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Abstract

Corn cobs (CCs) are abundant xylan-rich agricultural wastes. Here, we compared CCs
XOS yields obtained via two different pretreatment routs, alkali and hydrothermal, using a set
of recombinant endo- and exo-acting enzymes from GH10 and GH11 families, which have
different restrictions for xylan substitutions. Furthermore, impacts of the pretreatments on

chemical composition and physical structure of the CCs samples were evaluated. We



demonstrated that alkali pretreatment route rendered 59 mg of XOS per gram of initial
biomass, while an overall XOS vyield of 115 mg/g was achieved via hydrothermal
pretreatment using a combination of GH10 and GH11 enzymes. These results hold a promise
of ecologically sustainable enzymatic valorization of CCs via “green” and sustainable XOS
production.
Keywords: Corn cobs; xylooligosaccharides; xylanase; xylosidase; hydrothermal
pretreatment; alkali pretreatment

1. Introduction

Corn (Zea mays) is an abundant feedstock, witt. a ‘vorldwide production of 44.6
billion bushels in 2020-2021. It has multiple industri=l .nplications, including animal feed,
ethanol, oil and beverage productions (World of Cor.> 2021). Corn by-products, such as
cobs, husks, hulls and stalks are xylan-rich ligjnc~e’ulosic materials (Bajpai, 2014), that can
be more efficiently utilized to gain addit.~ne’ economic and ecological benefits.

Lignocellulosic biomass is man:'v constituted of cellulose, hemicellulose and lignin,
which interpose to form a reca'~itror. structure (Jing et al., 2019). Hemicelluloses is a
heterogeneous group of poly.>ccharides, which includes glucurono(arabino)xylan (GAX),
gluco(galacto)mannan, arahii.~,alactans, among others (Niklas et al., 2017).

Corn cobs (CCs, hernicellulose primarily consists of acetylated GAX, with around 9%
bearing arabinose substitutions and 5% with glucuronic acid decorations, while acetylations
occur in almost half of xylosyl residues (Van Dongen et al., 2011). GAX has a linear
backbone of 1,4-B-D-xylopyranose (Xylp) units, decorated with a-L-arabinofuranose (Araf)
and 4-O-methyl glucuronic acid (MeGIcA) residues at O-2 and/or O-3 positions (Naidu et al.,
2018). Xylan partial hydrolysis produces xylooligosaccharides (XOS), which have well
described beneficial health-related properties, including prebiotic, antioxidant (Avila et al.,

2020), anticarcinogenic (Qian et al., 2020) and antibiotic activities (Wang et al., 2021).



XOS production often involves two steps: a pretreatment step to disrupt the
recalcitrant lignocellulosic complex and partially solubilize xylan and an enzymatic
hydrolysis step to obtain short-chain functional XOS (Santibafiez et al., 2021). The alkaline
pretreatment is widely used for plant biomass delignification (MclIntosh & Vancov, 2010).
As consequence of lignin removal, xylan becomes exposed and can then be efficiently
enzymatically hydrolyzed (de Freitas et al., 2019). The use of alkaline solutions also
promotes removal of the acetyl groups from the hemicellulose (Kim et al., 2016). However,
this strategy has to deal with high corrosiveness of alkaline s2''tticns and polluting effluents
(Zheng et al., 2014).

By contrast, hydrothermal pretreatment is envirai,mentally friendly and relies on the
effects of hot water on lignocellulosics (Mariano et a’., .720). During this process, acetic acid
released from the biomass promotes hydrolvsis of the xylan glycosidic bonds (Yue et al.,
2022), resulting in depolymerization of “vl~.n into xylose and XOS of variable lengths. The
main drawback of hydrothermal treatn.ont for XOS production is generation unwanted long-
chain XOS. Therefore, autohydro" sic ~an be more efficiently employed in combination with
enzymatic hydrolysis for cuiversion of long-chain oligomers into short chain XOS
(Santibafiez et al., 2021).

Xylan enzymau~ nydrolysis can be accomplished using enzymes with various
activities, notably endo-1,4-p-xylanases (EC 3.2.1.8), with GH10 and GH11 being the most
common xylanase families (Biely et al., 2016; Garron & Henrissat, 2019; Linares-Pasten et
al., 2016). GH10 xylanases are restrictive to the decorations at subsite -1 and require two
consecutive unsubstituted xylopyranose residues to perform catalysis (Capetti et al., 2021).
GH11 xylanases require three undecorated residues to hydrolyze the xylan backbone and do
not tolerate substitutions at subsites -1 and +1 (Capetti et al., 2021).

Biochemical characterization of Paenibacillus xylanivorans GH10 and GH11



xylanases (PxXyn10A and PxXyn11B) showed their promising potential for XOS production
(Ghio et al., 2018). Furthermore, recent studies (Kadowaki et al., 2021) shed light on
structural features of exo-acting GH11 xylosidase (MetXynl1) identified from a compost-
derived consortium (Evangelista et al., 2019; Mello et al., 2017), which releases xylobiose as
the only product. However, whether the combinations of a GH10 xylanase with traditional
GH11 endo-xylanase and/or novel exo-acting GH11l xylosidase would benefit XOS
production from lignocellulosic materials remain unclear.

Here we set out to investigate XOS production from ak:'nuontly available and largely
underutilized CCs. We compared alkali and hydrothermal pre‘reatment routes combined with
enzymatic hydrolysis using Paenibacillus xylanivor=ns GH10 and GH11 xylanases and
metatranscriptomic GH11 xylosidase, alone and ‘a ¢"mbinations. We also investigated
changes in structure and composition of CCs, in.-onuced by the pretreatments and optimized

the enzymes combinations for efficient, .'1st-unable and “green” XOS production.

2. Material and Methods

2.1 Biomass pretreatmente

Sodium hydrox.e pretreatment was carried out at 121 °C for 40 minutes in an
autoclave. 1g of CCs powder (dry weight) was added to 10 mL of 1% (w/v) NaOH. Next, the
mixture was vacuum filtered to separate solids (CC-AIK) from liquid. The solids were milled
and stored for further analysis.

Hydrothermal pretreatment was performed in a 1L Parr reactor with 1:10 (w/v) solids
in distilled water at 160 °C, 73 psi for 60 minutes under mechanical stirring. Separation of
solid (CC-HT) and liquid (CC-HT-Liq) fractions was accomplished via vacuum filtration.

The samples chemical composition before and after pretreatments was determined as



described in Supplementary Material (SM).

2.2 Physical structure of the lignocellulosic biomass
Physical properties of untreated and pretreated CCs were evaluated using X-ray
diffraction (XRD), confocal laser scanning microscopy (CLSM) and **C solid-state nuclear

magnetic resonance (SSNMR) as described previously (Rezende et al., 2011).

2.2.1 X-ray diffraction analysis

Crystallinity indices (Crls) and average crystallite sizcs were determined using X-ray
diffraction (XRD) technique. Crls were estimated bv Segal empirical method (Segal et al.,
1959), whereas average crystallite sizes were calcu'ated from Scherrer equation (Monshi et
al., 2012; Scherrer, 1912). XDR was performau =t ambient temperature on Rigaku Rotaflex
diffractometer model RU200B (Tokyo, Jawan) equipped with a graphite monochromator,
operated at a tension of 45 kV and « current of 36 mA. Copper X-ray radiation with a
wavelength of 1.54 A was used. 9 >~an range was chosen from 5° to 50° and scanned in

steps of 0.05°. The samples we. = exposed to the radiation for 15 s in each step.

2.2.2 Confocal laser scc."ning microscopy analysis

Confocal laser scanning microscopy (CLSM) technique was utilized to evaluate
changes in lignin distribution in the samples as a result of the applied pretreatments and to
obtain information on its molecular arrangements within the cell wall. Lignin
autofluorescence emission spectra were measured using Zeiss LSM 780 confocal microscope
with a Coherent Chameleon laser (Ti-Sapphire) for two-photons excitation and a Plan-
Apochromat objective lens (20x). The samples were excited by two photons at wavelength

800 nm (1.54 eV) which produces optical transitions with an energy of around 3.1 eV (400



nm, ultraviolet region). Pretreated and untreated biomass samples were suspended in water
and deposited on the cover slides. The images were obtained on wet samples, which ensures
their homogeneous spreading and horizontal deposition on a microscopic glass slide. CLSM
images were obtained as an average of three scans. The total number of dots per image was
1024x1024 and the area of each pixel was associated with the optical resolution of the lens
resulting in a lateral resolution of about 250300 nm. The color in the spectral images results
from an RGB decomposition of the measured spectra for each image pixel in the visible
region between 400 and 700 nm. Multivariate statistical =~ly_'s was applied to obtain
additional information contained in the confocal microsccpy ~oectral images (Pelegrini et al.

2022).

2.2.3 Space-spectral mapping analysis

The spectral space mapping m thcd (Forgy, 1965; Ma et al., 2010) allows the
characterization of multispectral image: oixel by pixel, and not by region, as conventionally
occurs in CLSM analyses. Essen*all ' the method performs a pre-processing to reduce the
acquisition noise by applying a Gaussian filter to each spectrum recorded in each pixel
(spectral pixel). Then, all snectral pixels are classified into K clusters by the K-means method
(Pellegrini et al., 2022). Tne K-means method assigns each of the spectral pixels in one of the
K clusters based on the similarity of the pixel's spectrum to the average spectrum (centroid)
of one of the K clusters. Thus, the space-spectral mapping method enables the spectral
characterization of the entire image space efficiently, in addition to contemplating the
quantification of the occurrences of each spectral class. Finally, the occurrence rate of each of
the K spectral clusters is calculated by the number of spectral pixels assigned in a K cluster
divided by the total number of spectral pixels contained by the image. The average K spectra

are normalized and graphically arranged in ascending order with reference to the average



spectral wavelength calculated from the intensity-weighted average, which is used as a
weight for each corresponding wavelength. This statistical analysis allows to reveal and
significantly enhance an informational context contained in the confocal images (Pellegrini et

al., 2022).

2.2.4 *H Time Domain NMR Relaxometry

The samples were dried at 80 °C, under 800-mmHg vacuum for 5 hours and then
soaked with ultrapure water overnight. An excess of water 25 ,2moved by centrifugation
(Corning® Costar® Spin-X, 0.45 um, nylon membrane’, « plying 100 G for 1 min. All
measurements were performed on a Bruker Minispe~ 1."Q-20 spectrometer, with a 0.5 T
magnetic field (*H Larmor frequency of 20 MFz), hy using a CPMG (Carr-Purcell-
Meiboom-Gill) sequence, with the acquisitior o. 25,000 echoes of 70 us and recycle delays
of 10s. To obtain the T, distributions, e applied a numerical Inverse Laplace Transform
(ILT) procedure (Song, 2013). The cu.tribution of each interstitial scale was obtained by
deconvoluting each T distributic” ‘vt log-gaussian functions. All experiments were carried
out in triplicate. The signal inwnsity was used to measure the volume of water adsorbed by
the biomass, applying CPMC decay of 600 pL of water to calibrate the signal. After the

measurements, all samp.~s were dried at 40 °C during 5 days and weighted.

2.2.5 3C solid state Nuclear Magnetic Resonance Spectroscopy

Solid-state NMR spectroscopy experiments were performed in Bruker Avance Il
spectrometer at frequencies of 100.5 and 400.0 MHz for *C and *H, respectively. A 7 mm
double resonance magic angle spinning probe with a frequency stability superior to 1 Hz was
used. Ramped cross-polarization under magic angle spinning (}C CPMAS) with RF

amplitude varying between 80 — 100 % during 1 ms of contact time was used as an excitation



method. Magic angle spinning of 5 kHz was applied with the Total Suppression of Spinning
Sideband method (TOSS) and high-power dipolar decoupling of 70 kHz. *C and *H 90°
pulse durations of 3.5 and 4.0 us, respectively, were used. All sSNMR measurements were

performed using 2 s recycle delays.

2.3 Enzymes three-dimensional structure analysis

3D structure of PxXyn10A was generated using Alphafold (Jumper et al., 2021).
Sequence alignments against Protein Data Bank were recifonned with BLASTp and
homologous crystallographic structures complexed with ligends were selected to evaluate
protein-ligand interaction. Structures of GH10 xylan-.os 1-om Xanthomonas axonopodis pv.
citri str. 306 (PDB 4PN2) and from Geobacillus stee othc.rmophilus (PDB 4PUD) complexed
with xylotriose and xylopentaose, respectivey, ..cre superimposed with PxXynl10A using
PyMOL (https://pymol.org/2/). For visua.*7tion of decorations, a xylopyranose residue a-1,3
bound to arabinofuranosyl and a-1,2 bcind to glucuronic acid were built with GLYCAM-
Web (https://glycam.org/cb/) anr. (hei, pair fitted to a desired xylopyranose residue of the
appropriately placed ligand.

3D structures of P..vi.211B and MetXyn11 were previously determined by Briganti et
al. (2021) and by Kadov.aki et al. (2021) , respectively (PDB codes 7KVO0 and 7L1W). The
ligands were modeled within both GH11 enzymes catalytic sites based on crystallographic
structure of Trichoderma reesei GH11 xylanase complexed with xylohexaose (PDB 4HKS).
Since MetXynll lacks the -3 subsite, the non-reducing end xylopyranose residue of the

xylohexaose was excised, originating xylopentaose.

2.4 Enzymatic hydrolysis
PxXyn10A (WP_053782506.1), PxXynllB (WP_053781844.1) and MetXynll

(ATY75129.1), were expressed and purified according to previously stablished protocols



(Evangelista et al., 2019; Ghio et al., 2018; Kadowaki et al., 2021). Specific activity of
MetXyn1l xylosidase against xylotetraose was determined by X2 detection using HPAEC
after enzymatic reaction at 50°C. The activity unit (U) was defined as the amount of enzyme

that releases 1 umol of reducing sugar per minute.

To explore possible synergistic effects, the enzymes were applied to substrates in six
different GH10+GH11 combinations. Total enzyme concentration in each reaction was 125
pg/mL, and GH10:GH11 concentration ratios were 1:2; 1.1 anu 2:1. Enzymes were also
applied one at a time in samples that are referred to as 3:% a1 0:3. Control samples without
enzyme addition are designated 0:0.

Two milliliter reactions were carried out in 59 n, phosphate buffer pH 6.0, at 50 °C
for 48 hours, using a ThermoMixer® (Kasvi, 3i.7i’) under agitation, in duplicates. Substrate
concentrations were 2% (w/v) for so.‘d ~ubstrates and 38% (v/v) for liquid substrate.
Hydrolysis reactions were interrupted by boiling the samples for 5 minutes. Then,
hydrolysates were centrifuged #* 12700 RPM for 5 minutes and the supernatant was

collected for HPAEC analysis.

2.5 Analytical methods \~r AOS quantification

High performance anion exchange chromatography, coupled with amperometric
pulsed detection (HPAEC-PAD) is a very sensitive technique, which allows for precise XOS
identification and quantification (Santibafez et al., 2021). Prior to chromatographic analysis,
hydrolysates samples were filtered using 0.22 um filters (Perfectalab, Sdo Paulo, Brazil).
HPAEC-PAD was performed with ICS-5000 system equipped with CarboPAC1 column, 250
mm x 2 mm, both from Dionex (Sunnyvale, USA). As gradient of 100 mM sodium hydroxide

(buffer A) and 500 mM sodium acetate plus 100 mM sodium hydroxide (buffer B) was



applied. Flux, temperature and time were set to 0.3 mL/min, 30 °C and 35 minutes,
respectively.

Standard calibration curves of xylooligomers (X1-X6, from Sigma-Aldrich, St. Louis,
USA) were used to determine XOS concentrations in hydrolysates. For solid substrates,
concentrations ([XOS]) were converted to XOS yields based on initial mass (Yxos), using
equation 2, in which the concentration of substrate ([substrate]) was 2% and Ypr represents
solids recovery after pretreatment.
Yxos = [XOS] / [substrate] - Ypr Eq. (1)

For liquid substrates, XOS yields were determined vy cquation 3, where [substrate]
value was set to 38% (v/v). Liquid volume to initial m=<s ,<tio was 20 mL/g.

Yxos = [XOS]/[substrate] - (total liguor volume) / (ir tia. mass) E(Q. (2)

3. Results and discussion

3.1 Biomass chemical charact-vizot on

Chemical composition ¢f coin cobs before and after pretreatments is given in Table 1.

Table 1. Corn cobs che.mical composition of solid fractions (% dry basis) before (CC-IN) and
after alkali (CC-AIK) or hydrothermal (CC-HT) pretreatments. N/D — Not detected. The

experiments were conducted in duplicate.

Component CC-IN (%) CC-Alk (%) CC-HT (%)
Glucans 30.3+0.9 47.3+04 47+ 1
Xylan 25.8+04 35.2+0.8 18.7+0.2
Arabinose 1.83+£0.02 2.51+0.06 1.58 £ 0.08




Acetyl groups 2.80+£0.03 N/D 0.82 £0.03
Lignin 20+1 8.3%0.5 30+2
Ashes 1.2+01 21+0.3 0.30 £ 0.04
Extractives 7501 - -

Total 90+3 95+2 99+3

Composition of untreated CCs is in line with the litzrawcre (Baptista et al., 2020;
Poletto et al., 2020). The xylan fraction in CCs is highrr o> compared to other xylan-rich
feedstocks, such as sugarcane bagasse (Espirito Sant~ eu ~l., 2018) and wheat straw (Isci et
al., 2021), which makes CCs a promising raw mater.al ;ar XOS production. The xylan from
studied samples of CCs is 27% acetylated and ar..~i*,ofuranosyl decorated (around 7%).

As expected, the main effect (¥ 7.kaline pretreatment on CCs composition was
delignification (from original 20% in 1.~ CCs to 8% of lignin in CC-AIk) and simultaneous
enrichment in cellulose and xyla~ frc~.ions. Additionally, alkaline pretreated samples were
deacetylated as a result of NauUH neutralization. On the other hand, hydrothermal
pretreatment of CCs samnle. /CC-HT) resulted in a significant reduction in xylan content
(27.5%) and only paruc! ueacetylation. HPAEC analysis of liquid fraction has shown that
xylan was solubilized and could be found in the form of XOS with various degree of
polymerization (Figure 1). Monomeric sugar contents of the liquid fraction were 4.85 g/L

xylose, 0.99 g/L glucose, 0.98 g/L arabinose and 0.96 g/L acetic acid.




600
| X1
X3 x4 x5 X6
5007 X2 Standard
VAN

400
O
N2
L
2 300 - H
S
a,
£
S: 200 Corn cob liquor
Q-‘ -

100 i

_ ﬂ 1 ,"l A
0 _ ‘\'\JL‘ J
T T T T T T T T
5 10 15 20 25

Time (min)

Figure 1. HPAEC profile of corn cob hydrotherma’ lig.or, showing the presence of a wide

range of xylooligosaccharides.

3.2 Physical characterization of the ~iomass
Biomass physical properticz s..~'i as porosity, cellulose crystallinity and lignin
distribution are impacted by pictreauments (Scapini et al., 2021). Such modifications may
influence enzymes accessihn,” to cellulose and xylan, and impact XOS production yields
(Zhang et al., 2021).

3.2.1 X-ray diffraction analysis

Cellulose crystallinity might have significant impacts on the efficiency of enzymatic
hydrolysis (Espirito Santo et al., 2018; Park et al., 2010). The crystallinity could be
significantly altered by the pretreatments of lignocellulosic biomass which is the reason we
determined crystallinity indices (Crls) and the average size of the crystallites of raw and
pretreated corn cobs samples using X-ray diffraction (XRD) (Table 2).

The Crls of pretreated corn cobs samples and the average size of the cellulose



crystallites were significantly different from original, untreated biomass (Table 2).
Comparison of chemical composition analysis of CCs samples (Table 1) and their
crystallinity indices and average crystallite sizes (Table 2) shows that the changes in CCs
crystallinity were primarily due to removal of lignin and hemicellulose fractions, caused by
pretreatments. Crls estimates based on the Segal equation (Table 2) agree well with the
decrease in lignin and hemicellulose contents of the pretreated samples (Table 1). Lower Crl
values observed for raw bagasse samples are consistent with their higher lignin and/or
hemicellulose content as compared with the pretreated samples.

It is known that hemicellulose and lignin removal ~a1u.v tor direct interfacing between
cellulose crystallites, enabling co-crystallization that rasu'ts in larger crystallites and higher
crystallinities of the pretreated lignocellulosic biomass scmples (Driemeier et al., 2015). This
view is consistent with our results (Table 2), *r.ch show that the applied pretreatments
resulted in higher Crls and larger crystal ‘tec. Both Crls and the average crystallite sizes were
larger for alkaline-pretreated CCs san.>les, presumably because of the more homogeneous
removal of lignin, as demonstrr*~d »y CSLM images and their analyses. Hydrothermal
pretreatment led to much lec: humogeneous samples, which possibly resulted in their
somewhat smaller Crls ana >/.rage crystallite sizes, which nevertheless were considerable

higher than that of raw, '"nueated CCs samples (Table 2).

Table 2. Crystallinity indices and average crystallite sizes. CC: Corn cobs.

TR, Average cellulose crystallite
1o
Sample Crystallinity indices™ (%) widths (nm)
Untreated CC 33.9+37 3.0£0.7
Alkaline pretreated CC 46.2+2.4 3.6+0.1
Hydrothermally pretreated CC | 44.4 £ 4.7 3.2+0.2

! Calculated according to the method described by Segal et al. (1959)




3.2.2 Confocal scanning laser microscopy (CSLM) analysis

Confocal scanning laser microscopy (CSLM) using two-photon excitation is a
powerful optical technique for visualization of lignin autofluorescence, which reports on
lignin distribution and differences in lignin properties in lignocellulosic materials (De Micco
& Aronne, 2007; Coletta et al., 2013). Using this technique, it is possible to obtain
information on lignin molecular arrangement in plant biomass, such as CCs, for example
(Coletta et al., 2013).

Fig.2 shows CSLM images of CCs before and aftrr ecch of the applied pretreatment.
Figs. 2A, 2E and 2l are the raw spectral images of the ~Cs in which each image pixel is
associated to an emission spectrum of lignin at that r.ar..~ular position. Its spectral shape and
position can be strongly modified by pretrezin. s (Coletta et al., 2013; Pellegrini et al.,
2022). The color in the images results frcm ~.n RGB decomposition of the measured spectrum
for each image pixel in the visible regiu between 400 and 700 nm. Therefore, changes in the
color of the CCs fragments in the ~nectral images are necessarily variations in the band shape
and/or band shift associated tc “he cnange of the original lignin arrangement in the cell walls,
due to lignin aggregation nr (» .ignin chemical modification due to pretreatments (Pellegrini
et al., 2022). Mutivoriae statistical classification was applied to the spectral images
(Pellegrini et al., 2022) in which the seven most representative spectra were classified and
each image pixel was colored with the false color that represents the spectral class in that
position (Figs 2B, 2F and 2J). The normalized spectra of the seven spectral classes and their
occurrences are depicted in Figs. 2C, G, K and 2D, H, L, respectively. Untreated CCs (Figs.
2-A:D) emit fluorescence predominantly (~80% of the pixels on the CCs samples confocal
plane) in the blue range (400 — 500 nm) of electromagnetic spectrum, reflecting

homogeneous lignin arrangement and distribution in the cell walls. The red CLASS7



spectrum (less 1% occurrence) is dominated by chlorophyll emission at around 780 nm.
Spectral emission of lignin in the hydrothermally pretreated CCs samples (Figs. 2E-H) shifts
to a longer wavelength spectral region (yellow-red; 550 — 650 nm, Fig. 2G), with a broader
spectral shape that is distributed almost homogenously over the CCs images. Except for the
variation in chlorophyll emission at 780 nm, the spectral shape of lignin emission changes
very little between the classes in Figure 2F after hydrothermal treatment. These small spectral
variations between classes are barely distinguishable in the raw spectral image (Fig. 2E).
However, the spectral changes due to the hydrothermal pretrec*ment are signatures of strong
aggregation process that broaden the lignin molecular s’ate: toward the visible range and
promote excited state migration (energy transfer) and =nc-qy relaxation to molecules of low
energy (Coletta et al., 2013). As a consequence, ~. number of the pixels with the lignin
autofluorescence in blue spectral regions dec ee.2, whereas significantly higher number of
pixels reveal lignin autofluorescence in ellow and red spectral regions. Furthermore, as the
confocal image is a planar cut of a »~und shape sample that contains information of its
interior and surface contours, the ~nect al classification gives an idea of the degree of lignin
aggregation in these two rey'ons. Fig. 2F shows that lignin is less aggregated and/or
condensed due to the blue s..if. of the emission inside the CCs samples than in the surface
region, where the emiscion is more redshifted and consistent with more aggregated lignin
(Fig. 2-F). This is indicative of partial lignin solubilization, redistribution, condensation and
reprecipitation at the surface of CCs particles as well as changes in natural arrangement lignin
structure after hydrothermal treatment. The emission of lignin from alkali pretreatment of
CCs shifts from the blue-greenish spectral range for the untreated CCs samples to the green
spectral region (Figs. 2I-L), indicating changes in the original lignin arrangement brought
upon by alkali pretreatment and large lignin solubilization. Although the spectral image (Fig.

21) is homogeneous in terms of emission, its spectral classification (Fig. 2J) shows further



details of how the lignin is organized within the cell walls. Fig. 2K shows the spectral classes
were classified in terms of the broadening process in the emission spectral region of longer
wavelengths, consistent with level of aggregation in these samples. This image shows that
lignin is less aggregated (smaller broadening for the blue classes) inside the cell wall and
more aggregated (higher broadening for the yellow-red classes) in the interface areas between
the cell walls, indicating that lignin accumulates in these areas. This is consistent with partial
lignin dissolution and removal of lignin particles from the alkaline-pretreated samples (Table

1; Espirito Santo et al., 2018).
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3.2.3 'H Time Domain NMR Relaxometry

CPMG experiments were used to evaluate the water volume adsorbed by the CCs
samples. The adsorbed water volume was determined by comparing the CPMG first echo
intensities measured for each water saturated sample with that measured for 600 uL of
ultrapure water. The dried masses were measured to obtain the adsorbed volume by mass
ratio. Average values of 4.2 £ 0.2 mL/g, 4.2 £ 0.2 mL/g and 4.0 + 0.1 mL/g were obtained for
the raw, alkaline and hydrothermal pretreated samples. Within the errors, all samples
revealed similar water adsorption capacity (Table S1; SM). Tnc T, distributions reveal
three components corresponding to water in pores at the nricre fibril surfaces (T, about 1 ms),
water adsorbed within the lignin-hemicellulose matriv: ~n the fiber surface (T, ~ 10 ms) and
water inside luminal pores T, (~ 100 ms) (Meng & Ragauskas, 2014). The relative area of
each component for the samples (Figure S1; %) reflects the quantity of water in each
interstitial scale. Compared to originc! .amples, the relative areas associated to the
microfibrils and the lignin hemicellulo.~ matrix decrease in the alkaline-pretreated samples
and increase for hydrothermally r..~trczced samples. This reveals an increased hydrophilicity
in the more internal interstitia. sites in the cell wall of samples submitted to hydrothermal

pretreatment (Figure S1, €M,.

3.2.4 1°C solid state Nuclear Magnetic Resonance Spectroscopy

3¢ solid state NMR spectroscopy was used to evaluate the effect of the pretreatments
on the composition and/or cellulose microstructure of the CCs samples. The spectra of raw
and pretreated CCs are shown in Figure 3, where the geometric markers indicate spectral
regions attributed predominantly to hemicelulose (blue circles), lignin (pink stars) and
cellulose (orange squares) (detailed signal assignments are given in (Rezende et al., 2011).

All spectra were normalized by the signal at 88 ppm (C4-carbon of inner structure of



cellulose microfibrils). Noteworthy, the signals from acetyl groups, at 21 ppm and 172 ppm,
vanish and the lignin signals are strongly reduced in CC-Alk samples, while for CC-HT the
signals from acetyl groups are reduced while lignin signals remain. This is in agreement with
the chemical composition analysis (Table 1).

Detailed inspection of the spectral regions associated to C4 (80-90 ppm) and C6 (60-
65 ppm) carbons of the carbohydrate fractions of CC-Alk and CC-HT samples, which are
highlighted in the insets of Figure 3, reveals considerable differences in the signal profile
around 82.2 ppm. Considering only cellulose chains, the sp':* o.served for the C4 carbon
signal (80 to 90 ppm) and C6 signal (60 to 65 ppm) is assiyne to two distinct conformational
environments of cellulose referred to as domain 1 (sian.'s at ~88 ppm and ~65 ppm), and
domain 2 (signals at ~84 ppm and 62 ppm). Doma’i1 1 has been attributed to more ordered
cellulose chains in the core of the microfibril, su.7e.imes named crystalline cellulose (Foston
et al., 2011; Park et al., 2010). As recen.'v r.roposed (Terrett et al., 2019), it is also expected
that domain 1 has some contributior, from surface chains which are in more ordered
conformation states induced upor *he i~.teraction with other cell wall components. Domain 2
is attributed to conformationa. disordered cellulose chains at the microfibril surfaces which
do not interact with other ce:! "vall components, being sometimes referred to as amorphous
cellulose (Foston et al., ”0.L; Park et al., 2010). This is the reason we normalized the spectra
by the signal at 88 ppm, which is mostly attributed to internal cellulose chains, so less prone
to variation upon the pretreatments, as evidenced by the little variations in the average
cellulose crystallite widths obtained by the X-ray diffraction analysis.

Besides the cellulose signals, the spectral regions from 80-90 ppm and 60-65 ppm can
also have contributions from C4 and C6 signals of hemicellulose (Dick-Pérez et al., 2011,
Wickholm et al., 1998). Furthermore, Dupree and co-workers (Simmons et al., 2016; Terrett

et al., 2019) applied extensive 2D NMR characterization of *C labeled Arabidopsis thaliana



samples to demonstrate that signals at 105.2 ppm, 82.2 ppm, 75.2 ppm, 72.3 ppm and 64.3
ppm can be assigned to xylan in flattened two-fold screw conformation bound to the surface
of the cellulose microfibril. These signals were also identified in sugar cane bagasse samples,
using *3C ssNMR spectra edition associated to multivariate analysis (Espirito Santo et al.,
2022). Notably, the signal at 82.2 ppm can be taken as a fingerprint of the xylan in two-fold
screw conformation, since other hemicellulose components or conformationally disordered
xylan (which assumes three-fold screw conformation) are not expected to have peaks at these
positions (Simmons et al., 2016). The difference in C4 carbe siynals between CC-Alk and
CC-HT, seen around 82.2 ppm in the inset of Figure 3 (d7sne1 1ine), indicates a significantly
higher amount of xylan in flattened two-fold screw ~o..formation retained in the CC-Alk
sample. The same conclusion can be drawn from the Cb cignal, which depicts higher intensity
around 64.3 ppm for the CC-Alk than for CC-F. © cample. Of note, despite the strong signal
superposition, in all regions where thr.=-f,ld screw xylan signals are expected to appear
(105.2 ppm, 82.2 ppm, 75.2 ppm, 72.. "pm and 64.3 ppm), the observed signals intensities
were considerably higher for CC-" 1k ~~mples as compared to CC-HT samples, which further
corroborates our hypothesis. T: ere1ore, the differences observed in the C4 and C6 signals in
the spectra of the CC-Alk an.' ~C-HT samples can be mostly attributed to the higher amount
of xylan in flattened .'0-rold screw conformation bound to the surface of the cellulose

microfibril, which is chiefly retained in the solid fraction after the alkaline pretreatment.
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Figure 3. Top: **C ssNMR spec *a or a raw corn cobs samples (CC-IN). Middle: spectra of
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regions associated to the C4 (80-90 ppm) and C6 (60-65 ppm) carbons of the carbohydrate

fractions of CC-Alk and CC-HT samples

It has been shown that cellulose-xylan interactions are stabilized by restraining the 2-
fold screw xylan backbone conformation while lying on the cellulose surface (Pereira et al.,
2017). It has also been demonstrated that at high temperatures (160 °C), xylan migrates from
the hydrophilic to the hydrophobic cellulose surfaces (Pereira et al., 2017). This implies that

hydrothermal pretreatments should predominantly eliminate xylan from the hydrophilic



cellulose surface, which is consistent with the NMR results. First, it can explain why two-fold
xylan is predominantly retained in the CC-Alk but not in CC-HT samples. Second, the
migration of xylan to the hydrophobic cellulose surface due to the hydrothermal pretreatment
is consistent with our NMR relaxometry results (Figure S1), which reveals significantly
higher amount of water in the interstitial regions related to the cellulose microfibril surfaces
and to the lignin-hemicellulose matrix at the surface of the fibers. Kang and coworkers (Kang
et al., 2019) have demonstrated that three-fold conformation of xylan involves electrostatic
interactions between Xxylan polar groups (disassociated frem collulose microfibrils) and
lignin. Since alkaline pretreatment strongly affects ng.-in, it is likely to interfere
predominantly with the three-fold xylan. On the oprns.*e, hydrothermal pretreatment will

preferentially affect cellulose-associated xylan in twe -fo. screw conformation.

3.3 Three-dimensional structural analys. " of the enzymes used for XOS production

To better understand CCs GA.’ enzymatic degradation, we decided to investigate
structural features of the two x:'ar.~ces and the xylosidase employed in the enzymatic
hydrolysis step.

PxXyn10A structure v 25 predicted with Alphafold, with an overall pLDDT of 97.64.
Superimposition of F.XynlOA structure with Geobacillus stearothermophilus xylanase
crystallographic structure complexed with xylopentaose (PDB 4PUD), allowed for
identification of all the subsites (from +3 to -2) of the active site. Furthermore, superposition
with Xanthomonas axonopodis pv citri XynB structure bound to xylotriose (PDB 4PN2)
permitted the identification of -3 subsite. Therefore, we were able to build a xylohexaose
molecule based on the forementioned ligands, to explore PxXyn10A structure with X6 ligand
adequately positioned in the enzyme catalytic cleft.

It is recognized that glycone subsites of GH10 xylanases are often well conserved,



while the aglycone subsites are more prone to variations, leading to different affinities of the
branched substrates (Linares-Pasten et al., 2016). Consistent with the previous reports, the
ligand interactions with Lys32 and His88 via O3 and with Asn110 and catalytic Glu218 via
02, are present in subsite -1, whereas highly conserved Lys32, Trp251, Glu28 and Asn29
interact with the substrate in subsite -2 (Pell et al., 2004).

In xylan, arabinofuranose decorations can occur both at O2 or O3 positions of
xylopyranose residues, while 4-O-methyl-glucuronic acid substitutions are bound to
xylopyranose backbone via a-1,2 linkage (Capetti et al.. 2uv21). Considering this, to
understand PxXyn10A tolerance to xylan decorations, we a.alyzed the orientation of each
xylopyranose residue O2 and O3 atoms for xylohevac-e placed into the catalytic cleft.
Subsites +3 and -3 have no steric hindrances for decrraw.~ns at O2 or O3 positions, indicating
that these residues can bear arabinofuranose ¢r ---C-methyl-glucuronic acid decorations (Fig
4A). At subsites +2 and -1, on the othc~ h-.nd, O2 and O3 are both occluded by enzyme’s
surface, and therefore, these positioi.~ do not tolerate binding of branched substrates.
Differently, subsite -2 displays C? a,rarently well positioned for substitution, while O2 is
sterically impeded, thus PxXy:10A can only tolerate an arabinofuranose decoration at this
subsite. Finally, modellinn o =rabinofuranose at O3 and glucuronic acid at O2 positions in
subsite +1 (Suppleme.tary Figure S2) showed that, indeed, both arabinofuranose and

glucuronic acid decorations can be accommodated.
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Figure 4. Structural models of PxXynlu.® (A), PxXynl1l1B (B) and MetXynl1l (C) with a

xylohexaose (A and B) or xylopertao.™ (C) molecule modeled in their catalytic clefts.
Subsites and oxygens numbers are 1chered, as well as the reducing (RE) and the non-reducing
ends (NRE). Panel (D) shovww: a schematic representation of enzymes tolerance to
arabinofuranose (shown as areen stars) and 4-O-methylglucuronic acid (shown as blue and
white diamonds) decorau.ons in each of their subsites. Xylan backbone is shown as golden
stars. Blue and red areas on enzyme surface correspond to catalytic Glu218 and Glulll

surfaces, respectively.

PxXynl11B is a bona fide GH11 endo-xylanase. Analysis of its structure with a
xylohexaose molecule in the catalytic site shows that subsites -2, -1 and +1 hold ligand 02
and O3 atoms facing towards enzymes surface, being impeded to bear decorations, while

subsites -3, +2 and +3 arrangements are favorable to accept arabinose or glucuronic acid



decorations (Figure 4B) (Briganti et al., 2021). Finally, MetXyn1l is an exo-acting GH11
xylosidase. Its main structural difference to traditional GH11 xylanases consists in two
additional loops (9 and 13), which occlude subsite -3 and enclose the exit of the catalytic
cleft. This results in xylobiose being the only product this enzyme can generate (Kadowaki et
al., 2021). A study on MetXyn11 structure with X6 reveals that all but subsites +2 and +3 are
sterically impeded for xylan decorations (Figure 4C) (Kadowaki et al., 2021).

Altogether, our results confirm that PxXyn10A follows the tolerance pattern observed
in other GH10 xylanases with well conserved the glycone <:'hs,*es (Linares-Pasten et al.,
2016), while being rather arabinose-permissive in the ag. ‘cone subsites, with the only
restriction being subsite +2. Comparison of enzymes tu'erances to branching (Figure 4D)
indicates that PxXyn10A might perform better on more substituted substrates in comparison

to GH11 counterparts.

3.4 Enzymatic XOS production

Enzymatic hydrolysis w~~ coried out using two endo-xylanases, PxXynl1lB and
PxXyn10A from GH11l anu. GH10 families, respectively and GH11 exo-xylosidase
MetXynl1l on liquid ann -<clid substrates obtained after hydrothermal and alkaline
pretreatments. The sunctraes present either xylan accessible after lignocellulosic complex
disruption (CC-Alk, CC-HT), or soluble high-DP XOS (CC-HT-Liq).
The specific enzymatic activities of xylanases PxXynl10A and PxXynllB have been
previously determined as 99.58 * 0.14 U/mg and 131.56 + 0.08 U/mg using wheat
arabinoxylan as a substrate (Ghio et al., 2018). Specific activity of xylosidase MetXyn1l
against xylotetraose was experimentally determined in present study and found equal to 158
+ 4 U/mg.

Enzymatic hydrolysis of alkali pretreated CCs xylan revealed that combinations of



PxXyn11B with PxXynl10A performed better than any of these enzymes used alone. This
shows that differences in permissibility of GH10 and GH11 xylanases to xylan decorations is
important for degradation of insoluble substrates (CC-Alk). Furthermore, the absence of
acetylations allows for efficient contribution of traditional GH11 endo-xylanase for XOS
production. Chromatographic profiles of CC-Alk enzymatic hydrolysis products present
several peaks with retention times greater than that of xylohexaose, which probably
correspond to branched arabino-xylooligosaccharides (AXOS) (Supplementary Figure S3).
Application of the exo-acting xylosidase MetXyn11 alone res.'ted in only small amounts of
XOS from the solid fraction of alkali-pretreated CCs. TFris .= consistent with the molecular
mechanism of MetXynl1l action, which allows hydr~lvsis of non-decorated X2 from non-
reducing ends of xylan chain until when the enzyn.> encounters decoration. After this
molecular event, MetXynll stalls and disst.ci.tes from the xylan chain. This results in
relatively inefficient xylan degradation (:-ig. oA).

Similar limited activity of MctXynll is observed in hydrolysis of solids from
hydrothermally pretreated CCs (F'~ L2). Interestingly, a different effect was observed for the
combination PxXyn10A + Pa.<yni1B, in which the use of GH10 alone resulted the best
yields of short XOS. This dif=rence is probably due to the fact that xylan from hydrothermal
pretreatment is still pai.‘any acetylated, as demonstrated by the composition analysis (Table
1). In addition to decorations, acetyl groups are known to provide hindrances for xylan
enzymatic hydrolysis, especially for the enzymes from GH11 family, impairing enzymes
access to xylan backbone (Hu & Saddler, 2018). Furthermore, xylan from solid fraction of
hydrothermally pretreated CCs has slightly higher amount of arabinose decorations than
alkali pretreated xylan (8.4% vs 7.1%, respectively). It becomes clear that higher GH10 loads
led to improved XOS yields from acetylated and more branched substrates, because of better

tolerance of the enzymes toward decorations and acetylation.



Enzymatic hydrolysis of CCs hydrothermal liquor resulted in the highest yields of
short undecorated XOS. In this fraction, xylan is solubilized and fragmented in a wide range
of decorated and undecorated XOS with different DP and MetXynl11 was remarkably more
active against longer XOS. MetXyn11+PxXynl10A were able to efficiently convert soluble
xylooligomers into short functional XOS, especially xylobiose and xylotriose, known for
their enhanced prebiotic activity (Vazquez et al., 2000). On the opposite, enzymatic
hydrolysis of the liquid fraction after alkaline pretreatment did not render significant amount
of XOS, presumably because of unproductive binding of xy!2~ascs on lignin which shields
the small fraction of co-solubilized xylan.

Comparing XOS vyields obtained by two differei* routes, the alkali route for XOS
production resulted in up to 59 + 2 mg of short under.oru*ad XOS per gram of initial biomass,
obtained after hydrolysis with combination of F..X*,n10A with PxXyn11B at 2:1 ratio, while
hydrothermal pretreatment rendered u, tc 41 + 1 mg/g from the solid fraction when
hydrolyzed in that same enzymatic con'ition (Figure 5A&B). Although XOS production was
1.4 times higher for alkali pretrer*~d ~Cs, it is noteworthy that xylan concentration in these
samples is almost two time: hiyher as compared to the samples after hydrothermal
pretreatment (Table 1), revcting smaller efficiency of enzymatic XOS production from
alkali-pretreated CCs. . audition, 73.5 + 0.2 mg/g of XOS were produced from the liquid
fraction of hydrothermal pretreatment for the most efficient GH10 + GH11 combination,
which was PxXynl10A + MetXynll at 1:1 ratio in this case (Figure 5C). Combining the
highest yields of solid and liquid fractions of hydrothermal pretreatment, a total yield was
1145 + 1.2 mg/g of XOS. Yields calculated in terms of xylan available in the original

biomass can be found in Table 3.

Table 3. A summary of XOS yields obtained after enzymatic hydrolysis including calculation



based on initial biomass and based on available xylan. 1 gram of initial biomass contains

0,258 gram of xylan.

Most efficient

Pretreatment . Yield (mg XOS / g of Yield (mg XOS / g of
strategy enzymatic initial biomass) xylan)
combination
. PxXyn10A +
+ +
Alkali PXXyn11B (2:1) 50+2 228 + 23
Hydrothermal | PxXyn10A +
. 41+1 159+14
(Solid) PxXynl11B (2:1)
1145+1.2 444 + 5
Hydrothermal | PxXynl10A +
: 735%0.2 284.9+0.8
(Liquor) MetXyn11 (1:1) ‘

For comparison, using a more severe alkali pretreatment, *vith 5% KOH at 90°C for 1h, and a
commercial GH10 xylanase, Boonchuay et al. (2018) ontained 79 mg/g of XOS (excluding
xylose). Furthermore, Teng et al. (2010) procuc«d 102 mg/g of XOS from CCs after steam
explosion pretreatment at 196°C for 5 mir.utes. These results indicate that hydrothermal
pretreatment followed by enzymatic .\/drolysis of CCs is an efficient way to obtain short
functional XOS. Furthermore, it is a ¢ re2n and sustainable technology which does not require
utilization of potentially pollut*ng c.:emicals.

XOS health related .-orerties have been vastly characterized in the recent years and
their consolidated use as Tvod additive justify the assessment of XOS production routes
through efficient methodologies, such as enzymatic technology. We have been able to
produce a mixture of XOS from pretreated CCs samples comprising mainly short non-
substituted XOS as well as decorated XOS (Supplementary Figure S3). Gut microbiota has
differential preferences for linear and substituted XOS depending on bacteria species. For
instance, while prebiotic effect on Bifidobacterium adolescentis can be observed both with
linear and decorated XOS (Vacilotto et al., 2022), Lactobacillus brevis selective growth can

only be achieved with non-substituted XOS (Nordberg Karlsson et al., 2018). Similarly, it has



been demonstrated that antioxidant activity is also impacted by structural features of XOS
molecules (Bouiche et al., 2020). Indeed, higher DP XOS obtained from glucuronoxylan had
improved antioxidant capability as compared to arabino-XOS (Bouiche et al., 2020).
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Figure 5. XOS yields from enzymatic hydrolysis. (A) alkali pretreated CCs; (B) solid
fraction from hydrothermally pretreated CCs; (C) liquid fraction of hydrothermally pretreated
CCs. 0:0 represent control samples, with no enzyme addition. 3:0 and 0:3 represent samples

hydrolyzed with only GH11 and GH10 enzymes, respectively.

4. Conclusions

Here, we analyzed the impacts of two pretreatments on chemical composition and
physical structure of CCs during enzymatic XOS production, *~ve.'ing the differences in the
impacts of hydrothermal and alkaline pretreatments. Not-.o1y, we showed that xylan in two-
fold conformation associated with the cellulose si*fac~ is predominant in the alkaline
pretreated samples, whereas hydrothermal pretresitni.ont causes migration of xylan to
hydrophobic surfaces of cellulose and has <raaller effects on xylan in three-fold
conformation. We demonstrated the .dvratages of performing enzymatic hydrolysis on
hydrothermally pretreated CCs, whic.. vielded almost two-times more short-chain XOS.
Furthermore, this route is ecologi~~lly #/iendlier, since xylan depolymerization relies only on
hot water. Moreover, we a.alyzed structural basis of PxXynlOA tolerance to xylan
decorations, which turns it u.:~ an efficient enzymatic tool for prebiotic xylooligosaccharides
production.
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