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For the future circular economy, renewable carbon feedstocks
manifest considerable promise for synthesizing sustainable and
biodegradable polyhydroxyalkanoate (PHA). In this study, 16 wt% and
30 wt% PHA (cell dry weight) are respectively produced by thermo-
philic Caldimonas thermodepolymerans from beechwood xylan and
wheat arabinoxylan as the sole carbon source. Moreover, an in silico
study of the potential xylan-degrading proteins was conducted using
proteome sequencing and CAZyme specialized bioinformatic tools.
This study demonstrates the feasibility of utilizing complex poly-
saccharide substrates for PHA biosynthesis, thereby potentially elimi-
nate additional processing steps and reducing overall production costs
for sustainable plastic.

1. Introduction

Plastics are ubiquitous, but most are derived from petroleum
and are non-biodegradable. The dependence on oil-based
plastics has led to many issues, including marine pollution
and potential health risks." Transitioning to biodegradable
plastics could address these challenges within a sustainable
circular carbon economy.? Polyhydroxyalkanoates (PHAs) are
a microbiological-produced polyester from bio-based
substrates. Known for their biodegradability and biocompati-
bility, PHAs are advantageous for mitigating plastic waste.
However, despite these environmental advantages, the
production costs of PHA still restrict scale-up industrialization
due to the need for pure monosaccharide precursors.?
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Microbial production of polyesters such as polyhydroxyalkanoates (PHA)
provides a promising alternative for plastics from fossil origin. Compared
to conventional production of fossil-based plastics, biobased polymers
like PHA have the important advantage of being produced from renewable
resources. In addition, production processes are performed under milder
conditions with concomitant lower energy costs and a significant lower
CO, footprint. Moreover, PHA are fully biodegradable, thereby signifi-
cantly reducing environmental contamination with microplastics. This
study shows the direct microbial PHA-production from more complex,
and less biorefined biobased polymers like xylans: a promising route for
cost-effective industrial valorization of renewable resources into PHAs.
This research corresponds to SDGs 9, 12 and 14, 15.

To reduce the high production costs of PHA, it is essential to
find a cheap and abundant carbon source for their production.*
The conversion of biomass and waste materials into biode-
gradable products has emerged as a promising strategy to
address global challenges such as resource depletion, environ-
mental pollution, and climate change.>” The valorization of
these waste streams into value-added biodegradable materials,
such as polylactic acid (PLA), PHA, and other bio-based poly-
mers, represents a cornerstone of green chemistry and circular
economy principles.® Lignocellulose is abundant and globally
distributed as a byproduct of industrial and agricultural activ-
ities, presents a promising option.” Utilizing lignocellulose is
considered pivotal for achieving a carbon-neutral society.
Lignocelluloses comprise cellulose (25-40%), hemicellulose
(25-50%), and lignin (10-30%). Hemicellulose, in particular, is
a promising carbon source for PHA production due to its
underutilization and lower competition for products use to
glucose.’ Hemicellulose primarily consists of glucuronoar-
abinoxylan (GAX) in most lignocellulosic biomasses, which is
composed mainly of xylose residues linked via f-D (1 — 4) bonds
and substituted with various C5 and C6 sugars, hydroxycin-
namic acid, acetic acid, and methylglucuronic acid. The
abstention of monosaccharides from biomass that are able to
be directly utilized without the production of inhibitor
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compounds such as furfural or acids it still remains a chal-
lenge."* Therefore, to avoid the dehydratation reaction of the
sugars milder conditions need to be used, creating a range of
more complex xylan polymeric fractions."”* However, xylan,
the primary component of hemicellulose, still presents chal-
lenges for direct utilization in PHA production by bacteria.*

Therefore, a bacterial strain can directly utilize xylan as its
primary carbon source would significantly benefit PHA
production from lignocellulose derived sugars. However, there
is limited information on naturally occurring thermophilic
wild-type strains that can utilize xylan exclusively. Caldimonas
thermodepolymerans, formerly known as Schlegelella thermode-
polymerans, is a thermophilic bacterium belonging to the
Comamonadaceae family. Recently, this bacterium has attrac-
ted attention for its exceptional ability to produce PHA from
xylose, achieving high yields of 80 wt% on cell dry weight.'®
Besides, C. thermodepolymerans also can efficiently degrade
extracellular PHA materials.””*®* Due to its robust xylose
metabolism and capacity to degrade extracellular polymers, C.
thermodepolymerans emerges as a promising candidate for PHA
production from complex carbohydrate substrates.

This paper presents one of the first PHA production using
xylan as the sole carbon source by a thermophilic bacterium. We
investigated the optimal concentrations of xylan and nitrogen
source concentrations to maximize PHA production. We also
compared the PHA production yields and process from different
types of xylans, specifically beechwood xylan and wheat xylan.
Additionally, two proteins of unknown function (PUF) poten-
tially involved in xylan degradation of C. thermodepolymerans
have been identified based on proteomic analysis and their
sequence amino acid similarity to related xylan degrading
enzymes.

2. Materials and methods
2.1 Strain and culture media

Schlegelella thermodepolymerans DSM 15344, recently renamed
as Caldimonas thermodepolymerans was purchased from the
DSMZ-German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). The inoculum medium consisted of
peptone (10 g L™ 1), yeast extract (5 gL~ "), and NaCI (10 gL~ "). C.
thermodepolymerans was inoculated from 1.5% (w/v) agar plates
and pre-grown in Erlenmeyer flasks at 150 rpm and 50 °C,
following the protocol of Obruca et al.* The cell suspension was
centrifuged at 8000xg for 10 min and washed with sterilized
water before being used as a 10% (v/v) inoculum for subsequent
experiments.

The culture medium for polyhydroxyalkanoate (PHA)
production contained (NH,),SO, (1.1 g L") (if not stated
otherwise), MgS0O,-7H,0 (0.45 g L"), KH,PO, (1.31 g L),
Na,HPO,-2H,0 (1.68 g L™ "), and 1.5 mL L " of a trace element
solution as described by Vishniac and Santer.** Beechwood
xylan and wheat arabinoxylan (Megazyme, Ireland) (20 g L)
served as the initial carbon source unless stated otherwise. The
pH of all initial culture media was adjusted to 7.0.

To optimize xylan utilization for maximizing PHA produc-
tion, the growth conditions of C. thermodepolymerans were
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studied using beechwood xylan as the sole carbon source at
various concentrations (1, 5, 10, 15, and 20 g L™ '). Additionally,
the effects of different nitrogen source, (NH,),SO,, urea, yeast
extract, and tryptone at a concentration of 4.4 g L™, as well as
varying nitrogen concentrations of (NH,),SO, (0.44, 1.1, 4.4 and
44 g L") were evaluated. The study also compared two types of
xylans (beechwood xylan and wheat arabinoxylan) in the culture
medium for PHA production. Experiments were conducted in
500 mL Erlenmeyer flasks with a working volume of 150 mL,
incubated at 150 rpm and 50 °C.

2.2 Analytical techniques

2.2.1 Substrate consumption and by-product formation.
High-performance liquid chromatography (HPLC) analysis was
performed using an Agilent 1200 pump system equipped with
a Bio-Rad organic acid column (Aminex HPX-87H), along with
both refractive index and UV detectors (210 nm). The HPLC
column was maintained at a temperature of 60 °C. The mobile
phase consisted of a 5 mM aqueous sulfuric acid solution with
a flow rate of 0.55 mL min~". The injection volume was set to
5 pL. The concentrations of individual compounds in the
product mixture were determined using calibration curves
derived from standard solutions of known concentrations.

2.2.2 Xylan utilization. The weight-average molar mass
(M,,) of xylan during PHA production was determined by gel
permeation chromatography (GPC) on an Agilent 1200 system
(USA) equipped with a refractive index detector (RID) and three
Suprema columns (Suprema 100, 1000, and 3000 from Polymer
Standards Service GmbH, Mainz, Germany). Samples were
injected with a volume of 10 uL, were eluted with 0.05 M sodium
nitrate (NaNOj3) at a flow rate of 1 mL min ™. Ethylene glycol
(1 mg mL ") was used as an internal standard, and a series of
nine pullulan standards, with molar masses ranging from 1 kDa
to 708 kDa served as the universal standards for calibration.

2.2.3 PHA content determination and identification. Cells
were harvested by centrifugation at 12 000xg for 10 min using
a Thermo Fisher, F15-6x 100y rotor. Afterwards, the cells were
washed once with sterilized water and then frozen at —60 °C
and 0.1 bar for 48 h to obtain cell dry weight through lyophili-
zation. The lyophilized cells were then depolymerized the PHA
within the cells using a methanolysis protocol as previous
described by Zhou et al’ To identify the produced PHA,
commercial  poly(3-hydroxybutyrate) (P3HB)/poly(3-hydrox-
ybutyrate-co-3-hydroxyvalerate) (PHBV)/poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate) (PHBHHX) was utilized as an external
standard, while benzoic acid served as an internal standard. For
the methanolysis process, a mixture of 2 mL chloroform, 1.7 mL
methanol, and 0.3 mL 98% sulfuric acid were used at 100 °C for
4 h to methanolize the dry cell mass and commercial PHA.
Following cooling, 1 mL of water was added to the mixture to
separate and obtain the bottom phase solution for further
determination of PHA content. To characterize and quantitative
analyze the produced PHA within the cells, the corresponding
methyl ester of the monomers were analyzed using a Hewlett-
Packard 6890 gas chromatography (GC) system equipped with
a Rxi-5Si capillary column (30 m x 0.25 mm i.d. and 0.25 um

© 2025 The Author(s). Published by the Royal Society of Chemistry
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film thickness) and a Quadrupole Hewlett-Packard 5973 mass
selective detector. Besides, the methyl esters of the monomers
were compared with the commercial methyl esters (3HB, 3HV,
and 3HHX) to identify the types of produced PHA. All samples
were filtered by a 0.22 pm PTFE membrane before analysis.

2.2.4 Proteomics sample preparation and analysis. In brief,
the process of proteomics sample preparation and analysis was
performed according to previously described methods. Liquid
chromatography/mass spectrometry (LC/MS) analysis was con-
ducted in an Ultimate 3000 nano-HPLC system (Thermo Fisher
Scientific, MA, USA) along with online to an Exploris mass
spectrometer with a NanoFlex source and a stainless-steel
emitter. Raw mass spectrometry data was analyzed with
PEAKS 10.6 (Bioinformatics Solutions Inc., Waterloo, Ontario,
Canada) and compared with the complete genome of C. ther-
modepolymerans (obtained from https://www.uniport.org/
proteomes).

2.2.5 Statistical analysis. The data presented in the graphs
are expressed as the mean =+ standard deviation (SD) of tripli-
cate measurements for each sample. The standard deviation
was calculated to assess the variability of the data points within
each group.

3. Results and discussion

3.1 Optimization of the growth conditions for PHA
production

To optimize xylan utilization for maximizing PHA production,
the growth conditions of Caldimonas thermodepolymerans was
studied using beechwood xylan as the sole carbon source in
combination with different nitrogen sources (Fig. 1). The data
for xylose concentrations, cell growth, and nitrogen conditions
are presented in Fig. S1 and S2, respectively. Fig. 1a shows that
no PHA was produced when the xylan concentrationwas 1 or5 g
L~". PHA accumulated up to 10 wt% of the cell dry weight at
a xylan concentration of 20 g L™". No PHA accumulation was
observed during the first 24 h, most likely because the nitrogen
source was still available and the cells were using the carbon
source for growth. Alternatively, the delay in PHA production
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also might be linked to the slow process of xylan degradation by
C. thermodepolymerans. PHA production from xylan was shown
before by Sawant et al.,* showing a maximum PHA content of
22.7% cell dry weight (0.198 g L") when marine bacteria Sac-
charophagus degradans was grown with 20 g L™ of beechwood
xylan. However, the maximum of PHA production (34.5% of
0.267 g L™ " cell dry weight) was obtained when S. degradans was
co-cultured with Bacillus cereus. Xylan was degraded into its
monomers by a xylan-degrading strain (S. degradans), and
a PHA-producing species (B. cereus) subsequently utilized the
produced xylose as the carbon source for PHA accumulation,
while no PHA was produced by B. cereus alone from xylan.

3.2 PHA production process using different sources of xylans

Based on the optimization of xylan utilization to maximize PHA
production, a xylan concentration of 20 ¢ L' and ammonium
sulfate as a nitrogen source with a C/N ratio of 40 were used for
both substrates. To evaluate whether xylan degradation was
influenced by xylan substitutions, the study was extended from
beechwood xylan to wheat arabinoxylan. The main difference
between these two types of xylans is the quantity and type of
substitutions. Wheat arabinoxylan is mainly substituted with
arabinose (around 40%, according to the manufacturer), while
beechwood xylan is mainly substituted with methyl glucuronic
acid (around 19% according to the manufacturer). These
substitutions represent the main modifications in xylan,
providing a suitable representation of natural glucuronoar-
abinoxylan (GAX).

The PHA accumulation and the produced products (xylose,
acetic acid, and arabinose) were analyzed and presented in
Fig. 2. As shown in Fig. 2, compared to 16 wt% PHA from
beechwood xylan (Fig. 2a), 30 wt% PHA on the cell dry weight
was obtained with a wheat arabinoxylan as a carbon source
(Fig. 2b). Xylans must be degraded before it could be utilized, so
the cell dry weight first decreased and then increased. The
molecular weight distributions of the beechwood xylan and
wheat arabinoxylan are displayed in Fig. S3a and b,f respec-
tively, indicating that both were degraded during the PHA
production process. Based on GC/MS analysis, the produced
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Fig. 1 Optimization of the growth conditions for PHA accumulation by C. thermodepolymerans using beechwood xylan as the sole carbon
source at pH 7 and 50 °C. (a) Xylan concentrations of 1, 5, 10, 15, and 20 g L%, and a C/N ratio of 10 ((NH4),SO.). (b) Various C/N ratios (1, 10, 40,
100) of (NH4),SO4. 4.4 g L™* of yeast extract, tryptone, or urea with a C/N ratio of 40 and xylan concentration of 20 g L™. The errors presented in
the graphs represent the standard deviation (SD) of the data points, calculated from triplicate measurements of each sample.
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Fig.2 PHA production and cell accumulation by C. thermodepolymerans under the optimized initial conditions (20 g L™ of xylan, a C/N ratio of
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production, (c) and (d) produced intermediates concentration. The errors presented in the graphs represent the standard deviation (SD) of the

data points, calculated from triplicate measurements of each sample.

PHA from xylans in cells is poly(3-hydroxybutyrate) (P3HB), as
shown in Fig. S4.F Fig. 2c shows that using beechwood xylan as
the sole carbon source resulted in the production of xylose and
acetic acid, with the highest concentrations of xylose (0.70 g
L") and acetic acid (1.03 g L") obtained after 24 h. When
wheat arabinoxylan was used as the sole carbon source, arabi-
nose was produced, as well as xylose and acetic acid (Fig. 2d).

The maximum concentrations of arabinose and acetic acid
were 0.59 ¢ L™ " and 0.17 g L' after 24 h, respectively, whereas
the highest concentration of xylose (1.48 g L") was obtained
after 96 h (Fig. 2d). The degradation products correspond to the
monomer composition of the xylans: beechwood xylan is mainly
composed of xylose residues and methyl glucuronic acid
substitutions, while the major components of arabinoxylan
are xylose and arabinose residues.” As shown in Fig. 2d, acetic
acid was produced by C. thermodepolymerans during the
consumption of wheat arabinoxylan, and then was slowly
consumed. Fig. S5 shows that all the obtained monomers
during the xylan utilization process could be used for cell
growth and PHA accumulation.

3.3 Related enzymes in xylan degradation

To better understand the xylan degradation, the enzymes
involved in C. thermodepolymerans were analyzed. Several
enzymes are necessary for xylan degradation based on its
chemical composition. Table 1 summarizes the putative
enzymes for xylan degradation in C. thermodepolymerans based

1688 | RSC Sustainability, 2025, 3, 1685-1690

on the genomic DNA sequence available in the Genbank data-
base (accessing code NZ-CP064338.1).

Even though C. thermodepolymerans can grow and degrade
different xylan sources, proteins belonging to typical glycoside
hydrolase families associated with endoxylanase activities like
GH10, GH11, GH38, and GH5 could not be detected.** A specific
search was conducted in the dbCAN database to gain insights
into carbohydrate-degrading proteins (Tables 1 and S1f). Two
proteins belonging to the GH39 family (QPC32539 [ST39L] and
QPC32540 [ST39S]) were identified by dbCAN and CAZY data-
base. These proteins were labeled in NCBI as a carbohydrate-
binding domain-containing protein and a hypothetical
protein, respectively. Interestingly, these two proteins are
localized together in the genome, forming a so-called CAZyme
genetic cluster (CGC), as identified by dbCAN. An Interpro scan
revealed that ST39L is composed of two carbohydrate-binding
modules (CBMs) and a C-terminal catalytic domain related to
GH39 family, while ST39S only has one carbohydrate-binding
module and a GH39 related catalytic domain (Fig. S6 and
S71). Interestingly, one of the CBMs in the ST39L protein
(between 276 and 404 aa) has a sequence similarity with the
CenC-carbohydrate binding domain family (Pfam accession
number pf02018). This CBM family is usually located in the N-
terminal part of thermoresistant endoxylanases,* showcasing
the correlation of this CBM domains and the mechanism of
xylan degradation in thermophilic bacteria.***® Moreover, the
blast of this protein against the SwissProt and PDB database

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Putative enzymes present in the C. thermodepolymerans genome that are potentially involved in xylan degradation®

CAZY family Enzyme annotation in gene bank

GenBank accession no.

CAZY family activities

GH1 B-Glucosidase QPC31785 B-Xylosidase, B-glucosidase
GH3 Beta-N-acetylhexosaminidase QPC32469 Xylan 1,4-B-xylosidase, a-l-arabinofuranosidase,
B-N-acetylhexosaminidase

GH39 Carbohydrate-binding domain QPC32539 Exo-xylanase
Hypothetical protein QPC32540

CE4 Alpha/beta fold hydrolase QPC31878.1 Acetyl xylan esterase, tannase, feruloyl esterase,
Allantoinase PuuE QPC32500.1 chitin deacetylase
Feruloyl esterase family QPC31414

¢ All enzymes were annotated by at least two tolls of the dbCAN database and the CAZY genomics annotation.

(Tables S2 and S3t) showed that even with low similarity, the
region between 400 and 650 amino acids of ST39L, where the
catalytical domain is located, also had similarities with char-
acterized thermostable endoxylanases.

The bioinformatic analysis suggests that the proteins ST39L
and ST39S could play a role in xylan degradation. To confirm
their involvement, we obtained proteomics data of C. thermo-
depolymerans growing in xylose. The extracellular enzymes
related to PHA production metabolism from xylans are pre-
sented in Table S4.f Both proteins with significant xylan-
degrading potential (ST39L and ST39S) were detected in the
outside protein extracted from bacteria grown on wheat straw.
Moreover, the proteomics analysis showcased the similarities in
the metabolic routes of PHA production between xylan and the
previously reported pathway with xylose. This further supports
the capacity of C. thermodepolymerans to directly utilize xylans to
produce PHA via xylan degradation into smaller fragments/
monomers that can be utilized as carbon source.

4. Conclusions

This study shows the first example of thermophilic microbial
P3HB production directly from xylans (beechwood xylan and
wheat arabinoxylan) by a single wild-type thermophilic C. ther-
modepolymerans. The use of wheat arabinoxylan resulted in
higher PHA yields compared to beechwood xylan. Most likely
due to the difference in decorating molecules on beechwood
xylan, making it more difficult to hydrolyze the polymeric
backbone. Here, two key potentials, particularly ST39L, were
identified as potentially involved in xylan backbone degradation
and showed a close correlation with thermoresistant endox-
ylanases. Meanwhile, the related proteins to PHA production
from xylose were also identified during growth on xylan. These
findings suggest that C. thermodepolymerans is a promising
candidate for the cost-effective industrial valorization of
renewable resources into PHA.

Data availability

All data that support the findings of this study are available on
request. The process of proteomics sample preparation and
analysis was performed according to previously described
methods by Zhou in 2023, data were retrieved from mass

© 2025 The Author(s). Published by the Royal Society of Chemistry

spectrometry proteomics data previously deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD040177 and https://doi.org/
10.6019/PXD040177.>° The raw data of proteomics are avail-
able on request in Excel-format.
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