60 min at 50 °C. After soaking
with xylan, the gel was washed in 200 mL deionized water
five times at room temperature at 60 rpm. The gel was sub-
sequently stained with 100 mL 0.1% Congo red for 30 min
and finally washed twice with 200 mL of 1 M NaCl for 15
min before fixing in 3% acetic acid and stored in the dark.
Gels were visualized using regular photography on a plate
with a backlight.

Heterologous protein expression

BmXyn30A (sequence ID in Supplementary List S1) was
codon optimized and synthesized by GenScript (Rijswijk,
Netherlands) after removal of the native signal peptide
sequence for heterologous expression in Pichia pastoris
X-33 and delivered in the pPICZa A vector (Invitrogen,
Waltham, MA, USA). Recombinant pPICZa A constructs
were coded for the yeast alpha-secretion factor, candidate
gene, and a C-terminal Hisy tag and were transformed into
Escherichia coli DH5a One Shot Top10 cells (Invitrogen,
Waltham, MA, USA). Transformants were selected using
25 mg mL~! Zeocin in low-salt Luria—Bertani (LB) medium
with 80 mM Tris—HCI at pH 7.5. The vector was propagated
in 2 mL low-salt LB medium with 80 mM Tris—HCI, pH
7.5, with 25 mg mL ™! Zeocin and isolated using a GeneJET
PCR purification kit (Thermo Fisher Scientific, Waltham,
MA, USA). P. pastoris X-33 cells were transformed using
10 pg linearized (Sacl restriction enzyme) and 96% etha-
nol precipitated pPICZa A using electroporation, and
clones were selected using 100 ug mL~! Zeocin on yeast
extract—peptone—dextrose (YPD) plates containing 1 M
sorbitol. Genomic integration of recombinant vectors were
confirmed by colony PCR using primers aligning to the
alpha-factor and AOXI terminator plasmid parts. Positive P.
pastoris X-33 clones were grown in medium scale at 20 mL,
at 150 rpm and 25 °C in 100 mL baffled shake flasks in rich
buffered glycerol-complex medium (BMGY). Methanol (1%,
vol/vol) was used to induce expression in buffered methanol-
complex medium (BMMY) over 4 days before harvesting as
described in the EasySelect Pichia Expression kit (Thermo
Fisher Scientific, Waltham, MA, USA).
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Enzyme purification

Recombinant BmXyn30A and BmXynl1A proteins were
purified by immobilized metal affinity chromatography
(IMAC) using 2x5 mL Ni-Sepharose excel resin (GE
Healthcare, Chicago, IL, USA) in gravity columns. After
sample loading, the column was washed with five column
volumes of loading buffer (50 mM Tris, pH 8, 250 mM
NaCl) before elution of His¢-tagged proteins with loading
buffer containing 250 mM imidazole. Protein purity was
evaluated by SDS-PAGE (Supplementary Fig. S1), and a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA) was used to determine protein
concentration using the predicted molecular weights and
extinction coefficients (Expasy ProtParam server, Swiss
Institute of Bioinformatics).

Biochemical characterization of BmXyn30A
and xylan degradation assays

BmXyn30A was biochemically characterized using a 200 uL
mixture of 10 g L™ beechwood GX (Megazyme, Bray, Ire-
land) in 50 mM sodium acetate buffer (pH 5) using 10 uL.
non-diluted purified enzyme with a specific enzyme con-
centration of 1.5 mg mL~!. The mixture was incubated for
60 min, with measurements taken at 0, 10, 20, 30, and 60
min, followed by immediate chilling on ice and inactivation
at 98 °C for 5 min, before reducing sugars were quantified
using the dinitrosalicylic acid (DNS) method, as described
earlier (McCleary and McGeough 2015). For pH optimum
measurements, either a 100 mM sodium citrate buffer with
a pH range of 3-6 or a 100 mM sodium phosphate buffer
with a pH range of 6-8 was used, and activity was quanti-
fied by the DNS method. Assays for the determination of the
enzyme’s optimum temperature were carried out in 100 mM
sodium acetate at pH 5, and reducing sugars were quantified
by the DNS method.

Degradation assays were used to determine enzymatic
additive effects in xylan hydrolysis, combining BmX-
yn30A and BmXynl1A with B-xylosidase GH43 (Xyl43)
from Selenomonas ruminantium (cat. no. E-BXSR; GH43,
Megazyme, Bray, Ireland) and a-methyl-glucuronidase
BoAgul15A (Agull5) from Bacteroides ovatus (cat. no.
CZO0311; GH115, NZYTech, Lisbon, Portugal). A 1:1 molar
ratio of BmXynl1A and BmXyn30A was used. Enzymes
were incubated at normalized 0.1 uM concentrations in 400-
uL mixtures of 10 g L~™! beechwood GX (Megazyme, Bray,
Ireland) in 50 mM sodium acetate buffer, pH 5, for 16 h at
40 °C and 650 rpm, and then inactivated for 5 min at 98 °C
before analysis by the DNS method.

Xylooligosaccharide analysis by ion
chromatography

The formation of xylooligosaccharides from enzymatic
hydrolysis of 10 g L™! beechwood GX (Megazyme, Bray,
Ireland) by BmXyn30A and BmXynl1A combined with
Agull5 and Xyl43 was analyzed after 16 h reactions (0.1
uM enzyme concentration in 10 g L™! beechwood GX
and 50 mM sodium acetate pH 5, at 40 °C and 650 rpm in
400 pL total volume). Samples were inactivated at 98 °C for
5 min before supernatants were filtered through a 0.2 um
filter and diluted twofold in sterile water and stored at 4 °C.
Analysis was performed using a high-performance anion-
exchange chromatography coupled with pulsed ampero-
metric detection (HPAEC-PAD) and an ICS-5000 system
(Dionex Sigma-Aldrich, Sunnyvale, CA, USA), operating
at 25 °C. A CarboPac PA200 (250 mm by 3 mm) column
(Thermo Fisher Scientific, Waltham, MA, USA) was used
for separation of hydrolysis products with a gradient of elu-
ents using a flow rate of 0.5 mL min~: A, milliQ water; B,
300 mM sodium hydroxide; and C, 100 mM sodium hydrox-
ide and 1 M sodium acetate. Standards (5 to 800 uM) of
xylose (X1), xylobiose (X2), xylotriose (X3), xylotetraose
(X4), xylopentaose (X5), and xylohexaose (X6) (Megazyme,
Bray, Ireland) were used for quantitation. Xylobiohydrolase
activity by BmXyn30A was analyzed using 200 uM xylo-
tetraose in 50 mM sodium acetate buffer, pH 5, with time-
course measurements taken at 0, 30, 60, 90, and 120 min,
which were inactivated by 5 min incubation at 98 °C prior
to HPAEC-PAD analysis.

Results
Blastobotrys genome sequencing and analysis

While the PacBio genome sequencing of B. malaysiensis
was unsuccess for unknown reasons, a high-quality genome
for B. illinoisensis was assembled, achieving 345-fold cov-
erage and generating seven polished contigs. The genome
shows high completeness with a BUSCO score of 94%, and
the final assembly spans 14.3 Mbp with a G+ C content of
50% (Table 1). For validation, the assembly was compared
with the recently published B. illinoisensis genome assem-
bled from short-read sequencing data, showing strong agree-
ment in gene content and structure despite markedly differ-
ent contiguity levels (7 contigs vs. 3550), as well as with
assemblies for B. mokoenaii and B. malaysiensis (Table 1).
These results provide a robust genomic foundation for sub-
sequent comparative and functional analyses.
Phylogenetic analysis of species in the Trichomonas-
cacea clade placed the three Blastobotrys species close
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together (Visagie et al. 2023). On the Internal Transcribed
Spacer (ITS) sequence level, B. mokoenaii shares 96.06%
and 98.54% sequence identity with B. illinoisensis and B.
malaysiensis, respectively, while B. malaysiensis and B.
illinoisensis share 97.40% ITS sequence identity. Some of
these percentages are close to the 98.41% identity thresh-
old suggested by Vu et al. (2016) to delineate yeast spe-
cies. To determine the genetic distance between the strains
on a genomic level, the average nucleotide identities (ANI)
were calculated using fastANI v1.34 (Jain et al. 2018). The
pairwise ANI values are shown in Table 2. For yeasts, ANI
values above 95% indicate that the two genomes may belong
to the same species (Goris et al. 2007). In the case of the
three Blastobotrys species, the ANI values seem consistent
with the species classification, and only the two assemblies
for B. illinoisensis present ANI>95% (Table 2). Thus, we
can conclude that the three Blastobotrys species are closely

Table 1 Genome assembly statistics for the three Blastobotrys species

related but indeed different species based on whole-genome
comparisons.

Gene annotation and CAZyme prediction

A total of 6069 (B. mokoenaii), 6177 (B. illinoisensis
(PacBio)), and 7209 (B. malaysiensis) protein-coding
genes were identified (Table 3). The vast majority of the
genes (98-99%) could be clustered in orthogroups and were
shared among the three species. Functional annotation of
the predicted genes was performed with Interproscan, which
detected a large fraction of genes (94-96%) that could be
associated with functional information from one of the Inter-
Pro databases (Table 3). The annotation results reflect an
overall gene number consistent with other yeast genomes
(4700-6500; Shen et al. 2018). B. malaysiensis is perhaps
an exception with a significantly higher gene number. This
may be partly explained by the fragmented assembly, which

B. illinoisensis (PacBio, this study) B. illinoisensis (Illumina) B. malaysiensis (Illumina)

Stats B. mokoenaii (Illumina)
Assembly length (bp) 13,688,864 14,346,273
# of contigs 333 7
Contig N50 (bp) 249,159 3,252,363
# of scaffolds 333 7
Scaffold N50 (bp) 249,159 3,252,363
GC content (%) 48.92 51.14
BUSCO (Saccharomy-  C:94.4% (S: 93.7%, D:

cetes, n=2137) 0.7%), F: 2.5%, M: 2.8%, M: 2.9%

3.1%

Reference Shen et al. 2018 This study

NCBI accession number GCA_003705765.3

C:94.3% (S: 93.8%, D: 0.5%), F:

GCA_965113335.1

16,309,197 15,805,505
3550 3421
93,981 29,423
3538 2553
111,420 118,479
50.79 50.67

C:94.0% (S: 92.0%, D:
2.0%), F: 2.9%, M:
3.1%

Opulente et al. 2024
GCA_030558835.1

C:92.4% (S: 91.0%, D:
1.4%), F: 4.0%, M: 3.6%

Opulente et al. 2024
GCA_030558815.1

The string of BUSCO results is abbreviated for brevity as follows: C, complete; S, complete and single-copy; D, complete and duplicated; F,
fragmented; M, missing. BUSCO, Benchmarking of Universal Single-Copy Orthologs

Table 2 Species genome
sequence identity matrix.
Average pairwise nucleotide

identity (ANI, %) values
between whole-genome
assemblies of the three
Blastobotrys species are shown

Table 3 Functional
annotation statistics
for Blastobotrys species

@ Springer

Species B. mokoenaii B. illinoisensis  B. illinoisensis B. malaysiensis
(PacBio) (Illumina)

B. mokoenaii 100 82.3 82.3 80.1

B. illinoisensis (PacBio) 82.3 100 99.9 80.4

B. illinoisensis (Illumina) 82.3 99.9 100 80.3

B. malaysiensis 80.1 80.4 80.4 100

Number/species B. mokoenaii B. illinoisensis B. malaysiensis
(PacBio)

Genes 6069 6177 7209

Mean gene length (bp) 1444 1465 1326

Genes w. functional annotation (%) 5828 (96) 5890 (95.4) 6780 (94)

Genes in orthogroups (%) 6010 (99) 6071 (98.3) 7041 (97.7)
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could have caused genes to be split across multiple contigs
(Denton et al. 2014). In fact, BUSCO fragmentation is high-
est in B. malaysiensis compared to the other species (4% vs
2.5-2.9%; Table 1), and mean gene length is also somewhat
shorter in B. malaysiensis compared to the other species
(Table 3). However, considering the larger genome size of
B. malaysiensis (Table 1), it is also possible that the higher
gene count in this species reflects genuine gene gains within
this lineage.

The Blastobotrys genomes were also analyzed for pre-
dicted CAZymes involved in biomass decomposition using
dbCAN3 (Zheng et al. 2023). All three Blastobotrys yeast
genomes contained highly similar GH abundance, with a
total CAZyme number of 213, 204, and 221 for B. mokoe-
naii, B. illinoisensis, and B. malaysiensis, respectively. All
predicted CAZymes for each yeast are available at https://
figshare.com/s/3b0f9f7bf805136ft794. For xylan degrada-
tion, all three yeasts contained a wide spectrum of predicted
xylanolytic enzymes, including the GH11 xylanase which
was previously characterized from B. mokoenaii (Ravn et al.
2023) and a subfamily GH30_7 enzyme with putative glu-
curonoxylanase activity (Table 4).

Growth on different carbon sources

To connect genotypes and bioinformatic CAZyme predic-
tions with growth phenotypes and enzyme activities, we
evaluated the growth of the Blastobotrys yeasts on various
carbon sources, including xylans. Growth was monitored
on minimal medium agar plates (Fig. 1A) and in liquid cul-
tures (Fig. 1B-J). All three yeasts showed robust growth
on two types of xylans, beechwood GX and wheat arabi-
noxylan, and glucomannan, while exhibiting growth vari-
ations on p—1,3/1,4 mixed-linkage pB-glucan (MLG) and
xyloglucan. Thin hyphae were observed on both the plates
lacking an added carbon source and those containing solu-
ble carboxymethyl cellulose (CMC) (Fig. 1A), which was
recorded as no growth. Additionally, see Supplementary
Video S1 for documented growth over a 5-week timelapse.

The liquid cultures largely confirmed the growth dif-
ferences observed on agar plates. All three species exhib-
ited robust growth on xylan, glucomannan, and the tested
monosaccharides, although B. illinoisensis reached lower
growth values on these simple sugars compared to the
other two yeasts (Fig. 1B-G). B. mokoenaii and B. malay-
siensis did not grow on CMC and MLG, whereas B. illinoi-
sensis grew on MLG but showed limited growth on CMC
and xyloglucan (Fig. 2I). The latter may in part be due to
the absence of a GH12 xyloglucanase in B. illinoisensis,
which is present in the other two species, along with dif-
ferences in expression and regulation of other xyloglu-
can-related CAZymes. Overall, we can conclude that the
Blastobotrys yeasts are markedly efficient at degrading and
growing on xylan polymers.

Enzymatic activity during growth in GX

The rapid growth of all three Blastobotrys yeasts on beech-
wood GX motivated us to characterize their enzymatic
activities during growth on this carbon source. Clear halos
formed around the growing yeast colonies for all three
Blastobotrys species, indicating secretion of xylanolytic
enzymes (Fig. 2A). In liquid cultures with beechwood GX,
all three yeasts were able to significantly solubilize 20 g
L~! of the xylan after 72 h at 30 °C, and the strains grew
to relatively high cell densities (ODgy,=8-11) (Fig. 2B).
Secreted hydrolytic/xylanolytic activities peaked at
approx. 12 h of incubation (Fig. 2C) for all three species,
whereas only B. illinoisensis demonstrated pronounced
extracellular f-xylosidase activity that appeared to peak
around 24 h of incubation and then diminish (Fig. 2D).

Secreted CAZymes during growth
on glucuronoxylan

To identify which xylanolytic enzymes the three Blasto-
botrys yeasts secrete during growth in beechwood GX, we

Table 4 Predicted CAZymes in Blastobotrys yeasts with activity for xylans. Xylanases are marked in bold

Polymer B. mokoenaii B. illinoisensis B. malaysiensis

Xylans CEl, CE4, GH3(8), GH5*, GH5_5, CEl, CE4, CE9, GH3(8), GH5_5(3), CEL, CE4, CE9, GH3(7), GH5_5(2),
GHS5_9(2), GH5_12, GH5_22(2), GH5_9(2), GH5_12(2), GH5_22, GH5_9(2), GH5_12(2), GH5_22,
GHS5_49, GH11, GH30_5, GH30_7, GH5_49, GH11, GH30_5, GH30_7, GH5_49, GH11, GH30_5,
GH43_6, GH43_24, GH51_1, GH43_6, GH43_11 GH43_24, GH30_7, GH43_6, GH43_24,
GH51_2(2), GH62, GH67, GH115 GH51_1, GH51_2(2), GH67, GH115 GH51_1, GH51_2(2), GH67,

GH115
Total CAZymes 213 204 221

*GHS5 enzymes have potential activity on many f-linked polysaccharides such as xylan, mannan, xyloglucan, and cellulose. Glycosyltransferases
are not included (except in total CAZymes). CAZymes, Carbohydrate-Active EnZymes. CE, carbohydrate esterases; GH, glycoside hydrolases.

Parentheses indicate gene copy number
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«Fig. 1 Growth on agar plates and in liquid cultures on different car-
bon sources. Blastobotrys growth on different monosaccharides or
polysaccharides in agar plates (A) with 4 g L™! carbon source after
5 weeks of growth at room temperature from a 20-uL culture drop
with a starting OD=35. Growth on plates was evaluated visually and
categorized from — (no growth) to+ + + (very good growth), depend-
ing on the diameter and density of the yeast colonies and hyphae
morphologies. MLG =mixed-linkage glucan (barley), CMC=car-
boxymethyl cellulose. Growth of B. mokoenaii (B), B. illinoisensis
(C), or B. malaysiensis (D) on different monosaccharides (20 g Lh.
Growth of Blastobotrys yeast on beechwood glucuronoxylan 10 g L™!
(E), wheat arabinoxylan 10 g L™! (F), konjac glucomannan 1 g L™!
(G), CMC 20 g L™! (H), MLG 10 g L~ (I), and tamarind xyloglu-
canS5 g L' (J). Variations in carbon source concentrations are due
to high insolubility and viscosity at 10-20 g L™! of some carbon
sources. OD equivalent=optical density normalized from S. cerevi-
siae growth in Delft+20 g L™! glucose medium in a Growth-Profiler
960. All growth curves are means of biological triplicates

performed a proteomic analysis on secreted enzymes. The
yeasts were grown in triplicates in minimal media contain-
ing 20 g L™ beechwood GX as the sole carbon source and
sampled after 72 h of incubation (Fig. 2B). The concen-
trated, cell-free samples were analyzed by LC-MS/MS and
quantified with Minora semi-quantitative abundance analy-
sis. Data are available via ProteomeXchange with identifier
PXD061695.

In total, 213, 187, and 511 proteins were identified in the
xylan-grown culture secretomes of B. mokoenaii, B. illinoi-
sensis, and B. malaysiensis, respectively. Out of these, 105,
74, and 103 (49%, 40%, and 20%) had a predicted signal
peptide indicating secretion, and 39, 23, and 36 (18%, 12%,
and 7% of total proteins) were identified as CAZymes in the
respective species. A full list of the CAZymes and the signal
peptides is deposited at https://figshare.com/s/3b0f9f7bf8
051361f794. The relatively large fractions of proteins not
associated with signal peptides nor annotated as CAZymes
suggest that some cells may have lysed during cultivation or
sample preparation. Therefore, some caution is needed when
interpreting the results, as not all the detected enzymes may
have been secreted.

Among the detected CAZymes, several enzymes with
predicted activity on xylan were identified, most of which
had predicted signal peptides (Fig. 3A). All three yeasts pro-
duced significant amounts of xylan main-chain degrading
GHI11 xylanases, and B. mokoenaii and B. malaysiensis also
produced GH30_7 glucuronoxylanases. Additionally, the
yeasts produced various enzymes from GHSY, a polyspecific
enzyme family associated with various activities including
xylanase and B-xylosidase (Aspeborg et al. 2012; Huy et al.
2015). Notably, B. mokoenaii displayed a broader range of
these putative xylan main-chain degrading proteins com-
pared to the two other yeasts (Fig. 3A).

The high abundance of putative GH11 xylanases (~20
kDa) in the secretomes of B. mokoenaii and B. malay-
siensis was also evident from SDS-PAGE analysis of

10 X concentrated secretomes (average protein concentra-
tion of 5-7 mg/mL protein) from xylan-enriched cultures
(Fig. 3B). Additionally, zymograms performed on twin
SDS-PAGE gels soaked in xylan and stained with Congo
red revealed clear xylanolytic activity from re-folded GH11
enzymes (Supplementary Fig. S1B). A stained ~ 50-kDa
protein band was also detected for B. mokoenaii, and in-gel
proteomics confirmed this to be a GH30_7 xylanase (Sup-
plementary Table S1). B. illinoisensis exhibited a fainter
putative GH11 band compared to the other yeasts, and the
protein had a slightly higher molecular weight than pre-
dicted, likely indicating protein glycosylation (Fig. 3B).
Interestingly, the gel revealed another dominant protein band
at~35 kDa for B. illinoisensis. This band was absent in the
secretomes from cultures grown in Delft medium supple-
mented with 20 g L~! glucose or xylose (Supplementary
Fig. S1D), suggesting it may be a protein associated with
xylan metabolism. However, in-gel proteomics did not yield
a definitive identification, assigning the protein either as a
glycosylated GH16_18 glucanase (64% sequence similarity
to an ortholog from Sugiyamaella lignohabitans, involved in
cross-linking chitin to $-(1,6)-glucan in the yeast cell wall)
or as an extracellular f-glycosidase (50% sequence similar-
ity to an ortholog from Yarrowia lipolytica) (Supplementary
Table S2). Moreover, it did not exhibit xylanolytic activity
in the zymogram assay (Supplementary Fig. S1). Thus, a
specific link to xylan metabolism for this enzyme remains
unclear, and it may instead be involved in yeast cell wall
re-modification.

The Blastobotrys yeasts also produced enzymes that
putatively cleave off different types of sidechains from the
xylan backbone. All three Blastobotrys species secreted a
predicted GH67 a-glucuronidase to remove glucuronic acid
residues from the extreme non-reducing end of xylooligo-
saccharides (Nurizzo et al. 2002). All three yeasts also pos-
sess a predicted GH115 a-glucuronidase and carbohydrate
esterases (CEs), though none of these was detected in the
secretomes. This indicates that a-glucuronidases and CEs
may be cell-bound, which correlates well with the results
in our previous study on B. mokoenaii (Ravn et al. 2023).
B. mokoenaii also produced two arabinofuranosidases
(GH51_2 and GH62) and an endo-p—1,4-glucanase (GH12)
that are all typically associated with xyloglucan. Finally, we
detected secreted GH3 p-xylosidases for all three species.

Along with xylanolytic enzymes, we also identified
enzymes with predicted activities against fungal cell walls
(B-glucans, chitin, lignin, starch, pectin, and proteoglycan),
indicating growth-coupled remodeling of the yeast cell
walls and hydrolysis of other polysaccharides. In particular,
CAZymes that were secreted in high abundance include a
putative GH65 trehalase and a GH16 extracellular glucosi-
dase or B-(1,3)-glucanase, likely involved in chitin degra-
dation or B-glucan fungal cell wall modification (Mouyna
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Fig.2 Xylanolytic activity of Blastobotrys yeasts. Halo formation in
Delft medium+4 g L™! xylan in agar plates by Blastobotrys yeasts
after 48 h of growth at room temperature (A). Growth of Blastobotrys
yeasts in 30-mL Delft medium +20 g L™! beechwood GX in biologi-
cal triplicates with error bars representing standard deviations (B).
Beechwood GX hydrolysis activity, quantified by DNS assays, in

et al. 2016). An overview of all detected CAZymes with
high abundance can be viewed in Supplementary Fig. S2.
Overall, the secretome results correlate well with the pre-
dominantly extracellular endo-xylanase activities and almost
exclusively cell-bound B-xylosidase, a-arabinofuranosidase,
a-glucuronidase, and esterase activities that we found for B.
mokoenaii in our previous study (Ravn et al. 2023).

BmXyn30A characterization and additive effects
with BmXyn11A

Considering the high abundance of GH11 enzymes in the
secretomes of B. mokoenaii and B. malaysiensis, these xyla-
nases are likely the primary contributors to the xylanolytic
activity observed in these yeasts. We previously recom-
binantly expressed and characterized BmXynl1A from B.
mokoenaii (Ravn et al. 2023), which shares 87-90% protein
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Blastobotrys secretomes from yeasts grown in Delft+20 g L™! beech-
wood GX cultures in biological triplicates (C). p-Xylosidase activity,
quantified using pNP-xylose, in Blastobotrys secretomes from yeasts
grown in Delft medium +20 g L™! beechwood GX, in biological trip-
licates (D). BGX =beechwood glucuronoxylan, DNS =dinitro salicy-
late, GX = glucuronoxylan, WAX = wheat arabinoxylan

sequence similarity with the GH11 xylanases from B. illi-
noisensis and B. malaysiensis (Supplementary Fig. S3).
As evident from the secretome analysis, the Blastobotrys
yeasts also produced GH30_7 glucuronoxylanases (77-86%
sequence identity). While GH11 xylanases are known to
require three consecutive unsubstituted xylose units to cleave
the xylan backbone, GH30_7 glucuronoxylanases require
4-O-methyl glucuronic acid substituents to bind and cleave
the xylan backbone (Nakamichi et al. 2020). Thus, there may
be additive or synergistic actions between the two xylanases,
as well as with the other xylanolytic enzymes expressed.
To investigate the activity of GH30_7 from B. mokoenaii,
hereafter referred to as BmXyn30A, we recombinantly pro-
duced the protein in P. pastoris and characterized the puri-
fied enzyme’s activity, alone and in combination with other
CAZymes (Supplementary Fig. STH-I).
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Fig.3 Secreted CAZymes during yeast growth on glucuronoxylan.
The heatmap shows the detected abundances of annotated CAZyme
proteins from three biological replicates of the secretomes from B.
mokoenaii, B. illinoisensis, and B. malaysiensis during growth on
GX. The colors in the heatmap indicate protein abundance, ranging
from high (dark blue, log10=_8-10 of label-free quantification) to low
abundance (white, logl0=4-5 of label-free quantification). Repli-
cates with missing values are marked in gray (A). Sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of
proteins from 10X concentrated secretomes from each biological rep-
licate. MW =molecular protein weight ladder, C=control (recombi-
nant BmXynl1A), lanes 1-3 =B. mokoenaii-concentrated secretomes,
lanes 4-6=B. illinoisensis-concentrated xylan secretomes, lanes
7-9=B. malaysiensis-concentrated GX secretomes. Black arrows
indicate the molecular weight predicted for GH11 proteins, and the
red arrow indicates GH30_7 protein (B). The predicted molecular
weights (without signal peptide sequence) of the GH11 xylanases are
21 kDa, 20 kDa, and 20 kDa for B. mokoenaii, B. illinoisensis, and

B. malaysiensis, respectively, and 50 kDa GH30_7 for B. mokoenaii.
CAZyme = Carbohydrate-Active EnZyme, GX = glucuronoxylan

To compare the enzymatic activities of BmXyn30A with
BmXynl1, xylooligosaccharide (XO) profiles were assessed
after incubation in 20 g L™! beechwood GX. BmXyn30A
generated XO peaks with later retention times compared
to BmXynll, indicating production of glucuronic acid-
branched XOs (Sanz Rodriguez et al. 2022) and/or XOs
with larger degrees of polymerization than those produced
by BmXynl1A (Fig. 4A). In addition, BmXyn30A acted as
a xylobiohydrolase, specifically converting xylotetraose
to xylobiose with a specific activity of 5.08 +0.17 pumol
min~' mg~! for xylotetraose (Fig. 4B, Supplementary Fig.

S4), highlighting the broad specificity and importance of
this enzyme for glucuronoxylan metabolism in these strains.

To understand the interaction between these two types
of xylanases, we combined BmXynl1A with BmXyn30A
in 0.1 uM concentrations under optimal enzyme conditions
(Supplementary figure S1I-H). As beechwood GX is substi-
tuted with glucuronic acid at an approximate ratio of 1:10
(Ebringerova and Heinze 2000), this relatively sparse sub-
stitution pattern may reflect the comparatively low amount
of hydrolyzed reduced ends observed for BmXyn30A alone
(Fig. 4C). Although modest, the additive effect of combining
BmXyn30A with BmXynl1A in beechwood GX hydroly-
sis was significant, as evidenced by the increased produc-
tion of reducing sugars (Fig. 4C). The combined hydroly-
sis yield (12.8 mM) was similar to the sum of individual
enzymes (11.3 mM). Addition of commercial enzymes mim-
icking the activities of CAZymes found in the B. mokoenaii
secretome, specifically a a-glucuronidase (Agull5) and a
B-xylosidase (Xyl43), increased the overall release of reduc-
ing sugars. Notably, supplementing the BmXyn30A + BmX-
ynl1A combination with Xyl43 led to a greater increase in
reducing sugars than the BmXyn11A + Xyl43 pairing alone
(Fig. 4C). The combination of all four enzymes yielded the
highest levels of reducing sugars, although the inclusion of
BmXyn30A did not contribute to a significant improvement
in the presence of the other enzymes (Fig. 4C).

Discussion

The three Blastobotrys yeasts characterized in this study—aB.
mokoenaii, B. illinoisensis, and B. malaysiensis—demon-
strate exceptional growth on xylan compared to most other
ascomycetous yeasts (Ravn et al. 2021). We show here that
GX growth is accompanied by the production of a range of
different CAZymes, with the secretomes notably enriched
in enzymes exhibiting xylanolytic activity. Moreover, these
yeasts not only deconstruct xylan, but must also possess met-
abolic pathways and transporter systems that enable them to
efficiently take up and metabolize the resulting mono- and
disaccharides. With the genomes of the Blastobotrys yeasts
now fully annotated, there is an opportunity to explore their
molecular systems for various synthetic biology applica-
tions, particularly in the development of new cell factories
capable of utilizing the sugars from lignocellulosic hydro-
lysates as carbon and energy sources (annotated genomes
available from SciLifeLab Data Repository: https://doi.org/
10.17044/scilifelab.28606814).

In this study, we focused on the enzymes secreted by the
Blastobotrys yeasts during growth on beechwood GX. The
extracellular secretion of hydrolytic enzyme cocktails, or
“secretomes,” is a well-established microbial strategy for
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Fig.4 BmXyn30A xylan degradation assay and xylooligosaccharide
analysis. Chromatogram comparing Xxylooligosaccharide profiles
from beechwood GX hydrolysis by BmXyn30A showing more intense
peaks at later retention time (indicated by black arrow), compared
to BmXynllA and the two enzymes combined (A). Xylobiohydro-
lase activity of BmXyn30A using 200-uL xylotetraose analyzed by
HPAEC-PAD (B). Additive effects to BmXynl1A BGX hydrolysis
with BmXyn30A after 16 h incubation in 10 g L™! beechwood GX in
100 mM sodium acetate buffer pH 5 at 40 °C, 600 rpm, using 0.1 pM

nutrient acquisition and cell wall remodeling (Girard et al.
2013). This capability has also been extensively exploited in
industrial applications, particularly with filamentous fungi
such as Aspergillus niger and Trichoderma reesei (Bischof
et al. 2016; Florencio et al. 2016). Understanding the compo-
sition and function of these enzyme systems, as well as their
interactions with plant polysaccharides, holds great promise
for advancing biotechnological applications in a bioeconomy

@ Springer

enzyme concentrations and DNS reducing sugar assays. Values are
means of triplicates with standard deviations as error bars. Asterisks
indicate statistical significance hydrolysis levels with p-values of 0.05
(*) considered significant (n=3) and evaluated using one-way analy-
sis of variance (ANOVA) with Tukey’s test (C). BGX =beechwood
glucuronoxylan. GX=glucuronoxylan. HPAEC-PAD = high-perfor-
mance anion-exchange chromatography coupled with pulsed ampero-
metric detection

framework (Filiatrault-Chastel et al. 2021). However, while
analyzing the secretomes provides valuable insights, it
overlooks the role of cell-bound enzymes in xylan degrada-
tion. In fact, previous studies on B. mokoenaii have demon-
strated that this yeast preferentially expresses cell-attached
a-glucuronidases, a-arabinofuranosidases, and -xylosidases
(Ravn et al. 2023), which likely also play a significant role in
xylan processing of this yeast. It is highly plausible that the
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combination of secreted and cell-attached enzymes offers a
strategic advantage for microorganisms like Blastobotrys,
where secreted enzymes enable the extracellular break-
down of large polysaccharides, while cell-attached enzymes
sequester the partially degraded products near the cell sur-
face, facilitating efficient uptake and catabolism. The latter
likely include predicted xylanolytic CAZymes that did not
show up in the secretome such as GH115 a-glucuronidases
and de-acylating carbohydrate esterases CE1, CE2, and CE4.

The comparison of the secretomes from a single sampling
point (72 h of culturing in beechwood GX) across the three
Blastobotrys species revealed both similarities and distinct
differences in their secreted enzyme profiles. In hindsight, a
time-course proteomics approach where the dynamic abun-
dances of xylanolytic enzymes were tracked throughout
growth could have provided a more comprehensive view
of how Blastobotrys yeasts strategize glucuronoxylan deg-
radation. Nonetheless, although genetic tools for deleting
genes encoding xylanolytic enzymes in Blastobotrys yeasts
are not yet available to directly validate their roles in xylan
degradation, our findings suggest that at least B. mokoenaii
and B. malaysiensis primarily rely on a secreted GH11 xyla-
nase for xylan depolymerization. This prominence highlights
the potential of using these Blastobotrys yeasts as natural
expression hosts for xylanase production. In addition, BmX-
ynl1A exhibits no detectable cellulase activity (Ravn et al.
2023), a xylanase characteristic sought after by the paper
industry. As such, yeast-derived xylanases could degrade
hemicelluloses while preserving cellulose structures,
enhancing their utility in applications requiring selective
enzymatic activity.

One of the most notable observations in this work was the
hydrolysis of beechwood GX facilitated by the GH30_7 glu-
curonoxylanase. These enzymes appear to play a dual role in
xylan degradation, contributing both to cleavage of the GX
backbone at 4-O-methyl glucuronic acid moieties (Puchart
et al. 2021; Suchovi et al. 2021) and to xylobiohydrolase
activity. This bifunctional activity has been shown previ-
ously for other GH30_7 enzymes found in the filamentous
fungi Talaromyces cellulolyticus and Acremonium alcalophi-
lum and the bacteria Thermothelomyces thermophilus and
Erwinia chrysanthemi (Katsimpouras et al. 2019; Nakamichi
et al. 2019, 2020; Pentari et al. 2023, 2024; Urbanikova et al.
2011). The yeast Sugiyamaella lignohabitans also produces
a GH30_7 glucuronoxylanase that has been characterized
(Suchova et al. 2020, Suchova, Chyba, et al., 2022), which,
to our knowledge, makes BmXyn30A the second GH30_7
enzyme described in yeasts so far. The ion chromatogram
results indicate that one role of BmXyn30A is to generate
longer and/or more branched XOs compared to BmXynl11A.
These attributes may have important implications in design-
ing specific and tailored XOs within application fields such

as renewable energy, bioplastics, and health (Karlsson et al.
2018; Procopio et al. 2022; Macedo et al. 2023).

Conclusions

The three xylanolytic Blastobotrys yeasts characterized in
this work primarily utilize extracellular GH11 xylanases to
deconstruct beechwood GX. Moreover, they seem to employ
GH30_7 glucuronoxylanases, which produce GlcA-substi-
tuted XOs. These findings expand our understanding of the
xylanolytic strategy of ascomycetous yeasts. Future explora-
tion of these enzymatic systems, for example, using time-
course proteomic analyses for a refined picture, could pave
the way for synthetic biology engineering strategies aimed
at developing innovative cell factories capable of efficiently
utilizing renewable lignocellulosic biomass resources.
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