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Abstract

This study assessed mango seed husk (MSH) fractions for producing glucose and phenolic compounds using
commercial enzymes. We focused on cleaving lignin—carbohydrate linkages, specifically feruloyl and glucuronoy!
esters, to decrease biomass recalcitrance and enhance product extraction. For saccharification studies, we used
Sigma's C1184 cellulase from Aspergillus niger. Characterisation results of ground MSH using phloroglucinol and
scanning electron microscopy revealed that it could be separated into a fine fraction, containing less lignin and
cellulose fibres with parallel orientation, and a coarse fraction, with higher lignin content and cellulose fibres at

an angled orientation. Activity assays and zymogram analysis of the C1184 preparation prior to saccharification
studies revealed diverse CAZyme activities associated with distinct proteins, with xylanolytic activity dominating.
Saccharification studies with ground MSH found that the C1184 preparation supplemented with feruloyl or
glucuronoy! esterases was suitable for extracting phenolic compounds (0.4-1.7% w/w) from MSH while converting
up to 20% of the total biomass as glucose. Interestingly, when replacing 50% (w/w) of the C1184 preparation with
glucuronoy! esterase, glucose release nearly doubled from both MSH fractions. Additionally, phenolics attached

to carbohydrates may be less condensed in the fine fraction, as all three esterases released three-to-five times
more phenolics from the fine fraction compared to the coarse fraction with higher lignin content. Saccharification
trials with alkali-pretreated ground MSH showed that the C1184 preparation supplemented with 3-glucosidase
produced low glucose levels (170-250 mg/g dry biomass) from the substrate after 24 h, even at 50 mg/g biomass
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Graphical abstract

protein loading. Overall, this work advances our understanding of the importance of lignin—carbohydrate linkages
formed via glucuronoyl esters in biomass recalcitrance. Furthermore, our study corroborates the potential of MSH
as a valuable feedstock for producing value-added products in the biorefinery sector.
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Introduction

Lignocellulosic waste biomass from agricultural process-
ing is one of the essential sustainable resources for the
production of biofuel and value-added products with cli-
mate and environment-friendly properties (Mujtaba et al.
2023). In the past decades, the agricultural by-products
of harvesting monocotyledon crops such as wheat, barley,
maize, rice and sugar cane have been reported in second-
generation (2G) biorefineries (Balan et al. 2013; Chandel
et al. 2018). These biomass resources are rich in the three
major biopolymers, i.e. cellulose, hemicellulose and lig-
nin, constituting about 30-45%, 15-40%, and 15-20% of
the biomass dry weight, respectively (Janusz et al. 2017).
Other agro-industrial residues, including waste tea resi-
dues, mango kernel and mango seed husk (MSH), which
are less studied, hold significant potential for biorefinery
applications in regions where they are more abundant,
such as parts of Africa and Asia (Andrade et al. 2016;
Bello and Chimphango 2021; Debnath et al. 2021; Man-
hongo et al. 2021; Mohotloane et al. 2023, 2024). Con-
cerning the production of value-added products from
mango by-products, most research has been focused on
the peel and kernel fractions (Kittiphoom 2012), in part
due to the high carbohydrate and nutritional content

of the kernel (Choudhary et al. 2023; Yadav and Paudel
2022), while the seed husk (MSH) itself is an emerging
renewable biomass source. Over the last decade, a few
studies have reported on the use of MSH for the produc-
tion of high-purity lignin and cellulose-rich pulp (Bello
and Chimphango 2021), cellulose nanocrystals (Henrique
et al. 2013), adsorbent for water treatment (Elizalde-
Gonzélez and Hernandez-Montoya 2007) or bio-oil and
furfural (Andrade et al. 2016). Currently, there has been
limited focus on the conversion of MSH to fermentable
soluble sugars through enzymatic saccharification (Sia-
cor et al. 2021a, b). Recognizing that efficient conver-
sion to such platform sugars can unlock new valorization
pathways for MSH, we evaluated the potential of both
untreated and pretreated MSH as sources of platform
sugars. For benchmarking purposes, we utilised a com-
mercial C1184 cellulase cocktail from Aspergillus niger
marketed by Sigma-Aldrich as biocatalysts.

In general, MSH contains 39-56% (w/w) cellulose,
16-21% (w/w) hemicellulose and 12-26% (w/w) lignin,
the exact composition depending on the type and origin
of the mango and the preparation of the husk (Andrade
et al. 2016; Elizalde-Gonzalez and Herndndez-Montoya
2007; Siacor et al. 2021a, b). While limited information
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is available on the carbohydrate composition of MSH
(Chen et al. 2012), the main hemicellulosic polysaccha-
rides in mango seed are xyloglucan and xylan (Bello and
Chimphango 2022). In plant biomass, including MSH,
lignin hinders enzymatic saccharification of biomass ste-
rically, by covering the holocellulose (Mafa et al. 2020b;
Van Dyk and Pletschke 2012) and by forming cross-links
with hemicellulose through ester bonds (Mnich et al.
2020; Dstby et al. 2020), and physico-chemically, by bind-
ing cellulases or hemicellulases non-productively. Hence,
lignin removal from the biomass through chemical or
enzymatic methods is highly beneficial to achieve greater
saccharification of the holocellulose and to produce more
soluble sugars such as glucose, xylose, and galactose.
Therefore, Bello and Chimphango (2021) have developed
an organosolv method, removing pure lignin from MSH
and resulting in cellulose-rich fibres with more than 70%
(w/w) cellulose and about 10% (w/w) hemicellulose.

In addition to lignin removal, different enzyme cocktail
formulation strategies have been developed to effectively
convert the polysaccharide fraction of lignocellulose to
soluble fermentable sugars. Complete conversion of this
biomass requires high enzyme loading per g of biomass.
Due to the required high enzyme load, commercial cel-
lulolytic enzymes are most often produced using geneti-
cally engineered Trichoderma reesei strains expressing
recombinant enzymes, which are able to produce titres
of extracellular protein over 100 g/L (Bischof et al. 2016).
Alternatively, Aspergillus sp. (de Vries 2003) and Ther-
mothelomyces thermophilus (previously Myceliophthora
thermophila) (Visser et al. 2011) are in use by com-
mercial enzyme producers. In addition to high enzyme
loading, the broad diversity of carbohydrate-active
enzymes (CAZymes) with complementing activities in
the fungal secretomes is beneficial, and often neces-
sary, for complete saccharification of various lignocel-
lulosic feedstocks. For a better overview, CAZymes have
been classified into classes, including glycoside hydro-
lases (GHs), carbohydrate esterases (CEs) and auxiliary
activities (AAs), in the Carbohydrate-Active Enzymes
database (http://www.cazy.org/), based on activity and
sequence similarity (Drula et al. 2022). Notably, T. reesei,
Aspergillus sp. and T. thermophilus differ in their reper-
toire of cellulolytic and hemicellulolytic enzymes (Berka
et al. 2011; Martinez et al. 2008; Pel et al. 2007). While
all these species contain similar numbers of cellobiohy-
drolases acting at the reducing (Cel7A) or non-reducing
(Cel6A) end, endoglucanases (Cel7B and Cel5A) and
B-glucosidases (CellA and Cel3B), T. reesei has two, A.
niger has seven and 7. thermophilus has twenty three
AA9 lytic polysaccharide monooxygenases (LPMOs) for
the oxidative depolymerisation of cellulose and other
polysaccharides. Notably, endoglucanases and LPMOs
are often promiscuous, being able to cleave cellulose
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and other plant polysaccharides (Qstby et al. 2020).
Furthermore, according to Borin et al. (2015), A. niger
contains a complete xylanolytic enzyme cocktail includ-
ing the GH10 and GH11 xylanases that cleave the main
backbone of the xylan substrates; B-xylosidase, which
further catalyses the xylanase products into xylose; and
accessory enzymes, i.e., acetylesterase (CE1 and CE16),
a-L-arabinofuranosidase (GH51, GH54 and GH62) and
a-glucuronidase (GH67), which remove substitutions
from the xylan backbone. Thus, an unpurified (i.e., sec-
retome) or a partially purified cellulase preparation pro-
duced by these fungal strains often contains multiple
enzymes and functions as an enzyme cocktail during sac-
charification of lignocellulosic biomass.

Glucuronoyl (GE) and hydroxycinnamoyl (includ-
ing feruloyl, FAE) esterases play an important role in
increasing enzymatic accessibility to plant cell wall poly-
saccharides (Puchart and Biely 2023). On the one hand,
glucuronoyl esterases hydrolyse ester bonds formed
between the free carboxyl of 4-O-methylated or non-
methylated glucuronyl substitutions on glucuronoxylan
and the aliphatic hydroxyl groups in lignin, thus sepa-
rating the carbohydrate and lignin fractions more pre-
cisely than a-glucuronidases (Puchart and Biely 2023;
Larsbrink and Lo Leggio 2023). On the other hand,
hydroxycinnamoyl esterases remove hydroxycinnamoyl
(mainly feruloyl and p-coumaroyl) substitutions from
arabinoxylan. Some of these groups participate in cross-
link formation between arabinoxylan and lignin, or, in
the case of the feruloyl groups, between two feruloylated
arabinoxylan chains via diferulic bridges (Dilokpimol et
al. 2016; Puchart and Biely 2023). Notably, the genome
of A. niger encodes over ten genes annotated as feruloyl
esterases and no CE15 glucuronoyl esterase but a GH67
a-glucuronidase (Pel et al. 2007).

In this study, we assessed MSH, an underutilised
renewable waste biomass, for the production of glucose
and natural phenolic compounds through enzymatic pro-
cesses. We focused on the role of lignin—carbohydrate
linkages, specifically feruloyl and glucuronoyl esters, in
biomass recalcitrance and their hydrolysis to enhance
glucose release and phenolic compound extraction. We
report the initial characterisation of the commercial
cellulase from A. nmiger (product code C1184 by Merck,
Sigma Aldrich), which revealed it as a cellulase cocktail
with a range of CAZyme activities rather than a mono-
component enzyme. We then assessed the potential of
the C1184 preparation for the valorization of MSH to
produce glucose and phenolic compounds, both alone
and in combination with glucuronoyl or feruloyl esterase.
Our results highlight the importance of cleaving lignin—
carbohydrate linkages formed via glucuronoyl esters for
MSH valorization.
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Methods

Materials

The commercial cellulase from Aspergillus niger (prod-
uct code C1184) and p-glucosidase (Novozym 188) were
purchased from Sigma-Aldrich (Johannesburg, South
Africa). Avicel® PH-101 (prepared from wood; CAS No.
9004-34-6), pure pectin from apple (degree of esterifi-
cation 50-75%; CAS No. 9000-69-5), carboxymethyl-
cellulose [CMC; average molecular mass~ 700,000 g/
mol, medium viscosity; CAS No. 9004-32-4], soluble
starch (CAS No. 9005-84-9), B-(1 — 3)-glucan from the
algae Euglena gracilis (CAS No. 9051-97-2) and cel-
lobiose (molecular mass: 342.30 g/mol; purity>99.0%;
CAS No. 528-50-7) were purchased from Sigma-Aldrich
(Johannesburg, South Africa). The insoluble starch
(Standardised regular maize starch control from the
Total Starch Hexokinase Assay Kit; SKU: 700004350),
red starch (soluble, partially depolymerised starch
dyed with Procion Red MX-5B; SKU: 700,005,085),
konjac glucomannan [KGM; monosaccharides ratio
Mannose:Glucose =60:40; low viscosity; purity >98%;
SKU: 700005012], azo-carob galactomannan (SKU:
700005040), mixed-linkage [-p-(1— 3),(1—4)-glucan
(MLG) from barley flour (molecular mass: 179,000 g/mol;
low viscosity; purity ~95%; SKU: 700005000), mixed-
linkage B-p-(1—3),(1— 6)-glucan from fungal cell wall
[Control yeast pB-glucan preparation from the B-glucan
Assay Kit (Yeast and Mushroom); SKU: 700004358],
wheat arabinoxylan [WAX; monosaccharides ratio
Arabinose:Xylose =38:62; purity >95%; SKU: 700005026;
CAS No. 9040-27-1] and purified 4-O-methylglucuro-
noxylan from beechwood [BWX; monosaccharides
ratio Xylose:Glucuronic Acid:Other sugars=84:10.3:5.7;
purity > 95%; SKU: 700005029; CAS No. 9014-63-5] were
purchased from Megazyme (Bray, Ireland). Laminari-
oligosaccharides (LOS) laminaribiose (molecular mass:
342.3 g/mol; purity>95%; SKU: 700004959), laminar-
itriose (molecular mass: 504.4 g/mol; purity >95%; SKU:
700004960), laminaritetraose (molecular mass: 666.6 g/
mol; purity>95%; SKU: 700004961) and laminaripen-
taose (molecular mass: 828.7 g/mol; purity>95%; SKU:
700004962), cello-oligosaccharides (COS) cellotri-
ose (molecular mass: 504.4 g/mol; purity>95%; SKU:
700004949), cellotetraose (molecular mass: 666.6 g/mol;
purity > 90%; SKU: 700004948) and cellopentaose (molec-
ular mass: 828.7 g/mol; purity>95%; SKU: 700004947),
xylo-oligosaccharides (XOS) xylobiose (molecular mass:
282.2 g/mol; purity>95%; SKU: 700004991), xylotri-
ose (molecular mass: 414.4 g/mol; purity>90%; SKU:
700004995), xylotetraose (molecular mass: 546.5 g/mol;
purity > 95%; SKU: 700004994) and xylopentaose (molec-
ular mass: 678.6 g/mol; purity>95%; SKU: 700004993)
as well as manno-oligosaccharides (MOS) mannobi-
ose (molecular mass: 342.3 g/mol; purity>95%; SKU:
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700004972), mannotriose (molecular mass: 504.4 g/mol;
purity > 95%; SKU: 700004976), mannotetraose (molecu-
lar mass: 666.6 g/mol; purity>95%; SKU: 700004975)
and mannopentaose (molecular mass: 828.7 g/mol;
purity >95%; SKU: 700004974) were purchased from
Megazyme (Bray, Ireland). Furthermore, the CE1 feruloyl
esterases (EC 3.1.1.73) CtFAE_XynZ from Clostridium
thermocellum (shortly CtFAE; UniProt ID, P10478; prod-
uct code E-FAEZCT) and rmFAEL from a rumen micro-
organism (shortly »mFAE; product code E-FAERU) and
the CE15 glucuronoyl esterase (EC 3.1.1.B11) RfCE15
from Ruminococcus flavefaciens (shortly RfGE; UniPort
ID, Q9RLBS8; product code E-GERF) were purchased
from Megazyme (Bray, Ireland). Thin layer chromatog-
raphy and all the analytical chemicals used in the study
were purchased from Sigma (Johannesburg, South
Africa), unless stated otherwise.

Preparation of the mango substrates

Mango fruit was purchased from the local fruit store in
Bloemfontein South Africa during the summer of 2022.
The mango seed husk (MSH) was separated from the
fruit and kernel and then washed with distilled water
at room temperature until only the fibres remained.
The MSH was dried completely for seven days at 60 °C
and ground to a fine powder with a coffee bean grinder
(model AHCGO1, produced by @Home, South Africa).
The ground biomass was sieved and separated into two
fractions: a fine powder with a particle size of<2 mm
(referred to as fine MSH) and coarse particles (>2 mm)
that could not go through the sieve. These MSH fractions
were kept in an airtight container at room temperature
until further analysis.

Previous studies have demonstrated that alkali pretreat-
ment removes a substantial fraction of the hemicellulose
and lignin contents from the biomass, thus facilitating
the depolymerisation of cellulose (Government et al
2019; Mafa et al. 2020b). Thus, the fine and coarse frac-
tions of MSH (5 g dry weight each) were pretreated with
20% (w/v) NaOH (100 mL NaOH per g biomass) for 6 h
at 60 °C to produce alkali-pretreated MSH. The samples
were centrifuged at 5000g, and the pellet was washed 6
times with 1L distilled water until the filtrate was clear.
After washing, the pH was adjusted from pH 10 to 6 with
2 M HC], followed by centrifuging the samples at 5000g
at 4 °C for 30 min. The pellets were dried at 60 °C for 72 h
and then stored in an airtight container before use.

Analysis of proteins in the C1184 preparation

The powdered cellulase from A. niger produced by Sigma
(referred to as C1184 preparation in the subsequent
sections) was weighed and dissolved in 50 mM sodium
citrate buffer (pH 5.0). The composition of the C1184
preparation was determined using 12% (w/v) sodium
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dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE), according to Laemmli (1970). The total
protein concentration was measured using the Bradford
method (1976). To be able to analyse the C1184 prepara-
tion with SDS-PAGE and the Bradford method, we had
to prepare a 100 mg/mL stock, which was equivalent to
1 mg/mL total protein, as determined with the Brad-
ford method. It is important to note that some of the
chemicals used to stabilise the C1184 preparation during
lyophilisation used by the manufacturer (Sigma-Aldrich/
Merck) lead to overestimation of the enzyme/protein
concentration. Therefore, in the assays below, an enzyme
stock made up of 1 mg/mL protein [equivalent to 100 mg
powder dissolved in 1 mL 50 mM sodium citrate buffer
(pH 5.0)] was used.

Substrate specificity assays of the C1184 preparation

We assessed the activity of the C1184 preparation on
cellulose (CMC and Avicel), xylan (WAX and BWX),
B-glucan [algal B-(1 — 3)-glucan, barley MLG and fungal
B-(1—-3),(1 - 6)-glucan], mannan (KGM and azo-carob
galactomannan), starch (red starch) and pectin from
apple. C1184, at about 0.125 mg/mL final protein concen-
tration, was used to treat 1% (w/v) substrate suspended/
dissolved in 50 mM sodium citrate buffer (pH 5.0). The
reactions for the soluble substrates were performed by
incubating the reaction tubes in the digital dry-heating
block (Model Digital E-DB120-D, United Scientific PTY
LTD, Cape Town, South Africa) set at 40 °C for 1 h. For
Avicel, reaction tubes were incubated at 40 °C for 5 h in
the same heating block, with vortexing every hour. The
total reducing sugars produced in the reactions by the
C1184 preparation were measured using 3,5-dinitrosali-
cylic acid (DNS) based on the Miller method (1959) with
modification described earlier in by Mafa et al. (2020a,
b). The samples were measured at 540 nm using a GENE-
SYS™ 180 UV-Vis spectrophotometer (North York, ON,
Canada), and glucose or xylose was used as standard. For
Vmax the specific activity was calculated by dividing the
concentration of the formed reducing ends (in pmol/mL)
with the effective protein concentration in the reaction
(in mg protein/mL) and the reaction time (in min).

In-gel activity assay for cellulolytic, xylanolytic and
mannanolytic enzymes in the C1184 preparation
Zymograms were performed using SDS-PAGE, each
containing 0.1% (w/v) of CMC, WAX, red starch or azo-
carob galactomannan substrate, to determine cellulo-
lytic, xylanolytic, amylolytic or mannanolytic enzyme
activities in the C1184 preparation, respectively. For
each zymogram, 10 pL of 1 mg/mL enzyme stock (see
section "Analysis of proteins in the C1184 preparation”
for details) was mixed with 40 pL sample buffer [0.2 M
Tris—HCI pH 6.8, 10% (w/v) SDS, 20% v/v glycerol and
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0.05% (w/v) Bromophenol Blue] to give an enzyme solu-
tion with 0.2 mg/mL protein concentration. Of this, 15
uL was loaded on a 12% SDS-PAGE gel containing either
of the substrates and run for 2 h at 118 V. After separa-
tion, the gels were renatured in 10 mM Tris—HCI buffer
(pH 7.5) containing 1% (v/v) Triton-X-100 for 20 min at
room temperature. After renaturation, the enzymatic
activity was initiated by incubating the gel in 50 mM
sodium citrate buffer (pH 5.0) for 30 min at 37 °C in a
BUCHI B-350 water bath (BUCHI Labortechnik AG,
Flawil, Switzerland). The gels containing CMC or WAX
were stained for 10 min using 0.05% (w/v) Congo red and
subsequently destained using 1 M NaCl until a clear band
appeared. For the dyed substrates, staining was unnec-
essary as the enzyme activity led to the development
of clear bands. The Color Prestained Protein Standard
(Broad Range, 10-250 kDa) from New England Biolabs
(Ipswich, MA, USA) was used to determine the molec-
ular mass of the proteins showing activity, which were
viewed as clear bands.

Determination of pH and temperature optima,
thermostability, and the apparent kinetics of cellulolytic,
xylanolytic and mannanolytic activities in the C1184
preparation

Given that the C1184 preparation displayed activity
towards cellulose, xylan and glucomannan (but not galac-
tomannan), we analysed these activities in detail using
CMC, WAX and KGM. To determine the pH and tem-
perature optima and thermostability, enzyme reactions
were set up with 1% (w/v) substrate and 0.125 mg/mL
(protein basis) C1184 preparation [diluted from a 1 mg
(protein)/mL enzyme stock, see above]. The pH optima
were assayed at 37 °C for 60 min using the following buf-
fer systems: 50 mM sodium citrate buffer at pH 4.0 or
5.0, 50 mM sodium phosphate buffer at pH 6.0 or 7.0 and
50 mM Tris—HCI at pH 8.0 or 9.0. Temperature optima
were assayed in 50 mM sodium citrate buffer (pH 4.0)
for 60 min using temperatures between 20-80 °C, while
the thermostability assays were performed in 50 mM
sodium citrate buffer (pH 4.0) for 60 min at 37 °C after
pre-incubating the secretome at 37, 50 and 70 °C for 1,
5 and 24 h. The DNS reagent was used to measure the
total reducing sugars, according to Miller (1959) with
modification as described in section "Substrate specific-
ity assays of the C1184 preparation”. The activities are
reported as relative activities, normalized to the condi-
tion with the highest activity (i.e., the greatest formation
of reducing sugars) was observed. For apparent kinetics
studies, CMC, WAX and KGM substrate concentrations
were varied from 1.0 to 14 mg/mL dissolved in 50 mM
sodium citrate buffer (pH 4.0). The reaction was initiated
by adding 0.125 mg/mL (protein basis) C1184 prepara-
tion, followed by the incubation of the reaction at 50 °C
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for 1 h. The kinetic constants, K, and V,,,,, were calcu-
lated from the Michaelis—Menten equation, autocor-
rected using the solver in Microsoft Excel (version 2016)
and validated with calculations of KaleidaGraph (version
4.5, Synergy Software, Reading, PA, USA). It is essential
to note that the apparent kinetic constants were used for
comparative analysis and to validate the differences in the
performance of xylanases, cellulases and mannanases.

Assessing the ability of the C1184 preparation to
depolymerise oligosaccharides into monomers
Oligosaccharides with COS, XOS, MOS and LOS with
degrees of polymerisation (DPs) 2-5 (1 mg/mL) were
incubated with 0.12 mg/mL (protein basis) pre-dissolved
C1184 preparation in 50 mL sodium citrate buffer (pH
4.0) for 1 h at 37 °C in a digital dry heating block (Model
Digital E-DB120-D, United Scientific PTY LTD, South
Africa) without mixing. The reaction was terminated by
incubation at 95 °C for 5 min, and then samples were
allowed to cool. Of the hydrolysate, 3 uL was spotted
three times on thin-layer chromatography (TLC) plates
(Silica Gel 60G F254 HPTLC plates from Merck, Darm-
stadt, Germany), and the products were separated with
a mobile phase containing n-butanol:acetic acid:water
(2:1:1, v/v/v). Mixtures of the unhydrolysed oligosac-
charides were used as standards. Carbohydrates were
detected by briefly submerging the plates in ethanol con-
taining 5% (v/v) sulphuric acid and 0.3% (w/v) a-naphthol
(Molisch's stain). Plates were then air-dried and subse-
quently heated at 120 °C for 10 min.

Characterisation of mango seed Husk (MSH)
Surface analysis of MSH
The morphology and topological structure of the fine and
coarse fractions of MSH were analysed by scanning elec-
tron microscopy (SEM) as described by Mohotloane et al.
(2024). In addition, the elemental analysis was performed
on an SEM FEG Quanta 450 (Joel, Tokyo, Japan) with
energy-dispersive X-ray spectroscopy (EDS). The samples
were deposited on carbon tape and metalised with metal-
lic silver by a Quorum QT150ES Metallizer (QUORUM,
Kent, UK). A pressure of 10 Pa was applied to the SEM
chamber, along with an incident electron beam of 20 kV.
We used the Wiesner reaction to determine whether
lignin is present in both the fine and coarse fractions
MSH. The reaction was performed by pouring 500 uL of
1% (w/v) phloroglucinol dissolved in absolute ethanol on
300 mg MSH samples, then 35% HCl was added by pipet-
ting 20 pL in a dropwise manner and mixed. The colour
was allowed to develop for 10 min.

Determining crystallinity of MSH
The degree of crystallinity was determined using X-ray
diffraction (XRD), according to Park et al. (2010). A
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Bruker-AXS D8 Discover diffractometer (Bruker, Madi-
son, WI, USA) was used to perform XRD analysis using
Cu Ka radiation at 40 kV and 130 mA at a Coupled 20/
scanning angle and a speed of 0.5°/min. Peak height was
used to calculate the crystallinity index as described by
Park et al. (2010).

Saccharification of MSH with the C1184 preparation
supplemented with feruloyl or glucuronoyl esterase
Feruloyl and glucuronoyl esterases improve the hydroly-
sis of the lignocellulosic biomass by removing ester bonds
that crosslink lignin and hemicellulose. To determine the
effects of cleaving such ester bonds, the fine and coarse
fractions of MSH (after grinding but without additional
pretreatment) were suspended at 1% (w/v) final concen-
tration in 50 mM sodium citrate buffer (pH 5.0), and
subjected to enzyme treatment with 0.25 mg/mL C1184
alone or 0.125 mg/mL C1184 preparation supplemented
with 0.125 mg/mL CtFAE, rmFAE or RfGE, correspond-
ing to an enzyme loading of 25 mg protein/g dry biomass.
The reactions (500 pL total volume) were incubated
at 40 °C for 24 h in a digital dry heating block (Model
Digital E-DB120-D, United Scientific PTY LTD, South
Africa), with mixing the samples every 2 h for the first 8 h
and the last 8 h of the reaction. The glucose release was
determined with the glucose assay kit (GOPOD kit) from
Megazyme; and the dissolved aromatic compounds, also
referred to as solubilised lignin, were measured accord-
ing to Ainsworth and Gillespie (2007).

Saccharification of alkali-pretreated MSH with the C1184
preparation supplemented with B-glucosidase
Alkali-pretreated MSH fractions were suspended in
50 mM sodium citrate buffer (pH 5.0) at 1% (w/v), and
the reaction was initiated by adding 0.5, 1, 3 or 5 mg/mL
enzymes, containing the C1184 preparation (90%, w/w)
supplemented with 10% (w/w) B-glucosidase (Novozym
188). The enzyme loadings corresponded to 5-50 mg
protein/g dry biomass. The reaction was performed at
40 °C for 24 h, with mixing the samples every 2 h for the
first 8 h and the last 8 h of the reaction, using a digital dry
heating block (Model Digital E-DB120-D, United Scien-
tific PTY LTD, South Africa) for 24 h. The glucose release
was quantified using the glucose assay kit (GOPOD kit)
from Megazyme and expressed as mg glucose in g of dry-
weight biomass.

Results and discussion

Substrate specificity of the C1184 preparation from A.
niger

The manufacturer indicated that the cellulase from A.
niger (purchased from Sigma; product code C1184)
is active on polymeric B-D-glucan substrates with p-
(1 —4)-linkages or mixed B-(1 — 3) and B-(1 — 4) linkages
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and on cello-oligosaccharides with a DP of 3—6. Further-
more, this product is devoid of B-glucosidase activity,
while it can cleave glycosaminoglycan chains off a core
protein that is attached to a serine via an xylosyl unit. The
suggested reaction conditions for the enzyme prepara-
tion were specified as pH 5.0 and 37 °C (https://www.sig
maaldrich.com/NO/en/product/sigma/c1184). To better
understand the potential of the C1184 preparation from
A. niger for the saccharification of MSH, we assessed its
substrate specificity on a broad range of plant cell wall
polysaccharides (Fig. 1A). The results show that the
C1184 preparation had significantly higher activity on
xylan substrates [wheat arabinoxylan (WAX) and beech-
wood glucuronoxylan (BWX)] than cellulose (Avicel and
CMC). Furthermore, the C1184 preparation displayed
activity on pectin from apple, konjac glucomannan
(KGM), algal p-(1—3)-glucan as well as insoluble and
soluble starch. Activities towards CMC, WAX, BWX
and KGM by cellulolytic, xylanolytic and mannanolytic
enzyme activities, respectively, were confirmed using
TLC (Figure S1).

While substrate promiscuity is not uncommon among
cellulases, such cellulases show the ability to cleave vari-
ous polysaccharides with p-(1—4)-linked sugar units
in the polysaccharide backbone, including cellulose,
xyloglucan, mixed-linkage [-glucan, glucomannan and
xylan (Mafa et al. 2021; Payne et al. 2015; Vlasenko et
al. 2010). The fact that the C1184 preparation displayed
activities towards [-(1— 3)-glucan, pectin and starch,
activities that have not been attributed to secreted fungal
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endoglucanases before, at levels that were comparable to
the activity on cellulose (Fig. 1A) indicates that the C1184
preparation from A. niger is rather a derivative of a fungal
secretome than a multifunctional endoglucanase.

The SDS-PAGE analysis further indicated that the
C1184 preparation from A. miger contains a major pro-
tein of approx. 45 kDa band and a number of proteins
with different molecular masses (Fig. 1B), corroborat-
ing that the preparation may rather be a cellulase cock-
tail derived from an A. miger secretome than a pure
endo-p-(1 —4)-glucanase. Notably, A. niger species
encode more than 450 CAZymes (Aguilar-Pontes et al.
2018; Arnaud et al. 2012; Pel et al. 2007), which include
several cellulases, xylanases, mannanases and pectin-
ases. Previously, Wang et al. (2018) have used func-
tional zymography to demonstrate the occurrence and
abundance of functional endoglucanases and endo-xyl-
anases in A. fumigatus secretomes obtained under vari-
ous growth conditions. We decided to follow a similar
approach to further characterise the C1184 preparation
in the next section.

Zymogram analysis of the C1184 preparation from A. niger
Zymogram analysis was used to validate the cellulo-
lytic, mannanolytic, xylanolytic and amylolytic activi-
ties detected in the C1184 preparation and to identify
the molecular masses of the proteins with correspond-
ing activities. The differential enzyme activity profiles
were expected to reveal which of the previously detected
activities correspond to the major protein (with 45 kDa)

B C1184 prep.
250 kDa s+

180 KD 2 mumfrss
130 kDa
95 KD 2 mml—
72 kDa mel
55 kDa melti—

45 kDam=p-
43 kDa = S—_-

37 kDa :

35 kDa

Substrates

34 kDa mei
29 kDa s>

27 kDa
il

26 kDa
23 kDa
17 kDa

L=

Fig. 1 Enzyme activity screening and protein analysis of the C1184 cellulase preparation from A. niger. A Enzyme activity screening. Reactions were set
up with 1% (w/v) beechwood glucuronoxylan (BWX), wheat arabinoxylan (WAX), carboxymethylcellulose (CMC), konjac glucomannan (KGM), pectin from
apple, soluble starch, insoluble starch, algal 3-(1 — 3)-glucan or Avicel as substrate and 0.125 mg/mL C1184 (total protein level) in 50 mM sodium citrate
buffer (pH 5.0) and incubated at 40 °C for 1 h, or for 5 h with Avicel. The experiments were performed in triplicate; the values represent the means, and
the error bars represent the standard deviation. B Protein analysis. The SDS-PAGE, performed in duplicate, clearly shows the major protein bands in the A.
niger secretome. Lane M, Colour Prestained Protein Standard (Broad Range, 10-250 kDa) marker. Blue arrows indicate the molecular mass in the Protein
Standard; additional black arrows on the left indicate the molecular mass of additional protein bands appearing in C1184; black arrows on the right mark

the main protein bands detected in C1184
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and which additional proteins from the expression host
(Aspergillus niger) contribute to cellulase, B-(1 — 4)-xyla-
nase, B-(1—4)-mannanase or a-amylase activities in
the C1184 preparation. The zymogram set up with 0.1%
(w/v) CMC revealed that the secretome had at least four
different enzymes with endo-p- (1 — 4)-glucanase activ-
ity, displaying the following molecular masses: 26, 33, 130
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and 180 kDa (Fig. 2A). These protein sizes correspond to
those bands observed with SDS-PAGE analysis (Fig. 1B)
at 26, 34, 130 and 180 kDa, respectively. No clearing zone
at about 45 kDa, corresponding to the strongest protein
band in the SDS-PAGE gel, was detected. The endogluca-
nase with 26 kDa likely corresponds to the 26-kDa endo-
glucanase isolated from A. niger by Hurst et al. (1977);

A B-(1—4)-glucanase B B-(1—4)-xylanase
M C1184 i LATE
180 KD mup- 180 kDa fgg :g:::
130 KD 130 kDa 130 KDa s
95 kDa mup- RS,
72 kDamp-
72 kD2 sl 55 kD2 mup-
55 kDa m=pp- R 44 kDa
43 kDa mp-
34 kD2
34 kDa == 33 kDa
26 kD2 mup- 26 kDa 26 kDa mep
17 kD2 s
17 kDa mp-
10 KDa m—p- 11 kDa
C a-(1—4)-amylase D B-(1—4)-mannanase
M C1184 M C1184
250 kDa 250 kDa [ | [ | ' I
180 kDa 180 kDa mup
130 kDa 130 kDa mujp (AN
95 kDa 95 kDa s> -
72 kDa 72 kDa mup>
55 kDa 55 kDa sl
43kDa 43 KDa mup
37 kDa

34 kDa

26 kDa
17 kDa

10 kDa

34 kDa s -

26 kDa s>
17 kD mp

10 KDa muep>

Fig. 2 Zymogram analysis of the C1184 preparation for cellulolytic, xylanolytic, mannanolytic and amylolytic activities. A Endo-3-(1 — 4)-glucanase ac-
tivity using carboxymethylcellulose (CMC), B endo-f3-(1 — 4)-xylanase activity using wheat arabinoxylan (WAX), C a-(1 — 4)-amylase activity using red
starch and D endo-3-(1 —4)-mannanase activity using azo-carob galactomannan. The gels contained 0.1% (w/v) substrate, and 3 g protein of C1184
was loaded on each gel. Blue arrows on the left indicate the molecular mass in the marker (Color Prestained Protein Standard; Broad Range, 10-250 kDa);
black triangles on the left and black arrows on the right indicate the detected protein bands with activity in C11848
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and the endoglucanase with 33 kDa likely corresponds to
the 31-kDa endoglucanase identified and purified from
A. niger by Okada (1985). The other two proteins with
molecular masses of 130 and 180 kDa are unusually large
for endo-B-(1— 4)-glucanases and more likely corre-
spond to B-glucosidases (de Vries and Visser 2001). Con-
sidering that the C1184 preparation was not denatured
prior to being subjected to zymography (as opposed
to SDS-PAGE analysis), a potential explanation for the
endoglucanase activity at 130 or 180 kDa could be that
these bands may correspond to a multimodular protein.
Notably, Ximenes et al. (1996) showed the presence of a
multimodular -glucosidase with cellulase function from
A. fumigatus, with a molecular mass of 130 kDa, that dis-
sociated into 90 kDa catalytically active and 45 kDa inac-
tive subunits under denaturing conditions. In any case,
future studies are needed to fully elucidate the nature of
the proteins forming bands at 130 and 180 kDa.

On the other hand, the zymogram with 0.1% (w/v)
WAX revealed the presence of two distinct bands of
xylanolytic enzymes with molecular masses of 11 and
44 kDa (Fig. 2B). Previously, Frederick et al. (1985) puri-
fied and characterised two xylan-active isozymes with
13 kDa, Shei et al. (1985) characterised a 14 kDa xylanase,
and Amir et al. (2013) purified 43 kDa xylanase from
A. niger secretomes, all of which had molecular masses
similar to those reported in this study. The facts that the
C1184 cellulase preparation from A. niger gave the high-
est specific activity on xylan in the substrate specificity
assay shown in Fig. 1A and that the major protein com-
ponent had a molecular mass close to 45 kDa (Fig. 1B)
further corroborate that the major protein in the C1184
preparation corresponds to xylanase.

The zymogram with 0.1% (w/v) red starch substrate
further revealed a-amylase activity for a protein with
a molecular mass of about 37 kDa (Fig. 2C). The zymo-
gram with azo-carob galactomannan as a substrate,
on the other hand, showed no activity (Fig. 2D) despite
the presence of mannanases being secreted by A. niger
(de Vries and Visser 2001) and the activity of the C1184
preparation on KGM observed above (Fig. 1A and Fig-
ure S1). Activity on KGM could be the result of the
action of (promiscuous) endoglucanases and endo-p-
(1 —»4)-mannanases, where the action of both enzyme
types is hindered by galactosylations in carob galac-
tomannan (McCleary and Matheson 1983). Indeed,
endo-p-(1 —4)-mannanases present in the C1184 prepa-
ration were able to cleave non-substituted mannooligo-
saccharides as shown further below (Fig. 4A).
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Biochemical characteristics and enzyme kinetics of
cellulase, xylanase and mannanase activities in the C1184
preparation

Preliminary studies of thermostability (conducted at
pH 5.0, according to the manufacturer’s recommen-
dation) indicated that the different enzyme activi-
ties, 1ie., cellulase [or endo-B-(1— 4)-glucanase],
endo-B-(1 — 4)-xylanase, endo-fB-(1 — 4)-mannanase,
endo-p-(1 — 3)-glucanase and pectinase, in the C1184
preparation displayed various stabilities after pre-incuba-
tion of the enzyme preparation at 37 °C, 50 °C or 70 °C
for up to 24 h (Figure S2). a-Amylases and pectinases
were slightly less sensitive to being pre-incubated up to
5 h at elevated temperatures. Among these activities, we
decided to focus on the detailed characterisation of the
overall cellulolytic, xylanolytic and mannanolytic activi-
ties of the C1184 preparation because these activities are
vital for the valorization of lignocellulosic waste biomass
(Mafa and Malgas 2023; Mafa et al. 2020b; Malgas et al.
2019). Regarding the operational pH under incubation at
37 °C for 1 h, the overall endo-p-(1 — 4)-glucanase and
endo-p-(1 —4)-mannanase activities in the C1184 prepa-
ration displayed the highest activity at pH 4.0 (Fig. 3A).
There was a gradual decrease in activity from 4.0 to 8.0,
with activities at pH 5.0 reaching 75% and 86% of the
highest activity (observed at pH 4.0), respectively. Inter-
estingly, the endo-p-(1 — 4)-xylanase enzymes showed a
broad range of pH optimum from pH 4.0-6.0 (>99% of
the highest activity recorded at pH 5.0), retaining 97% of
the enzyme activity at pH 7.0. The xylanases lost signifi-
cant enzyme activity under alkaline conditions, retain-
ing only 44% of the enzyme activity at pH 9.0. At pH 9.0,
the endo-p-(1 — 4)-glucanases and endo-$-(1 —4)-man-
nanases retained 56% and 77% of the overall activity,
respectively.

Next, we assessed the temperature optima of the
C1184 preparation at pH 4.0 (Fig. 3B). After 1 h incuba-
tion, the endo-p-(1 —4)-xylanase enzymes showed the
highest activity (>99%) at 40 and 50 °C, displaying only
31-48% of the highest activity at 60 °C and higher tem-
peratures. In contrast, the endo-B-(1 —4)-mannanases
displayed temperature optimum at 40 °C and retained
96-99.5% of the relative activity from 50 to 80 °C, sug-
gesting that the mannanases were significantly more
thermotolerant than the xylanases in the C1184 prepara-
tion. Endo-B-(1 — 4)-glucanases showed optimum activ-
ity at 50 °C, retaining 70-85% relative enzyme activity
between 60 and 80 °C. Importantly, the thermostability
studies confirmed that neither of the enzymes suffered
from thermal inactivation during the 1-h reactions per-
formed at the optimal temperature as all enzyme types
retained their overall activity after 1 h incubation at up to
50 °C prior to the reactions performed at 37 °C (Fig. 3C—
E). In contrast, endoglucanases (Fig. 3C) and mannanases
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Fig. 3 Characterisation of cellulolytic, xylanolytic and mannanolytic activities in the C1184 preparation. The pH (A) and temperature optima (B) and
thermostability (C-E) of the cellulolytic (A-C), xylanolytic (A, B, D) and mannanolytic (A, B, E) enzymes in the C1184 preparation. Carboxymethylcellulose
(CMQ), wheat arabinoxylan (WAX) and konjac glucomannan (KGM) were used as substrates to assay overall endo-B-(1 — 4)-glucanase, endo-f-(1 — 4)-xy-
lanase and endo-B-(1 — 4)-mannanase activities, respectively. Enzyme activities are expressed in relation to the activity levels after 1 h pre-incubation at
37 °C.The experiments were performed in triplicate; the values represent the means, and the error bars show the standard deviation

(Fig. 3E) retained 56% and 40% of their overall activity,
respectively, while xylanases lost 74% of the overall activ-
ity after 1 h of pre-incubation at 70 °C (Fig. 3D). Notably,
the endoglucanases and mannanases displayed a much
lower relative activity than xylanases at lower tempera-
tures (25 and 30 °C; see Fig. 3B). Taken together, these
observations indicate that the C1184 preparation con-
tains mesophilic xylanases and thermotolerant endoglu-
canases and mannanases, corroborating that the C1184
preparation from A. niger is rather a derivative of a fungal
secretome than a multifunctional endoglucanase.

The kinetic studies of the overall cellulase, xylanase and
mannanase activities in the C1184 preparation were per-
formed at the pH and temperature optima of the prepa-
ration, ie. at pH 4.0 and 50 °C, using 1.0 to 14 mg/mL
CMC, WAX and KGM, respectively, as substrates. The
findings show that the apparent V_,, value for the over-

max

all xylanase activity was the highest, 1.8-fold higher than

Table 1 Apparent kinetic parameters of the overall cellulolytic,
xylanolytic and mannanolytic enzyme activities in the C1184
preparation

Activity V,ax (Mol mL™" min™") K, (mgmL™)
Xylanase 4.284 6.80
Endoglucanase 2397 249
Mannanase 1.055 1.53

that of the cellulase and 4.1-fold higher than that of the
mannanase activity. At the same time, the overall xyla-
nase activity showed a lesser affinity towards WAX (K,
of 6.80 mg/mL) than the endoglucanase affinity towards
CMC (2.49 mg/mL), with mannanases exhibiting the
highest apparent affinity (K, of 1.53 mg/mL) towards
KGM (Table 1).

The experiments were conducted in triplicates; car-
boxymethylcellulose, wheat arabinoxylan, and konjac
glucomannan were used for assaying the kinetics of
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endoglucanase, xylanase and mannanase activities. It is
essential to note that the apparent kinetic constants were
used for comparative analysis and to validate the differ-
ences in the performance of xylanases, cellulases and
mannanases in the C1184 preparation

Our findings are well in agreement with the literature
data. Dobrev and Zhekova (2012) has purified an endo-
glucanase from the xylanase-producing A. niger BO3
(molecular mass of about 27-29 kDa) with a pH optimum
at 3—4, retaining more than 80% relative activity between
pH 2.5-4.5. This enzyme retains 92% of its activity after
3.5 h pre-incubation at 40 °C and 60% of its activity after
45 min pre-incubation at 60 °C (Dobrev and Zhekova
2012). In another study, endoglucanases partially purified
from A. niger ANL301 have shown multiple pH optima
(at pH 3.5, 5.5 and 7.0) and a temperature optimum at
50 °C (Chinedu et al. 2011). Sulyman et al. (2020) have
also shown that a 13.5 kDa endoglucanase purified from
an A. niger secretome displays optimum activity at pH
4.0 and 40 °C. These studies support our findings that the
overall endoglucanase activity in the C1184 preparation
was the highest in the acidic pH range (at about pH 4.0)
and at 50 °C, and that about 80% of the activity could be
retained at 37 °C even after 24 h of incubation.

Regarding xylanases, Sherief (1990) has purified a
45-kDa endoxylanase with maximal activity at pH 5.0 and
55 °C. Furthermore, Amir et al. (Amir et al. 2013) have
purified a 43-kDa xylanase from an isolate of A. fumiga-
tus with a maximal activity at 30—40 °C up to 3 h of incu-
bation, retaining its activity over a broad pH range (pH
4.0-10.0). Recently, Ravichandra et al. (2023) have also
characterised a 43-kDa xylanase from A. fumigatus RSP-8
with optimal activity at pH 5.0 and 50 °C, with good sta-
bility up to 40—50 °C over 60 min. Furthermore, two xyla-
nases with 13 kDa have been characterised by Frederick
et al. (1985), showing pH optima of 5.0-6.0 and a temper-
ature optimum of 45 °C. A third, 14-kDa xylanase puri-
fied from the same crude preparation (Shei et al. 1985)
has optimum pH at 4.9 and displays the highest activity
at 45 °C. Furthermore, a 35-kDa xylanase from A. tama-
rii BLU37 displays pH and temperature optima at 6.0 and
60 °C when using 30 min incubations (Monclaro et al.
2016). Another, 22-kDa xylanase from A. tamarii BLU37
displays a pH optimum of 5.5 and a temperature opti-
mum of 50 °C (Monclaro et al. 2019). The latter xylanase
rapidly loses activity between 65 and 80 °C, a trend also
observed in the current study. Bhushan et al. (2015) have
also demonstrated that, when using 15-min incubation,
a 35-kDa xylanase from A. flavus MTCC 9390 shows an
optimum pH of 5.0 and highest activity at 60 °C, which is
followed by a rapid decrease in activity between 70 and
80 °C. On the other hand, Ding et al. (2018) have shown
that a 32-kDa xylanase has an optimal pH 6.0 and tem-
perature 50 °C when incubating the reactions for 10 min.
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Notably, within 60 min, this xylanase loses about 70% of
its activity at 60 °C and about 25% of its relative activity at
40 °C within 60 min. These findings match the substan-
tial enzyme inactivation seen above at 50 °C in our study
when using 60-min incubations.

Regarding mannanases, Ademark et al. (1998) purified
a 40-kDa B-mannanase from an A. niger culture broth
with highest activity at pH 3.5 and stability over a broad
pH range of 3.5-7.0. On the other hand, Yu et al. (2015)
have expressed a thermostable 38-kDa [-mannanase
from A. niger in P. pastoris and found that the enzyme
retained 60% enzyme activity on locust bean gum after
incubating for 2 h at 80 °C. Furthermore, a 48-kDa GH26
endo-1,4 f-mannanase from A. niger, marketed by Mega-
zyme (product code E-BMANN), has a reported pH
optimum 3.9 and temperature optimum at 60 °C, and it
is recommended to be used at pH 4.0 and up to 40 °C,
which are in line with our data.

Importantly, the overall xylanase, endoglucanase and
mannanase activities in the C1184 preparation retained
100% activity at 37 °C after incubation for more than 24 h
at pH 4.0, indicating that the C1184 preparation is suit-
able for biomass degradation studies at 37 °C over lon-
ger periods. Of note, our activity data indicate that these
activities are 1-2 orders of magnitude lower than those
present in commercial enzyme preparations. Addition-
ally, the optimal pH (4.0) and temperature (37 °C) are
somewhat lower than the pH (4.0-5.0) and temperature
(50-60 °C) recommended for the most common 7. reesei
and A. niger-based cellulase preparations (Chylenski et
al. 2017; Kabel et al. 2006; Nieves et al. 1998; Yang et al.
2017).

Oligosaccharides hydrolysis patterns produced by the
C1184 preparation

Next, we assessed whether the C1184 preparation has
to be supplemented with B-glucosidase, -xylosidase or
B-mannosidase activities to convert the major polysac-
charides forming the holocellulose content of lignocel-
lulose to sugar monomers. For this, we analysed the
product profile of the C1184 preparation when cleaving
linear, unsubstituted oligosaccharides, i.e., COS, XOS,
MOS and LOS. TLC results showed that COS with DP
2—-4 were converted mainly to glucose, with some cellobi-
ose remaining in the reaction hydrolysate (Fig. 4A). This
indicates that C1184 does possess some [-glucosidase
activity, but it may not be satisfactory at industrially rel-
evant substrate concentrations (i.e., above the 1 mg/mL
tested here). Although Aspergillus sp., especially A. niger,
are among the best fungal sources for 3-glucosidase pro-
duction (Sternberg et al. 1977), our data, in agreement
with the manufacturer’s information, indicate that the
C1184 preparation has low [B-glucosidase activity and
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Fig. 4 Thin-layer chromatography of the products generated by the C1184 preparation from oligosaccharides. The figures demonstrate depolymerisa-
tion of A manno-oligosaccharides (MOS) and cello-oligosaccharides (COS), B xylo-oligosaccharides (XOS) and C laminari-oligosaccharides (LOS) by the
C1184 preparation. The lanes with markers are annotated as follows: MM, MOS with DP 2-4; CM, COS with DP 3-4; XM, XOS with DP 3-5; LM, LOS with
DP 2-5.The lanes with hydrolysis products are annotated by the substrate used in the reaction, i.e.. M2-M5, MOS with DP 2-5; C2-C4, COS with DP 2-4;
X2-X5 XOS with DP 2-5; [ 2-L5, LOS with DP 2-5, respectively. The formed oligosaccharides are annotated accordingly as M2-M4, C2-C4, X2-X5 and
L2-L5, respectively. The formed sugar monomers are annotated as follows: M1, mannose; G1, glucose; X1, xylose

requires supplementation with an external B-glucosidase
source.

On the other hand, XOS with DP 2-5 were also hydro-
lysed by the C1184 preparation to xylose, with small
amounts of xylotriose remaining in the reactions with
longer XOS, especially with xylotriose and xylopentaose
(Fig. 4B). As pure xylanases (e.g. GH11 xylanases) pro-
duce mostly xylobiose (i.e., not xylose) from XOS with
DP 3-6 (Aiewviriyasakul et al. 2021; Zhang et al. 2021),
this is a clear indication that the C1184 preparation con-
tains enzymes with p-xylosidase activity. Our data are not
surprising as both B-xylosidases and p-glucosidases occur
commonly in fungal secretomes, such as those of Asper-
gillus sp. (Borin et al. 2015; de Vries and Visser 2001).
Given that xylosidase converted xylobiose completely to
xylose, we assumed that it would not be necessary to sup-
plement the C1184 preparation with f-xylosidase during
xylan saccharification studies.

Furthermore, the hydrolysis of longer MOS (with
DP 4-5) to mannotriose, mannobiose and some
amounts of mannose (Fig. 4A) confirms the presence
of endo-B-(1 —4)-mannanases in the C1184 prepara-
tion and indicates that the galactosyl substitutions in
carob galactomannan, indeed, sterically hindered depo-
lymerisation of the B-(1 — 4)-mannan backbone by these
B-mannanases (shown in Fig. 2D). However, the fact that
shorter MOS (mannobiose and mannotriose) were not
hydrolysed effectively to mannose monomers suggests a
limited amount of B-mannosidases present in the C1184
preparation (Fig. 4A).

As the initial activity tests revealed that the C1184
preparation can cleave algal f-(1 - 3)-glucan, we set up
similar reactions with LOS to confirm the presence of
B-(1— 3)-glucanase activity and to assess if the C1184
preparation possesses [-(1— 3)-glucosidase activity
to convert the released LOS to glucose. Indeed, the p-
(1> 3)-glucanases present in the C1184 preparation
hydrolysed the longer oligosaccharides, with DP 3-5.
However, laminaribiose was left nearly intact (Fig. 4C),
indicating limited, if any, p-(1 — 3)-glucosidase activity in
the enzyme preparation.

Characterisation of mango seed husk (MSH)

The two ground MSH fractions, with fine powder and
coarse particles, were subjected to topological analysis
using SEM, with Avicel as a control. The canonical topo-
logical structure of Avicel at 100x and 500x magnifica-
tion (Fig. 5A-B) displays distinct, compact aggregates
of short fibres with a relatively homogeneous particle
size (50-100 um in diameter). At 9000x magnification
of the surface area of these fibre aggregates (Fig. 5C), we
observed sphere-like biomass particles with about 5 pm
in diameter that have round formations with about 1 pm
in diameter. Such round formations are seldom observed
or reported on the surface of Avicel. Avicel is a pure cel-
lulose with high crystallinity, void of lignin or other com-
pounds that may form precipitate on the surface (Gomide
et al. 2019; Sannigrahi et al. 2011). A potential reason for
these round formations could be aggregation/deposi-
tion of shorter cellulose fibrils upon removal of lignin or
hemicellulose from the plant cell wall (Cosgrove 2022;
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Fig. 5 Topological analysis of Avicel and the fine and coarse fractions of ground MSH using SEM. Images of Avicel (A-C) and the fine (D-F) and coarse
(G-1) fractions of ground MSH were recorded with 100X (A, D, G), 500x (B, E, H) and 9000x (C, F, I) magnifications with scale bars of 500 yum, 100 um and

5 um, respectively

Gomide et al. 2019). Its aggregated nature makes Avicel
more resistant toward enzymatic hydrolysis primarily
due to reduced average pore size, limiting the penetration
of enzymes into the fibres (Cosgrove 2022; Peciulyte et al.
2015; Van Dyk and Pletschke 2012).

Regarding MSH, studies have suggested that cellulose
in MSH differs from that of Avicel (B-cellulose, with
shorter chains) because it consists of a-cellulose (longer
cellulose chains and higher DP) (Henrique et al. 2013).
Indeed, while both Avicel and MSH samples contained
clear fibre-like structures (visible at 100x and 500x mag-
nifications in Fig. 5), the MSH samples had more elon-
gated fibre-like structures with a rough surface. Contrary
to Avicel, at 9000x magnification, the biomass surface
in the MSH fractions displayed a smooth, scales-like
structure with minimal round, deposit-like formations.
Furthermore, the fine and coarse fractions of MSH had
distinct topological properties, which resulted from vari-
ations in the structure of the fibre networks. The coarse

MSH samples contained spherical agglomerates of fibres,
with a net-like pattern of fibres at an angled orientation
and fibre-like structures sticking outward (Fig. 5G, H).
On the other hand, the fine MSH samples contained lon-
ger, linear fibres with parallel fibre orientation (Fig. 5D,
E). At 9000x, the surface of the coarse MSH fraction car-
ried a lot of small round particles attached to the surface,
with a few fibre-like structures sticking out (Fig. 5H).
Note that the fine fraction of MSH also contained such
small round particles, but in much smaller numbers
(Fig. 5F). These particles could potentially be due to the
mineral content of the fibres (see Table 2 and an explana-
tion further below, as well as Figure S4). Phloroglucinol
staining confirmed that the (surface of the) coarse frac-
tion had considerably higher lignin content than the (sur-
face of the) fine fraction of MSH (Figure S3).

In addition to the distinct morphological differences,
the fine and coarse fractions of ground MSH differed in
their elemental surface compositions, as shown by EDS
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Table 2 Elemental analysis of Avicel and ground MSH fractions
using energy dispersive X-ray spectrometry (EDS)

Elements Avicel Ground MSH, Ground
(w/w%)* fine fraction MSH, coarse
(w/w%)* fraction
(w/wW%)*
97.8+0.6 794+06 728+04
K b.d.l. 64+03 12702
Ca b.d.l. 48403 115+04
Mg b.d.l. 42+03 1.1+0.1
Cu 22+06 b.d.l. b.d.l.
S b.d.l. 19+0.2 1.0+0.2
Cl b.d.l. 16+0.2 06+0.1
P b.d.l. 1.0+0.2 b.d.l.
Si b.d.l. 0.7+02 0.3+0.1

*Values represent the mean percentage atomic weight of the detected
element+standard deviation (0). Carbon was excluded from the analysis
because it was used to coat the sample to make it conductive

b.d.l.: below detection limit

(Table 2). As expected, carbon (C) and oxygen (O) consti-
tuted the highest percentage of elements detected in the
Avicel and MSH samples. In particular, the coarse frac-
tion of MSH contained much higher amounts of K and
Ca, while the fine fraction of MSH was richer in Mg, S,
Cl, P and Si (Table 2). Additionally, XRD analysis of the
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crystallinity index (Crl) showed that, among the three
biomass samples, Avicel (also known as microcrystalline
cellulose) had the highest crystallinity, about 93% Crl.
Figure 6 shows that the fine fraction of MSH had higher
crystallinity (72% CrlI) than the coarse fraction of MSH
(64% Crl), which is consistent with the lower lignin con-
tent in the fine MSH fraction (Figure S3).

Production of glucose and phenolics from MSH with

the C1184 preparation supplemented with feruloyl and
glucuronoyl esterases

Feruloyl and glucuronoyl esterases improve the hydro-
lysis of the lignocellulosic biomass by removing ester
bonds that crosslink lignin and hemicellulose, xylan in
particular (d'Errico et al. 2016; Dilokpimol et al. 2016).
To determine the effects of cleaving such ester bonds
on the release of glucose or phenolic compounds from
MSH, the untreated fine and coarse fractions of ground
MSH were subjected to enzyme treatment using the
C1184 preparation alone or supplemented with esterase
enzymes (CtFAE, rmFAE or RfGE) on a 1:1 (w/w) enzyme
ratio (Table 3). Interestingly, there was little difference in
the glucose release by the C1184 preparation when act-
ing alone on the two MSH fractions despite the lower
lignin content in the fine fraction (Figure S3). Notably,

Legend | Material Crl (%)

Avicel 93.12

Fine MSH 72.05

Course MSH | 63.74

20 (degrees)

Fig.6 XRD diffractogram of Avicel and the fine and coarse fractions of ground MSH. The crystallinity indices (Crl) for Avicel (blue line) and the fine (orange
line) and coarse (grey line) fractions of ground MSH are indicated in the legend
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Table 3 Glucose and phenolics released from ground MSH
using the C1184 preparation supplemented with esterases

Substrate Enzymes Glucose % yield Total
(w/w of total phenolics
biomass)*? release

(ug/mL)?

Ground MSH, fine  C1184 103+0.2 b.d.l€

fraction C1184+ CtFAE 89+1.1% 156+ 15%

C1184+rmFAE 84+1.5% 139+£12%
C1184+RIGE 19.5+0.6* 171£10%
Ground MSH, C1184 10.3+0.1 b.d.lc
course fraction C1184+ CtFAE 92+0.1% 56+19*%
C1184+ rmFAE 94+0.1% 38 +4*
C1184+ RIGE 164+2.3* 36+5*
2Experiments were performed in triplicate, and values represent

means + standard deviation

bGlucose yields are expressed as anhydro form, and thus glucose yields (%) are
presented as w/w of the total glucan in the biomass

b.d.l.: below detection limit

*Indicate the significant difference in glucose and phenolics concentration
released by applying C1184 cellulase preparation or the combination of C1184
and esterase enzymes to MSH biomass

the C1184 preparation seemed to lack feruloyl and gluc-
uronoyl esterase activities, as indicated by the absence
of phenolics released without feruloyl and glucuronoyl
esterase supplementation. On the other hand, the tested
esterases were active on MSH and were able to release
phenolic compounds from the MSH fractions. Interest-
ingly, all three esterases released about three to five times
more phenolics from the fine fraction of MSH with lower
levels of lignin, compared to the coarse fraction with
higher lignin content. This could suggest that lignin that
forms lignin—carbohydrate complexes may be less con-
densed in the fine fraction than in the coarse fraction and
could therefore be more readily released.

Lignin is linked to hemicellulose content through feru-
loyl and glucuronoyl ester bonds (Mnich et al. 2020). Sev-
eral studies have shown that cleaving such ester bonds
facilitates the depolymerisation of xylan (Malgas et al.
2019), which can indirectly facilitate the depolymerisa-
tion of cellulose (d'Errico et al. 2016; Larsbrink and Lo
Leggio 2023) or potentially even other polysaccharides
that are intertwined with cellulose and xylan, such as glu-
comannan (Vérnai et al. 2011). In our case, replacing 50%
of the C1184 preparation with one of the feruloyl ester-
ases (CtFAE or rmFAE) reduced the sugar release (obvi-
ously, as the cellulase loading was halved), while it led to
a release of phenolic compounds into solution (Table 3).
Remarkably, replacing 50% of the C1184 preparation
with the glucuronoyl esterase (RfGE) nearly doubled the
glucose release on both the fine and coarse fractions of
MSH, despite having half the amount of cellulases in
the reaction. This finding indicates that lignin—carbo-
hydrate linkages formed via glucuronoyl esters may be
much more prevalent than hydroxycinnamoyl esters in
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MSH, and that their cleavage is much more important
for the total saccharification of MSH than the cleavage of
hydroxycinnamoyl esters. Regarding hydroxycinnamoyl
esters, their hydrolysis by CtFAE and rmFAE had a higher
positive impact on the phenolic compounds release from
the coarse fraction, even though about three times less
phenolic compounds were solubilised from the coarse
fraction of MSH compared to the fine fraction. This
finding further supports the notion that lignin in the
coarse fraction of MSH may be more condensed, limit-
ing the release of phenolics into solution after cleavage of
hydroxycinnamoyl esters.

Glucuronoyl esterase facilitates the depolymerisation
of cellulose and xylan in synergy with cellulases and xyla-
nases; however, the interplay between glucuronoyl ester-
ases, xylanases and cellulases needs further elucidation.
Arnling Baath et al. (2018) proposed that glucuronoyl
esterases could decouple the (methylated or non-meth-
ylated) glucuronoyl group from lignin, exposing more
cleavage sites for xylanases, which create subsequent
cleaving sites for cellulases. It is noteworthy that Arnling
Baath et al. (2019) have observed inhibition of TtCE15A
from Teredinibacter turnerae by ferulic, p-coumaric
and salicylic acid, confirming that glucuronoyl esterase
interacts with both the phenolic compounds of lignin
and carbohydrate components of the plant cell wall. The
inhibitor concentrations required to reduce the reac-
tion rate by 50% (ICy, values) for ferulic, p-coumaric and
salicylic acid corresponded to 107, 77 and 136 pg/mL,
respectively (Arnling Baath et al. 2019). Considering that
RfGE released similar overall amounts of phenolic com-
pounds from MSH, it would be interesting to study the
types of phenolic compounds released and their impact
on the action of RfGE in a follow-up study.

Saccharification of alkali-pretreated MSH with the C1184
preparation

The fine and coarse fractions of ground MSH were sub-
jected to further saccharification studies with the C1184
preparation after pretreatment with 20% NaOH, using
the following enzyme loadings: 5, 10, 30 and 50 mg/mg
dry biomass. The C1184 preparation was supplemented
with 10% [-glucosidase to ensure conversion of the
COS to glucose due to the limited p-glucosidase activity
observed in the C1184 preparation (see section "Oligo-
saccharides Hydrolysis patterns produced by the C1184
preparation”). Feruloyl and glucuronoyl esterases were
not tested in this setup because the alkali pretreatment
saponifies (and thus removes) the ester bonds targeted
by these enzymes (Ralph et al. 1994). Figure 7 shows
that the C1184 preparation solubilised similar amounts
of cellulose at the lowest enzyme doses (5 and 10 mg/g
biomass), with slightly higher glucose released from the
alkali-pretreated fine fraction of MSH compared to the
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Fig. 7 Saccharification of the alkali-pretreated fractions of MSH with the C1184 preparation supplemented with B-glucosidase. Reactions were set up
with 1% (w/v) alkali-pretreated fine (orange circles) or coarse (gray circles) fraction of MSH and 5-50 mg protein/g biomass cellulase mixture containing
90% (w/w) C1184 preparation and 10% (w/w) 3-glucosidase and incubated at 40 °C for 24 h. The experiments were performed in triplicates; the values

represent means, and the error bars standard deviation

alkali-pretreated coarse fraction. There was some differ-
ence in the efficiency of the C1184 preparation toward
the two alkali-treated MSH fractions at 30 and 50 mg/g
biomass enzyme loadings; however, due to high variation,
the differences were not significant. While the C1184
preparation supplemented with 10% (w/w) B-glucosidase
was able to produce glucose from the alkali-pretreated
MSH samples, the yields after 24 h remained rather low
[<30% (w/w) of the complete biomass, including lignin
and hemicelluloses] despite the high enzyme loadings
(50 mg protein/g biomass). One reason for the low effi-
ciency could be the inferior cellulolytic and xylanolytic
activity of the preparation as compared to other commer-
cial cellulase cocktails (see our discussion at the end of
section "Biochemical characteristics and enzyme kinet-
ics of cellulase, xylanase and mannanase activities in the

C1184 preparation™). Thus, considerable process opti-
misation is needed before the C1184 preparation can be
used for glucose production from MSH.

Concluding remarks

Our findings underscore the importance of understand-
ing enzyme compositions in enzyme cocktails or prepa-
rations to identify suitable applications and potential
products. Even though the C1184 preparation is mar-
keted as a cellulase by the manufacturer, we showed that
xylanolytic enzymes were highly expressed and form
the most active component of the enzyme preparation.
Given that the C1184 preparation lacks glucuronoyl and
feruloyl esterases, it could potentially be used to produce
lignin—carbohydrate complexes, e.g. for the determina-
tion of lignin-xylan cross-links in MSH, or decorated
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xylo-oligosaccharides with bioactive and antioxidant
properties.

This study corroborates that MSH, a by-product of the
mango industry, is a promising source of value-added
products, including glucose and phenolics. Our data
show that differences in the physical appearance and
chemical composition of MSH fractions influence bio-
mass valorization potential. The fine fraction of MSH,
with parallel cellulose fibres, lower lignin content and
presumably lower extent of lignin condensation, yielded
higher phenolic compound extraction compared to the
coarse fraction. Thus, separating MSH fractions based
on particle size prior to processing could improve not
only product recovery, for e.g. phenolic compounds, but
potentially also uniformity for fibres and nanocellulose
for biomaterial applications.

Regarding plant cell wall structure, our data indicate
that lignin—carbohydrate linkages via both feruloyl and
glucuronoyl esters contribute to recalcitrance in MSH.
However, the glucuronoyl esterase had a remarkably
bigger impact on glucose release from ground MSH by
the C1184 preparation than the feruloyl esterases, sug-
gesting that targeting glucuronoyl esters can alleviate
biomass recalcitrance in MSH more effectively than tar-
geting hydroxycinnamoyl esters. The substantial impact
of glucuronoyl esterase substitution on cellulose sacchar-
ification highlights how the secretion of a single enzyme
component by microorganisms can alleviate the meta-
bolic burden and reduce overall protein needs in both
natural and biotechnological processes.
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