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Olive pomace (OLP) and stones (OLS) are key by-products of olive oil production, rich in lignocellulose and
pectin, making them viable substrates for prebiotic oligosaccharide (OS) production. This study evaluated the
chemical composition of OLP and OLS powders (OLPp and OLSp) and their potential for OS production through
one-step fermentation using recombinant Bacillus subtilis 3610. Both substrates had comparable xylan and pectin
levels, but OLSp showed greater potential, achieving a maximum total sugar yield of 60 + 3 mg.g~! after 12 h

under optimal conditions (20 g.L ! OLSp, pH 7.0, 45 °C). The resulting OS mixture from OLSp was predomi-
nantly composed of pectic oligosaccharides (72.1 %mol) and glucurono-xylooligosaccharides (11.6 %mol). This
innovative process, competitive with commercial enzymes, highlights the potential of by-product valorisation for
producing value-added food compounds. The findings provide insights into low-cost bioprocesses and underscore
the importance of sustainable approaches in the industry of functional food ingredients.

1. Introduction

The increasing health consciousness in recent years prompts con-
sumer preferences for specific food ingredients that can provide health
benefits (Narisetty et al., 2022), including prebiotic compounds (Alongi
& Anese, 2021; Gur et al., 2018) Consequently, the global market for
prebiotics is expected to grow at a CAGR of 13 % from 2023 to 2028,
reaching $14.5 billion by 2028 (Reportlinker, 2023).

A prebiotic is defined as “a substrate that is selectively utilized by
host microorganisms conferring a health benefit” (Gibson et al., 2017).
Prebiotic oligosaccharides (OS), such as xylooligosaccharides (XOS) and
pectic oligosaccharides (POS), are a type of carbohydrate composed of 2
to 10 monosaccharides (You et al., 2022). Conventional methodologies
for XOS and POS production include autohydrolysis, chemical and
enzymatic hydrolysis (Giitsch et al., 2012; Xiao et al., 2013). However,
chemical and autohydrolysis methods are associated with high pro-
duction of several by-products, including toxic compounds (Zhang et al.,
2016), and the enzymatic methods require the prior production/

purification or purchase of adequate enzymes.

XOS are comprised by xylose units linked through p(1-4) linkages,
and they can be produced through the hydrolysis of xylan, the main
component of hemicellulose present in lignocellulosic biomass (Alvarez
etal., 2017). Due to their average selling price per dose (USD 25 to 50 $.
kg™ 1) and minimum daily dose required (1.4-2.8 g), XOS are more
economically compared to other well-established prebiotics (Finegold
et al., 2014; Valladares-Diestra et al., 2023).

POS are considered emerging prebiotics, generally products of par-
tial depolymerization of pectin present in several agricultural by-
products. POS can be defined as an OS with a degree of polymeriza-
tion (DP) of 2-10 and consisting of the units of —4)-a-GalpA-(1 — 4)-
a-GalpA-(1 — or —4)-a-GalpA-(1 — 2)-a-Rhap-(1 — (Tang et al., 2024),
however their structure and composition depend on the pectin source
and the production process (Combo et al., 2013).

Both XOS and POS have been reported to have several health benefits
as they improve digestion and gut function, potentially providing pro-
tection against colon cancer and an anti-inflammatory effect, reducing
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symptoms of irritable bowel syndrome and body weight gain, or regu-
lating the immune system (Mazzucotelli & Goni, 2022; Goncalves et al.,
2023; Jia et al., 2018). Besides their health benefits, XOS can also
improve the organoleptic properties of food products, presenting high
stability at acidic pH and high temperatures, while POS can be used as
stabilizers in food formulations, enhancing the texture and consistency,
which makes them attractive compounds for the food industry
(Pattarapisitporn et al., 2024).

Considering the OS market potential, the development of alternative
cost-effective production approaches is of utmost importance. The pro-
duction of XOS by one-step fermentation of lignocellulosic materials has
been studied using different by-products and microorganisms, as soy-
bean fibre by Aspergillus nidulans or rice hush by Aspergillus brasiliensis
BLf1 (Menezes et al., 2017; Pereira et al., 2018) These studies demon-
strate that this process holds the potential to reduce the number of steps
involved in the process, overcoming the costs associated with the en-
zymes production or purchase (de Capetti et al., 2021; Kallel et al.,
2015). The primary methods employed in the production of POS are
enzymatic and autohydrolysis using lignocellulose as orange peel waste,
onion skins, or sugar beet pulp (Babbar, Baldassarre, et al., 2016; Babbar
etal., 2017; Goncalves et al., 2023; Sabajanes et al., 2012). Additionally,
the pectic polysaccharides of olive pomace (OLP) are considered unique
substrates for OS production due to the presence of arabinan (Babbar,
Dejonghe, et al., 2016). Lama-Munoz et al. (2012a, 2012b) reported the
hydrothermal treatment of OLP to produce a mixture of POS, neutral and
acidic XOS.

OLP is the main by-product originated by the olive oil industry, being
difficult to discard due to their content in phenolic compounds which
are toxic to the soil and waters (Cruz et al., 2017; Roig et al., 2006).
Other significant generated by-products are the crushed olive stones
(OLS) that can be separated from the OLP pulp by centrifugation or by a
screening system (Khwaldia et al., 2022). OLP and OLS have been
traditionally utilized in low-value applications such as animal feed,
compost, or bioenergy generation (Miranda et al., 2019; Valvez et al.,
2021). However, recent research has increasingly focused on their
valorization as fermentation substrates due to their rich content in
lignocellulosic components, including cellulose, xylan, and pectin.
Several studies have explored enzymatic hydrolysis or microbial
fermentation of OLP and OLS to produce biofuels, organic acids, and
enzymes (Contreras et al., 2020; Gomez-Cruz et al., 2024). Despite this
progress, the direct use of untreated or minimally processed OLP and
OLS as substrates to produce high-value prebiotic oligosaccharides re-
mains underexplored.

The main aim of this work was to develop an alternative bioprocess
based on one-step fermentation to produce a mixture of OS from OLP
and OLS powders (OLPp and OLSp, respectively) in a sustainable and
competitive way, using a genetically modified Bacillus subtilis 3610
harbouring the xylanase gene xyn2 from Trichoderma reesei. This
microorganism was previously reported to be a successful producer of
arabino-xylooligosaccharides (AXOS) by one-step fermentation of
brewer’s spent grains (BSG) (Amorim et al., 2018). However, the
broader application of this one-step fermentation strategy had not yet
been explored for substrates with different chemical compositions and
structural complexities, such as OLP and OLS. These by-products present
unique bioconversion challenges but also offer the potential to yield
different high-value prebiotic compounds. To the best of our knowledge,
this is the first study to demonstrate the direct microbial production of a
novel OS mixture, rich in both pectic- and glucoronoxylo-
oligosaccharides (POS and GXOS), from olive oil by-products through
a simplified and competitive process. The complexity of the produced
mixture points to its potential for functional food applications, as diverse
OS profiles are linked to an enhanced prebiotic effect (Dong et al., 2023).
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2. Methods
2.1. Materials

Unless otherwise stated, all chemicals, media and media components
were of analytical grade obtained from Sigma-Aldrich Chemical Ltd.
(Germany). The standard XOS (xylobiose (X2), xylotriose (X3), xylote-
traose (X4), xylopentaose (X5) and xylohexaose (X6)) were purchased
from Megazyme (Ireland). The OLP and the OLS were provided by the
olive oil mill of the Cooperativa Agricola de Macedo de Cavaleiros
(Portugal) (Fig. S1). For this study, the OLP was lyophilized (SCANVAC
Coolsafe 110-4, Bjarkesvej, Denmark) for 4 to 5 days. The lyophilized
OLP and the OLS were then individually grounded into powder (OLPp
and OLSp, respectively) using a mechanical milling (IKA, Model: M20,
230 V 50/60 Hz 620 W IP 21, Germany). The relative humidity content
of the OLPp and OLSp was determined with a moisture analyser MAC
50/1/NH apparatus, being <5 % (w/w). The powders were further
stored at room temperature until being used directly as fermentative
substrate.

2.2. Chemical characterisation of olive pomace and stones powders

The OLPp and OLSp were chemically characterised according to
AOAC standards. Moisture (AOAC 934.6), ash (AOAC 942.05), and total
lipidic (AOAC 920.39) contents were determined. The total protein
content was determined using a Micro Kjeldahl block digestion system
behr K 24 (ExpotechUSA). The composition in lignin, cellulose and
hemicellulose were determined through acid hydrolysis of the
extractive-free OLPp and OLSp, using 72 % (w/w) of sulfuric acid, ac-
cording to the National Renewable Energy Laboratory protocols (Sluiter
et al., 2008). The previous extraction was done in Soxhlet system with
petroleum ether (8 h), ethanol (16 h), and water (16 h), to remove lipids,
phenolic compounds and free sugars that can interfere with the hydro-
lysis (Ribeiro et al., 2020). The sugars and their degradation products
present in the hydrolysates were analysed by High Performance Liquid
Chromatography (HPLC) (section 2.6.2.) and used to calculate the cel-
lulose and xylan fraction. The acid soluble lignin was obtained by the
analysis of the hydrolysate by UV-VIS/UV-1280 spectrophotometry
(Shimadzu, Kyoto, Japan) at 206 nm. Klason lignin was determined by
gravimetry (Lu et al., 2021). The pure pectin content was quantified by
stirring the by-products in a mixture of 5 mL of ethanol (96 %), 1 g of
sodium chloride, and 100 mL of deionised water until the dissolution of
the pectin. Following dissolution, a titration was performed using 0.1 M
NaOH with phenol red as the indicator. (Grassino et al., 2018).

2.3. Microorganism and culture conditions

The recombinant B. subtilis 3610 used in this work was previously
engineered, as described by Amorim et al. (2018) to contain xyn2 gene
from T. reesei and a secretion tag endogenous to B. subtilis (> tr|
AOAO0S2I112| Uniprot) coupled to xylanase N-terminus site. To prepare
the pre-inoculum, the microorganism was grown on LB agar overnight at
37 °C. One colony was picked into 4 mL of LB medium (Difco, New
Jersey, USA). The cells were then cultivated at 40 °C and 250 rpm during
approximately 2 h until reaching an ODgggnm ~ 1.0. This starter culture
was then diluted to ODggonm ~ 0.020 with the fermentation media
(Amorim et al., 2018).

2.4. Screening of olive pomace and stones powders for oligosaccharides
production by one-step fermentation

To investigate the potential of OLPp and OLSp as alternative sub-
strates for OS production by one-step fermentation, 1 g of by-product
powder (section 2.1), were added to 50 mL of the minimal medium
Vogel’s 50x salts at 2 %(v/v) and the pH was adjusted to 7.0. Erlen-
meyer flasks (250 mL) with the OLPp or OLSp-liquid mixture were
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sterilised at 121 °C during 15 min (Amorim et al., 2018). The fermen-
tation was performed at 45 °C, 150 rpm, during 30 h after inoculum
addition as described in section 2.3. Samples of the fermentation broth
were collected and centrifuged (7000 rpm during 7 min), for further
analysis as described in section 2.6.

2.5. One-step fermentation of olive stones powder: Sterilisation effect and
one factor-at-a-time optimisation

The impact of the sterilisation method on the one-step fermentation
of OLSp was evaluated comparing autoclave and UV sterilisation. The
autoclave sterilisation was performed at 121 °C for 15 min as described
in section 2.4. For the UV sterilisation, the OLSp was irradiated with a
UV lamp at 254 nm, placed at 30 cm, during 1 h, and added to the
minimal medium, Vogel (2 %(v/v), pH 7.0), previously filtered using a
0.2 pm cellulose membrane, at sterile conditions. The comparative assay
was then carried at 45 °C and 150 rpm for 30 h and the inoculum was
prepared as described in section 2.3. An assay without the inoculum was
also carried out as a control.

The fermentation process was optimised for OLSp using the one-
factor-at-a-time method. The individual effects of OLSp concentration
(5, 10, 20, 40 and 60 g.L’l), initial pH (5.0, 6.0, 7.0 and 8.0) and
temperature (30, 37, 45 and 50 °C) were evaluated sequentially and for
a 30 h fermentation time-period. The starter culture was prepared as
described in section 2.3. Samples of the supernatant were collected and
centrifuged (7000 rpm during 7 min) for sugar analysis as described in
section 2.6.

2.6. Assessment of oligosaccharides production by one-step fermentation

2.6.1. Quantification of total and reducing sugars

The total sugars (TS) quantification was performed by the phe-
nol-sulfuric acid method, using xylose or galacturonic acid as standard
for the calibration curves (DuBois et al., 1956). The DNS (3,5-dini-
trosalicylic acid) method was used as a qualitative screening technique
to assess total reducing sugars (RS) using xylose as standard. The total or
reducing sugar production yields, Yrs or Ygg (mg.g~1), were calculated
as the ratio between TS or RS (mmg) and the mass of substrate (g) used in
the assay. The optimal time corresponds to the time at which the highest
value of Yrs was achieved, Yrs max (mg.g’l), while the maximum
fermentation productivity, Pay max (mg.g’l.h’l), was calculated by
dividing the difference between the Yys at O h and Ys by the optimal
time. The free monosaccharides yield, Yry (Ygic for glucose and Yy for
xylose) (mg.g’l) were calculated as the ratio between the concentration
of monosaccharides obtained by HPLC (section 2.6.2.) and the mass of
substrate used.

2.6.2. Monosaccharides analysis by HPLC

A HPLC was used to quantify monosaccharides and their degradation
products. To analyse the monosaccharides, a volume of 10 pL of sample
were eluted using 5 mM H,SO, at a flow rate of 0.6 mL min~! and a
temperature of 60 °C in an HPLC (Smartline KANUER, Spark Holland)
with a RI detector (KNAUER K2300, Spark Holland) and an Aminex HPX
87H column (300 mm x 7.8 mm X 9 pm, Biorad, USA). To quantify the
degradation products of xylan and cellulose, the UV detector (KANUER
K-2501, Spark Holland) was used to determine the concentrations of
furfural (280 nm) and hydroxymethylfurfural (HMF) (284 nm),
respectively.

2.7. Chemical characterisation of the oligosaccharides produced from
olive stones powder

To reduce the salt interference, a partial purification of the OS pro-
duced by one-step fermentation of OLSp under optimal conditions, was
performed with activated charcoal as described by (Amorim et al.,
2019Db).
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2.7.1. Sugar analysis

Neutral sugars were released from the sample using a treatment with
72 %(w/w) HySO4 during 3 h at room temperature with occasional
stirring followed by hydrolysis with 1 M H2SO4 for 2.5 h at 100 °C. The
neutral sugars were determined as their alditol acetates by gas chro-
matography with flame ionization detector (GC-FID, Perkin Elmer Cla-
rus 400, USA), following the chromatographic conditions described by
Lopes et al. (2016). Uronic acids (UA) content was quantified using the
colorimetric m-phenylphenol method with a calibration curve of p-gal-
acturonic acid (10-100 pg.mL’l).

2.7.2. Glycosidic-linked analysis

Glycosidic-linked analysis was determined by gas chromatography-
quadrupole mass spectrometry (GC-qMS, Shimadzu GC-MS QP2010)
of the partially methylated alditol acetates based on Ferreira et al.
(2021). The dried sample was dissolved in anhydrous dimethylsulfoxide
and powdered NaOH was dissolved in anhydrous dimethylsulfoxide and
powdered NaOH was added under argon atmosphere. The sample was
methylated with CHsl for 30 min with stirring (this step was repeated
twice). A volume of 3 mL of 50 %(v/v) ethanol was added, and the so-
lution was dialyzed using 0.5 kDa cutoff membranes against 50 %(v/v)
ethanol. The same sample was also methylated in the previous described
conditions and 3 mL of CHCl3/methanol (1:1 v/v) was added. The so-
lution was dialyzed against 50 %(v/v) ethanol using a 1 kDa cut off
membrane. After dialysis, the retentates were evaporated to dryness.
The remethylated material was hydrolysed with 2 M trifluoroacetic acid
at 120 °C for 1 h, followed by a reduction with NaBDy4, and acetylation
with acetic anhydride in the presence of 1-methylimidazole as a catalyst.

Glycosidic-linked composition of the OLSp fermented sample was
also analysed without using the dialysis step. Instead of the dialysis step,
2 mL of water was added, the solution was neutralised with 1 M HCI, and
sequential liquid-liquid extractions were performed by the addition of
CH,Cl; and water. The aqueous phase was discarded and the CH,Cl, was
evaporated until dryness. The remethylated samples were hydrolysed,
reduced and acetylated, as described above.

The partially methylated alditol acetates from the different methyl-
ation procedures were separated and analysed by GC-qMS (Shimadzu
GC-MS QP2010). The GC was equipped with a ZB-5HT column (J&W
Scientific, Folsom, CA, USA), with 30 m length, 0.25 mm of internal
diameter, and 0.25 pm of film thickness. The samples were injected
using the chromatographic conditions described by Martin-Pastor et al.
(2019).

2.7.3. Oligosaccharides’s profile determined by GC-qMS

To determine the neutral OS profile, the fermented OLSp samples
were analysed after reduction and acetylation using 2-deoxyglucose
1.0 mg.mL’l), as internal standard. The alditol acetates were dis-
solved in anhydrous acetone and analysed by GC-gMS (Shimadzu
GC-MS QP2010) equipped with a ZB-5HT (J&W Scientific, Folsom, CA,
USA), column (30 m length, 0.25 mm of internal diameter, and 0.25 pm
of film thickness), according to the chromatographic conditions
described by Imperio et al. (2021), with minor modifications. The
samples were injected in “split” mode with the injector temperature at
400 °C. The temperature program used was as follows: an initial tem-
perature of 140 °C; an increase of 5 °C.min"" until 180 °C, and hold for
1 min; an increase of 5 °C.min ! until 250 and a hold time of 10 min; an
increase of 5 °C.min ! until 390 °C and a hold time of 9 min. The carrier
gas has helium with a flow of 8.1 mL.min"".

The peaks identification was achieved by comparing with standard
mass spectra injection. To quantify the OS, relative response factors of
xylose, glucose, arabinobiose, sucrose, cellobiose, maltotriose, kestote-
traose, and maltotetraose to 2-deoxyglucose were determined based on
6-point calibration curves. The pentoses and hexoses monosaccharides
were, respectively, quantified using the response factors of xylose (limit
of detection (LoD) 0.06 mgygar/Mstandard; limit of quantification (LoQ)
0.19 mgygar/Mstandard) and glucose (LoD 0.07; LoQ 0.21). The amount of
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di- were quantified using the response factors of arabinobiose (LoD 0.12;
LoQ 0.37), sucrose (LoD 0.13; LoQ 0.38), and cellobiose (LoD 0.13; LoQ
0.40). The amount of tri- were quantified using the response factors of
maltotriose (LoD 0.26; LoQ 0.80). The amount of tetra- were quantified
using the response factors of kestotetraose (LoD 0.20; LoQ 0.62) and
maltotetraose (LoD 0.32; LoQ 0.97). The LoD and LoQ were defined as
the lowest mass of sugar/ mass standard with estimated peak height
greater than 3.3 and 10 times of the noise levels (S/N > 3.3 and 10),
respectively. Total carbohydrate content was calculated by the sum of
the results from the sugars measured individually.

2.7.4. High-performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD)

In order to determine the OS profile, including charged OS, the
sample was diluted in MilliQ water 1 %(w/v) filtered through a nylon
filter measuring 0.22 pm (WhatmanTM, Buckinghamshire, UK), and
analysed via high-performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD), using a Dionex ICS-600
system equipped with a DC oven and SP, controlled by Chromeleon
7.3 software (Thermoscientific Dionex — Waltham, MA, USA. Carbohy-
drates were detected using an electrochemical detector in integrated
amperometry mode with an AgCl reference electrode and a conventional
electrode. Sugars separation was achieved using a Dionex CarboPac
PA100 pre-column (50 mm x 4 mm) and a Dionex CarboPac PA100
analytical column (250 mm x 4 mm). As a reference, polysaccharide of
galacturonic acid was hydrolysed with HySO4 for 2.5 h at 100 °C and
analysed as referred above.

3. Results and discussion
3.1. Chemical characterisation of olive pomace and stones powders

OLP typically contains olive oil, pulp, skin, crushed OLS and water.
OLS can be further separated from OLP during the extraction of the
remaining olive oil by centrifugation and sieving (Martin et al., 2020).
The chemical composition of these by-products varies depending on
factors like the olive tree variety, agro-climatic cultivation conditions,
fruit ripeness (Contreras et al., 2020), or the extraction process used in
olive oil production (Abbattista et al., 2021). OLP is mainly composed by
cellulose, hemicellulose and lignin (Miranda et al., 2019; Ribeiro et al.,
2020), thus holding potential as alternative substrates for OS production
(Negro et al.,, 2017). The chemical composition (expressed in dry
weight) of the OLP and OLS herein used was determined by acid hy-
drolysis, and the results are presented in Table 1.

The chemical characterisation of the by-products (Table 1) showed
variations in their compositions, consistent with findings reported in the
literature (Khwaldia et al., 2022). The content in cellulose (18.5 &+ 0.5
and 21.1 + 0.8 %(w/w)) and xylan (23.2 + 0.4 and 26.8 + 0.9 %(w/w))
was similar for OLPp and OLSp. Regarding lignin content, a higher
percentage was anticipated in OLSp. However, the measured lignin
content in OLPp is 1.7 times greater. This discrepancy likely arises from
the presence of fragments of OLS and olive pulp in OLPp, both of which

Table 1
Chemical characterisation of olive pomace powder (OLPp) and olive stones
powder (OLSp) in dry weight (% (w/w)).

% (w/w) OLPp OLSp
Lipids 11.1 £ 0.3 0.8 +0.1
Ashes 4.3+0.6 0.46 + 0.02
Pectin 1.38 £ 0.03 1.7 £0.1
Protein 7.4£0.2 1.5+0.2
Xylan 23.2+04 26.8 £ 0.9
Cellulose 18.5 + 0.5 21.1 £ 0.8
Lignin 46.2 + 0.8 27.6 +£ 0.9
Acid soluble lignin 8.6 +0.4 3.8+ 0.2
Insoluble lignin 36.5+ 0.5 23+1
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are rich in phenolic compounds. These compounds can undergo oxida-
tion and polymerization, potentially being quantified as lignin during
analysis (Cardoso et al., 2005).

The proportion of olive pectin in these by-products is generally
regarded as relatively insignificant, with its level tending to diminish as
olive maturity increases (Millan-Linares et al., 2021). In the present
study, a pectin content below 2 % was obtained (1.3 % (OLPp) and 1.7 %
(OLSp)). Millan-Linares et al. (2021) studied the pectin’s derived from
OLP at different ripening stages and from various olive varieties as an
“alcohol-insoluble residue” (AIR), which contents varied from 3.5 % to
15.2 %. However, it is important to note that AIR may also result in the
extraction of cellulose, hemicellulose, or protein (Millan-Linares et al.,
2021).

Regarding the lignocellulosic components, the results obtained are
within the ranges reported in the literature. Namely, OLPp can be
composed of 30.0-41.6 % (w/w) of lignin, 13.8-30.0 % (w/w) of cel-
lulose, and 18.5 %-32.2 % (w/w) of hemicellulose (Freitas et al., 2022),
while OLSP may present 20.6-25.1 % (w/w) of lignin, 29.8-34.4 % (w/
w) of cellulose and 21.5-27.6 % (w/w) of hemicellulose (Rodriguez
et al., 2008).

The xylan content is an important indicator of the by-product po-
tential for XOS production by one-step bioprocess. Several by-products
from different industries have been reported for XOS production as
soybean fibre with 22.1 % (w/w) of xylan or wheat bran (30 % (w/w) of
xylan) (Liu et al., 2022; Menezes et al., 2017). Interestingly, the
composition in xylan of both OLPp and OLSp is approximately 1.6-fold
higher than the one reported for BSG, 16.5 % (w/w), which was suc-
cessfully used as fermentative substrate to produce AXOS (Amorim
et al.,, 2019b). Thus, based on the chemical characterisation results,
these by-products present potential to be used as promising substrates
for OS production.

3.2. Screening of olive pomace and stones powders as fermentation
substrates

The production of AXOS through one-step fermentation was firstly
reported by Amorim et al. (2019b) who constructed a recombinant
B. subtilis to ferment BSG. This approach showed promise as a compet-
itive alternative to conventional XOS production methods, however, its
applicability was suggested to be dependent on the substrate nature.
Hence, to test the substrate-dependency of this bioprocess approach and
to explore the potential of expanding it to other alternative substrates,
OLPp and OLSp were screened for xylo based OS production, as
fermentative substrates, using the same recombinant B. subtilis. The Yrg
and Ygs were used as qualitative indicators of the total and reducing
sugars, respectively (Fig. 1).

Although the two by-products exhibited a similar Yggsat 0 h (9 £ 1
mg.g6ﬁsp and 9.1 + 0.4 mg.g6ﬂpp), OLPp presented a downward trend in
the Ygg profile, while OLSp showed an initial increase at 4 h (13.8 + 0.3
mg.gaﬁsp) followed by a subsequent decrease and stabilisation of the
reducing sugars, as shown in Fig. 1.

Comparing the Yrs results, two significantly distinct profiles were
obtained probably due to the different impact of the sterilisation method
on the initial sugar extraction (0 h) from OLPp or OLSp into the
fermentation medium (Fig. 1). OLPp presented a 10-fold higher Yrg at 0
h(121 £5 mg.g6ﬁpp), compared to OLSp (11.8 £ 0.1 rng.gaﬁsp). The free
monosaccharides analysis obtained by HPLC (Table S1) corroborated
the results from Fig. 1, revealing that at 0 h OLPp showed an Ygy of
108.3 + 0.9 mg.g~! (81.5 % of glucose and 18.5 % xylose), that
decreased to 17.839 + 0.004 g.L ! after 12 h of fermentation, when the
initial glucose was totally consumed together with 10 % of the initial
xylose.

On the other hand, no monosaccharides were quantified for OLSp
either at 0 or 12 h. As a highly lignified seed, no free sugars were ex-
pected to remain after sterilisation. However, minimal monosaccharides
may have formed after 12 h of fermentation due to microbial activity.



A. Cordeiro et al.

Food Chemistry 494 (2025) 146278

150 20
- N 15
'.‘c? 100 | I-J<
2 T o T T o
E By | ~10 3
£y 58 3| &
50T —a_ O -
~ |
S [ Yrs_OLSp
B~ Ygrs_OLPp
0 % | T T T T T T 0 Y15 OLSp
0 4 8 12 16 20 24 28 32 m Y5 _OLPp
Time (h)

Fig. 1. Total and reducing sugar production yield for the olive pomace powder (OLPp), (Yrs_ oLpp(CD), Yrs orpp(C])) and olive stones powder (OLSp), (Yrs oLsp (@),
Yrs oLsp (0)) obtained from the one-step fermentation of 20 g.L 7! of OLSp or OLPp by recombinant Bacillus subtilis containing the xylanase gene xyn2 from Tri-
choderma reesei in 2 % (v/v) Vogel medium at pH 7.0, 45 °C, and 150 rpm. Results represent the average of two independent assays + standard deviation. Xylose-

based calibration curves were used.

These sugars might not have been detected, potentially due to the
sensitivity limits of the analytical method used (Table S2). The low
amount of available free monosaccharides in the medium of OLSp fer-
mentations may have driven the microorganism to use its enzymatic
machinery to hydrolyse the by-product to obtain a viable carbon source,
and consequently, an increase on Yrs was observed until 12 h when its
maximum was achieved (32.4 + 0.6 mg.g ™}, Fig. 1). These results were
also in accordance with the TLC analysis (Fig. S2), where it was possible
to observe the consumption of the initial sugars after 12 h of OLPp
fermentation, while OLSp showed the production of complex sugars at
12 h with a probable DP higher than 6. These results suggest that
fermentation inhibition by phenolic compounds in OLPp may have a
greater impact than the lignification of OLSp, as reported by Cuevas
et al. (2009). Therefore, OLSp presented the highest potential for OS
production by one-step fermentation, being selected for further studies.
The approach adopted in this study is suitable for proof-of-concept
research, intended to demonstrate the technical feasibility of the bio-
process for producing a novel oligosaccharide mixture under controlled
laboratory conditions.

3.3. Oligosaccharides production by one-step fermentation of olive stones
powder

The OS production has previously been reported using by-products
from the olive oil industry. Lama-Munoz et al. (2012a, 2012b) devel-
oped a hydrothermal process to obtain mainly a mixture of tetra-, tri-
and di-galacturonic acids from OLP, along with a range of neutral and
acidic XOS. Aligned with this study, it is suggested that in the present
work a mixture of OS was produced from OLSp, probably composed
mainly of POS and glucurono-xylooligosaccharides (GXOs) (Reis et al.,
2003).

Although the xylan content, 16.8 + 0.6 %(w/w), was considerably
higher than the pectin content, 1.7 + 0.1 % (w/w), the partial hydrolysis
of pectin-rich regions during thermal sterilisation (121 °C, 15 min),
coupled with the higher enzymatic accessibility of solubilized pectic
polysaccharides, may likely contribute to the predominance of pectic OS
in the final product. B. subtilis is known to produce a broad spectrum of
carbohydrate-active enzymes, including xylanases, cellulases, and
particularly a robust set of pectinolytic enzymes, such as poly-
galacturonases and pectin lyases, which are more active when pectin
fragments are already solubilized in the medium (Algahtani et al., 2022;
Su et al., 2020) This enzymatic versatility, combined with the discrep-
ancy previously observed between the Ygg and Yrs values (Fig. 1, section

3.2), suggests the co-production of sugars with varying degrees of
polymerization, including reducing sugars like GXOs and non-reducing
sugars such as POS (Grassino et al., 2018).

The by-products screening was done using a calibration curve based
on xylose, from which it was concluded that OLS holds the greatest
potential for OS production. However, since this by-product appears to
have greater potential for POS production, a calibration curve using
galacturonic acid equivalents was used for further studies, given that
this is the primary component of the backbone of POS (Gomez-Cruz
et al., 2024).

3.3.1. Effect of sterilisation

Although medium sterilisation is an integral part of any fermentation
process, it shares certain similarities with the thermal pretreatment of
lignocellulosic by-products. Nevertheless, the conditions required are
significantly milder than those necessary for the afore mentioned pre-
treatments (Cuevas et al., 2015; Freitas et al., 2022; Miranda et al.,
2019). In this sense, to investigate the role of the sterilisation on the
production of OS from OLSp via one-step fermentation, two different
conditions were studied: OLSp sterilised by autoclave and by UV. Plus,
to understand the importance of the microbial metabolism on the OS
production and the effect of the process conditions, a control was per-
formed with autoclave-sterilised medium but without inoculum. Fig. 2A
shows the Yrg profiles obtained for the tested conditions.

As expected, the Yrg obtained at 0 h for the autoclave sterilisation
(28.1 + 0.3 mg.g~!) was higher compared with the UV sterilisation
(16.7 + 0.2 mg.g~1). The higher content of sugars released due to the
autoclave sterilisation may have caused a favourable initial biomass
boost, that allowed to achieve the highest Yrgmax (73 £1 mg.g’1 at12h)
sooner than with UV sterilisation (70 + 2 rng.g_l at 30 h) (Fig. 2).
Therefore, these results suggest the importance of autoclave sterilisation
on the improvement of the microbial metabolism for OS production,
increasing Y7s and reducing the optimal production time. Amorim et al.
(2018) reported a similar effect of autoclave/UV sterilisation effect on
AXOS production from BSG, with the autoclave sterilisation resulting in
the lowest optimal production time (12h), compared with UV (28 h).

Furthermore, the control without microorganism demonstrates that
the microbial role is key for OS production, and the operational condi-
tions do not contribute for sugar release (Fig. 2A).
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Fig. 2. Sugar production yield (Y1s) obtained from the one-step fermentation of olive stones powder (OLSp) by Bacillus subtilis with the xylanase gene xyn2 from
Trichoderma reesei in 2 %(v/v) Vogel medium at 150 rpm and (A) at pH 7.0, 45 °C, using 20 g.L ! of OLSp sterilised by: UV (o) or autoclave (). A control without
inoculum was performed with autoclave-sterilised medium (A); (B) at pH 7.0, 45 °C, using 5 ({)), 10 (V), 20 (A), 40 ((J]) and 60 g.L’1 ({) of OLSp; (C) with 20 g.L’1
of OLSp at 45 °C, and was tested 5.0 (o), 6.0 ((]), 7.0 (A), and 8.0 (V) pH values; (D) with 20 g.L’1 of OLSp, pH 7.0 and 150 rpm, at 30 (o), 37 (), 45 (A), and 50 °C
(V). Results represent the average of two independent assays + standard deviation.
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3.3.2. One factor-at-a-time optimisation of the one-step fermentation of
olive stones powder: Olive stones powder concentration, initial pH and
temperature

A one factor-at-a-time optimisation was performed to evaluate the
individual effect of three process variables on the OS production by one-
step fermentation of OLSp. The optimal time, Yrsmax, Yrm, cOncentration
of TS, and Paymax, Were used as selection criteria. The Y1gs obtained
during the optimisation process for the different variables are presented
in Fig. 2.

Fig. 2B presents the Yr1g obtained during the one-step fermentation of
OLSp at different concentrations, 45 °C and pH 7.0. The Table 2 sum-
marizes the results obtained at optimal time (45 °C and pH 7.0), for each
concentration tested.

Although lower concentrations of OLSp (5 and 10 g.L_l) allowed to
achieve the highest Yrgmax (149 + 4 and 83 + 2 mg.g ™7, respectively),
the use of 20 g.L’1 led to the highest Paymax (2.6 £ 0.5 mg.g’l.h’l), as
shown in Fig. 2B and Table 2. Furthermore, the lower concentrations of
OLSp generated low concentration of TSp.x which is a significant
disadvantage.

On the other hand, with 60 and 40 g.L™! of OLSp, higher concen-
tration of TSyax (1.68 + 0.01 and 1.5 + 0.1 g.L’l, respectively) were
obtained, nevertheless, in these cases, the optimal time increased
significantly (24 h) which resulted in the lowest Ppymax values (0.1 + 0.1
and 0.5 + 0.2 mg.g~L.h~}, respectively). These results may indicate a
potential inhibition by the substrate for concentrations greater than 20
g.L*1 (Hidayatullah et al., 2020). Additionally, issues related to mass
transfer and aeration, potentially stemming from the increased viscosity
and density of the mixture may potentially occur at higher substrate
concentrations (Figueiredo et al., 2017; Moteshafi et al., 2016).

Concerning the free monosaccharides analysis, only concentrations
of 20 to 60 g.L ! generated low values of Ygy (< 0.5 mg.g ™}, Table 2),
suggesting the high potential of the one-step fermentation to produce OS
mixtures free of undesired monosaccharides.

Considering the above evidence, it was concluded that 20 g.L ™! was
the most suitable concentration for OS production by one-step fermen-
tation, being selected for subsequent optimization studies, regarding
temperature and pH conditions.

Indeed, environmental factors as the pH or the temperature of in-
cubation can influence bacterial growth and enzyme production and
activity (Amorim et al., 2018; Heng & H. L. H., 2014; Kallel et al., 2015).
Thus, different pH values were tested for the optimal concentration
previously found and at fixed temperature of 45 °C. Fig. 2C presents the
Yrs values obtained from the one-step fermentation of 20 g.L_1 of OLSp,
at 45 °C, and different pH values (5.0, 6.0, 7.0 and 8.0). Table 3 provides

Table 2

Optimal time (h), maximum total sugar concentration, TSyax (g.L’l), maximum
total sugar production yield, Yrsmax (mg.g’l), maximum fermentation produc-
tivity, Pay max (mg.g~1.h™Y), and yield of free monosaccharides, Ygy (mg.g™1),
obtained with the one-step fermentation of different concentrations of olive
stones powder (OLSp) by Bacillus subtilis containing the xylanase gene xyn2 from
Trichoderma reesei in 2 %(v/v) of Vogel medium, pH 7.0 and 45 °C. Results
represent the average of two independent assays + standard deviation. Values
followed with different letters have statistically significant differences (p < 0.05)
according to one-way ANOVA followed by the Tukey’s test.

OLSp Optimal TSmax Yrsmax Pavmax Yem
€3 time (gL ™M (mggh  (mgg L (mg.g™")
LY (h) h)
0.73 + R .
5 24 0.02% 146 + 4 1.4+ 0.3 n.d.
0.83 + b b
10 12 0.01° 83 + 2 2.1 +0.2 nd.
20 12 1.34+0.1° 63 +5° 2.6 + 0.5° 0.5 + 0.3
40 24 1.5+ 029 38 + 44 0.5 + 0.24 0.5 + 0.1°
1.68 + 28.3 + . 0.43 +
60 24 0.01¢ 0.1¢ 0.1+£01 0.02°

n.d.: not detected.

Food Chemistry 494 (2025) 146278

Table 3

Optimal time (h), maximum total sugar concentration, TSmax (g.L™1), maximum
total sugar production yield, Yrsmax (mg.g 1), maximum fermentation produc-
tivity, Paymax (mg.g *.h~1), and yield of free monosaccharides, Ygy (mg.g™ 1),
obtained from one-step fermentation of 20 g.L.~! of olive stones powder by Ba-
cillus subtilis with the xylanase gene xyn2 from Trichoderma reesei in 2 % (v/v) of
vogel medium, 45 °C and pH 5.0, 6.0, 7.0, and 8.0. Results represent the average
of two independent assays =+ standard deviation. Values followed with different
letters have statistically significant differences (p < 0.05) according to one-way
ANOVA followed by the Tukey’s test.

pH  Optimal time  TSpax Y1Smax PAymax Yem

(h) L™ (mg.g™) (mgg'h™) (mgg™h
50 24 1.04 £0.04 52+2°  0.4+0.2° n.d.
60 12 1.1+0.1° 56 +3° 1.3+02° 1.17 + 0.02*
7.0 12 1.3+ 0.1° 64+5  2+1° 1.4 +0.1°
80 24 1.40 £0.04¢ 70+2¢  1.4+02° 1.54 + 0.01°

n.d.: not detected.

a summary of the primary process performance indicators observed for
each tested pH.

The values presented in Fig. 2C and Table 3 suggest that increasing
the initial acidity (pH 5.0 and 6.0) does not enhance the Yrsmax. These
pH values achieved similar Yrg at 0 h (41 + 4 and 40.1 + 0.4 mg.g™ .
hl, respectively) and lower Yrsmax, however, the optimal time of pH 5.0
was delayed until 24 h while the pH 6.0 optimal time was at 12 h,
consequently, pH 5.0 had the lowest Paymax (0.4 + 0.2 mg.g’l.h’l).
Interestingly, the pH values tested in this assay appeared to not have a
significant influence on Yrg at 0 h (Fig. 2B), thus not impacting the sugar
release linked to the sterilisation step.

The highest alkaline pH studied led to the highest concentration of
TSmax (1.40 + 0.04 g.L’l), yet also increased the optimal time in 12 h
when compared to pH 6.0 and 7.0, which, when compared with pH 7.0
(2 + 1 mg.g~L.h™1) resulted in a lower Ppymax (1.4 + 0.2 mg.g"L.h™1)
and statistically similar to that obtained for pH 6 (1.3 + 0.2 mg.g ..
h. Regarding the free monosaccharides production, low Ygy; values
were obtained for pH 6.0 to 8.0, representing approximately 5.1 % of the
concentration of the TSy ,x. The highest Paoymay (2 £ 1 mg.g’l.h’l) was
achieved at 12 h for pH 7.0, being selected as the most suitable pH value
for OS production by one-step fermentation of OLSp.

The optimum pH for this fermentation process would imply a
compromise between the pH conditions more favourable for sugars
extraction, the optimal pH for the growth of B. subtilis (pH 5.5) and the
optimal pH for enzymes activity, reported to be between 4 and 6 for
xylanase (Grange et al., 1996) and between 6 and 8 for pectinases (Doan
et al., 2021). However, other studies also reported an optimum pH
around 7.0 for Bacillus xylanase production using different substrates
and approaches. Bakry et al. (2024) achieved the maximum production
of xylanase using Bacillus haynesii in a mineral salt broth medium sup-
plemented with xylan (2 g.L ™%, w/v) at pH 7.0. Alokika and Singh (2020)
studied the optimisation of xylanase production by B. substilis JJBS250,
reporting a maximum production of xylanase also at pH 7.0 using sug-
arcane bagasse as substrate. The production of POS is typically con-
ducted in two stages: pectin extraction and enzymatic hydrolysis.
However, the pH employed in each process is dependent on the organ-
ism used in the production of the enzymes and their respective optimal
pH range (Cano et al., 2020). In a previous study, Doan et al. (2021)
demonstrated the POS production by the enzymatic hydrolysis of
different substrates (banana peel, rice bran, orange peel, spent coffee
grounds or wheat bran) by pectinases from Bacillus amyloquefaciens. In
that study, the optimum pH of the enzyme, and consequently the
optimal pH for POS production, was found to be approximately 6.0.

Temperature, like pH, is another crucial factor that significantly in-
fluences microbial growth, as well as enzymes production and activity
(Tarafdar et al., 2021), thus its optimisation is of utmost importance.
Fig. 2D presents the Y1s values obtained from the one-step fermentation
by recombinant B. subtilis at pH 7.0, 20 g.L ™! of OLSPp and at different
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temperatures (30, 37, 45 and 50 °C). Table 4 summarizes the main
process performance indicators obtained for each tested temperature.

The lowest temperatures tested (30 and 37 °C) increased signifi-
cantly the optimal time (30 and 24 h, as shown in Fig. 2D), leading to
similar Paymax values (1.3 0.2 and 1.3 + 0.1 mg.g_l.h‘l, respectively,
Table 4). The optimal temperature growth for B. subtilis ranges between
30 and 37 °C (Korsten & Cook, 1996) and the optimal temperature for
the xylanase production from by-products using Bacillus sp. is reported
to be around 35-37 °C (Irfan et al., 2016; Kallel et al., 2015). However,
for the pectinase production it is around 50 °C (Oumer & Abate, 2017).
Within the scope of a one-step fermentation process for a mixture of OS
production, the optimal temperature for the xylanase activity (40-60 °C
according to Karunya et al. (2021)) and pectinase activity (45-50 °C
according to Doan et al. (2021)), as well as the optimal temperature for
sugar extraction and proper medium mixing come along as important
variables, for instance to provide the conditions for a favourable biomass
boost at the begin of the fermentation. This may possibly explain the
highest Paymax (1.9 £ 0.1 mg.g’l.h’l) being achieved at 45 °C, after 12
h of fermentation (Table 4). Although the Yrs profiles obtained for 45
and 50 °C were similar (Fig. 2D), and their Yrsmax were statistically
equivalent (60 + 3 and 61 + 4 mg.g’l, respectively, Table 4), at 45 °C a
significant higher Paymax was achieved (p < 0.05, Table 4), besides
allowing a more cost-effective bioprocess. For these reasons, 45 C was
selected as the optimal temperature.

The production of XOS by one-step fermentation has been reported
using different microorganisms and substrates, such as de-starched
wheat bran by a recombinant Escherichia coli or wheat middling’s by
B. subtilis, reaching a production of 53-80 mgxos.g;ﬂ,strate and 64 mggs.
g;lllt,strate, respectively (Liu et al., 2022; Reque et al., 2019).

POS production by fermentation was also reported by Embaby et al.
(2016) that described the fermentation of citrus peels by Aspergillus sp.
achieving a 57 % conversion yield. Babbar, Dejonghe, et al. (2016) re-
ported an enzymatic hydrolysis of the pectin extracted from onion skins,
producing 13.2-14.4 % (w/w).

The production of a mixture of OS using OPLp by hydrothermal
treatment allowed obtaining approximately 13 % of neutral OS (Lama-
Munoz et al., 2012b). Although the composition of the OS is similar to
that obtained in the present study, this is the first instance in which a
mixture of OS has been produced by one-step fermentation using OLSp.
Amorim et al. (2018) optimised a one-step production of AXOS from
BSG by the same recombinant B. subtillis, producing 27.5 + 0.8 mgye.
ducing sugars g;llbstrate at 12 h using the same conditions as found in this
study: 20 g L1 of OLSp at pH 7.0 and 45 °C. These observations suggest
a potential robustness of this process technology to produce OS

Table 4

Optimal time (h), maximum total sugar concentration, TSyax (g.L’l), maximum
total sugar production yield, Yrsmax (mg.g’l), maximum fermentation produc-
tivity, Paymax (ng.g"1.h™1), and yield of free monosaccharides, Ygy (ng.g™ 1),
obtained from the one-step fermentation of 20 g.L.~! of olive stones powder by
Bacillus subtilis with the xylanase gene xyn2 from Trichoderma reesei in 2 %(v/v)
Vogel medium at 150 rpm and pH 7.0 and 30, 37, 45 and 50 °C. Results represent
the average of two independent assays + standard deviation. Values followed
with different letters have statistically significant differences (p < 0.05) ac-
cording to one-way ANOVA followed by the Tukey’s test.

Temperature Optimal TSmax Y1smax Paymax Yem
[{9) time (g.L’l) (mg. (mg.g’l. (mg.

(] gh hh gh

1.5+

30 30 o ‘;’ 73+6%  1.340.2% n.d.
37 24 é“l‘bi 69+3° 1.3+0.1° nd.
45 12 (1)?} 60+3° 1.9+0.1° nd.
50 12 (l)zfci 61 +4° 1.6+ 0.4° n.d.
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valorising different by-products. Following the optimisation process, it
is of interest to establish the precise nature of the sugars produced. To
this end, the sugars present in the fermentation medium, after 12 h, were
quantified and characterised.

3.4. Quantification and chemical characterisation of OS produced by
B. subtilis with the xylanase gene xyn2 from T. Reesei

The OLSp fermented sample contained 175.4 pg.mg~! of poly-
saccharides, being uronic acids the predominant sugar residue (72.1 %
mol), followed by xylose (11.6 %mol), arabinose (5.5 %mol), glucose
(3.9 %mol), rhamnose (3.5 %mol), and mannose (1.3 %mol) (Table S3).

To disclose the carbohydrate structure of the low molecular weight
OS produced during fermentation, ranging from DP2 to DP4 (Fig. S2),
methylation analyses using three different approaches were performed
to recover the compounds with molecular weight > 0.5 kDa and > 1
kDa, and neutral OS (Table 5). The methylation analysis with liquid-
liquid extraction isolates the neutral permethylated carbohydrates,
which structures are not linked to uronic acids.

The glycosidic linkage analysis shows that the major differences
between the three methodologies relies mainly on the total amount of
xylose, higher in neutral oligosaccharide analysis (51 %) in comparison
with the method using dialysis (25.5-27.6 %), where neutral OS were
recovered from both neutral and acidic oligosaccharide structures.
Concerning galactose, the opposite was observed, higher in >0.5 kDa
(57.9 %), followed by >1 kDa (37.5 %), and in neutral OS (7.3 %), in
accordance with the fact that galactose residues are side chains of pectic
polysaccharides composed of galacturonic acid residues.

The xylose is a component of xylans present in the OLSp, mainly from
the slightly branched glucuronoxylan, where the backbone is composed

Table 5

Glycosidic linkage analyses (%mol) of olive stone one-step fermentation from
methylation procedure using dialysis (>0.5 kDa, >1 kDa and neutral
oligosaccharides.

Glycosyl linkage >0.5 kDa >1 kDa Neutral OS
2-Rhap 1.0 7.8 7.5
3-Rhap 0.4 1.0 0.5
2,4-Rhap tr tr tr
Total 1.4 8.7 8.0
t-Fucp 1.0 1.8 2.3
Total 1.0 1.8 2.3
t-Araf 4.6 8.5 7.7
2-Araf 0.2 1.0 0.9
3-Araf 0.7 1.6 2.7
5-Araf 0.9 2.9 3.0
3,5-Araf 0.5 1.2 2.1
Total 7.0 15.1 16.4
t-Xylp 4.9 8.8 18.9
4-Xylp 15.0 11.8 28.9
2,3-Xylp 0.4 1.6

2,4-Xylp 4.7 3.1 3.2
3,4-Xylp 0.5 2.2

Total 25.5 27.6 51.0
t-Manp 4.8 5.1 6.8
2-Manp 1.5
Total 4.8 5.1 8.3
t-Galp 3.0 3.2 2.1
2-Galp 1.0 1.0

3-Galp 1.2 0.9

4-Galp 49.6 24.8 2.9
6-Galp 0.7 1.7 1.1
2,4-Galp 0.5 2.3

3,4-Galp 1.0 2.0

3,6-Galp 0.8 1.5 1.2
Total 57.9 37.5 7.3
t-Glep 1.0 2.7 4.9
2-Glep 1.7
4,6-Glcp 1.4 1.5

Total 2.4 4.1 6.6

n.d.: not detected.

tr - trace.
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by -(B1 — 4)-xylose branched with a glucuronic acid substituted at O-2,
with a molar ratio of 9:1 (Xyl:GlcA) (Coimbra et al., 1995). It was
possible to observe the relative increase of 4-Xylp and the decrease of
substituted 2,4-Xylp in neutral oligosaccharide fraction in relation to the
methylation with 0.5 kDa dialysis, as the glucuronic acid is linked to the
0-2 of the xylose residues, indicative of the presence of neutral XOS. The
amount of about 18.9 % of terminally-linked xylose could indicate the
presence of short chain XOS.

The significant decrease of 4-Galp in the methylation of neutral OS,
as well as the decrease of most Gal residues, indicates that these residues
are part of acidic carbohydrates. The higher amount of 4-Galp, mainly in
0.5 kDa (49.6 %) but also in 1 kDa (24.8 %), as well as the presence of 2-
Rhap (1-7.8 %), agree with the presence of pectic polysaccharides
containing the repeating units of 2-.-Rhap-(al — 4)-a-p-GalpA as back-
bone (Cardoso et al., 2002). These polysaccharides have side chains such
as galactan, arabinogalactan, and arabinan. The galactan side chain
consists of (1 — 4)-Galp residues, in agreement with the higher relative
amount of 4-Galp in methylation analysis with dialysis. The presence of
3,4-Galp and 5-Araf in the sample may be due to arabinogalactan-I,
which consists of a -(p1 — 4)-Galp backbone substituted with -(al —
5)-1-Araf residues attached to the O-3 position of galactosyl units
(Vierhuis, 2002). The arabinan chain could also be present due to the
occurrence 3.0 % of 5-Araf and 2.1 % of 3,5-Araf. The arabinans consist
of -(a1 — 5)-Araf backbone, that could be substituted at O-2 or O-3 or at
both positions (Cardoso et al., 2002). The pectic carbohydrates mainly
corresponds to OS with lower molecular weight, since when the cut off
increased, the amount of these acidic polysaccharides decreased.

Despite the presence of GXOS produced by the action of the xyla-
nases on the glucuronoxylans, the OLSp after fermentation is mainly
composed by pectic related carbohydrate side chains. In addition,
HPAEC-PAD showed a chromatographic profile consistent with the
presence of pectic oligosaccharides, comparable with the oligosaccha-
rides released by the acid hydrolysis of a polygalacturonic acid standard
(Fig. 3). The presence of pectic polysaccharides is corroborated by 72.1
%mol of uronic acids measured in the sample (Table S3), which can be
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mainly attributed to galacturonic acid, as the contribution of glucuronic
acid from glucuronoxylans should be very low, as inferred by the 11.6 %
mol of xylose in the sample (Table S3). The low amount of XOS in OLSp
sample can possibly be due to the low yield of the extraction from the
highly lignified OLS tissues. Other hypothesis is related with the
extensive enzymatic hydrolytic action that led to the production of
monomers or disaccharides of xylose that could be consumed by the
bacteria.

To confirm the presence of GXOS and POS, the sample was analysed
via HPAEC-PAD (Fig. 3). As a reference, a sample of polygalacturonic
acid resulted from a hydrolysis with 1 M H2SO4 at 100 °C for 1 h was also
analysed in the same conditions.

From Fig. 3 it is possible to observe a region of neutral mono and OS
at lower retention time, possibly corresponding to the GXOS, and a re-
gion of charged OS, possibly corresponding to POS, since they have the
same retention time as OS produced from the partial hydrolysis of pol-
ygalacturonic acid.

To corroborate the presence of both POS and GXOS, an analysis of
neutral mono and OS (DP1-DP5) of fermented OLSp sample was per-
formed by reduction, acetylation, and analysis by GC-MS (Fig. S3).
According to the GC-MS analysis, the sample OLSp fermented is
composed of 5.61 pg.mg~ ' of the mono and OS (DP1-DP4). It was
observed the presence of rhamnose, arabinose, xylose, mannose,
glucose, and galactose. Moreover, possible apiose was also detected,
characteristic of rhamnogalacturonan type II (Vierhuis, 2002). Despite
the low amount, it was possible to detect 18 different pentose and hexose
disaccharides, 9 trisaccharides, and 1 tetrasaccharide (Table S4). The OS
profile of OLSp corroborates the presence of GXOS, although in small
amounts and in a mixture with other neutral and acidic OS.

This study successfully demonstrates the feasibility of a one-step
fermentation process for converting OLS into a high-value mixture of
prebiotic OS, marking an important advancement toward more versatile
and sustainable bioprocesses. OLS, abundantly available in Mediterra-
nean regions as low-cost fermentative substrate, offer a favourable
combination of lignocellulosic and pectic components compared to
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Fig. 3. Fermented OLSp (black line) and hydrolysed polygalacturonic acid (grey line) analysed by high-performance anion exchange chromatography with pulsed

amperometric detection (HPAEC-PAD).



A. Cordeiro et al.

other substrates—such as the xylan in wheat bran or the pectin in citrus
peels —which predominantly yield only XOS or POS, respectively
(Embaby et al., 2016; Liu et al., 2022). This enables the co-production of
GXOS and POS, which aligns with growing evidence that OS mixtures
provide enhanced or synergistic prebiotic functionalities compared to
their individual use (Dong et al., 2023). Furthermore, the predominance
of low-degree polymerization (DP2-4) OS presents advantageous
physicochemical properties, including high solubility and mild sweet-
ness, which are desirable for food applications (Ali et al., 2025).

This work provides important groundwork and proof of concept for
the direct microbial bioconversion of OLS. The inherent complexity of
OLS lignocellulosic matrix posed specific challenges regarding substrate
accessibility and enzymatic synergy. The process overcomes these
challenges by leveraging a recombinant B. subtilis strain expressing
heterologous xylanase alongside its native pectinolytic enzyme system.
The results open new directions for exploring the molecular mechanisms
underpinning microbial bioconversion, including the roles of xylanases
and pectinases during fermentation. Investigating gene expression dy-
namics and enzyme activity profiles could further refine strain engi-
neering strategies, such as targeted enzyme overexpression and
synthetic pathway optimization. Additionally, the process developed
here lays the basis for scale-up and techno-economic assessment, which
is essential for validating this approach’s competitiveness against con-
ventional processes and produce economic and easily accessible prebi-
otic oligosaccharides able to be used as food ingredients.

4. Conclusions

The chemical analysis highlighted the potential of producing OS,
particularly GXOS and POS, from olive oil industry by-products, spe-
cifically OLP and OLS, which are rich in lignocellulose and pectin. Using
a novel one-step fermentation process with genetically engineered Ba-
cillus subtilis incorporating a xylanase gene, OLSp emerged as the most
effective substrate for OS production. Optimal conditions (20 g-L™*
OLSp, pH 7.0, 45 °C) yielded 60 + 3 mg-g~! of sugars after 12 h of
fermentation. This one-step fermentation offers a sustainable, efficient
alternative for prebiotic compound production, without the need for
commercial enzymes. The findings underscore the viability of using OLS
as a cost-effective substrate for generating a mixture of prebiotics
(including GXOS, in small amounts, and various neutral and acidic OS),
promoting a circular economy within the olive oil sector. Future work
will prioritize process scale-up to generate the necessary data for a
robust techno-economic assessment. This will enable evaluation of cost-
effectiveness, time efficiency, and sustainability relative to existing OS
production processes from other agricultural residues.

CRediT authorship contribution statement

Ana Cordeiro: Writing — original draft, Methodology, Investigation,
Data curation, Conceptualization. Andreia Fernandes: Methodology,
Investigation. Andreia S. Ferreira: Writing — review & editing, Meth-
odology, Investigation. Elisabete Coelho: Writing — review & editing,
Validation. Manuel A. Coimbra: Writing — review & editing, Validation,
Resources. Sara C. Silvério: Writing — review & editing, Investigation.
Vasco Cadavez: Resources, Methodology. Antonio M. Peres: Writing —
review & editing, Validation, Supervision, Funding acquisition, Formal
analysis. Ligia R. Rodrigues: Writing — review & editing, Supervision,
Resources, Funding acquisition. Claudia Amorim: Writing — review &
editing, Visualization, Validation, Supervision, Resources, Methodol-
ogy, Investigation, Formal analysis, Data curation, Conceptualization.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

10

Food Chemistry 494 (2025) 146278
Acknowledgments

CA and AC acknowledges her junior researcher contract (CEECIND/
00293/2020) and her PhD scholarship (Ul/BD/153689/2022), respec-
tively, from the Portuguese Foundation of Science and Technology
(FCT). This study was supported by FCT under the scope of the strategic
funding of CIMO (UIDB/00690,/2020, DOI: 10.54499/UIDB/00690/20
20), CEB (UIDB/04469/2020, DOI: 10.54499/UIDB/04469/2020) and
Associate Laboratory SusTEC (LA/P/0007/2020, DOI: 10.54499/LA/P/
0007/2020), LABBELS - Associate Laboratory in Biotechnology,
Bioengineering and Microelectromechanical Systems (LA/P/0029/
2020), Associate Laboratory for Green Chemistry (LA/P/0008/2020
DOIL: 10.54499/LA/P/0008/2020), UIDP/50006/2020 DOI: 10.544
99/UIDP/50006/2020, and UIDB/50006/2020 DOI: 10.544
99/UIDB/50006/2020). Authors thank to Sénia Ferreira for the deter-
mination of carbohydrates profile of fermented OLSp sample using
HPAEC-DAD.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodchem.2025.146278.

Data availability
Data will be made available on request.

References

Abbattista, R., Ventura, G., Calvano, C. D., Cataldi, T. R. L., & Losito, I. (2021). Bioactive
compounds in waste by-products from olive oil production: Applications and
structural characterization by mass spectrometry techniques. In Foods, 10(6).
https://doi.org/10.3390/foods10061236. MDPI AG.

Ali, K., Niaz, N., Waseem, M., Ashraf, W., Hussain, M., Khalid, M. U., ... Khan, I. M.
(2025). Xylooligosaccharides: A comprehensive review of production, purification,
characterization, and quantification. Food Research International, 201, Article
115631. https://doi.org/10.1016/j.foodres.2024.115631

Alokika, & Singh, B. (2020). Enhanced production of bacterial xylanase and its utility in
saccharification of sugarcane bagasse. Bioprocess and Biosystems Engineering, 43(6),
1081-1091. https://doi.org/10.1007/s00449-020-02306-8

Alongi, M., & Anese, M. (2021). Re-thinking functional food development through a
holistic approach. In journal of functional foods (vol. 81). Elsevier ltd. doi:https://doi.
0rg/10.1016/j.jff.2021.104466.

Alqahtani, Y. S., More, S. S. R. K., Shaikh, I. A. K. J. A., More, V. S., Niyonzima, F. N.,
Muddapur, U. M., & Khan, A. A. (2022). Production and purification of pectinase
from Bacillus subtilis 15A-B92 and its biotechnological applications. Molecules, 27
(13), 4195. https://doi.org/10.3390/molecules27134195

Alvarez, C., Gonzilez, A., Negro, M. J., Ballesteros, 1., Oliva, J. M., & Saez, F. (2017).
Optimized use of hemicellulose within a biorefinery for processing high value-added
xylooligosaccharides. Industrial Crops and Products, 99, 41-48. https://doi.org/
10.1016/j.indcrop.2017.01.034

Amorim, C., Silvério, S. C., & Rodrigues, L. R. (2019). One-step process for producing
prebiotic arabino-xylooligosaccharides from brewer’s spent grain employing
Trichoderma species. Food Chemistry, 270, 86-94. https://doi.org/10.1016/].
foodchem.2018.07.080

Amorim, C., Silvério, S. C., Silva, S. P., Coelho, E., Coimbra, M. A, Prather, K. L. J., &
Rodrigues, L. R. (2018). Single-step production of arabino-xylooligosaccharides by
recombinant Bacillus subtilis 3610 cultivated in brewers’ spent grain. Carbohydrate
Polymers, 199, 546-554. https://doi.org/10.1016/j.carbpol.2018.07.017

Babbar, N., Baldassarre, S., Maesen, M., Prandi, B., Dejonghe, W., Sforza, S., & Elst, K.
(2016). Enzymatic production of pectic oligosaccharides from onion skins.
Carbohydrate Polymers, 146, 245-252. https://doi.org/10.1016/j.
carbpol.2016.03.011

Babbar, N., Dejonghe, W., Gatti, M., Sforza, S., & Elst, K. (2016). Pectic oligosaccharides
from agricultural by-products: Production, characterization and health benefits. In ,
36, Issue 4. Critical reviews in biotechnology (pp. 594-606). Taylor and Francis Ltd..
https://doi.org/10.3109/07388551.2014.996732

Babbar, N., Dejonghe, W., Sforza, S., & Elst, K. (2017). Enzymatic pectic oligosaccharides
(POS) production from sugar beet pulp using response surface methodology. Journal
of Food Science and Technology, 54(11), 3707-3715. https://doi.org/10.1007/
s13197-017-2835-x

Bakry, M. M., Salem, S. S., Atta, H. M., El-Gamal, M. S., & Fouda, A. (2024). Xylanase
from thermotolerant Bacillus haynesii strain, synthesis, characterization,
optimization using box-Behnken design, and biobleaching activity. Biomass
Conversion and Biorefinery, 14(8), 9779-9792. https://doi.org/10.1007/s13399-022-
03043-6


https://doi.org/10.54499/UIDB/00690/2020
https://doi.org/10.54499/UIDB/00690/2020
https://doi.org/10.54499/UIDB/04469/2020
https://doi.org/10.54499/LA/P/0007/2020
https://doi.org/10.54499/LA/P/0007/2020
https://doi.org/10.54499/LA/P/0008/2020
https://doi.org/10.54499/UIDP/50006/2020
https://doi.org/10.54499/UIDP/50006/2020
https://doi.org/10.54499/UIDB/50006/2020
https://doi.org/10.54499/UIDB/50006/2020
https://doi.org/10.1016/j.foodchem.2025.146278
https://doi.org/10.1016/j.foodchem.2025.146278
https://doi.org/10.3390/foods10061236
https://doi.org/10.1016/j.foodres.2024.115631
https://doi.org/10.1007/s00449-020-02306-8
https://doi.org/10.1016/j.jff.2021.104466
https://doi.org/10.1016/j.jff.2021.104466
https://doi.org/10.3390/molecules27134195
https://doi.org/10.1016/j.indcrop.2017.01.034
https://doi.org/10.1016/j.indcrop.2017.01.034
https://doi.org/10.1016/j.foodchem.2018.07.080
https://doi.org/10.1016/j.foodchem.2018.07.080
https://doi.org/10.1016/j.carbpol.2018.07.017
https://doi.org/10.1016/j.carbpol.2016.03.011
https://doi.org/10.1016/j.carbpol.2016.03.011
https://doi.org/10.3109/07388551.2014.996732
https://doi.org/10.1007/s13197-017-2835-x
https://doi.org/10.1007/s13197-017-2835-x
https://doi.org/10.1007/s13399-022-03043-6
https://doi.org/10.1007/s13399-022-03043-6

A. Cordeiro et al.

Cano, M. E., Garcia-Martin, A., Morales, P. C., Wojtusik, M., Santos, V. E., Kovensky, J., &
Ladero, M. (2020). Production of oligosaccharides from agrofood wastes. In, Vol 6,
Issue 1. Fermentation. MDPI AG. https://doi.org/10.3390/fermentation6010031.

de Capetti, C. C. M., Vacilotto, M. M., Dabul, A. N. G., Sepulchro, A. G. V., Pellegrini, V.
0. A., & Polikarpov, I. (2021). Recent advances in the enzymatic production and
applications of xylooligosaccharides. In World Journal Of Microbiology And
Biotechnology (vol. 37, 10). Springer Science and Business Media B.V. doi:https://do
i.org/10.1007/s11274-021-03139-7.

Cardoso, S. M., Silva, A. M. S., & Coimbra, M. A. (2002). Structural characterisation of
the olive pomace pectic polysaccharide arabinan side chains. Carbohydrate Research,
337(10), 917-924. https://doi.org/10.1016/S0008-6215(02)00082-4

Coimbra, M. A., Waldron, K. W., & Selvendran, R. R. (1995). Isolation and
characterisation of cell wall polymers from the heavily lignified tissues of olive (Olea
europaea) seed hull. Carbohydrate Polymers, 27(4), 285-294. https://doi.org/
10.1016/0144-8617(95)00068-2

Combo, A. M. M., Aguedo, M., Quiévy, N., Danthine, S., Goffin, D., Jacquet, N., ...
Paquot, M. (2013). Characterization of sugar beet pectic-derived oligosaccharides
obtained by enzymatic hydrolysis. International Journal of Biological Macromolecules,
52(1), 148-156. https://doi.org/10.1016/j.ijbiomac.2012.09.006

Cruz, F., Casanova-Pelaez, P. J., Palomar-Carnicero, J. M., & Cruz-Peragon, F. (2017).
Characterization and analysis of the drying real process in an industrial olive-oil mill
waste rotary dryer: A case of study in Andalusia. Applied Thermal Engineering, 116,
1-10. https://doi.org/10.1016/j.applthermaleng.2017.01.050

Cuevas, M., Garcia, J. F., Hodaifa, G., & Sanchez, S. (2015). Oligosaccharides and sugars
production from olive stones by autohydrolysis and enzymatic hydrolysis. Industrial
Crops and Products, 70, 100-106. https://doi.org/10.1016/j.indcrop.2015.03.011

Cuevas, M., Sanchez, S., Bravo, V., Cruz, N., & Garcia, J. F. (2009). Fermentation of
enzymatic hydrolysates from olive stones by Pachysolen tannophilus. Journal of
Chemical Technology & Biotechnology, 84(3), 461-467. https://doi.org/10.1002/
JCTB.2064

Doan, C. T., Chen, C.-L., Nguyen, V. B., Tran, T. N., Nguyen, A. D., Wang, S.-L., &

Vn, A. D. N. (2021). Conversion of Pectin-Containing By-Products to Pectinases by
Bacillus amyloliquefaciens and Its Applications on Hydrolyzing Banana Peels for
Prebiotics Production. https://doi.org/10.3390/polym

Dong, Y., Han, M., Fei, T., Liu, H., & Gai, Z. (2023). Utilization of diverse
oligosaccharides for growth by Bifidobacterium and Lactobacillus species and their
in vitro co-cultivation characteristics. International Microbiology, 27(3), 941-952.
https://doi.org/10.1007/510123-023-00446-x

DuBois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., & Smith, F. (1956). Colorimetric
method for determination of sugars and related substances. Analytical Chemistry, 28
(3), 350-356. https://doi.org/10.1021/ac60111a017

Embaby, A. M., Melika, R. R., Hussein, A., El-Kamel, A. H., & Marey, H. S. (2016).

A novel non-cumbersome approach towards biosynthesis of pectic-oligosaccharides
by non-aflatoxigenic aspergillus sp. section flavi strain EGY1 DSM 101520 through
citrus pectin fermentation. PLoS One, 11(12). https://doi.org/10.1371/journal.
pone.0167981

Ferreira, A. S., Mendonga, ., Pévoa, 1., Carvalho, H., Correia, A., Vilanova, M., ...
Nunes, C. (2021). Impact of growth medium salinity on galactoxylan
exopolysaccharides of Porphyridium purpureum. Algal Research, 59, Article 102439.
https://doi.org/10.1016/j.algal.2021.102439

Figueiredo, C., Carvalho, A., Brienzo, M., Campioni, T. S., & de Oliva-Neto, P. (2017).
Chemical input reduction in the arabinoxylan and lignocellulose alkaline extraction
and xylooligosaccharides production. Bioresource Technology, 228, 164-170. https://
doi.org/10.1016/j.biortech.2016.12.097

Finegold, S. M., Li, Z., Summanen, P. H., Downes, J., Thames, G., Corbett, K., ...
Heber, D. (2014). Xylooligosaccharide increases bifidobacteria but not lactobacilli in
human gut microbiota. Food & Function, 5(3), 436-445. https://doi.org/10.1039/
¢3f060348b

Freitas, L., Simoes, R., Miranda, 1., Peres, F., & Ferreira-Dias, S. (2022). Optimization of
autohydrolysis of olive pomaces to obtain bioactive oligosaccharides: The effect of
cultivar and fruit ripening. Catalysts, 12(7), 788. https://doi.org/10.3390/
CATAL12070788

Gibson, G. R., Hutkins, R., Sanders, M. E., Prescott, S. L., Reimer, R. A., Salminen, S. J.,
Scott, K., Stanton, C., Swanson, K. S., Cani, P. D., Verbeke, K., & Reid, G. (2017).
Expert consensus document: The international scientific Association for Probiotics
and Prebiotics (ISAPP) consensus statement on the definition and scope of prebiotics.
In Nature Reviews Gastroenterology And Hepatology (vol. 14 8, pp. 491-502).
Nature publishing group. doi:https://doi.org/10.1038/nrgastro.2017.75.

Go6mez-Cruz, 1., del Mar Contreras, M., Romero, 1., & Castro, E. (2024). Towards the
integral valorization of olive pomace-derived biomasses through biorefinery
strategies. ChemBioEng Reviews, 11(2), 253-277. https://doi.org/10.1002/
cben.202300045

Gongalves, D. A., Gonzdlez, A., Roupar, D., Teixeira, J. A., & Nobre, C. (2023). How
prebiotics have been produced from agro-industrial waste: An overview of the
enzymatic technologies applied and the models used to validate their health claims.
Trends in Food Science & Technology, 135, 74-92. https://doi.org/10.1016/j.
tifs.2023.03.016

Grange, D. C., Pretorius, I. S., & van Zyl, W. H. (1996). Expression of a Trichoderma
reesei beta-xylanase gene (XYN2) in Saccharomyces cerevisiae. Applied and
Environmental Microbiology, 62(3), 1036-1044. https://doi.org/10.1128/
aem.62.3.1036-1044.1996

Grassino, A. N., Barba, F. J., Brnci¢, M., Lorenzo, J. M., Lucini, L., & Brn¢i¢, S. R. (2018).
Analytical tools used for the identification and quantification of pectin extracted
from plant food matrices, wastes and by-products: A review. In, Vol. 266. Food
chemistry (pp. 47-55). Elsevier Ltd.. https://doi.org/10.1016/j.
foodchem.2018.05.105

11

Food Chemistry 494 (2025) 146278

Gur, J., Mawuntu, M., & Martirosyan, D. (2018). FFC’S advancement of functional food
definition. Functional Foods in Health and Disease, 8(7), 385-397. https://doi.org/
10.31989/ffhd.v8i7.531

Giitsch, J. S., Nousiainen, T., & Sixta, H. (2012). Comparative evaluation of
autohydrolysis and acid-catalyzed hydrolysis of Eucalyptus globulus wood.
Bioresource Technology, 109, 77-85. https://doi.org/10.1016/j.biortech.2012.01.018

Heng, K. L., & H. L. H.. (2014). Xylanase production by Bacillus subtilis in cost-effective
medium using soybean Hull as part of medium Compostion under submerged
fermentation (Smf) and solid state fermentation (SsF). Journal of Biodiversity,
Bioprospecting and Development, 02(01). https://doi.org/10.4172/2376-
0214.1000143

Hidayatullah, I. M., Setiadi, T., Kresnowati, T. A. P., & M., & Boopathy, R.. (2020).
Xylanase inhibition by the derivatives of lignocellulosic material. Bioresource
Technology, 300. https://doi.org/10.1016/j.biortech.2020.122740

Imperio, D., Bordiga, M., Passos, C. P., Silva, S. P., Coimbra, M. A., Travaglia, F., ...
Panza, L. (2021). Gentianose: Purification and structural determination of an
unknown oligosaccharide in grape seeds. Food Chemistry, 344, Article 128588.
https://doi.org/10.1016/j.foodchem.2020.128588

Irfan, M., Asghar, U., Nadeem, M., Nelofer, R., & Syed, Q. (2016). Optimization of
process parameters for xylanase production by Bacillus sp. in submerged
fermentation. Journal of Radiation Research and Applied Sciences, 9(2), 139-147.
https://doi.org/10.1016/j.jrras.2015.10.008

Kallel, F., Driss, D., Bouaziz, F., Neifer, M., Ghorbel, R., & Ellouz Chaabouni, S. (2015).
Production of xylooligosaccharides from garlic straw xylan by purified xylanase from
Bacillus mojavensis UEB-FK and their in vitro evaluation as prebiotics. Food and
Bioproducts Processing, 94, 536-546. https://doi.org/10.1016/j.fbp.2014.07.012

Karunya, S., Rahman, A., Al Tawaha, M., Karunya, S. K., Mohammedhapip, R.,
Anandaraj, K., ... Al-Tawaha, M. (2021). Optimization and partial purification of
xylanase from Bacillus subtilis. International Journal of Microbiological Research, 12
(2), 56-63. https://doi.org/10.5829/idosi.ijmr.2021.56.63

Khwaldia, K., Attour, N., Matthes, J., Beck, L., & Schmid, M. (2022). Olive byproducts
and their bioactive compounds as a valuable source for food packaging applications.
Comprehensive Reviews in Food Science and Food Safety, 21(2), 1218-1253. https://
doi.org/10.1111/1541-4337.12882

Korsten, L., & Cook, N. (1996). Optimizing Culturing Conditions for Bacillus Subtilis, 19.

Lama-Munoz, A., Rodriguez-Gutiérrez, G., Rubio-Senent, F., & Fernandez-Bolanos, J.
(2012). Production, characterization and isolation of neutral and pectic
oligosaccharides with low molecular weights from olive by-products thermally
treated. Food Hydrocolloids, 28(1), 92-104. https://doi.org/10.1016/J.
FOODHYD.2011.11.008

Liu, J., Liu, C., Qiao, S., Dong, Z., Sun, D., Zhu, J., & Liu, W. (2022). One-step
fermentation for producing xylo-oligosaccharides from wheat bran by recombinant
Escherichia coli containing an alkaline xylanase. BMC Biotechnology, 22(1). https://
doi.org/10.1186/512896-022-00736-8

Lopes, G. R., Ferreira, A. S., Pinto, M., Passos, C. P., Coelho, E., Rodrigues, C., ...
Coimbra, M. A. (2016). Carbohydrate content, dietary fibre and melanoidins:
Composition of espresso from single-dose coffee capsules. Food Research
International, 89, 989-996. https://doi.org/10.1016/j.foodres.2016.01.018

Lu, F., Wang, C., Chen, M., Yue, F., & Ralph, J. (2021). A facile spectroscopic method for
measuring lignin content in lignocellulosic biomass. Green Chemistry, 23(14),
5106-5112. https://doi.org/10.1039/d1gc01507a

Martin, J., Cuevas, M., Feng, C. H., Mateos, P.A., Garcia, M. T., & Sanchez, S. (2020).
Energetic valorisation of olive biomass: Olive-tree pruning, olive stones and
pomaces. In, Vol. 8, Issue 5. Processes. MDPI AG. https://doi.org/10.3390/
PR8050511.

Martin-Pastor, M., Ferreira, A. S., Moppert, X., Nunes, C., Coimbra, M. A., Reis, R. L., ...
Novoa-Carballal, R. (2019). Structure, rheology, and copper-complexation of a
hyaluronan-like exopolysaccharide from Vibrio. Carbohydrate Polymers, 222, Article
114999. https://doi.org/10.1016/j.carbpol.2019.114999

Mazzucotelli, C., & Goni, M. G. (2022). Pectin oligosaccharides (POS). In Handbook of
food bioactive ingredients (pp. 1-22). Springer International Publishing. https://doi.
org/10.1007/978-3-030-81404-5_39-1.

Menezes, B., Rossi, D. M., & Ayub, M. A. Z. (2017). Screening of filamentous fungi to
produce xylanase and xylooligosaccharides in submerged and solid-state cultivations
on rice husk, soybean hull, and spent malt as substrates. World Journal of
Microbiology and Biotechnology, 33(3). https://doi.org/10.1007/511274-017-2226-5

Miranda, I., Simoes, R., Medeiros, B., Nampoothiri, K. M., Sukumaran, R. K., Rajan, D., ...
Ferreira-Dias, S. (2019). Valorization of lignocellulosic residues from the olive oil
industry by production of lignin, glucose and functional sugars. Bioresource
Technology, 292. https://doi.org/10.1016/j.biortech.2019.121936

Moteshafi, H., Hashemi, M., Mousavi, S. M., & Mousivand, M. (2016). Characterization of
produced xylanase by Bacillus subtilis D3d newly isolated from apricot phyllosphere
and its potential in pre-digestion of BSG. Journal of Industrial and Engineering
Chemistry, 37, 251-260. https://doi.org/10.1016/j.jiec.2016.03.036

Narisetty, V., Parhi, P., Mohan, B., Hakkim Hazeena, S., Naresh Kumar, A., Gullén, B., ...
Binod, P. (2022). Valorization of renewable resources to functional oligosaccharides:
Recent trends and future prospective. In, Vol. 346. Bioresource technology. Elsevier
Ltd.. https://doi.org/10.1016/j.biortech.2021.126590

Negro, M. J., Manzanares, P., Ruiz, E., Castro, E., & Ballesteros, M. (2017). The
biorefinery concept for the industrial valorization of residues from olive oil industry.
In Olive mill waste: Recent advances for sustainable management (pp. 57-78). Elsevier
Inc.. https://doi.org/10.1016/B978-0-12-805314-0.00003-0

Oumer, O. J., & Abate, D. (2017). Characterization of pectinase from Bacillus subtilis
strain Btk 27 and its potential application in removal of mucilage from coffee beans.
Engyme Research, 2017. https://doi.org/10.1155/2017/7686904


https://doi.org/10.3390/fermentation6010031
https://doi.org/10.1007/s11274-021-03139-7
https://doi.org/10.1007/s11274-021-03139-7
https://doi.org/10.1016/S0008-6215(02)00082-4
https://doi.org/10.1016/0144-8617(95)00068-2
https://doi.org/10.1016/0144-8617(95)00068-2
https://doi.org/10.1016/j.ijbiomac.2012.09.006
https://doi.org/10.1016/j.applthermaleng.2017.01.050
https://doi.org/10.1016/j.indcrop.2015.03.011
https://doi.org/10.1002/JCTB.2064
https://doi.org/10.1002/JCTB.2064
https://doi.org/10.3390/polym
https://doi.org/10.1007/s10123-023-00446-x
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1371/journal.pone.0167981
https://doi.org/10.1371/journal.pone.0167981
https://doi.org/10.1016/j.algal.2021.102439
https://doi.org/10.1016/j.biortech.2016.12.097
https://doi.org/10.1016/j.biortech.2016.12.097
https://doi.org/10.1039/c3fo60348b
https://doi.org/10.1039/c3fo60348b
https://doi.org/10.3390/CATAL12070788
https://doi.org/10.3390/CATAL12070788
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1002/cben.202300045
https://doi.org/10.1002/cben.202300045
https://doi.org/10.1016/j.tifs.2023.03.016
https://doi.org/10.1016/j.tifs.2023.03.016
https://doi.org/10.1128/aem.62.3.1036-1044.1996
https://doi.org/10.1128/aem.62.3.1036-1044.1996
https://doi.org/10.1016/j.foodchem.2018.05.105
https://doi.org/10.1016/j.foodchem.2018.05.105
https://doi.org/10.31989/ffhd.v8i7.531
https://doi.org/10.31989/ffhd.v8i7.531
https://doi.org/10.1016/j.biortech.2012.01.018
https://doi.org/10.4172/2376-0214.1000143
https://doi.org/10.4172/2376-0214.1000143
https://doi.org/10.1016/j.biortech.2020.122740
https://doi.org/10.1016/j.foodchem.2020.128588
https://doi.org/10.1016/j.jrras.2015.10.008
https://doi.org/10.1016/j.fbp.2014.07.012
https://doi.org/10.5829/idosi.ijmr.2021.56.63
https://doi.org/10.1111/1541-4337.12882
https://doi.org/10.1111/1541-4337.12882
http://refhub.elsevier.com/S0308-8146(25)03530-7/rf0205
https://doi.org/10.1016/J.FOODHYD.2011.11.008
https://doi.org/10.1016/J.FOODHYD.2011.11.008
https://doi.org/10.1186/s12896-022-00736-8
https://doi.org/10.1186/s12896-022-00736-8
https://doi.org/10.1016/j.foodres.2016.01.018
https://doi.org/10.1039/d1gc01507a
https://doi.org/10.3390/PR8050511
https://doi.org/10.3390/PR8050511
https://doi.org/10.1016/j.carbpol.2019.114999
https://doi.org/10.1007/978-3-030-81404-5_39-1
https://doi.org/10.1007/978-3-030-81404-5_39-1
https://doi.org/10.1007/s11274-017-2226-5
https://doi.org/10.1016/j.biortech.2019.121936
https://doi.org/10.1016/j.jiec.2016.03.036
https://doi.org/10.1016/j.biortech.2021.126590
https://doi.org/10.1016/B978-0-12-805314-0.00003-0
https://doi.org/10.1155/2017/7686904

A. Cordeiro et al.

Pattarapisitporn, A., Noma, S., Klangpetch, W., Demura, M., & Hayashi, N. (2024).
Extraction of citrus pectin using pressurized carbon dioxide and production of its
oligosaccharides. Food Bioscience, 57. https://doi.org/10.1016/.fbio.2024.103584

Pereira, G. F., de Bastiani, D., Gabardo, S., Squina, F., & Ayub, M. A. Z. (2018). Solid-
state cultivation of recombinant aspergillus nidulans to co-produce xylanase,
arabinofuranosidase, and xylooligosaccharides from soybean fibre. Biocatalysis and
Agricultural Biotechnology, 15, 78-85. https://doi.org/10.1016/j.bcab.2018.05.012

Reis, A., Domingues, M. R. M., Ferrer-Correia, A. J., & Coimbra, M. A. (2003). Structural
characterisation by MALDI-MS of olive xylo-oligosaccharides obtained by partial
acid hydrolysis. Carbohydrate Polymers, 53(1), 101-107. https://doi.org/10.1016/
S0144-8617(03)00007-9

Reportlinker. (2023). Prebiotics in the Global Food Additive Market: Trends,
Opportunities and Competitive Analysis [2023-2028] https://www.reportlinker.co
m/p06470892/Prebiotics-in-the-Global-Food-Additive-Market-Trends-Opportunitie
s-and-Competitive-Analysis.html.

Reque, P. M., Pinilla, C. M. B., Gautério, G. V., Kalil, S. J., & Brandelli, A. (2019).
Xylooligosaccharides production from wheat middlings bioprocessed with Bacillus
subtilis. Food Research International, 126. https://doi.org/10.1016/j.
foodres.2019.108673

Ribeiro, T. B., Oliveira, A. L., Costa, C., Nunes, J., Vicente, A. A., & Pintado, M. (2020).
Total and sustainable valorisation of olive pomace using a fractionation approach.

Applied Sciences (Switzerland), 10(19). https://doi.org/10.3390/app10196785

Rodriguez, G., Lama, A., Rodriguez, R., Jiménez, A., Guillén, R., & Ferndndez-Bolanos, J.
(2008). Olive stone an attractive source of bioactive and valuable compounds. In
Bioresource Technology (vol. 99, 13, pp. 5261-5269). doi:https://doi.org/10.1016/

j.biortech.2007.11.027.

Roig, A., Cayuela, M. L., & Sanchez-Monedero, M. A. (2006). An overview on olive mill
wastes and their valorisation methods. Waste Management, 26(9), 960-969. https://
doi.org/10.1016/j.wasman.2005.07.024

Sabajanes, M., Yanez, R., Alonso, J. L., & Parajo, J. C. (2012). Pectic oligosaccharides
production from orange peel waste by enzymatic hydrolysis. International Journal of
Food Science and Technology, 47(4), 747-754. https://doi.org/10.1111/j.1365-
2621.2011.02903.x

12

Food Chemistry 494 (2025) 146278

Sluiter, A., Ruiz, R., Scarlata, C., Sluiter, J., & Templeton, D. (2008). Determination of
extractives in biomass. https://www.nrel.gov/docs/gen/fy08/42619.pdf.

Su, Y., Liu, C., Fang, H., & Zhang, D. (2020). Bacillus subtilis: A universal cell factory for
industry, agriculture, biomaterials and medicine. In, Vol. 19, Issue 1. Microbial Cell
Factories. BioMed Central Ltd. https://doi.org/10.1186/512934-020-01436-8.

Tang, W., Han, T., Liu, W., He, J., & Liu, J. (2024). Pectic oligosaccharides: Enzymatic
preparation, structure, bioactivities and application. In Critical reviews in food science
and nutrition. Taylor and Francis Ltd.. https://doi.org/10.1080/
10408398.2024.2328175

Tarafdar, A., Sirohi, R., Gaur, V. K., Kumar, S., Sharma, P., Varjani, S., ... Sim, S. J.
(2021). Engineering interventions in enzyme production: Lab to industrial scale. In,
Vol. 326. Bioresource technology. Elsevier Ltd.. https://doi.org/10.1016/j.
biortech.2021.124771

Valladares-Diestra, K. K., de Souza Vandenberghe, L. P., Vieira, S., Goyzueta-

Mamani, L. D., de Mattos, P. B. G., Manzoki, M. C., ... Soccol, C. R. (2023). The
potential of Xylooligosaccharides as prebiotics and their sustainable production from Agro-
industrial by-products. In foods (vol. 12, issue 14). Multidisciplinary digital publishing
institute (MDPI). https://doi.org/10.3390/foods12142681

Valvez, S., Maceiras, A., Santos, P., & Reis, P. N. B. (2021). Olive stones as filler for
polymer-based composites: A review. In, 14, Issue 4. Materials (pp. 1-32). MDPI AG.
https://doi.org/10.3390/ma14040845.

Vierhuis, E. (2002). Structural characteristics of polysaccharides from olive fruit cell walls in
relation to ripening and processing.

Xiao, X., Bian, J., Peng, X. P., Xu, H., Xiao, B., & Sun, R. C. (2013). Autohydrolysis of
bamboo (Dendrocalamus giganteus Munro) culm for the production of xylo-
oligosaccharides. Bioresource Technology, 138, 63-70. https://doi.org/10.1016/j.
biortech.2013.03.160

You, S., Ma, Y., Yan, B., Pei, W., Wu, Q., Ding, C., & Huang, C. (2022). The promotion
mechanism of prebiotics for probiotics: A review. Frontiers in Nutrition, 9. https://
doi.org/10.3389/fnut.2022.1000517

Zhang, Y., Yu, G, Li, B., Mu, X., Peng, H., & Wang, H. (2016). Hemicellulose isolation,
characterization, and the production of xylo-oligosaccharides from the wastewater
of a viscose fiber mill. Carbohydrate Polymers, 141, 238-243. https://doi.org/
10.1016/j.carbpol.2016.01.022


https://doi.org/10.1016/j.fbio.2024.103584
https://doi.org/10.1016/j.bcab.2018.05.012
https://doi.org/10.1016/S0144-8617(03)00007-9
https://doi.org/10.1016/S0144-8617(03)00007-9
https://www.reportlinker.com/p06470892/Prebiotics-in-the-Global-Food-Additive-Market-Trends-Opportunities-and-Competitive-Analysis.html
https://www.reportlinker.com/p06470892/Prebiotics-in-the-Global-Food-Additive-Market-Trends-Opportunities-and-Competitive-Analysis.html
https://www.reportlinker.com/p06470892/Prebiotics-in-the-Global-Food-Additive-Market-Trends-Opportunities-and-Competitive-Analysis.html
https://doi.org/10.1016/j.foodres.2019.108673
https://doi.org/10.1016/j.foodres.2019.108673
https://doi.org/10.3390/app10196785
https://doi.org/10.1016/j.biortech.2007.11.027
https://doi.org/10.1016/j.biortech.2007.11.027
https://doi.org/10.1016/j.wasman.2005.07.024
https://doi.org/10.1016/j.wasman.2005.07.024
https://doi.org/10.1111/j.1365-2621.2011.02903.x
https://doi.org/10.1111/j.1365-2621.2011.02903.x
https://www.nrel.gov/docs/gen/fy08/42619.pdf
https://doi.org/10.1186/s12934-020-01436-8
https://doi.org/10.1080/10408398.2024.2328175
https://doi.org/10.1080/10408398.2024.2328175
https://doi.org/10.1016/j.biortech.2021.124771
https://doi.org/10.1016/j.biortech.2021.124771
https://doi.org/10.3390/foods12142681
https://doi.org/10.3390/ma14040845
http://refhub.elsevier.com/S0308-8146(25)03530-7/rf0345
http://refhub.elsevier.com/S0308-8146(25)03530-7/rf0345
https://doi.org/10.1016/j.biortech.2013.03.160
https://doi.org/10.1016/j.biortech.2013.03.160
https://doi.org/10.3389/fnut.2022.1000517
https://doi.org/10.3389/fnut.2022.1000517
https://doi.org/10.1016/j.carbpol.2016.01.022
https://doi.org/10.1016/j.carbpol.2016.01.022

	Valorisation of olive oil by-products into pectic- and glucuronoxylo-oligosaccharides via one-step fermentation
	1 Introduction
	2 Methods
	2.1 Materials
	2.2 Chemical characterisation of olive pomace and stones powders
	2.3 Microorganism and culture conditions
	2.4 Screening of olive pomace and stones powders for oligosaccharides production by one-step fermentation
	2.5 One-step fermentation of olive stones powder: Sterilisation effect and one factor-at-a-time optimisation
	2.6 Assessment of oligosaccharides production by one-step fermentation
	2.6.1 Quantification of total and reducing sugars
	2.6.2 Monosaccharides analysis by HPLC

	2.7 Chemical characterisation of the oligosaccharides produced from olive stones powder
	2.7.1 Sugar analysis
	2.7.2 Glycosidic-linked analysis
	2.7.3 Oligosaccharides’s profile determined by GC-qMS
	2.7.4 High-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD)


	3 Results and discussion
	3.1 Chemical characterisation of olive pomace and stones powders
	3.2 Screening of olive pomace and stones powders as fermentation substrates
	3.3 Oligosaccharides production by one-step fermentation of olive stones powder
	3.3.1 Effect of sterilisation
	3.3.2 One factor-at-a-time optimisation of the one-step fermentation of olive stones powder: Olive stones powder concentrat ...

	3.4 Quantification and chemical characterisation of OS produced by B. subtilis with the xylanase gene xyn2 from T. Reesei

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


