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Biomass-derived oligo- and polysaccharides may act as elicitors, i.e., bioactive molecules that trigger plant im-
mune responses. This is particularly important to increase the resistance of plants to abiotic and biotic stresses. In
this study, cellulose nanofibrils (CNF) gels were obtained by TEMPO-mediated oxidation of unbleached and
bleached kraft pulps. The molecular structures were characterized with ESI and MALDI MS. Analysis of the fine

Elicity
Ollicglo:;cchari des sequences was achieved by MS and MS/MS of the water-soluble oligosaccharides obtained by acid hydrolysis of
Characterization the CNF gels. The analysis revealed the presence of two families: one corresponding to homoglucuronic acid

sequences and the other composed by alternating glucose and glucuronic acid units. The CNF gels, alone or with
the addition of the water-soluble oligosaccharides, were tested on Chili pepper (Capsicum annuum). Based on the
characterization of the gene expression with Next Generation Sequencing (NGS) of the C. annuum’s total
messenger RNA, the differences in growth of the C. annuum seeds correlated well with the downregulation of the
pathways regulating photosynthesis. A downregulation of the response to abiotic factors was detected, sug-
gesting that these gels would improve the resistance of the C. annuum plants to abiotic stress due to, e.g., water

deprivation and cold temperatures.

1. Introduction

Plants produce low molecular weight bioactive compounds that
trigger a response reaction to biotic and abiotic stresses. Such com-
pounds are called elicitors and can be released from the plant cell wall as
small polysaccharide fragments [1-3]. These endogenous oligosaccha-
rides can be applied as an environmentally-sound alternative to pesti-
cides. In recent years, numerous oligosaccharides have been identified
as elicitors in a wide variety of plants [4]. Glucuronans and oligoglu-
curonans, for instance, produced defense responses in apple fruits and
grapevine [5,6]. Additionally, the elicitor activity in Arabidopsis thaliana
of cellulose and hemicellulose-derived oligosaccharides has been stud-
ied in detail [7]. However, challenges regarding the obtention of
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oligosaccharides from plants motivate the development of new tech-
nologies in this area.

Oligosaccharides can be obtained by depolymerization of poly-
saccharides from natural sources. Autohydrolysis, acid/basic hydrolysis
and enzymatic depolymerization are the three common techniques to
produce these kind of sugars [8]. For example, arabinooligosaccharides
were produced from beet fibers by autohydrolysis [9]; oligogalactur-
onans with elicitory properties [2], were obtained and characterized
from agro-food wastes by treatment of two sequential acid hydrolysis
steps using HCl and TFA [10]; and xilooligosaccharides were produced
using basic conditions in the extraction of xylan from hardwood [11].
On the other hand, the enzymatic process is mainly mediated by hy-
drolases and lyases with milder conditions that those mentioned above
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(adequate pH and temperature) [8,12]. To be applicable, these methods
must be reproducible, and the mixtures must be properly characterized
to provide insights about the most active structures.

The cell wall of plants is composed of cellulose microfibrils as the
structural component. In the case of wood, microfibrils can be released
from the wood tracheids through a series of pulping and post-treatment
processes, thus giving rise to large-scale production of cellulose nano-
fibrils (CNF). One of the most common processes to obtain CNF is from
chemical pulps (e.g. kraft pulps), applying 2,2,6,6-tetramethylpiperidi-
nyloxy (TEMPO)-mediated oxidation with NaClO as co-oxidant, which
is used to regenerate the TEMPO catalyst [13,14]. TEMPO CNF gels have
a range of interesting properties such as tunable surface chemistry, ho-
mogeneous nanofibril morphology, high viscosity at low concentration,
biocompatibility, antibacterial properties and can form films with high
translucency and strength [15-17]. Hence, TEMPO CNF gels have been
proposed for a series of high-end applications, including tissue engi-
neering, wound dressings and biological tissue models [18-21]. CNF
gels may also contain oligosaccharides and these may act as elicitors for
plant cultivation, which is an area of limited research.

Previously, CNF has been proposed as substrate for plant cultivation
[22] and complemented with salicylic acid as potential elicitor [23].
Salicylic acid has the potential to increase the resistance of plants to, e.g.,
abiotic and biotic (pathogens) stresses [24]. Effector-triggered plant
immunity can contribute to protecting plants. However, it is difficult to
assess the effect of elicitors as this would usually require extensive plant
trials. One plausible way of assessing the effect of elicitors on plants is to
characterize the genetic response of the plants as they are exposed to a
given substrate or treatment. This can be done by characterizing the
gene expression with Next Generation Sequencing (NGS) of the plant’s
total mRNA (RNA sequencing). The expression of genes is defined by the
depth of coverage of the corresponding sequence aligned with a refer-
ence genome. Differences in gene expression between two or more
conditions (treatments, growth conditions etc.) is determined by analysis
of significant fold changes of read counts between conditions [25].

In July 2015 NASA announced the cultivation of chili pepper plants
(Capsicum annuum) in the international space station (ISS). This would
be the first fruit to be cultivated under microgravity. Chili pepper is
particularly interesting due to the limited height of the plant, the short
growing period and the high content of vitamin C, a powerful antioxi-
dant [26]. In 2022, NASA announced the successful cultivation of this
plant in microgravity in the ISS [27]. This milestone expands the range
of plants with potential to be cultivated in space for the foreseen space
exploration, i.e., establishing facilities on the Moon as a step for the long-
term travelling to Mars. Such initiatives emphasize the relevance of
C. annuum as a model plant for assessing substrates for plant cultivation
in vitro and how these substrates can be expected to influence plant
growth.

According to Larskaya and Gorshkova [3], two main challenges exist
regarding the development of oligosaccharides as elicitors: 1) relevant
structural characterization of individual oligosaccharides, and 2)
develop relevant test systems. Additionally, we hypothesized that the
TEMPO CNF gels contained oligosaccharides potentially caused by hy-
drolysis and f-elimination during the TEMPO mediated oxidation at
pH 10 [15,28,29], and due to the mechanical homogenization process.
TEMPO oligosaccharides (containing carboxylic acid and aldehyde
groups) could cause a distinct effect on the physiological behavior of
plants, by acting as elicitors. Hence, the purpose of this study was to
confirm the occurrence of oligosaccharides in CNF gels and to address
the mentioned challenges by: 1) developing a new method to obtain
oligosaccharides in relatively large quantities based on additional acid
hydrolysis of TEMPO CNF gels, 2) perform a comprehensive structural
characterization of the oligosaccharides by mass spectrometry and 3)
demonstrate the effect of the oligosaccharides by state-of-the-art gene
sequencing analysis.
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Table 1
CNF gels obtained from pulp fibers.

Code Kraft pulp NacClO (pmol/g)
uCNF_3.8 Unbleached 3800
bCNF_3.8 Bleached 3800
uCNF_6.0 Unbleached 6000
bCNF_6.0 Bleached 6000

2. Materials and methods
2.1. Materials

Unbleached and bleached kraft pulp fibers (Pinus radiata, CMPC
Chile) were used as raw material for obtaining CNF and oligosaccha-
rides. TEMPO (Aldrich, 98 % purity), NaBr (Sigma-Aldrich, >99 % pu-
rity), NaClO (hypochlorite, Roth, 12 % technical), HCI (0.5 M, Roth) and
NaOH (0.5 M, Roth) were applied for CNF production.

99 % Ammonium formate, 37 % HCl and 96 % ethanol were bought
from Acros Organics. D-(+)-glucose, D-(+)-xylose, D-(+)-mannose, D-
(—)-arabinose, L-(+)-rhamnose and H3SO4 98 % were purchased to
Sigma-Aldrich. Water used for HPAEC experiments was of very low
conductivity (MilliQ grade, 18 MQ, Millipore, Bedford, MA). For MS,
matrices and calibrating chemicals were purchased from Sigma-Aldrich.

2.2. Carboxylated CNF

Bleached (100 g) and unbleached pulp fibers (100 g) were pre-
treated with TEMPO-mediated oxidation and using 3.8 and 6.0 mmol
NacClO [30]. The codes of the four produced series are given in Table 1.
TEMPO (1.25 g) and NaBr (12.5 g) were dissolved in water and added to
the kraft pulp, before dropwise addition of NaClO (3.8 or 6.0 mmol/g
fibers). The pH was maintained at 10.5 by addition (dropwise) of NaOH
(0.5 M, Roth). The reaction time was approx. 2 h at room temperature
(~20 °C). The pH was then adjusted to 7 by adding 0.5 M HCI, before
dewatering of mother liquors through a filter (125 pm). Washing of the
pre-treated pulp fibers was performed with Milli-Q water (resistance:
18.2 MQ/cm) until the conductivity was <5 pS/cm. The washed fibers
were passed 3 times through a homogenizer (Rannie 15 type 12.56 x 9),
using 1000 bar pressure. The concentration of the obtained CNF mate-
rial was approx. 1 wt%.

Conductometric titration was applied to quantify the content of
carboxylic acids, according to Saito and Isogai [13].

The carbohydrate composition of samples uCNF_3.8 and bCNF_3.8
was assessed following the protocol NREL/TP-510-42618 [31]. The
samples (concentration of 0.4 wt%) were frozen at —80 °C and lyophi-
lized for 24 h. The freeze-dried samples (uCNF_3.8 and bCNF_3.8) were
milled with a blade homogenizer and sieved to obtain a particle size
distribution between 0.18 and 0.88 mm, as described the NREL/TP-510-
42620 [32]. Monomeric carbohydrates released by the total acid hy-
drolysis of the samples were quantified by anion exclusion HPLC. For
this analysis 10 pL of sample (hydrolysis liquid, 4 % aqueous solution of
H,SO4) was injected in a BP 800-H column (PS-DVB, 9 pm,
300 x 7.8 mm) at flow rate of 0.5 mL/min of HySO4 5 mM in degassed
MilliQ grade water (pH 2). The temperature of the column was set at
60 °C and the detection of analytes was carried out with a Refractive
Index Detector (RID) at 40 °C. The lignin content was quantified by
determining the Kappa number according to TAPPI/ANSI T 236 and
then transformed to weight percentage multiplying by factor of 0.13
[33].

The CNF samples were diluted to 0.6 wt% for assessment of storage
(G*) and loss (G") moduli. The rheological assessment was performed
with a dynamic mechanical analyzer MCR 702e (Anton Paar GMbH,
Graz, Austria). The strain sweep was performed to determine the linear
viscoelastic region.

The CNF samples were diluted to 0.4 wt% and films (20 g/m?) were



M.E. Cano et al.

made in petri dishes. The films were allowed to dry at room temperature
(~20 °C). The dried films were scanned with a UV-visible spectropho-
tometer (Cary 300 Conc, Varian) to quantify the light transmittance
between wavelengths of 200 and 800 nm.

2.3. Mass spectrometry

2.3.1. Electrospray ionization (ESI)

MS-detection was performed following the protocol used before
[10]. SYNAPT G2-Si instrument hyphenated with the ACQUITY UPLC H-
Class system was used (Waters, Manchester, UK). The ESI source was
operated in the negative ionization mode using a capillary voltage of
—2.5kV and the following conditions: cone voltage, 120 V; source offset,
20 V; source temperature, 120 °C; desolvation gas temperature, 450 °C;
desolvation gas flow, 800 L/h, and cone gas flow, 50 L/h. Nitrogen (>
99.5 %) was employed as the desolvation gas. Mass calibration was
carried out using a sodium formate solution (10 mM NaOH in iso-
propanol/water/formic acid 49.9:49.9:0.2, v/v/v) and a lock mass
correction was applied for accurate mass measurements using the [M-
H] ™ ion (m/z 554.2615) obtained from a Leu-enkephalin solution (1 ng/
pL in H,0/CH3CN/formic acid 50:49.9:0.1, v/v/v). The scan range was
m/z 50-2500 at 0.25 s/scan. The TOF was operated in the sensitivity
mode, providing an average resolving power of 20,000 (FWHM). All
spectra were recorded in the continuum mode. Data acquisition was
performed with MassLynx software (V4.1, Waters). For collision-
induced dissociation (CID) experiments, argon was used as collision
gas at an indicated analyzer pressure of 5.107> Torr and the collision
energy was optimised for each parent ion (50-110 V).

2.3.2. Matrix assisted laser desorption ionization - time of flight (MALDI-
TOF)

MALDI-TOF experiments were performed using a SYNAPT G2-Si
hybrid quadrupole time-of-flight instrument (Q-TOF) equipped with
an intermediate pressure (IP) MALDI ionization source (Waters, Man-
chester, UK). The source was operated with a 2.5 KHz solid state UV
laser system (A = 355 nm). HRMS data were recorded in the negative ion
mode. Mass calibration from 50 to 4000 Da was carried out using 2-
[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene] malononitrile
(DCTB) matrix mixed with Cslz in a 1:2 M ratio in THF. The scan range
was m/z 50-3000 at 1 s/scan. The TOF was operated in the sensitivity
mode, providing an average resolving power of 20,000 (FWHM). The
source parameters were as follow: sample plate, 30 V; extraction, 30 V;
hexapole, 20 V and aperture, 5 V. The HRMS spectra were recorded in
the continuum mode. Data acquisition was performed with MassLynx
software (V4.1, Waters). MS/MS experiments were performed as
described above.

The ionic liquid matrix (ILM) of HABA/TMG;, used in this study was
prepared as previously reported [34,35]. HABA (30 mg) was mixed with
TMG (31.2 pL) in methanol (300 pL), and the resulting solution was
sonicated for 15 min at 40 °C and dried under vacuum overnight. ILM
was then prepared at a concentration of 70-90 mg/mL in methanol for
use as a matrix, without further purification.

For the preparation of the samples 1-2 mg of the oligosaccharide
fraction were dissolved in 500 pL of water and Dowex 50 x 8-400 ion
exchange resin was added. Equal volumes of this solution and ionic
liquid matrix were mixed. An amount of 1.3 pL of the mixture was
deposited on a mirror polished stainless steel MALDI target (Waters
405,010,856, 8 cm x 12 cm, 96 well) and was air-dried at room tem-
perature and atmospheric pressure for 2 h.

2.4. High performance anion exchange chromatography (HPAEC)
analysis

HPAEC analysis was performed on a Waters autopurification system
(Waters, France) equipped with a 1525 binary pump coupled to a SEDEX
LT-ELSD LC detector (Sedere, France) set at 60 °C and a gain of 7. The

International Journal of Biological Macromolecules 267 (2024) 131229

Gel

1) HCl, 100°C, 22 h

2) Dilution with H,0 (25 mL)
3) NaOH, pH 9

4) Centrifugation

|

Gel Supernatant

1) EtOH 96% (120 mL), ON 5°C
2) Centrifugation

Pellet
Water soluble
oligosaccharides

Supernatant

Fig. 1. Scheme of the hydrolysis and separation of water-soluble
oligosaccharides.

run was performed at room temperature, the compounds were loaded on
a TSKgel DEAE 5PW column (10 pm particle size, 75 mm x 7.5 mm) and
the sample injection volume was 20 pL (aqueous solution at 10 mg/mL).
Ammonium formate (1 mM, A) and ammonium formate (1 M, B) were
used as eluents. Gradient: 0-20 min (100:0 to 85:15 v/v), 20-60 min
(85:15 to 62:38 v/v), 60.01-70 min (0:100 v/v) at a flow rate of 1 mL/
min. Oligogalacturonic acids of different degree of polymerization were
used as standards [10].

2.5. Gel hydrolysis

bCNF_6.0 (25 mL, 0.6%wt) gel was treated with HCI (37 %, 1.23 mL)
at 100 °C for 22 h. After cooling to room temperature, water (50 mL) was
added and the pH was adjusted to 9 with 4 M NaOH. Then, the mixture
was centrifuged for 20 min at 9500 rpm to separate the gel that did not
react. 96 % EtOH (160 mL) was added to the supernatant, and after 24 h
at 5 °C, the precipitate was recovered as pellet by centrifugation and
dried under vacuum at 40 °C (29.2 mg, 20 % yield) (Fig. 1).

The fraction of water-soluble oligosaccharides was analyzed by
HPAEC and MS. A new sample was prepared by mixing 85 wt%
uCNF_3.8 with 15 wt% of the water-soluble oligosaccharides from
sample bCNF_6.0. This sample was homogenized with an Ultraturrax,
30 s at 24000 RPM (sample code uCNFO15), and was used to test the
effect of oligosaccharides on the gene expression of chili plants.

2.6. Chili trials and gene expression

2.6.1. Cultivation and harvest

A schematic representation of the Chili plant trial and corresponding
gene expression analysis is provided in Fig. 2. C. annuum seeds were
cultivated in 24-well plates, in three different CNF gels (uCNF_3.8,
bCNF_3.8 and uCNFO15, concentrations = 0.6 wt%) covering approxi-
mately 2/3 of the seed. Commercial soil (Premium flower soil, Norway)
was used as control. The seeds were cultivated during 14 days at room
temperature and the circadian cycle: 16 h light and 8 h dark controlled
by timer, where the dark period coincided with the dark hours of the
day. Tap water was used for watering and to keep the CNF gels and soil
constantly moist. The lids were removed when the first cotyledons were
visible. Roots, stems and leaves were harvested together and immedi-
ately frozen in liquid nitrogen and stored at —80 °C until RNA
extraction.
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Fig. 2. Schematic representation of the gene sequencing analysis. Picture created in biorender.com.

2.6.2. RNA extraction

The frozen C. annuum samples were homogenized with 5 mm steel
beads in a Tissuelyzer LT (Qiagen) for 5 min at 30 Hz. RNA was extracted
using the Plant/Fungi Total RNA Purification kit (Norgen) with an on-
column DNA removal step with the RNase-free DNase I kit (Norgen)
according to the manufacturer’s instructions. The samples were eluted
in 25 pL Elution A solution; RNA quality and concentration was deter-
mined using Nanodrop (ThermoFisher) and Qubit dsDNA HS assay
(Agilent). The samples were stored at —80 °C until library preparation.

2.6.3. Library preparation for NGS

The extracted RNA samples were diluted in HoO to 15 ng/pL and
10 pL per sample were used for library preparation. Prior to library
preparation poly(A) mRNA was generated, using the Poly(A) Selection
Kit (Lexogen) according to manufacturer’s instructions. Briefly, the total
RNA was denatured at 60 °C and hybridized to magnetic beads selective
for RNA with a poly(A) tail.

Single index (i7 indices only) library preparation was then performed
using the Corall total RNA-seq Library prep kit (Lexogen) according to
the manufacturer’s instructions. The libraries were generated by reverse
transcription into cDNA and amplification and indexing were made with
PCR. The single indexing PCR was performed at 19 cycles as determined
using the PCR Add-on Kit for Illumina (Lexogen) and libraries indexed
using the Lexogen i7 6nt index set. The libraries were eluted in 20 pL
elution buffer and stored at —20 °C.

Size distribution of the libraries was analyzed using Bioanalyzer
2100 HS DNA kit (Agilent) according to manufacturer’s instructions. An
average size of the libraries of approximately 300 bp were expected and
libraries with a side product visible at approximately 155 bp comprising
>3 % of the total library were repurified with magnetic beads according
to the manufacturer’s instructions (Lexogen). Libraries were diluted
1:10000 and quantified with qPCR on a CFX96 (BioRad) using the NGS
Library Quantification kit (TATAA) according to the manufacturer’s
instructions.

2.6.4. Sequencing and analysis

Libraries were diluted to 650pM, pooled and sequenced on a Next-
Seq2000 sequencer (Illumina). A 5 % PhiX spike-in (Illumina) was used
as control.

The data were analyzed in BaseSpace (Illumina) using the DRAGEN
RNA and DRAGEN Differential expression pipelines. The reads were
aligned to C. annuum UCD-10x-F1 reference genome and differential
gene expression was analyzed in comparison to the control samples
(soil-grown).

Differential gene expression with an adjusted p-value of <0.05 was
discarded and only genes with a raw count of >5 reads for at least two
out of three replicates were considered valid. Pathway analysis was
performed using STRING (string-db.org) using the multiple proteins
setting and C. annuum as organism (Supplementary Fig. S1).

By
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Fig. 3. Light transmittance of CNF films. (A) Self-standing films of samples
uCNF_3.8, bCNF_3.8, uCNF 6.0 and bCNF6.0. (B) UV-vis trans-
mittance analysis.

3. Results and discussion
3.1. Characterization of CNF gels and films

Previously, we have extensively characterized the CNF gels and films
applied in this study, including analysis of e.g., light absorbance (UV-vis
spectroscopy of CNF gels), crystallinity (wide-angle X-ray scattering),
zeta potential, viscosity, thermal properties (thermo-gravimetric anal-
ysis) of bleached samples from the same pulp, and pre-treated with the
same amount of NaClO as bCNF_3.8 and bCNF_6.0 [17]. Additionally,
the chemical structure (Fourier-transform infrared spectroscopy) and
nano-characteristics (atomic force microscopy) of the same unbleached
and bleached samples assessed in this study (uCNF_6.0 and bCNF_6.0)
were provided [23].

In the present study, conductometric titration was applied to quan-
tify the content of carboxylic acids of CNF gels (Table 1). The carboxyl
acid content was 1023 + 81, 1061 + 20, 1356 + 96 and
1435 + 57 pmol/g for the samples uCNF_3.8, bCNF_3.8, uCNF_6.0 and
bCNF_6.0, respectively.

Self-standing films (20 g/m?) were made from the 4 CNF gels (Fig. 3),
to complement previous assessments. CNF films are adequate for
assessing various properties of the CNFs and provide a good indication of
the nanofibrillation degree [36,37]. The more translucent the films, the
higher the nanofibrillation [38]. The thermal and mechanical properties
of the films are presented in Supplementary Table S1 and Table S2. No
major differences were detected with respect to the decomposition
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Fig. 4. ESI-MS in negative mode of (A) uCNF_3.8, (B) bCNF_3.8, (C) uCNF_6.0 and (D) bCNF_6.0.

temperature of the films (Supplementary Table S1). However, the films
appeared to be brittle and with relatively low strength compared to
previous studies [37]. The relatively low strength may be due to a po-
tential degradation of the TEMPO CNFs with time [39]. On the other

hand, Tarrés et al. [40] also quantified the strength of TEMPO CNF films
which varied between 90 and 153 MPa depending on the degree of
nanofibrillation, and these strength values are in the range of the tensile
strength quantified in this study (Supplementary Table S2). These
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[ I 1 |
8 "
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Fig. 5. (A) HPAEC Chromatogram of the mixture of oligouronates used as reference and (B) HPAEC chromatogram obtained by HCI hydrolysis of sample bCNF_6.0.
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A L4 A

Fig. 6. MALDI-MS in negative mode of the mixture obtained by HCI hydrolysis of bCNF_6.0: @ correspond to homoglucuronic oligosaccharides and a to alternating

GlcA-Glc oligosaccharides.

analyses are important to provide more information on the effect of
carboxyl acid content and degree of nanofibrillation on the potential
occurrence of oligosaccharides. The hypothesis was that higher carboxyl
acid content caused more nanofibrillated CNFs and larger occurrence of
oligosaccharides.

Visual observation revealed that the uCNF_3.8 film (lowest strength)
is more wrinkled, opaque and brownish than the other films (Fig. 3A).
This is due to the less nanofibrillation of this sample and also due to the
lignin content. As expected, the most translucent film is bCNF_6.0. This
film has the highest carboxylation level (1435 pmol/g). The UV-vis
transmittance analysis confirms the translucency of the samples with
light transmittance levels of approx. 90 % (Fig. 3B), which is in accor-
dance with the results of Fukuzumi et al. [37] who also demonstrated
that the UV-vis transmittance of films corresponded well to the UV-vis
transmittance of dispersions. Note that samples uCNF_3.8 and uCNF_6.0
contain lignin and this is the reason for light absorption in the UV-region
(<400 nm wavelength). In addition, samples bCNF_3.8 and bCNF_6.0
reveal two distinct shoulders at 250 nm which is due to the aldehyde
intermediates and carboxylation degree [36].

In order to provide more information of the CNF gels produced in this
study, a detailed characterization was performed. High performance
anionic exchange chromatography (HPAEC) is well-suited to analyze
TEMPO oxidized CNF gels as it allows for the visualization of the
different size (degree of polymerization, DP) of the oligosaccharides
present in the CNF gel mixture. Further characterization can be obtained
by mass spectrometry (MALDI-TOF and ESI) to reveal the corresponding

molecular mass. Moreover, MS/MS can provide additional information
about these structures, in terms of sequence and composition [41-43].
The complementarity of these techniques will be explored in the
following sections to provide a comprehensive description of the
oligosaccharides.

Four samples of CNF gels were analyzed (Table 1). In order to detect
possible oligosaccharides in the gels, these samples in gel form were
directly analyzed by ESI-MS in the negative mode. The results are shown
in Fig. 4. Some interesting oligosaccharide fragments are seen in all
samples. The ESI-MS is operated in negative mode, and the fragments
containing negatively charged glucuronic acid (GlcA) residues are
preferentially detected. A family of ions is clearly visible at m/z 822
(—2) - 1307 (—1) - 969 (—1) — 631 (—1). The difference in mass units
between the peaks is 338, which can be assigned to a glucose (Glc, 162
u) and a glucuronic acid (176 u), revealing the presence of alternating
[Glc-GlcAl, sequences. MS/MS analysis of m/z 822 (or its associated
ions, Fig. S2) showed the successive losses of Glc and GlcA with DP of 9.
From the peak at m/z 631, the loss of a Glc is also observed to give m/z
469. The loss of 132 u (corresponding probably to a pentose unit) led to
m/z 337 and finally, a loss of another Glc gives the peak corresponding
to GlcA (m/z 175). The presence of the pentose unit could be explained
by the presence of the hemicellulose chains [44].

3.2. Characterization of the oligosaccharides obtained by acid hydrolysis

As bCNF_6.0 was the most nanofibrillated sample, it was selected for
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Fig. 7. MALDI-MS/MS in negative mode of m/z 1777 (A) and 1707 (B) ions.
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further processing. Thus, acid hydrolysis of sample bCNF_6.0 was per-
formed to obtain water-soluble oligosaccharides (20 % yield, Fig. 1).
HPAEC in a DEAE column was performed to analyze the DP of the
products obtained after acid-hydrolysis, in the pellet of sample bCNF_6.0
(water-soluble oligosaccharides, Fig. 1). Sample bCNF_6.0 was the most
nanofibrillated (highest light transmittance, Fig. 3) and the oligosac-
charides were more easily detected in this sample, confirming our hy-
pothesis. The chromatogram of the water-soluble oligosaccharides is
shown in Fig. 5. For comparison, a mixture of oligouronanes was chro-
matographed in the same conditions. The water-soluble oligosaccha-
rides obtained from the bCNF_6.0 sample showed a mixture of
oligosaccharides of different DP and charges. The presence of families
other than regular oligouronanes was also evidenced.

In order to analyze the components of the oligosaccharides mixture,
mass spectrometry in the negative mode was performed. Preliminary
results revealed that MALDI-MS provided suitable characterization of
the oligosaccharides mixture, where oligosaccharides with higher DP
were clearly visible.

MALDI-TOF MS was performed using ionic liquid matrix of HABA/
TMGg, as matrix (Fig. 6). The signals corresponding to oligoglucuronic
acids from DP4 to DP11 were observed at m/z 721, 897, 1073, 1249,
1425, 1601, 1777, 1953 as [M-H]. The second family of alternating Glc
and GlcA residues (previously detected in the intact gel, Fig. 4) was also
observed at m/z 1193, 1369, 1531, 1707, 1869 and 2045 corresponding
to oligosaccharides (GlcA-Glc), from DP7 to DP12 respectively (Fig. S3
and S4). The presence of pentose units was not observed in these frag-
ments, which can be explained by their lability during the hydrolysis.

Further characterization was performed by MALDI MS/MS of
different peaks (Fig. 7). Fragmentation of peaks at m/z 1073 (DP6 GlcA)
and 1777 (DP10 GlcA) showed the successive losses of 176 u corre-
sponding to a GlcA. MS/MS of m/z 1707 assigned to (Glc-GlcA)s gave
peaks at m/z 1527, 1351, 1189, 1013, 851, 675, 513, corresponding to
the alternating losses of Glc and GlcA units (Fig. 7) as [M-HZO-H]*I. In
addition, the peak at m/z 355 could be assigned to the disaccharide
motive.

This result confirms that TEMPO oxidation would not occur
randomly in the polysaccharide chain, but it would take place creating,
on one hand, fully oxidized regions and on the other hand, regions
where glucuronate units appear separated by untouched glucose resi-
dues. As Hirota et al. [45] previously reported, alternating glucose units
in the polymer expose the OH-6 to the oxidant, ie., TEMPO would
approach from one side of the linear-like chain, the other face being
hindered. The authors observed these alternating Glc-GlcA oligosac-
charides by NMR spectroscopy of the water-soluble oligosaccharides
obtained by surface peeling with NaOH of TEMPO oxidized nano-
cellulose. Here, well-defined oligosaccharides were obtained by acid
hydrolysis of TEMPO CNFs and confirmed for the first time the presence
of these sequences by mass spectrometry.

Some minor peaks can be observed in the MALDI spectrum at m/z
1705 and 1029. Such peaks could be assigned to the presence of a 6-alde-
hyde replacing a Glc in these oligosaccharides, as expected from the
intermediate aldehyde produced during the TEMPO oxidation reaction
to carboxylic acid (Supporting information, Fig. S5). Still a peak at m/z
1055 suggests the presence of a lactone in a homoglucuronic acid hex-
asaccharide (Supporting information, Fig. S6).

Previously it has been reported that oligosaccharides with DP be-
tween 10 and 16 are produced by plants as response to biotic and abiotic
stresses [3]. The oligosaccharides obtained in this study may constitute a
new family of elicitors (with carboxylic acid and aldehyde groups) with
potential of mass production. In order to explore the potential of CNF
oligosaccharides as bioactive components (elicitors), the CNF gels were
tested as substrate for growth of C. annuum plants, and the gene
expression was evaluated after 2 weeks of growth.
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Table 2

Approximate carbohydrate composition and lignin content of uCNF_3.8 and
bCNF_3.8. The values of carbohydrates have been adjusted so the total sum of
the components is 100 wt%.

uCNF_3.8 (wt%) bCNF_3.8 (wt%)

Glucans 85.2 + 0.7 88.4 + 0.1
Xylans 7.3+0.2 6.0 + 0.0
Mannans 3.8+ 0.2 3.0+£0.2
Rhamnans 1.0 £ 0.0 0.9 £ 0.0
Arabinans 1.1 £0.2 1.2 £ 0.0
Lignin 1.7 £0.1 0.5+ 0.2
100
nn:xnnnnn,,
|
..I....l.l...l....
— 00000000
& AXAAAAAAgggggggggg
=® 10 0On00000000000000000
o
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Fig. 8. Rheology analysis of samples uCNF_3.8, bCNF_3.8 and uCNFO15.

3.3. Gels as substrate for plant trials

Based on preliminary trials, samples uCNF_3.8 and bCNF_3.8 were
selected for further testing as these samples showed a distinct growth
pattern and required less chemicals to be produced. Sample bCNF_6.0
was more nanofibrillated and was thus applied for further production of
oligosaccharides. To complement the study, the carbohydrate compo-
sition of the uCNF_3.8 and bCNF_3.8 samples is provided in Table 2.
Note that the samples contain 85 and 88 wt% of glucans in addition to
xylans, mannans, rhamans and arabinans. Previously, it has been re-
ported that using 3.8-5.0 mmol/g NaClO, during TEMPO-mediated
oxidation, some co-oxidized hemicelluloses remained, which agrees
with our study [46]. Oxidized TEMPO penetrates easily into the
hemicellulose-rich areas and this seems to facilitate the nanofibrillation
of cellulose fibers [15]. The unbleached CNFs (uCNF_3.8 and uCNF_6.0)
also contain lignin (Fig. 3), but less than in the raw kraft pulp (Table 2)
as hemicellulose and lignin are removed due to the consumption of
NaClO during TEMPO-mediated oxidation [15]. Additionally, due to the
bleaching process which removes most of the lignin, the relative fraction
of glucans increases and this also reduces the fraction of xylans from 7.3
to 6.0 wt% for the uCNF_3.8 and bCNF_3.8, respectively.

The rheology of the gels uCNF_3.8 and bCNF_3.8 is given in Fig. 8. At
shear strain below 1 % the storage (G’) and loss (G") moduli are rela-
tively constant and the CNFs reveal gel-like properties (G'> > G”).
Similar results have previously been obtained for TEMPO CNFs at con-
centrations of 0.56 wt% [47] and 1.0 wt% [48]. The G’ and G" of sample
uCNFO15 (85 wt% uCNF_3.8 with 15 wt% of the water-soluble oligo-
saccharides from sample bCNF_6.0, Fig. 1) are lower compared to the
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After 12 days

After 8 days

Fig. 9. Cultivation of C. annuum seeds in CNF gels over 12 days.

other two CNF gels (uCNF_3.8 and bCNF_3.8), due to the higher amount
of low molecular weight oligosaccharides which causes lower viscosity
and weaker gel.

A uCNF_3.8
78

>

' bCNF_3.8
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3.4. Analysis of gene expression

C. annuum seeds were grown in soil (control) and three different CNF
gels, i.e. uCNF_3.8, bCNF_3.8 and uCNF_3.8 complemented with 15 %
oligosaccharides (uUCNFO15). The growth of the plants after two weeks
was visually assessed (Fig. 9). The growth of the soil-grown plants
exceeded that of the CNF-grown plants. However, there were differences
in the growth patterns between the CNF-gels as well, i.e., the seeds grew
better in uCNF_3.8 as compared to the other gels. This may be attributed
to the chemical composition of the gels. The uCNF_3.8 sample contained
more lignin and a larger fraction of hemicelluloses, compared to the
bCNF_3.8 (Table 2). Previously, it has been reported that xylan increased
the G’ and G" of TEMPO oxidated CNFs [49], which is in agreement with
our study, when comparing uCNF_3.8 with bCNF_3.8 (Fig. 8). It’s
important to emphasize that the CNF gels had a concentration of 0.6 wt
%, i.e., 99.4 wt% water. There was no growth when the seeds were
placed in 100 % water. Hence, CNF gels with only 0.6 % dry matter
(including nanofibrils and oligosaccharides) contributed to providing a
good microenvironment for the seeds to germinate and grow. The steps
for RNA extraction, sequencing and analysis are schematically described
in Fig. 2.

Gene expression analysis with RNA-sequencing showed upregulation
of 29 genes in all three CNF-grown samples in comparison to the control,
while 46 genes were downregulated (Fig. 10). In the uCNF_3.8 sample
the majority of the differentially expressed genes were downregulated;
934 vs 78 genes. However, in contrast to the uCNF_3.8 samples, in both
the bCNF_3.8 and uCNFO15 samples the differentially expressed genes
were almost equally distributed between up and down-regulation. In
addition, the expression pattern of the bCNF_3.8 and uCNFO15 samples

B uCNF_3.8

934

ucNFO15 501 828  bCNF.3.8

W Biological processes
m Molecular function
mm Cellular components

100

uCNFO15 449 888
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uCNFO15
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bCNF_3.8
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r—r————————— r———
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Number of Pathways

Fig. 10. Number of (A) upregulated genes, (B) downregulated genes in comparison with control samples and (C) number of upregulated and down-

regulated pathways.
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Fig. 11. Pathway analysis of (A) photosynthesis, (B) abiotic factors and (C) oxidative stress.

partially overlapped, even though the actual number of differentially
expressed genes were higher in the bCNF_3.8 samples. It is noteworthy
to mention that uCNFO15 was composed of uCNF_3.8 (85 wt%) and only
15 wt% oligosaccharides from bCNF_6.0. Additionally, despite major
differences between the rheological properties between the samples (G"
of uCNFO15 < < G” bCNF_3.8, Fig. 8), the bCNF_3.8 and uCNFO15
samples partially overlapped (Fig. 10). We thus expect that the gel
strength was not a major cause of the obtained results regarding gene
expression.

3.5. Pathway analysis

As expected from the differentially expressed genes (Fig. 10), the
pathways analysis showed large differences between the different CNF-
grown samples. While the main effects for uCNF_3.8 grown samples
were on downregulation on pathways regulating cellular components

and to some extent metabolic processes (Fig. 10C), the other two CNF-
grown samples were also affected when it comes to biological pro-
cesses. Since the bCNF_3.8-grown samples had the largest number of
differentially expressed genes the effects on regulatory pathways were
also the most extensive for these samples.

When it comes to regulation of photosynthesis (Fig. 11A), both the
bCNF_3.8 and the uCNFO15-grown samples showed a downregulation
of regulating pathways. For the bCNF_3.8-grown samples the down-
regulation was more prominent than for the uCNFO15-grown samples.
The modulus G" (which is related to the viscosity of the gels) does not
seem to affect the regulation of photosynthesis as the G" levels follow the
sequence uCNF_3.8 > bCNF_3.8 > > uCNF015 (Fig. 8) and may be an
indication that the chemical composition of the gels (carbohydrates and
lignin) is the predominant effect on the growth pattern of the plants. The
visually assessed growth pattern of the plants grown in uCNF_3.8 over
12 days (Fig. 9) also correlated well with the extent of downregulation of
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the photosynthetic pathways. Thus, this seems to confirm the positive
effect of the uCNF_3.8 sample on plant growth as uCNFO15 contains
85 wt% uCNF_3.8 and this gel caused the quickest growth during the
first two weeks of cultivation (Fig. 9).

Regulation of response to abiotic factors (Fig. 11B) were also
downregulated in both bCNF_3.8 and uCNFO15-grown samples. In both
types of samples, responses to temperature, in particular to cold, water
deprivation and chemicals were affected. For bCNF_3.8 there was also an
effect of regulation of the response to UV-light and light intensity in
general.

Pathways regulating oxidative stress and detoxification (Fig. 11C)
were on the other hand upregulated in both the bCNF_3.8 and uCNFO15-
grown samples. The upregulation of oxidative stress signal might be due
to some effects of the bleaching process as no such upregulation is seen
in the samples grown in the unbleached gel (uCNF_3.8). We hypothesize
that this is due to the lignin content as lignin is a known antioxidant and
the uCNF_3.8 gel contained more lignin (Table 2). As for the photo-
synthesis pathways, the differential expression was most pronounced for
the bCNF_3.8-grown samples.

Finally, the potential of RNA sequencing of the C. annuum plant’s
total mRNA using NGS has been demonstrated. The technology
contributed to assess the potential effect TEMPO CNF gels and, specif-
ically, oligosaccharides have on various physiological processes (e.g.
photosynthesis, oxidative stress) and abiotic factors. Moreover, reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) could
be used to validate the results presented in this study. However, RT-
qPCR validation would require functional studies and where RT-PCR
on selected genes can be combined with protein expression studies.
Additional functional studies may also benefit from the shear thinning
behavior of TEMPO CNF gels at low concentration [50] may also facil-
itate the application of CNFs by spraying. This is considered a more
feasible application method in large plant trials. Therefore, although the
methodology described in this study (CNFs as substrate) is expected to
provide a more rapid screening of elicitor candidates, sprayable CNF
gels may be more appropriate for large plant trials and functional
studies.

4. Conclusion

The composition of TEMPO oxidized CNF gels with and without
lignin was analyzed at the molecular level, first in the gel form, and then
after acid hydrolysis to give a mixture of oligosaccharides. In addition to
the expected homoglucuronic acid series a second family of alternating
Glc and GlcA residues was clearly identified by mass spectrometry. The
TEMPO CNF gels were combined with oligosaccharides (from bleached
TEMPO CNF) to test the elicitor potential on Chili plants (C. annuum).

The differences in growth of the CNF-gel grown C. annuum seeds
correlate well with the downregulation of the pathways regulating
photosynthesis, where CNF containing lignin caused the most favorable
conditions for growth during the testing period, compared to bleached
CNF without lignin.

The observed downregulation of the response to abiotic factors, in
the plants grown in bCNF_3.8-gels, could result in the plants being less
sensitive to such stimuli. Consequently, making the plants more resistant
to, e.g., water deprivation and cold temperatures, compared to plants
grown in conventional soil.

It remains to be determined whether the downregulation of the
response to abiotic stimuli is due to the upregulation of the oxidative
stress response or a true effect of the cellulose substrate. Concluding, to
further investigate the impact of the CNF-gels on the response to abiotic
factors, functional studies need to be conducted.
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